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THE NINTH INTERNATIONAL SYMPOSIUM ON THE 
APPLICATIONS OF FERROELECTRICS 

Aug. 7- 10,1994, Penn State Scanticon Conference Center 
The Pennsylvania State University 

University Park, Pennsylvania, USA 

The Ninth International Symposium on the Applications of Ferroelectrics (ISAF '94) was held at the 
Penn State Scanticon Conference Center, the Pennsylvania State University, University Park, 
Pennsylvania, during August 7-10, 1994. 

The Symposium program contained 377 scientific papers on various aspects of ferroelectrics and their 
applications. The program was put together by the program coordinating committee chaired by A. S. 
Bhalla, R. Guo, and L. E. Cross. There were 116 oral (42 invited) and 261 poster papers presented in 
three parallel oral sessions and in the poster sessions each day over the three days of the meeting. The 
meeting covered major advances in the areas of piezoelectrics, dielectrics, thin film ferroelectrics, 
actuators, smart materials, pyroelectrics, nonlinear optical ferroelectrics, photorefractive materials, and 
their applications. The conference was attended by international scientists representing 21 countries. 
The geographical distribution of the papers, international and national, is represented in the 
accompanying table and graphs. 
The meeting also commemorated several milestones in the history of ferroelectricity. Two special 
history sessions were organized to mark these events: 
• Centennial of "Observation of the First Dielectric Anomaly with Temperature in Rochelle Salt 

(1894)" 
• 75th Year of the Discovery of Ferroelectricity (1920) 
• The Golden Anniversary of the "Discovery of the First Most Widely Used Ferroelectric BaTiO 3" 

The conference highlighted and honored the achievements and contributions of several pioneer 
researchers who worked in the early development of ferroelectrics in the forties, fifties and early sixties. 

Mr. AMra Murata was presented the Certificate of Recognition by the Ferroelectrics Committee at the 
conference. The presentation was made during the symposium banquet by Professor L. Eric Cross and 
received on behalf of Akira Murata by Dr. Kikuo Wakino of Ritsumeikan University and Murata 
Manufacturing Co.. The citation reads: "Founder and Chairman of the Board of Murata 
Manufacturing Company Ltd. as a Pioneer in the Development and Application of Ferroelectric 
Ceramics." 

Organizing committee is thankful to the sponsoring organizations: The Institute of Electrical and 
Electronic Engineers (IEEE), Ultrasonic, Ferroelectrics and Frequency Control Society (UFFC), and 
several government agencies whose financial support made this conference a successful one and made 
it possible for many national and international scientists and students to attend and to publish 
proceedings of the conference. We acknowledge gratefully the financial assistance of Advanced 
Research Projects Agency (ARPA), Army Research Office (ARO), International Science Foundation 
(ISF), National Science Foundation (NSF), and Office of Naval Research (ONR). We extend our 
thanks to Murata Manufacturing Co., Ltd., who provided the support to organize special events and the 
history sessions at the meeting. 

A. S. Bhalla 
General Chair, and 

The Organizing Committee 
*■** ISAF '94 



Geographic Distribution of Invited 
and Contributed papers 
(Counted by Contact Author's Origin) 
United States 162 
Russia 43 
India 35 
P.R. China 34 
Japan 31 
Korea 12 
Ukraine 12 
France 10 
Germany 8 
Taiwan 6 
Switzerland 5 
Canada 3 
Israel 3 
United Kingdom 3 
Denmark 2 
Hong Kong 2 
Bulgaria 
Czech Republic 
Mexico 
Puerto Rico 
Singapore 
The Netherlands 
Subtotal (Non-U.S.) (U.S.) 

215 162 
Total 377 
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Joseph Valasek and the Discovery of Ferroelectricity 

Jan Fousek 
Institute of Physics, Academy of Sciences 

of the Czech Republic, Na Slovance 2, 18040 Prague 8 

Abstract - In 1921 Joseph Valasek recognized for the first time 
ferroelectric properties in a crystal, namely in Rochelle salt. In this 
lecture we review the story of this discovery, of Valasek's origin and 
career. 

Ladies and gentlemen, 

the field of our research is much alive. The programme of this 
very Symposium is a clear proof of this state-ment. To document the 
impressive activities going on in ferroelectricity and closely related 
subjects, we sometimes refer to the graph showing the number of 
publications devoted to ferroelectric research over the last seventy 
years, as reproduced in Fig.l [1]. Certainly the slope is impressive. 
But rather than to comment on this, we wish to focus on the first 
peak on the curve. It extends over a few years after 1921. It is my 
honour as well as a pleasant task to say a few words about the 
scientist and also about the man whose name is intimately connected 
with this first significant mark in the history of ferroelectricity. 

VALASEK THE STUDENT 

In 1919 the student Joseph Valasek begins his graduate work at the 
University of Minnesota in Minneapolis. Professor W. F. G. Swan, a 
physicist known e.g. by his theoretical work in cosmic rays physics 
but also known to have a wide overview in many other directions, 
suggests that Valasek studies physical properties of Rochelle salt 
single crystals. 

Why Rochelle salt? Surely not because of its rather exotic 
structure and even less for its properties for work in the laboratory: a 
soft material, not very pleasant for sample preparation, very 
sensitive to humidity. On the positive side was the relative easiness 
of growing crystals. The decisive factor, however, was that it was 
already known to show piezoelectricity - stronger than quartz - and 
in addition it revealed other interesting properties such as 
pyroelectricity and optical activity. It must be recognized that 
the selection of compounds which were known to exhibit 
interesting properties and at the same time could be prepared in 
single crystalline form was very limited. Valasek himself, in his 
article [2] "Early history of ferroelectricity", describes the 
circumstances that led to the selection of Rochelle salt for a 
targeted research project: 
- anomalous electro-optical properties were known, discovered by 
Pockels; 
- it was known that under some conditions electromechanical 
properties were much stronger than those of quartz, 
- but at the same time several unpleasant features were found: 
properties depended on temperature and electric field, but also on 
previous history of electrical and mechanical treatment and, of 
course, also on humidity; 
- there was a need for sensitive electromechanical transducers for 
military purposes: submarine detection, location of large guns etc. 

Looking at the last mentioned point, indeed one cannot escape a 
feeling of historical irony: has not the same aim been a driving force 
of concentrated research in ferroelectric ceramics at the time of the 
cold war? 

Professor Swan realized that some effects observed in Rochelle 
salt resembled magnetic properties of iron. He proposed to develop 
methods of preparation of crystalline samples of Rochelle salt, and 
to study their properties with the aim of mastering their erratic 
behaviour and constructing a sensitive piezoelectric seismometer. 

At that time, in 1919, Valasek was already to some extent 
experienced. Born on April 27, 1897 in Cleveland, Ohio, he got his 
bachelor's degree in physics at Case Institute of Technology where 
Prof. D. C. Miller started him on a career in physics. His first 
employment was at the National Bureau of Standards in Washington 
D.C., where he did research on the annealing of optical glass. In 
1919 he came to the University of Minnesota as a graduate teaching 
assistant. 
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Fig. 1 Number of publications concerning ferroelectricity [ 1 ]. 

Under Swan's supervision, Valasek works hard and soon proves 
his experimental skills. He obtains two large crystals of Rochelle salt 
from W. R. Whitney of General Electric Company. He masters 
techniques for very accurate sample preparation and constructs an 
apparatus for controlling humidity. In the two coming years he 
builds a number of set-ups for measuring diverse macroscopic 
properties: linear dielectric response, nonlinear dielectric properties, 
piezoelectric properties, dilatometry, very accurate refractive index 
measurements, pyroelectric phenomena. It is the nonlinear and 
slightly hysteretic dielectric response and the pyroelectric effect 
which build the bridge to ferroelectricity. 
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Its date and place of birth are April 23, 1920 and the Meeting of 
American Physical Society in Washington. Here Valasek presents a 
report [3] in which he states: "...the dielectric displacement D, 
electric intensity E, and polarization P ... are analogous to B, H. and 
I in the case of magnetism." The data ..."is due to a hysteresis in P 
analogous to magnetic hysteresis. This would suggest a parallelism 
between the behavior of Rochelle salt as a dielectric and steel, for 
example, as a ferromagnetic substance. Bearing out this idea, typical 
hysteresis curves were obtained for Rochelle salt, analogous to the 
B, H curves of magnetism." He also observed that the piezoelectric 
response vs. E behaves as susceptibility vs. E, being maximum 
where the slope of the hysteresis is large. Obviously, this was the 
consequence of stress-induced shifts of domain walls and resulting 
changes of average polarization. Thus already this first paper gave 
proof of simultaneous existence of ferroelectriciry and ferroelasticity 
in Rochelle salt. 

This paper is a true textbook of crystal physics of that time. Here 
are presented precise measurements of refractive indices (with an 
accuracy of 10"^) and their dispersion, fitted to the five-constants 
formula, as well as their temperature coefficients. Valasek built a 
dilatometer using the Fizeau method and measured thermal 
expansion along all axes. He studied temperature dependence of 
electric conductivity. He showed the validity of the Lorentz formula 
connecting density and refractive indices. He further measured 
optical activity of the water solution of Rochelle salt and also the 
Pockels effect. To measure electro-optic properties in the 
longitudinal geometry, transparent electrodes were needed. Valasek 
solved the problem by using alcohol electrodes not solving the 
crystal but having enough conductivity. Another section concerns 
the pyroelectric effect which was measured using an electrometer 
compensating system in a slow heating regime. An obvious 
maximum was found in the region of the upper Curie point. 

Piezo-Electric Activity of Rochelle 
Salt Under Various Conditions 

J. VALASEK 

Fig 2 The first published hysteresis curve. Taken from 
Ref. 4. 

The full version of this presentation was submitted to Physical 
Review in December 1920, entitled "Piezoelectric and allied 
phenomena in Rochelle salt" [4]. It marks two milestones. Here 
Valasek stated for the first time that "permanent polarization is the 
natural state" of Rochelle Salt. First hysteretic dependences of 
charge vs. electric field are given (cf. fig.2). In the same year he 
becomes Master of Arts. 

Valasek's PhD Thesis "Piezo-electric activity of Rochelle salt 
under various conditions" is dated 1922. I found a copy of it in the 
University Library in Prague (fig. 3). Except for the title page the 
Dissertation is directly reprinted from the article in Physical Review 
[5]. Here the author gives new results on dielectric and piezoelectric 
properties, on the influence of electrode materials and on fatigue 
effects. He continues to fight serious moisture problems. Perhaps the 
history-making graph is that of the temperature dependence of 
piezoelectric response, indicating the existence of a relatively narrow 
temperature range of high piezoelectric activity, in fact indicating 
the existence of two phase transitions (fig.4). Indeed Valasek speaks 
here for the first time about the existence of two Curie points in 
Rochelle salt. 

THE PAPER WHICH COULD SERVE AS A TEXT-BOOK ON 
CRYSTAL PHYSICS 

However, the best publication, to my opinion, is still to come. It 
appears in Physical Review [6] the same year 1922 under the title 
"Properties of Rochelle salt related to the piezoelectric effect". Fig. 5 
shows Valasek's photograph taken at this time. 

A THESIS 

SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL OF THE UNIVERSITY 

OF MINNESOTA IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DECREE OF  DOCTOR OF PlIlLOSOrHY. 

Reprinted from PHYSICAL REVIFW, Vnl. XIX. No. 5. Mny. 1022. 

Fig.3 Title page of Valasek's Thesis. 

In the last chapter, Valasek discusses in detail the obvious 
discrepancy between his findings, i.e. the existence of 
piezoelectricity and pyroelectricity, and the symmetry of Rochelle 
Salt as revealed by the habitus of the crystals. The latter does not 
show any polar symmetry while the properties do. This woud be a 
violation of Neumann's principle. A closer examination of the 
second crystal out of the two he had at his disposal indicated some 
polarity in its external form. Then, Valasek realizes, the symmetry 
would be lower and much more work would be needed to determine 
all tensorial properties allowed by symmetry. He suggests an X-ray 
analysis but finds it difficult for this type of organic crystalline 
compound. 



This extensive publication shows Valasek at his best; as an 
ingenious and careful experimentalist who can device complicated 
setups and think about the meaning and significance of the obtained 
data. We could only wish that our present PhD students, in addition 
to spending so much time in front of a computer reanalyzing and 
rescaling data collected automatically, would also show such 
devotion to what might be called "hard-ware experimenting" in the 
laboratory, including solving electrode or moisture problems. 

One of Valasek's most prominent graduate students in the 1930's 
was Ray Pepinsky, later professor at Penn State where he discovered 
an impressive number of ferroelectric crystals. In his recollection on 
Valasek [7] he writes: "... He is a thoughtful and thorough scholar, a 
splendid experimentalist." 
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Fig.4 Piezoelectric activity of Rochelle salt vs. 
temperature indicates the existence of two phase 

transitions. Taken from ref. 5. 

From the point of view of our present knowledge, it is tempting to 
speculate how further research would have been influenced if 
Valasek had done what every experimentalist does today when 
investigating a new material: if he had looked on a plate of Rochelle 
salt crystal in a polarizing microscope, in particular when tracing the 
hysteresis loop. The domains and their movement in this material are 
very easy to see. Such an observation could have considerably 
accelerated the development of our field. At that time even the 
ferromagnetic domains was a mere speculation and only in 1931 did 
Bitter [8] show the existence of a powder pattern on the surface of a 
ferromagnetic material. But as it happened, we had to wait for the 
concept of ferroelectric domains for quite a time and many strange 
phenomena occuring in the ferroelectric phases remained a mystery. 

THE CONCEPT OF FERROELECTRICITY: SCHRÖDINGER, 
VALASEK OR MUELLER? 

Altogether, Valasek published 6 papers in Physical Review on 
basic properties of Rochelle salt (cf. ref. 2). He did not work in a 
vacuum. His first papers became very soon widely cited and 
stimulated further research of Rochelle salt. He returned to the 
subject once more in 1934 when he initiated an infrared absorption 
study which led to the correct conclusion that molecules of 
crystalline water play no essential role in the large polarizability of 
the crystal. 

No doubt that Valasek deserves our highest appreciation for the 
role he played in the first stages of ferroelectric research. The first 
points in fig. 1 are connected with his name. He was the first to state 
clearly [4] that "...the dielectric displacement D, electric intensity E 
and the polarization P are analogous to B, H and I in the case of 
magnetism. Rochelle Salt shows an electric hysteresis analogous to 
the magnetic hysteresis in the case of iron". He was the first to use 
the concepts of spontaneous polarization and Curie points in 
connection with dielectrics. 

Fig.5 Joseph Valasek in 1922. 
By courtesy of Mr. Josef Valasek, Sobetus, Czech 

Republic. 

Yet it is interesting to observe that he never used the word 
ferroelectricity. He probably was not aware of the fact that already 
in 1912 the famous Erwin Schrödinger proposed this concept [9] in 
his Habilitation Thesis "Studien über Kinetik der Dielektrika, den 
Schmelzpunkt, Pyro- und Piezoelektrizität" in connection with the 
idea that polar liquids might become spontaneously electrified when 
solidifying. "Man kann nämlich im ersten Augenblick glauben, daß 
nach dieser Auffassung des festen Zustandes alle Festkörper 
"ferroelektrisch" (s.v.v.) sein müßten." Please pay attention to the 
abbreviation s.v.v. It stands for Latin "sit venia verbo", meaning "let 
the word be allowed" or simply "with your permission". In this way 
Schrödinger emphasizes that he is coining a new concept. However, 
in the following sentence Schrödinger waives aside the existence of 
such ferroelectrics: "Wir werden sehen, daß dies nicht der Fall ist 
und die einzige Analogie zum Ferromagnetismus in der Piezo- and 
Pyroelektrizität finden." 

Schrödinger's proposal was not known among true 
ferroelectricians. In the early post-Valasek era, mainly marked by 
the theoretical work in Russia and the establishment of the Zurich 



school which led to the discovery of KDP as a ferroelectric, the 
name "Seignette-electricity" was frequently used, derived from 
Seignette Salt as an alternative name for Rochelle salt. It was only 
much later that Hans Mueller from MIT in his brilliant papers in 
which he showed the interrelations between different anomalies in 
Rochelle salt, introduced the term as we know it today. In 1935 [10] 
he first speaks modestly about the "ferro-dielectric state". It seems 
that at MIT a laboratory jargon developed since in the following 
Mueller's publication [11], in 1940, the concept of "ferroelectric 
temperature range" is used unhesitatingly without any comment. 
Quoting Helene Megaw [12]: "...perhaps the real reason for its [i.e. 
of the name Seignette-electricity] rejection ... is its failure to fit 
comfortably into the English language. As an adjective, 
>ferroelectric< is euphonious, while >Seignette-electric< grates on 
the ear". 

VALASEK'S FURTHER CAREER 

Let us now have a short look at the subsequent career of Joseph 
Valasek [13]. After becoming Doctor of Philosophy in 1922 he joins 
the School of Physics and Astronomy, University of Minnesota as an 
assistant professor and in 1928 he is promoted to associate 
professorship. At the end of the twenties he spends one year as a 
visiting scientist at the University of Uppsala in Sweden. Together 
with Prof. M. Siegbahn he works in X-ray spectroscopy. 

It is this topic which remains in the foreground of his next 
activities. Within the period 1935 to 1965 he publishes a number of 
papers on X-ray spectroscopy. In 1941 he becomes full Professor at 
the University of Minnesota. His pedagogic activities are 
documented by two textbooks on optics he wrote. In 1965 he retires 
as the Professor emeritus of Physics. 

When preparing this lecture I looked up recent volumes of the 
Scientific Citation Index. Under Joseph Valasek I found a number of 
citations. In addition to papers on Rochelle Salt some of his other 
publications are still referred to - those on X-ray emission spectra of 
sulphides and sulphates, alkali halides etc. 

Professor Valasek died on October 4, 1993. 

VALASEK'S TIES TO CZECHOSLOVAKIA 

During the stay of my wife Anna and myself at Penn State in 1967 
we visited Professor Valasek and his wife in their home at 
Minneapolis. We received a very warm reception. Even before this 
visit I was especially challenged by the Valasek's name which 
sounds very much Czech. In the telephone directory of Prague you 
will find more than 60 persons of this name out of which 10 are 
Josephs. We write the name as Valasek, to make it sound long and 
soft: Valaashek. (Note: Valasek = small Valach. Valach = Moravian 
shepherd.) 

My guess proved correct. His parents came from Sobetus, a small 
village in a flat agricultural countryside about 100 km east of 
Prague, where the family owned a farm. On my recent visit of the 
place I found that the farm still exists. More than that: the family is 
still there and the present owner is Mr. Josef Valasek whose father 
was the physicist Valasek's cousin. In the family, rich 
correspondence is kept adding details to our story. Valasek-the- 
physicist's father belonged to a group of Czech students involved in 
political activities favouring independent cultural and political life of 
Czech intellectuals in the Austrian-Hungarian Monarchy. He even 
contributed to illegal Czech periodicals under the pen-name Karel 
Borecky. He emigrated to the United States in 1894 after being 
charged with insulting Emperor Franz-Josef of Austria-Hungary. 
Living in Cleveland, he became the editor of the periodical "Kvety 
americke" published for the Czech minority. The father of his wife, 

Josef Pytlik, was the principal of a school in the small town of 
Vodnany in Southern Bohemia. His major subjects were 
mathematics and physics; quoting Joseph Valasek [13]: "I suppose 
that I inherited my inclination toward physics from him." 

In 1982 he wrote [13]: "I feel fond ties to Czechoslovakia being 
the son of Czech parents... I read Czech (my mother tongue) fairly 
well but speak and write it with difficulty, largely because of its 
complicated grammar but also because of my limited vocabulary." 
However, letters kept at the Sobetus farm and those addressed to me 
show his good knowledge of the Czech language. Fig. 6 offers an 
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Fig.6 Facsimile of Valasek's letter to the author, 
dated December 1981. 

illustration: "Pfejeme Väm zdravi a radost na vänoce a na vzdycky" 
i.e. We wish you health and joy for Christmas and for ever. Here he 
also expresses his satisfaction by the growth of interest in 
ferroelectricity. 

He visited the country of his origin only once. In 1929 he went to 
Sobetus and also to Prague. Here he was in contact with Professors 
Dolejsek and Posejpal who were well known because of their 
investigations of X-ray spectra, and also Dr. Heyrovsky who later 
became the Nobel Prize winner for the invention of polarography. 

FULL RECOGNITION 

Has the scientific community acknowledged Valasek's contribution 
to establishing a branch of physics to which in each text-book of 
solid state physics an independent chapter is devoted? In 1940 Hans 
Mueller wrote [14]: "The significance of Valasek's discovery was 
not realized for a number of years." However, the recognition has 
come. I quote from a letter I received in May 1981: "I was honored 
at a session of the Solid State Division of the American Physical 
Society on February 5, 1971, in New York, commemorating the 
50th anniversary of the discovery of Ferroelectricity. Dr. W. P. 
Mason of Columbia University was the guest speaker. Then on May 
19, 1971, the School of Physics at the University of Minnesota held 
a Colloquium in my honor at which Prof. Raymond Pepinsky was 
the guest speaker. A congratulatory letter by Prof. John. H. Van 
Vleck of Harvard University was read. This was followed by a 
dinner at the Minnesota Club in St. Paul. This recognition of my 
discovery was very pleasant and sufficient. I ask for no more." 



The last two sentences correspond exactly to what Valasek's 
former student Professor Pepinsky wrote [7]: "Professor Valasek is a 
gentle, modest rather shy man, always kind and sensitive to others." 

Even more recognition, however,was to come: In 1983 the 
University of Minnesota conferred upon Valasek the honoris causa 
degree of doctor of science (fig. 7). 

In the last letter I received from Prof. Valasek, dated June 1992, he 
expresses satisfaction with the warm character of the celebrations of 
his 95th birthday in which not only his family but also physicists 
from his University took part. 

But except for Rochelle salt, how far did we go since 1921? A part 
of the answer is encoded in Fig.l. Very far indeed. This graph does 
not reflect the high degree of our understanding of ferroelectricity. 
Nor does it show the technical importance of these materials. The 
interrelations between ferroelectricity and electromechanical 
properties are still in the foreground of present day research. The 
spectrum of technical devices in which ferroelectrics are employed 
has become incredibly wide and is still growing. 

Certainly Valasek's high level work shaped the beginning of the 
ferroelectric story. What if he had chosen another professor or if 
Swan had had directed his activity in some other direction and the 
idea of comparing the properties of Rochelle salt with those of iron 
would not have occurred? Considering that the establishment of the 
Zurich school was stimulated by and based on Valasek's discovery 
(cf. Busch's narrative in refs. 15, 16) we can speculate that solid state 
physics would have had to wait till World War II for the discovery 
of the first ferroelectric, barium titanate. Luckily, however, history 
knows no "ifs" and thus we were fortunate to have the right man on 
the right spot at the right time: Joseph Valasek. 

JOSEPH VALASEK 
Resident of Minnesota! graduate of Case Institute of Technology with a bachelor of 

science degree in I9I7I graduate of the University of Minnesota will» master of 

arts and doctor of philosophy degrees in physics in 1920 and 193); National Re- 

search Council Fellow in 1921; faculty member in the School of Physics and As- 

tronomy at the University of Minnesota from 1922, when he started as an assistant 

professor, until his retirement in 1965 as professor emeritus of physics: author of 

numerous research publications and two textbooks; pioneering researcher in the 

fields of piezoelectricity and ferroelectricity; distinguished scholar, whose discov- 

ery in 1920 of the ferroelectricity of Rochelle sails has had a continuing impact on 

the understanding of a new and important area of physics: universally recognized 

discoverer of the fundamental physical phenomenon of ferroelectricity, which was 

believed to be a rarity in nature until theoretical breakthroughs were made in the 

l9P0s— 

Because your discovery is one of the most important ever made in physical science 

at the University of Minnesota; because you have been a scientist ahead of your 

time; because of the great impact of your work en science and technology: because 

of your lifetime contributions to the excellence of the physics program at the 

University— 

The regents of the University of Minnesota, upon recommendation of the faculties, 

confer upon you, Joseph Valasek, the degree of doctor of science, honoris coma. 

Conferred June II, f983. 
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Fig.7 Facsimile of the Diploma conferring upon Joseph 
Valasek the degree of Doctor of Science, honoris causa. 

BACK TO THE FIRST STEP IN 1921 

Speaking from the 1994 point of view, Rochelle salt is forgotten as 
far as applications are concerned, but it still attracts attention in the 
realm of basic research, partly because of the microscopic origin of 
ferroelectricity, partly as an example of those compounds in which 
the text-book sequence of phases »parent phase - ferroelectric 
phase « is disturbed by the existence of another nonpolar phase at 
low temperatures. 
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Abstract- The boracite family has attracted the attention of 
researchers for more than 200 years not only due to its peculiar 
physical properties but because these compounds display 
unusual property coefficients including a large figure of merit 
for IR detection and pyroelectric applications. The purpose of 
this brief paper is to point out some of the main characteristics 
of this family that make them potential candidates for a certain 
number of applications. 

Introduction 

It is not my intention here to recapitulate or improve on those 
excellent accounts on boracites available in the literature which 
have been written by Nelmes [1], Schmid [2] and Burzo [3] 
among others, but only to extend the overview a little to the 
more recent times as well as to stress the need to investigate the 
physical properties of more members of this interesting 
ferroelectric family. 

A.G. Werner, one of the early German crystallographers gave 
the name of "boracite" to the mineral MgßByO^Cl (a 
magnesium chloroborate currently found in sedimentary 
deposits of anhydrite, gypsum and halite in different regions of 
Germany, France and USA [4,5]), but long before that the 
children of the German town of Lüneburg already used to play 
at dice with their "Würfelstein" made of "kubische" boracite [6] 
. They were probably the discoverers of this mineral. The term 
"boracite" is presently given to a large number of synthetic 
compounds all with general formula Me3B70i3X where Me 
stands for one of the divalent metals such as Mg, Cr, Mn, Fe, 
Co, Ni, Cu, Zn or Cd and X is generally a halogen Cl, Br,or I. 
Occasionally Me can be monovalent Li and it has been found 
that X can be F, OH, S, Se, Te or N03[l,7]. However, as 
compared with halogen boracites very little is yet known about 
the properties of these compositions[8] thus here the attention 
will be focused entirely on boracites where X=C1, Br or I. 
Besides Mg-Cl (in what follows we will refer to a boracite by 
giving the symbols of the metal and halogen only ) two other 
members of the family are found in Nature: Ericaite (Fe-Cl) and 
Chambersite (Mn-Cl)[9]. 

Although the entry of boracites into the area of Solid State 
Physics has been dated as 1880[1] because in that year the Curie 
brothers and Friedel observed for the first time the piezoelectric 
effect in natural boracite[10], it is known that Haüy had already 
explored Pyroelectricity in Mg-Cl as early as 1791 [5] 

Crystal Growth and Structural Studies 

In a period of time that started in 1860 and has apparently 
ended in 1980[11] the synthetic boracites have been prepared by 
four basic techniques: sintering flux method[I,2], vapour 
transport method[2], hydrothermal method [7] , and "pressure 
reaction" method [11]. With the aid of these methods all 
possible   combinations    of   halogen    boracites   have   been 
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synthesized, with the exception of Cu-I that was obtained until 
1985 using high pressure applied to condensed phases[12]. The 
vapour transport method of Schmid is still the most widely used 
technique for synthesis of boracites in single crystal form. 

Most halogen boracites transform from a cubic high 
temperature phase (point group 43m) to one or to a sequence of 
phases with point groups mm2, m and 3m [13], with the 
exception of Cr-Br, Cr-I and Cu-I that remain cubic down to 10 
K. Recently Ye et al. [14] found a new tetragonal phase (point 
group 42m) in Cr-Cl that is followed by an orthorhombic mm2 
polar phase. This case is unique among boracites. 

The cubic-orthorhombic phase transition is especially noted 
since it is of the improper type[l,2,15]. The transition 
temperature varies according to composition from 60 to 800 K 
but for any given metal it falls in the sequence Cl-»Br-»I 

Structural studies on halogen boracites started in 1951 well 
before the resurgence of interest in the boracites happened, 
when Ito et al. [1,2] determined the cubic and orthorhombic 
structures of a natural Mg-Cl crystal.  Structural work done 
between 1951 and 1974 has been described and compared in 
detail by Nelmes [1], since then the structure of the cubic phase 
has been determined in Cr-Cl[16] , Cr-Br[17], Cr-I[18], Cu- 
Cl[17],   Cu-Br[19],Cu-I[12],   Co-I[19]   and   Ni-I[3].   These 
structures have been found to be essentially the same as that of 
cubic Mg-Cl as described by Nelmesfl]. The structure of the 
orthorhombic phase  is  known  for Fe-I[20],  Co-Br[21],  Ni- 
CI[21], Ni-Br[22], and Cu-Cl[3],    while that of the trigonal 
phase has only been determine in Fe-Cl[23] and Zn-Cl[24] . The 
structure of the new tetragonal phase in Cr-CI was determined in 
1991  [25], No structure of the monoclinic phase has yet been 
made. In a space-limited contribution like this it is not possible 
to quote all the references related with boracites so a limited 
selection has been made.    The extensive structural study of 
Nelmes and co-workers in halogen boracites has been published 
in a series of six papers in the Journal of Physics C (1974- 
1981)[19] . Recent structural determinations made by the groups 
of the University of Geneva are to be found in Acta Cryst. B and 
C as well as in Ferroelectrics [21,24]. These studies have 
revealed displacements of the boron and oxygen framework [1] 
at the cubic-orthorhombic phase transition of the same order of 
magnitude   as   those   of   the   metal   and   halogen   atoms, 
contradicting initial assumptions of a quasi static boron   and 
oxygen frameworkfl, 21]. It was also shown that as the size of 
the halogen ion increases the difference between the metal- 
halogen distance   diminishes. Except in Cu and Cr boracites 
which show smaller differences. This may explain the absence 
of phase transitions in chromium bromine and iodine and in 
copper iodine boracites , where the   transition-metal    atoms 
seem to occupy stable positions between the halogen atoms[20]. 

Accurate   determination   of the   structure  of boracites   is 
complicated   by   the   formation   of   ferroelectric/ferroelastic 
domains   in   the   transition   to   the   low   temperature  phase, 
particularly by fine lamella twins that can not be detected easily 



under the polarized light microscope, unless one has at hand a 
spindle stage in order to rotate the sample in all possible 
directions. In some cases, however, it is possible to obtain a 
single domain crystal from a twinned crystal by mechanical 
pressure[21] a rather delicate operation due to the small size of 
the samples used in x-ray work. 

Physical Properties and Applications 

Halogen boracites present unusual physical properties [1,26] 
which re-attracted increasing attention for a period of about 25 
years (from 1966 onwards). Ferroelectricity in a synthetic 
boracite (Ni-Cl) was experimentally demonstrated by Ascher et 
al. in 1964[27] thus ending a matter of controversy that had 
lasted for 30 years[l] . In 1965 Schmid succeeded in growing 
single crystals of most halogen boracites of a suitable size for 
physical characterization [2] , just a year later Ascher et al [28] 
found in Ni-I the occurrence of both ferroelectricity and weak 
ferromagnetism and the coupling between spontaneous 
polarization and magnetization at low temperatures. These 
papers were followed by an explosion of work on boracites[l]: 
the improper character of the cubic-orthorhombic phase 
transition was confirmed through studies of the permittivity 
behaviour in several boracites as a function of temperature. 
These studies also showed striking differences among their 
dielectric anomalies. In most boracites' as temperature is 
decreased from the high symmetry phase er increases slightly 
and at the transition to the orthorhombic low temperature phase 
er jumps abruptly downwards. However , in four compounds 
(Mn-I, Ni-I, Cu-Cl and Mn-Br) the jump of er at the transition 
is upwards[26] 

The dielectric behaviour at the cubic-orthorhombic phase 
transition in boracites has been theoretically analyzed by 
Kobayashi, Dvorak, Dvorak and Petzelt, Gufan and Sakhnenko, 
Levanyuk and Sannikov, Toledano et al. (See for example the 
list of references in Toledano et al.[26, 29]), but as summarized 
by these authors none of these models have been able to account 
successfully for the entire set of experimental data of boracites . 

In a recent and very comprehensive review on 
Ferroelectricity, Fousek [30] has remarked that the key force 
pushing the research on these materials ahead has been the 
interest of using the unique features of ferroelectric materials in 
technical applications. Something springs up to the eye when 
one sees Table 2 of such an excellent paper: boracites are very 
promising for almost every application mentioned in it. For 
example, the low values of the dielectric constant (typically 8 to 
10 at room temperature) and the absence of dielectric 
divergence made boracites, as well as other improper 
ferroelectrics like gadolinium molybdate (GMO), good 
candidates for pyroelectric detection of infrared radiation and 
thermal imaging. It is convenient, when comparing the 
properties of pyroelectric materials to define appropriate 
"figures of merit". One of these figures involves the ratio of the 
pyroelectric coefficient to the product of the permittivity and the 
volume specific heat since it determines the maximum 
responsivity bandwidth product obtainable for a small-area 
(point) detector [31]. Some boracites were investigated in order 
to determine their figures of merit, they compared well with 
other materials[32, 33]. Considerable amounts of work have 
been done in this direction by industrial laboratories (Plessey 

Research Ltd.in England, Philips Laboratories in USA, Batelle 
in Geneva) as well as by our host in this meeting; the Materials 
Research Laboratory, from Penn. State[34]. 

A certain number of works were devoted to the study of the 
pyroelectric properties of boracites[6]. After the initial 
observations of Häuy [4,5] Hankel studied in detail this effect in 
natural boracite[5]. The temperature dependence of the 
pyroelectric coefficient has been determined by dynamical and 
quasi static methods in Mg-Cl[6], Cr-Cl[35], Mn-Cl, Mn-Br, 
and Mn-I[36], Fe-Br[3], Fe-I[37] , Co-Cl, Co-I and Ni-I[6], 
Cu-Cl[37], Cu-Br[6]. All data available from 1957 to 1977 were 
reviewed in reference 6. This analysis also showed a serious 
discrepancy between published data of the spontaneous 
polarization of boracites. The current Ps value in boracites is of 
the order of 1 to 4 x 10"2 C/m2 however many of collected Ps 
data fall short by one to four orders of magnitude. Schmid and 
Tippmann suggested that the origin of these differences was the 
lack of simultaneous visual control of the domain state in the 
sample throughout the entire range of measurement. This seems 
to have been confirmed in Cr-Cl boracite for which an 
astonishingly small and temperature independent spontaneous 
polarization had been reported[6], four orders of magnitude 
smaller as compared with the recent value found by Ye et al. 
[14] in measurements with visual control of the domain state of 
the sample. 

The isobaric molar heat capacity, Cp, has been evaluated for at 
least 16 boracites at the structural and magnetic transitions[3]. 
Large upper bound values of the enthalpy of transition, AH, and 
of the entropy of the transition, AS, suggest that the transition is 
of the first order, as required by the form of the free energy in 
phenomenological theories [1,15,29]. Typical Cp values near 
the cubic-orthorhombic phase transition run from 580 up to 
1200 J/mole/K. From x-ray diffuse scattering experiments, Felix 
et al.[l] concluded that the first-order character of the phase 
transition decreases with a decrease in the mass and size of the 
halogen, however, Cp measurements performed on Mn-X 
boracites [3] showed that the transition in Mn-I is close to 
being of second order, thus contradicting Felix's expectations. 
Another phenomenon observed in calorimetric measurements on 
boracites is the occurrence at the phase transition of multiple 
peaking in the heat capacity of Ni-Br, Cr-Cl, Mn-Br and Mn-I, 
for example[3]. In some cases, the multiple peaking is attributed 
to internal stresses within the crystals, stresses which can be 
eliminated by a thermal treatment. However, in Mn-Br and Mn-I 
the thermal treatment proved to be ineffective, so the origin of 
the peaks in Cp has been attributed to growth sectors [1,3] 
occurring usually together in the one "single" crystal. Each 
growth sector would then have a slightly different transition 
temperature giving rise to the peaking of Cp. In spite of the 
great influence that growth sectors can have on physical and 
chemical properties of boracitesfl], no other studies than those 
mentioned by Nelmes have been carried on this phenomenon. 

The peculiar optical properties of boracites were the center of 
controversy for about 70 years[5,6]. Detailed optical field 
effects studies carried on by Schmid's groups (both at Batelle 
Geneva and since 1978 at the University of Geneva)[38] 
showed that since boracites belong to the symmetry species 
43mFmm2(fully ferroelectric/fully ferroelastic)[39] the 
polarization vector and optical indicatrix are differently 
oriented   in   every   domain,   hence   the   coupling   between 



ferroelasticity and optical indicatrix is complete. This offers the 
possibility of using single crystals or epitaxial layers for 
technical applications. Scrutiny of all encompassed electrical- 
optical effects made by Schmid and Schwarzmiiller[38] showed 
that boracites have an equally favorable optical performance as 
GMO. However to date, the possibilities of boracites in these 
truly ferroelectric applications have not been further explored 
nor the studies extended to many of these compositions. 

Magnetic properties have been investigated in 11 boracites 
and were remarkably reviewed in references[l,3,13,26]. The 
magnetoelectric coefficients are known for Co-1, Ni-Cl, Ni-Br, 
Ni-Cl and Cu-Cl [3], and a full theory on magnetic transitions 
was recently laid down by Toledano et al.[26] However, in 
spite that the unusual magnetic behaviour of boracites is of 
considerable interest for technical applications the phenomenon 
remains unexploited. 

Chemical and physical feasibility studies have also shown 
that a number of properties of boracites may be exploited 
technologically, but in the last few years the number of 
publications about applications of boracites has been reduced 
drastically though this is not the case for basic research on these 
materials[3] 

The usually rose argument against boracites is that crystals 
of large size free of fractures are very difficult to grow but the 
possibility to grow sufficiently large, chemically stable and 
defect-free crystals of these compounds has been opened with 
new techniques[l 1,40] that seem to improve not only quality but 
reduce production costs. It should also be noted that the recent 
resurgence of interest in ferroelectric thin films opens new 
possibilities for the application of boracites in this field. To our 
knowledge only Ni-Cl epitaxial layers on a Cr-Cl substrate are 
known[3] so it seems worthwhile to develop processing 
techniques for thin films of boracites. 

In spite that a number of boracites have been thoroughly 
studiedfl,3,6,] a relative paucity of accurate physical 
information is still noted for many new members of this large 
family . Perhaps it is the case that these materials have followed 
the "curve of history" as described by Newnham et al.[34] but it 
is our believe that by exploring physical properties of more of 
these compounds more interesting phenomena would be found 
and the "best" boracite could also be found for real applications. 
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HISTORY OF FERROELECTRIC CERAMICS IN JAPAN 

-GLIMPSE OF HISTORICAL FERROELECTRIC CRRAMIC TECHNOLOGY 

IN JAPAN BEFORE 1955 

TITACON 

Kiyoshi Okazaki 

Dept. of Materials Science and Ceramic Technology, 

Shonan Institute of Technology, Fujisawa 251, Japan 

1 Hessho and Stemag in Germany started the production of 

Ti02 capacitors and steatite insulators around 1935. Just 

before the world war I, Ito" who was a student of Bark- 

housen and a leader of Japanese Navy lader brought back 
several samples of Hessho and Stemag to Japan from Germany. 

A German book on technical development of high frequency 

insulators and temperature compensationg(TC) capacitors in 
was translated into Japanese2' in 1940. 

o?..:ii; 700,... F    157. 

rft mmvkmm 
-Y — • 7 r^r<— A- x • ■> • > -< A- <r~% 

H *MMf3!E,iS«:ÄÄiiitft|S!i 

ft & m ~ä m 

W   l,V   f,l: |.'j; 

M  r.»  lit »II 

D    — f,"i   :/i 

■i;   r.'^i-i.i'i 

l,i»mV     (A.C.] 

_(/».!■•) 

:h     l" % It iM 
l.noV    (A.C.) 

■I ,*.<■,l>p/II«,i:V,;i; I F 

Fig. 1 Translation book of "High Frequency Insulatir" 1939 

Berlin, editted by Ernst Albert-Schonberg, translated 
by H. Funabiki, 1940 March Yushodo, Tokyo 
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2 Around 1935, the research of electronic ceramics stareted 

at the Electric LaboratoryCnow, NTT). The dielectric proper- 
ties MgO-Al203-Si02 by Moriyasu

3' was the representative 
paper for the insulator applications. In 1939, he was 

invited by Kawabata Co. (now, KCK) and he developed the 

production of steatite and Ti02 ceramic capacitors in 1940. 

Figure 2 is the first catalog of Kawabata "TITACON". 

3 Around 1939, Ogawa and faku4' started the research for 

improvement of Ti02 ceramic capacitors with zero TC in the 

ternary system of Mg0-Ti02-alkaliearth oxides and they first 

found a high dielectric constant of 1000-1200 and the Curie 

peak of 60 t. In 1943, they found an almost pure BaTi03 with 

a room temperature dielectric constant of 1000 and the Curie 
peak dielectric constant of 4000 at 110 t. 
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4 In 1947, Tbusseiron kenkyuj on ferroelectric materials 
was published by a study group of physics. This includes the 
discovery of BaTi03 during the world war II by Ogawa, anomaly 
of dielectric properties of BaTi03 by Takahashi and Nakamura 
, phase transition of BaTiOs by Miyake and Ueda, specific 
heat and thermal expansion of BaTi03 by Sawada and Shirane 
and others. Also, "High Dielectric Constant Ceramics"6' by 

Hippel was reffered. 

5 In 1947, llurata make a small cylindrical Hi-K capacitor 
sample of 5000 pF with a composition of (Ba0. 7iSr0. 2ü)Ti03 
as same as Hippel composition. 

6 After the war, many scraped US military communication 
equipments appeared on the black market. Okazaki" collected 
the electronic components including ERIE capacitors from the 
equipments. It is noticed that the US equipment made in 1943 
used BaTi03 ceramic capacitors. The typical American BaTi03 
cylindrical capacitors were 1 1/16 inch in length, 5/16 inch 
in diameter and 0. 6 mm in thick. The capacity was 0. 005 jiF 
and the working voltage was 300 V, dc. The chemical com- 
position is illustrated in Table 1. 

Table 1 The chemical composition of American BaTi03 
capacitors, probably made in 1943" 
BaO 
Ti02 
Si02 
A1203 
Total 

64. 73 wt * 
31.32 
1.02 
2.5 

99.56 
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Fig. 4 Erie Catalog in 1947 in Japan 

First Catalog of «urata Capacitors 
(designed by Michiko Okazaki) 

6 In May 1948, Okazaki measured BaTi03 cylindrical capaci- 
tors of 10000, 7000, 5000 and 1000 pF made in Toshiba Co. 
The Curie peaks were 85-95 t llurata also tried to produce 
Hi-K capacitors with the Curie peaks of 120 t and room tem- 
perature. In the end of 1959, Okazaki made the first catalog 
including two types of Hi-K with the Curie peaks of 120 t 
and 30 t, and the TC capacitors of P100, N750, N1400 using 
CaTi03 and N3300 using (Sr,Ba)Ti03. 

7 Abe8» who was in MIT with Hippel In 1937-39 and Tanaka9' 
of Dept. of Electrical Engineering at Kyoto Univ. started 
the research on (Ba, Sr)Ti03 system and they presented the 
temp, and freq. dependences of dielectric properties in the 

fall of 1948. 

8 In 1949, Tanaka101 measured electro-striction of Erie 
BaTi03 cylindrical capacitors using a hand made apparatus 
as shown in Fig. 6 and Abe and Tanaka10' tried to develope 
piezoelectric applications. After the successful sintering 
of BaTi03 discs with a diameter of 50 mm and a thickness of 
5 mm at Murata in 1950 May, they developed a Langevin-type 
BaTi03 vivrator as a new electro-acoustic transducer as show 
n in Fig. 7. The first practical test for a fish finder was 
conducted Suruga Bay in 1951 March with corporation of 
Murata, Japan Radio Co. (JRC) and Sanken Co. The first trial 
manufacture of phonograph pick up was presented at a meeting 

in 1951 April. In 1951 Nov., the late Showa Emperor came to 
Kyoto Univ. At that time, Abe showed the Langevin-type fish 
finder and the phonograph pick up to His Majesty. 
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Fig. 9 Piezoelectric products in Murata in 1956. 

Table 3 The first composition of BaTi03 for a piezoelectric 
vibrator for fish finder in MURATA in 1951-1952. 

B-12 (the first successful firing, 1950 March) 
BaC03-Ti02 100 g 
Ti02 2  (Tochigi Chemical, now Fuji Titanium Co. 

including a small amount of Mn02) 
PbO 2 
CaF2 2 

clay 2  (Motoyama clay) 

two pieces of 50 mm t,  3 mm in thick, one piece goes to 

Fig. 7 Langevin-type BaTi03 vivrator as a new electro- 
acoustic transducer Tohoku Univ. through Fujishima and the motional impedance 

was measured. 
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Fig. 8 Phonograph pick up in Murata in 1951 

B-15 (The first fish finder experiment, 1951 March) 
BaC03  710 wt 

Ti02  290  (Tochigi Chemical, including a small amount 
of Mn02) 

Pb304  20 
CaF2   20 

clay   20  (Motoyama clay) 

V-2  (standard after 1952 for piezoelectric applications) 
BaC03  718 wt (Sakai Chemical) 

Ti02  282   (Chitan kogyou, without a small amount of 
Mn02) 

clay   20   (Motoyama clay) 
Mn02    2 
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9 After the great sucssess of the fish finder experiment, 
Ito proposed to organize "Study Group of Ferroelectrics in J 
Japan" chaired by Abe, with Tanaka, Nakajima(JRC) who was 
Telefunken before the world war I, Hoshiai(Tokyo Univ.), 
MatsudairaCTohoku Univ.), Saneyoshi (TIT) and the very snail 
company Murata. This Study Group was a great driving force 
of practical applications of ferroelectric ceramics in Japan 

for 40 years. 

13 TC capacitors for Japan Military force developed by 
Wakino in Murata in 1953. BaTiOs Feed through capacitor foi 

microwave relay station of NTT developed by Saburi in 1953. 
In 1955, Okazaki joined at The National Defence Academy. In 
1956, BaTiOs disc capacitors for TV use started a great 

growth in Murata, TDK, Taiyo Yuden and others. 

10 The basic technology of the capacitor production of TC 
and Hi-K and the quality control were almost established in 
1951-53 by solving the tecnical problems on humidity and 

life tests using a small amount of Mn02 additives. 

11 Robert first investigated an anomaly of dielectric 
properties of PbZrV". Takagi first presented the anti- 
ferroelectrics at the fall meeting of Jpn. Phys, Soc. in 
Nov. of 1950 in Osaka with a system PbZr03 including 3-7 
at X of PbTi03. This was the first announcement of anti- 

ferroelectrics before Kittel1Z>. 

12 Sawada and Nomura investigated (Ba, Pb)Ti03 and other 
binary systems including BaTi03 with Takagi, Sirane, 
Sawaguchi and others. This cooperatred research accomplished 
a faimous PZT phase diagram. Unfortunately, Sawaguchi forgot 
to measure the PZT piezoelectric properties. B. Jaffe' PZT 
patents were shoking affects to Japanese ceramic industries. 
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Grain Size Effects in Barium Titanate - Revisited 
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Abstract — The effects of grain size on the dielectric properties of 
barium titanate ceramics are reviewed from a historical perspective. The 
problem has been studied for 40 years, and great insight concerning the 
characteristics of fine grained materials has been gained. Nevertheless, 
the story has still to reach a satisfactory conclusion. 

INTRODUCTION 

It is now forty years since the observations of Kneipkamp and 
Heywang [1] revealed a rather significant dependence of the dielectric 
permittivity of barium titanate ceramics on their grain size. Today, 
perhaps the largest application of ferroelectric materials is as high 
permittivity dielectrics with moderate temperature stability (X7R type), 
the majority of which are dependent upon this effect to achieve the 
required combination of properties for use in multilayer capacitors [2]. 
However, despite its present-day importance and the time elapsed since 
its discovery, a large number of studies of the grain size effect have 
failed to reach satisfactory agreement concerning the origin of the 
phenomenon. 

In the context of the historical perspective of the 9th ISAF, a 
chronology of studies concerning the grain size effect is presented, 
followed by a discussion of the most important issues. For brevity, data 
concerning size effects in powders [3, 4, 5, 6 and 7] have been omitted 
from the review. 

A SUMMARY OF THE SIZE EFFECTS 

For the sake of clarity, the most important experimental observations, 
are first summarised without speculating on their origin. References are 
omitted from this section but can be found within the chronology itself. 

Room Temperature Permittivity 
The one experimental result virtually common to all studies is that 

the room temperature relative permittivity of coarse grained ceramics of 
barium titanate (grain size > 10 p.m) lies in the range from 1500 to 
2000, whilst that of fine grained ceramics (grain size < 1 um) is much 
larger, with values in the range 3500 to 6000 being reported. The coarse 
grained permittivity has been shown to be consistent with that expected 
from the single crystal values (£U = 4500, 633 = 250) and contributions 
from domain walls, whilst the values for fine grained materials are much 
higher than may be expected by simple averaging. The permittivity 
reaches a maximum for grain sizes in the range 0.4 to 0.8 urn and then 
again decreases for smaller grain sizes. 

Permittivity at the Ferroelectric Phase Transition 
In a number of studies of fine grained ceramics, the transition from 

the cubic paraelectric to the tetragonal ferroelectric phase, normally at a 
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Figure 1. Typical example of the relative permittivity as a function of 

temperature for coarse and fine grained barium titanate. 
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temperature between 120 and 130°C, appears to lose its first order 
character and become more diffuse. This is apparent as a suppression 
and, for the finest grain sizes, a broadening of the peak in permittivity at 
the transition temperature. Shifts in the tetragonal-othorhombic and 
orthorhombic-rhombohedral transition temperatures as a function of 
grain size have also been observed. 

CHRONOLOGY 

1954 Kneipkamp and Heywang [1] report a value of permittivity for 
fine-grained barium titanate of 3500, twice that of coarse grained 
material. 

1255 Egerton and Koonce [8] carried out fast-firing studies, allowing 
them to achieve ceramics with 95% density by firing at 1270°C for 15 
minutes with very little grain growth and resulting in a permittivity of 
3400. Coarse grained ceramics fired at > 1300°C exhibited permittivities 
of 1800. A tentative explanation suggested that there was a preferred 
orientation of the crystallite 'a' axes parallel to the measurement 
direction. 

1956 Marutake [9] publishes methods for calculating the relative 
permittivity of single domain polycrystalline barium titanate from the 
single crystal values. A simple treatment produces a result identical to 
that of Bruggeman [10] with a value of 2500, however including terms 
due to "piezoelectric clamping" of the grains produces a value of 1500. 

I960 Anan'eva [11] reports a value of room temperature permittivity of 
6000 for ceramics prepared from a "chemically pure" powder. 

196.2 Jonker and Noorlander [12] observed a tetragonal ratio for fine 
grained barium titanate ceramics which was less than that of equivalently 
sized powder. 

1966 Following unpublished observations at the Sprague Electric 
Company that in comparison to coarse grained material, the occurrence 
of stress relieving, 90° twins was very much reduced in fine grained 
barium titanate Buessem, Cross and Goswami [13] proposed that the 
internal stress in fine-grained material must be greater than that in coarse 
grained ceramics. Using the Devonshire version of Landau theory as 
applied to ferroelectrics [14], in which the free energy of the system is 
expanded in terms of polarisation, and including the electrostrictive 
coupling terms between stress and polarisation, Buessem considered a 
stress system consisting of a uniform compression along the c-axes and 
equal tensions along the a-axes of single domain crystallites. The 
resulting logarithmically averaged polycrystalline permittivity was 3000 
for an internal stress of 640 kg cm"2 (63 MPa) and 6000 for a value of 
800 kg cm"2 (78.4 MPa). The former level of internal stress was shown 
to be consistent with a reduction in the c/a ratio of 15%, in apparent 
agreement with the X-ray data of Jonker [12]. 

In an accompanying publication [15] the same authors used the same 
model to show that the observed differences in permittivity of coarse and 
fine grained ceramics subjected to two dimensional compressive stresses 
could be accounted for by the presence of internal stress, of the above- 
mentioned type, in the fine grained material. 

1972 Micheron [16] interpreted the apparent diffuseness of the 
ferroelectric phase transition in barium titanate ceramics as the 
consequence of a distribution of internal stresses acting on the 
crystallites. Again using the Devonshire treatment, he assumed a 
Gaussian distribution of internal stresses centred around zero and 
showed that on fitting to experimental data, the RMS value of internal 
stress increased by a factor of 2 as the grain size decreased from 100 to 
5 urn. 

1974 Martirena and Burfoot [17] argued that the model proposed by 
Buessem et al. [13] was flawed, in that the level of internal stress 
predicted by the model would imply a reduction in the phase transition 
temperature by 30 to 40°C. The model was regarded as having "failed" 
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because it did not account for the diffuseness of the ferroelectric- 
paraelectric transition in terms of a distribution of stresses. The authors 
attempted to show that the earlier model of Diamond [18] for 
calculation of the permittivity due to an ensemble of grains with a 
Gaussian distribution of transition temperatures could account for both 
the diffuseness of the phase transition and the high permittivity at room 
temperature in fine-grained materials. 

Sharma and McCartney [19] found an exponential dependence of 
permittivity with decreasing grain size. 

Simpson [20] published a method, based on the variational theory of 
Hashin and Shtrikman [21] for the calculation of the upper and lower 
bounds of permittivity of a polycrystalline body in which a unique 
microscopic geometry cannot be defined. The upper and lower limits 
for barium titanate were calculated as 2430 and 865 respectively. 

1976 Pohanka and co-workers [22] measured the fracture strength of 
barium titanate ceramics at room temperature and at 150°C, i.e. 20°C 
above the cubic-tetragonal phase transition. They found that, 
independent of grain size, from 2 to 200 urn, the flexure strength at 
room temperature was 60 MPa less than above the transition. This was 
interpreted as implying the presence of an internal stress at room 
temperature of 60 MPa, which would add to the applied stress and 
reducing that required to cause failure. The value of 60 MPa is in good 
agreement with the internal stress model of Buessem et al. [13], but the 
grain size independence is not. This latter point was accounted for by 
assuming that the internal stress in coarse grained materials is localised at 
the grain boundaries, the probable origin of fracture. Such a stress 
would contribute to the fracture strength for all grain sizes but would be 
of significance to the dielectric properties for the smallest of grain sizes 
only. 

Some of the most unambiguous experimental data concerning the 
grain size effects came from the laboratories of NTT in Japan. Kinoshita 
and Yamaji [23] measured dielectric properties for ceramics with grain 
sizes in the range 1.1 to 53 urn showing a monotonic increase of 
permittivity at room temperature with decreasing grain size. It was shown 
that there were virtually no observed effects of the grain size upon the 
dielectric properties around the cubic-tetragonal phase transition; the 
transition temperature, the Curie constant and maximum permittivity are 
virtually independent of grain size. In addition the data are collinear 
above the transition. The authors also reported that the temperatures of 
the tetragonal-orthorhombic and orthorhombic-rhombohedral phase 
transitions both increase by 10°C with grain size decreasing from 53 to 
1.1 p.m. 

1977 The same group published more detailed data for a second set of 
fine-grained ceramics which exhibited similar trends in their properties 
[24]. In this case the fine grain size was achieved by doping with Dy3+ 

in concentrations up to 1.2 at %. They showed that both grain size and 
spontaneous strain decreased with Dy concentration as room 
temperature permittivity increased. For a sample with mean grain size of 
1.5 u.m, the frequency of occurrence of 90° domains was determined as 
a function of the size of grain by scanning electron microscopy of 
etched replicas. Domains were identified in 70% of grains of diameter 
3.25 um, but in less than 5 % of grains with diameter 0.75 p.m. This 
observation appears to support the original inspiration for the internal 
stress model, i.e. that the occurrence of domains in fine grained 
materials is very much diminished in comparison to coarse specimens. It 
is tempting to speculate therefore that the behaviour of the observed 
dielectric properties and spontaneous strain are a consequence of the 
size effect, caused by internal stress, rather than a direct change in the 
lattice response due to the incorporation of Dy3+. This view is supported 
by the observation that the cubic-tetragonal transition temperature, the 
Curie constant, and the cubic cell parameter and its temperature 
dependence above the transition, are all virtually independent of the Dy 
concentration. As in their previous study of pure materials [23], the 
systematic variation of dielectric properties occurs only in the 
ferroelectric phases. 

1978 In order to explain the gradual increase in room temperature 
permittivity as a function of decreasing grain size the NTT group 
invoked a model [25] inspired by the localised stress interpretation of 
Pohanka's strength measurements [21]. They showed that the 
assumption of each grain consisting of two regions, an unstressed core 
(er = 1300) and a stressed shell (£r = 5000, thickness 0.3 urn), resulted in 
a match to the experimentally observed dependence of permittivity on 
grain size. 

Further fracture experiments were carried out by Pohanka, Freiman 
and Bender [26] in which the fracture toughness was measured on 

centre-grooved, double cantilever beam specimens as a function of grain 
size, both above and below the cubic-tetragonal phase transition. An 
increase in fracture toughness was observed with increasing grain size in 
the ferroelectric state; no corresponding variation was seen in the 
paraelectric state, in which the fracture energy was independent of grain 
size and equal to that of the fine-grained ceramic at room temperature. 
These observations were interpreted as an increase in the fracture energy 
in the ferroelectric state due to stress relief and energy dissipation at the 
crack tip due to the motion of 90° domain walls and/or twin nucleated 
parasitic cracking. Such an explanation would be consistent with the 
diminished occurrence or mobility of 90° domain walls in fine-grained 
ceramics. An internal stress for fine-grained ceramics was estimated to 
be approximately 70 MPa. 

1980 Arlt and Sasko [27] described the dominant domain 
configurations observed in large grained barium titanate ceramics. 

Multani and Palkar [28] suggest that the reduction of permittivity as 
a function of grain size at ferroelectric transitions is a consequence of 
the cut-off of the soft-mode frequency by the finite size of the grain. 

1981 Dudkevich et al. [29] noted for barium titanate thin films a 
correlation between the room temperature permittivity and the size of 
coherently scattering regions, as measured by X-ray line broadening. 
The film permittivity increased from < 100 to > 1000 as the coherent 
region size increased form 200 to 600 Ä. They attributed this effect to 
the same cut-off in the low frequency phonon modes described by 
Multani [28], but with the coherently diffracting region acting as the 
"grain", They estimated an upper limit for the "critical size" for the 
appearance of this effect as 250 to 300Ä. 

1983 A similar analysis of the interaction between soft-modes and grain 
size was presented by Srinivasan and co-workers [30]. The effect on the 
dielectric properties of the grain size limit to the phonon spectrum was 
shown to occur for particle sizes below 0.1 p.m, but was only significant 
for sizes below 150 Ä. The calculated behaviour appears as an overall 
reduction in the permittivity, both at room temperature and at the phase 
transition, rather than as an increase in the diffuseness of the transition as 
a function of decreasing size. 

Taking the existing description of domain configurations in barium 
titanate [27], Arlt and Peusens [31] calculated the volume contribution 
to the permittivity of coarse grained material to be approximately 1000. 
They assumed that the difference between this and measured values, 
Aer = 650, is due to the contribution from 90° domain wall motion. 

Strength measurements made using controlled flaw sizes, performed 
by Cook et al. [32] again indicated the presence of internal stress below 
the phase transition temperature as the induced flaw size coincided with 
the grain size of the ceramic. 

1984 Buessem's phenomenological calculations of the internal stress 
dependence of relative permittivity [13] were extended by Bell [33] to 
encompass all ferroelectric phases of the materials and the paraelectric- 
ferroelectric transition. The internal stress was entered into the free 
energy expression as a strain-dependent, and hence, polarisation- 
dependent term, with the result that the relationships between internal 
stress, phase transition shifts and relative permittivity were demonstrated 
to be similar to the experimental observations [22]. 

1985 Arlt and co-workers [34] made observations of domain structures 
and dielectric measurements on ceramics with grain sizes in the range 
0.2 to 100 um. They found that the room temperature relative 
permittivity was a maximum for grain sizes around 0.7 p.m, below which 
there was a rapid decrease in permittivity with decreasing grain size and 
a suppression of the peak at the phase transition. Scanning and 
transmission electron microscopy revealed that 90° domains could still 
be identified for grain sizes as low as 0.5 |j.m and that the domain width 
was proportional to the square root of the grain size. This latter finding 
was supported by theoretical analysis of the minimum energy condition 
for a single grain containing 90° domains. It was also suggested that 
domains would not occur for grain sizes less than 0.4 u.m. Arlt 
concluded that the internal stress model was invalidated by the 
observation of increasing numbers of stress-relieving domains with 
decreasing grain size and showed that the high permittivity for fine 
grained materials could be explained in terms of a very large 
contribution from the 90° domain walls, 5 or 6 times greater than that in 
coarse grained ceramics and 3 to 4 times greater than the intrinsic 
volume contribution. It was also noted that between 1 u.m and 0.5 um 
grain size there was a reduction in the spontaneous strain by a factor of 
2, coincident with the introduction of orthorhombic-type peaks in the X- 
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ray diffraction patterns, indicating the presence of mixed phases. 

1989 Shaikh et al. [35] made similar dielectric observations to Arlt [34] 
down to grain sizes of 0.3 urn, noting a maximum in the permittivity at 
about 0.4 urn. In addition, they noted a strong reduction in the 
spontaneous polarisation with decreasing grain size below 1 urn 
consistent with previous spontaneous strain measurements [34]. In 
attempting to model the permittivity as a function of grain size, the 
authors assumed that the original internal stress model applies for grain 
sizes < 0.4 (im, whilst for grain sizes > 0.4 urn stresses are completely 
compensated by 90° domains, the permittivity contributions from which 
are proportional to the reciprocal of the square root of grain size. In 
addition, the concept of an amorphous grain boundary phase of low 
dielectric constant and zero spontaneous polarisation is introduced. The 
increasing importance of the grain boundary phase, with decreasing 
grain size, acts to reduce the total permittivity and polarisation. In the 
numerical calculation, the fit to the observed data involves four 
parameters which include a diffusion coefficient and activation energy 
for the growth of the amorphous phase. The model provides a good fit 
to the data, with the outcome that the thickness of the amorphous phase, 
with a relative permittivity of 90, increases from 1 nm for a 15 urn grain 
size to 9 nm for 0.3 um grains. 

1990 Arlt [36 & 37] reviewed in greater detail the calculation of domain 
width as a function of grain size, finding a lower limit of domain width 
of 40 nm. The ability of 90° domains to fully compensate homogeneous 
stresses and the creation of inhomogeneous stresses close to the grain 
boundary are emphasised. 

1991 Arlt and Pertsev [38] derived an expression for the restoring force 
constant of 90° domain walls, finding an inverse proportionality to the 
domain width. Hence the domain walls of smaller domains are more 
difficult to move than those of large domains, in apparent contradiction 
of the model previously proposed by Arlt [34] to explain the high 
permittivity in fine grained ceramics. For coarse grained ceramics the 
contribution to the permittivity from domain wall movement is estimated 
as approximately 600, in agreement with previous estimates [31]. 
Included in the derivation of mobility is a term due to the 
inhomogeneous stresses at the grain boundaries. As these stresses are 
reduced by movement of the domain wall, they have a positive 
contribution to the mobility. Inclusion of this term for grain sizes of 
1 um increases the domain wall contribution to permittivity by only 
25 %, but this is observed to be clearly insufficient to account for the 
established experimental data. However, there is speculation that the 
domain wall motion might be softened by the reduction in spontaneous 
strain and polarisation observed in fine grained materials and hence 
further increase the domain wall contribution. 

1992 Wu and Schulze [39 & 40] compared the ageing and a.c. field 
dependence of permittivity of fine and coarse grained ceramics. The 
ageing in fine grain ceramics is slower and less temperature and 
frequency sensitive. Both the relative permittivity and tan 8 of coarse 
grained ceramics were observed to be constant up to a.c. measurement 
fields of approximately 200 V cm"1 above which they increased strongly 
with increasing applied field - the so-called non-linear effect. For fine 
grained ceramics, although the weak field permittivity is, as expected, 
higher than that of the coarse grained materials, the subsequent increase 
in permittivity with ac field was much smaller, with a less pronounced 
threshold field for the onset of non-linearity. Similarly, the increase in 
tan 8 was much less significant for the fine grained ceramic, and notably 
the weak field tan 8 of fine and coarse grained materials were equal. 

Two groups [41 & 42] reported grain size effects in strontium 
barium titanate ceramics with strontium substitutions up to 30%. Similar 
grain size effects were seen as in pure barium titanate. 

Criado et al. [43] noted a correlation of the size of coherently 
diffracting domains in X-ray line broadening measurements to the 
dielectric properties of fine grained ceramics, similar to that noted for 
thin films [29]. The permittivity decreased at all temperatures for 
decreasing diffracting domain size in the range 100 to 10000 Ä. 

1991 Bell [44] proposed that the above observation [43] may be 
explained, in part, by the spatially uniform thermal fluctuations of small 
coherently polarising domains leading to a distribution of spontaneous 
polarisation and permittivity over an ensemble of domains. Calculations 
showed, however, that the upper domain size limit for which such effects 
become important was approximately 150Ä. 

DISCUSSION 

It was more than 10 years after the first reports of the anomalous 
effects of grain size on the permittivity that an acceptable, quantitative 
model was proposed. In the following 20 years evidence in the form of 
the results of fracture mechanics investigations supported the internal 
stress model of Buessem, Cross and Goswami [13] with remarkable 
consistency concerning the quantitative estimates of the stress [22], 
Attempts to explain both the room temperature effect and the 
"diffuseness" of the phase transition through a distribution of phase 
transition temperatures were not convincing. The results of Martirena 
and Burfoot [17] did not fit existing data satisfactorily; a distribution 
width of 140°C is consistent with a room temperature permittivity of 
3000, but the peak at the cubic-tetragonal transition is rendered non- 
existent. Their dismissal of Buessem's model was perhaps a little 
misguided as: (i) it was never explicitly assumed that the that the 
proposed internal stress was independent of temperature, (indeed it was 
more logical to assume that the stress decreased with increasing 
temperature, as does the spontaneous strain, and so is unlikely to result 
in a large reduction in the phase transition temperature), and (ii) the 
model was not proposed to account for the diffuseness of phase 
transitions. In this respect the data from the NTT laboratories provided 
important clarification [23-25]. The data allow two important 
conclusions to be made: (i) the high permittivity in the ferroelectric 
phases is certainly a consequence of ferroelectricity and not of the 
ceramic microstructure alone (e.g. grain boundary phases), and (ii) the 
diffuseness of the cubic-tetragonal transition, reported by a number of 
observers, is not of the same origin as the elevated room temperature 
permittivity and must be attributed to another mechanism, most 
probably process dependent. Bearing in mind the correlation of 
properties with sub-grain, defect related, features, it is likely that the 
phenomena referred to by Dudkevich [29], Srinivasan [30] and Bell 
[44], may well play a role in the suppression of permittivity at the phase 
transition, particularly for ceramics that have been exposed to minimal 
thermal treatments. 

By 1984, therefore, the internal stress model was well established and 
it seemed that, with confirmation of its consistency with observed shifts 
in phase transition temperatures [33], there was little to question its 
veracity. However, in 1985, the observations of the increasing density of 
domains with decreasing grain size [34] completely contradicted one of 
the original influences for the development of the internal stress model, 
i.e. the observation that the occurrence of 90° domains diminished with 
decreasing grain size, which was cited in Buessem's paper [13] and later 
supported by independent data from NTT [24]. There followed half a 
dozen years in which it seemed impossible to reconcile the two schools 
of thought, — the existence of domain walls implied insignificant levels 
of the internal stress and the increasing density of domain walls could 
account for the increase in permittivity with decreasing grain size. 
However, the calculations by Arlt [38] of the domain wall mobility as a 
function of grain size, cast doubt on his own model. The reduction of 
mobility for decreasing domain and hence grain sizes appeared to 
indicate that the domain walls could not provide the contribution 
necessary to raise the permittivity to values between 4000 and 6000. 
Even considering the extra softening mechanisms referred to by Arlt, 
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Figure 2. Relative permittivity as a function of grain size calculated for 
domain wall contributions, and including the softening terms 
described by Arlt and Pertsev [38]. 
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due to the reduction in spontaneous strain and polarisation for grain 
sizes of less than 1 |xm, the domain wall contribution, calculated here, 
still falls a factor of 5 below that necessary to match experimental data 
(Figure 2). 

More recently further doubt was cast upon the domain wall 
contribution model by the measurements of Wu and Schulze [39 & 40]. 
Both ageing and non-linear dielectric effects in ferroelectric ceramics 
have been attributed to the movement of 90° domain walls [45]. The 
virtual absence of non-linear effects and low tan 8 in fine grained 
barium titanate suggests that in these materials, either the domain walls 
are anhysteretic and make almost their full contribution at very low 
measurement fields, or that the domain walls are clamped, contributing 
little to the dielectric properties. The very low ageing rates in these 
materials are perhaps more consistent with the latter. 

Superficially it might seem as though both of the established models 
are now fatally flawed and that one must look elsewhere for an 
explanation of the anomalous room temperature effect. However, it 
seems possible that the observations of increasing occurrence of 
domains with decreasing grain size are not contradictory to the internal 
stress model. Arlt acknowledged the increasing importance of the 
stresses at the grain boundaries with decreasing grain size [38] and the 
existence of an inhomogeneous stress component was recognised 
experimentally in 1976 [26]. However, are these factors consistent with 
the anomalous permittivity and the decrease in spontaneous strain/ 
polarisation below 1 Jim ? This is certainly a question with which to 
inspire the next generation of Ph.D. candidates who address the problem 
of grain size effects in barium titanate. 

One of the more puzzling aspects of this story is that the study of 
domain occurrence as a function of grain size published in 1985 [34] 
produced results completely opposite to those of previous work. Perhaps 
this is most easily attributable to the improvement in microscopy 
techniques in the intervening years. The studies at NTT were carried out 
using scanning electron microscopy of replicas of etched specimens. It 
is quite believable that the resolution of this technique could be quite 
limited, with respect to sub-micron domains. 

In concluding it is interesting to reflect on other changes that have 
occurred in experimental technique during the past forty years and to 
speculate on the influence they may have had on the development of 
this topic. In terms of the materials preparation, it would seem that little 
has changed. Although we now find a host of references in the literature 
to novel preparation methods, the great majority of the materials 
referred to in this study were based on oxalate-derived powders, a 
process that has been used since the mid-1950's. Hot-pressing and fast- 
firing were used in some of the earliest studies of the effect and are not a 
modern development. Certainly, instrumentation for the measurement of 
dielectric properties has changed over the last forty years, but this seems 
to have had very little impact on the quality of data obtained. Perhaps it 
is somewhat easier now, than it was 40 years ago, to measure the a.c. 
field dependence of properties, but this was not attempted in the 
majority of studies. The quantity of data has increased, a factor which 
can be attributed to automation of experiments. The major benefit, 
perhaps, has been to increase the number of data points per unit 
temperature, providing a clearer picture of the behaviour at the phase 
transition. Similarly, the increased availability of fast, desk-top 
computers and user-friendly maths applications has reduced the 
development time for numerical simulations, but without, necessarily, a 
commensurate improvement in the quality of the underlying physical 
models. 
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Abstract - The sintering temperature of the 0.5 wt% Mn02-added 
Pb(Zr053Ti047)O3 ceramics was successfully lowered down to 
935 °C by the addition of the complex oxides, BiFe03 and 
Ba(Cu0SW05)O3. This addition may cause a shift of the 
morphotropic phase boundary (MPB) at which the Pb(Zr,Ti)03 

ceramics shows excellent piezoelectric and dielectric properties. 
Indeed, the XRD studies reveal that the MPB of the ceramics 
with additives shifts toward the Ti-rich composition. Thus, the 
electrical properties are affected by this shift of the MPB and 
the optimum Zr/Ti ratio of 52/48 is determined. Furthermore, 
the microstructural analyses by using SEM indicate that the 
additives seem to form stable grain boundaries and the most 
stable boundaries are obtained with the corresponding 
composition. 

INTRODUCTION 

Lowering the sintering temperature of Pb(Zr, Ti)03 ceramics 
has been attempted to avoid the volatilization of PbO component 
which causes the compositional fluctuation and the 
environmental contamination. Smith et al. [1] have shown that 
the BiFe03-Pb(Zr, Ti)03 system was hot-pressed at a temperature 
between 750° C and 900°C. It has been also reported that another 
perovskite-type additive, Ba(Cu05W0S)O3 was used to reduce 
the sintering temperature of Pb(Fe05Nb05)O3 ceramics as well 
as to improve the dielectric properties [2]. 

The authors have attempted a combined use of two additives, 
BiFe03 (abbreviated as BF) and Ba(Cu05W05)O3 (BCW) in 
0.5wt% Mn02-added Pb(Zr053Ti047)O3 (PZT) ceramics and 
succeeded to lower its sintering temperature down to 935°C 
[3,4]. The macroscopic characterizations have already suggested 
an existence of the transient liquid phase in the ceramics which 
is caused from the addition of the complex oxides. The lowering 
of the sintering temperature seems to be related to this transient 
phase. 

On the other hand, the highest piezoelectric coupling as well 
as the maximum dielectric susceptibility have been found for 
the morphotropic phase boundary (MPB) of the Pb(Zr,Ti)03 

ceramics. The addition of the complex oxides to Pb(Zr,Ti)03 

ceramics may cause a shift of this MPB, which results in the 
deterioration of electrical properties. The XRD studies have 
indicated clearly the coexistence region of tetragonal and 
rhombohedral phases for the MPB in the case of PZT-BF-BCW 
ceramics[5]. 

In this paper, we have investigated the relations between the 
composition ratio of Zr/Ti and the electrical properties within 
the coexistence region to obtain the optimal composition for the 
best properties. Furthermore, microscopic analyses of grain 
boundaries have been carried out by using TEM and SEM. 

The samples were prepared by using a conventional method 
of ceramic preparation. Commercially available Pb304, Zr02, 
Ti02, BaC03, CuO, W03, Bi203, 

FeA and Mn02 (>99.9% 
purity) were used, and PZT and BCW were separately synthesized 
by pulverization. PZT, BCW, Bi203 and Fe203 were weighed 
out according to the formula 0.92PZT-0.05BF-0.03BCW + 0.08 
wt% CuO (PZT-C) and the components were mixed. Disk 
samples 10 mm in diameter and 3 mm in thickness were formed 
at the pressure of 800 kg/cm2 and sintered isothermally with a 
heating rate of 5 °C/min at temperatures for PZT-C and 1250 
°C for PZT for 30 min. 

XRD Measurements 

A detailed XRD profile was obtained using a Rigaku RINT 
1100 X-ray diffractometer with CuKa radiation to determine 
the crystalline phase of the ceramics. The behavior of MPB 
was observed from the XRD profiles of (002) and (200) planes 
for the tetragonal phase, and the (200) plane for the rhombohedral 
phase in the diffraction angles (29) from 43° to 46°. The lattice 
constants, a and c, of the tetragonal phase were calculated from 
the profiles of (002) and (200) planes using (220) diffraction 
profile of Si as an internal standard. The lattice spacing of the 
(100) plane, d100> was chosen to determine the lattice constant, 
a, of the rhombohedral phase since the rhombohedral angle, a, 
falls between 89.6° and 89.7°; therefore, the value of a is nearly 
equal to that of d100[6]. 

Electrical Measurements 

In order to measure the electrical properties, electrical 
contacts were made with a silver paste. The silver coating was 
made on both sides of the sample and subsequently fired at 
780°C for 20 min. The dielectric properties (1 kHz) and 
piezoelectric properties of samples were measured using an 
impedance analyzer (YHP-4194A) after being poled under 3 
kV/mm bias at 120°C in a silicone oil bath for 15 min. 

Characterization 

The morphology and composition of the ceramics were 
observed by JEOL JSM-T330A SEM (scanning electron 
microscope) and Shimadzu EPMA-8705 EPMA (electron probe 
micro analyzer), respectively. The microstructure and the 
composition around grain boundaries of the ceramics were 
analyzed by JEOL JEM-2000FX II TEM (transmission electron 
microscope). 

RESULTS AND DISCUSSION 

EXPERIMENTAL 
XRD Analyses 

Sample Preparation 
In order to determine the MPB in the PbZr03-PbTi03 solid 
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solution, the XRD profiles were obtained for the PZT and PZT-C 
ceramics of various composition with different ratios of Zr/Ti. 
Figure 1 plots the change of calculated lattice constants from 
the XRD profiles. The result clearly indicates that the coexistence 
region on the MPB was observed between x(=Zr/Zr+Ti)=0.52 
and x=0.67 for PZT, while the region becomes narrow (x= 
0.51 ~ 0.53) and shifts toward the Ti-rich region of the composition 
for PZT-C. It was found from the calculation of the unit cell 
volume and the da ratio that the unit cell volume of PZT-C is 
larger than that of PZT, while the da ratio of PZT-C is smaller 
than that of PZT for all Zr/Ti ratios studied. The radius of 
Ba2+(1.36 A) is larger than that of Pb2+(1.26 A), and that of 
Cu2+(0.73 A) is larger than those of Zr4+(0.72 A) and Ti^O.öl 
A). Therefore, the increase in the unit cell volume suggests the 
substitutions of Ba2+ for Pb2+and Cu2+ for (Zr.Ti)4" respectively. 
Furthermore, the substitution of Ba2+ for more readily polarized 
Pb2+ probably leads to the reduction in the da ratio. Similarly, 
Ikeda and Okano have reported that the solid solution of BiFe03 

into Pb(Zr,Ti)03 led to a decrease in.the da ratio[7]. 

c 
ro 

"55 
c 
o 
Ü 

a> 
o 
*s 
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Figure 1. Variation of lattice constants of PZT and PZT-C 
with Zr/Ti ratio. The coexistence region on the MPB is 
indicated by a broken line for PZT and by a dot-dashed line 
for PZT-C 

Electrical Properties 

The above results suggest that the addition of complex oxides 
shifts the coexistence region on the MPB toward the Ti-rich 
region of the composition. This shift may lead to the deterioration 
of the electrical properties. It was obtained from the electrical 
measurements that the dissipation factor, tan ö, increases almost 
linearly with the ratio and that the relative dielectric constant, 
£ 33/e0, and the electromechanical coupling factor, Kp, initially 
increase with the ratio and then decrease beyond a certain ratio, 
while the mechanical quality factor, Qm, initially decreases with 
an increase in the ratio and then increases beyond a certain 
ratio. These results are similar to the case of PrXZr,Ti)03 ceramics 
without any additives[8]. The measurements clearly proven 
that some electrical properties of PZT-C are deteriorated at the 
ratio of 53/47 compared with PZT, but that the properties are 
recovered with the Ti-rich ratios in the shifted coexistence region; 
Qm of PZT-C is larger than that of PZT, Kp and E

T
33/E0 are 

slightly smaller due presumably to the reduction in cla ratio, 
and tan ö is almost the same[5].  The results suggest that the 

electrical properties of PZT-C are strongly associated with the 
shift of the MPB due to the addition of the complex oxides to 
PZT, namely the shift of the MPB toward the Ti-rich region of 
the composition induces a corresponding shift of the properties. 

Microstructural Analyses 

In order to clarify the influence of the addition of complex 
oxides to PZT on the microstructure of the ceramics, structural 
and compositional analyses were carried out by using TEM in 

the vicinity of the grain boundaries of the ceramic compact[9]. 
The results revealed that the isolated microstructures exist at 
the grain boundaries, the lead ion segregates there and that the 
segregation is more pronounced in the case of the ceramics 
with the complex oxide additives. 

Figure 2. SEM micrographs of PZT (left) and PZT-C (right) 
chemically etched for 150 s. 

For further clarification of the effect of the complex oxide 
additives, the ceramics was chemically etched with cone. HC1 
solution, followed by morphological analysis of the grain 
boundaries with SEM. Figure 2 shows the SEM micrographs 
of PZT and PZT-C etched for 150 s. It is clearly revealed that 
the grains of the ceramics without the complex oxide additives 
(PZT) are etched more deeply than those with the additives 
(PZT-C). The result suggests that the grain boundaries of the 
PZT-C ceramics are chemically more stable than those of the 
PZT ceramics. Even for the PZT-C ceramics, this chemical 
stable grain boundaries are observed in the coexistence region 
on the MPB and the PZT-C ceramics with the optimum 
composition of Zr/Ti of 52/48 shows the most stable grain 
boundaries. Above analyses strongly suggest that the addition 
of complex oxide to PZT forms the chemically stable grain 
boundaries resulting in no deterioration of the electrical 
properties even for the ceramics sintered at lower temperature. 
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A new solid solution, (l-x)Bi(Ni0.5Ti0.5)O3 - 
*(PbaBafc)Ti03 (a+fc=l) (NTPB [lOOx-lOOa/lOOfc]), are 
studied on the dielectric, ferroelectric, piezoelectric and 
mechanical properties as a new group of piezoelectric 
ceramics. One of the end member of the solid solution, 
BINT(a = b=0, x=0) is a mixture of a bismuth layered 
structure consisting of Bi4Ti3012, NiO and Bi203. When x is 
increased, the crystal structure changes from a mixture of 
bismuth layered and perovskite structures to a single phase of 
the perovskite structure at x=0.2~0.25, being independent of 
the ratio of PbTi03 to BaTi03. The crystal phase with x* 
0.25 of the solid solution is a perovskite structure. The 
electrical properties are mainly investigated for the specimens 
of the perovskite structure (xa 0.25) with 0.02wt% added 
MnC03. The electromechanical coupling factors £33, kt and 
*p of NTPB[40-l()0/0] + Mn (0.02 wt%) are 0.51, 0.47 and 
0.32, respectively. The mechanical bending strength of 
NTPB[44.5-100/0] + Mn (0.02wt%) is about 150 MPa. 

1. Introduction 
Recently solid solutions based on bismuth perovskite 

compounds have been investigated as a new family of piezoelectric 

ceramics different from PbZr03-PbTi03 (PZT) system. The 

advantage over PZT system is that the atmosphere control to avoid 
PbO evaporation is not necessary because they are free or low 

content of PbO. The other feature is that these ceramics show higher 

mechanical strength than those of PZT ceramics. 
The solid solutions in this group are mainly bismuth sodium 

titanate, (Bi]/2Na1/2)Ti03 [BNTp>2)-based solid solutions, namely, 
(Bi1/2Na1/2)1_x(Sr0PbfcCac)JCTi03 (a + 6 + c = l) [BNTX]M), 

(Bi1/2Na1/2)1^(Pb0Bafc);cTi03 (a + fc = l) [BNPB]*.«), and 

(BNT)1.J.(KNb03);c [BNTKN]7). 
A rhombohedral (Fa) - tetragonal (Fß) morphotropic phase 

boundary (MPB) in BNTX and BNPB systems enhances the 

piezoelectric properties. For example, electromechanical coupling 

factors and piezoelectric strain constants for MPB compositions of 

BNPB are £„=0.55, *31~0.20 and rf33-120, d3]-40 (xlO"12 

C/N). The three-point bending strength of BNT-based piezoelectric 

ceramics is o<*200 MPa which is about twice than those of 
commercial PZT ceramics. However, the working temperature range 

of BNT-based ceramics is narrow at higher temperatures because of 

the ferroelectric to antiferroelectric phase transition at low temperature 

of ra=100-200 °C. 
To improve the narrow working temperature-range, a new solid 

solution based on bismuth lead nickel titanate, Bij.^Pb^Ni^.^ 
Tin+J.)/2)03, was proposed and reported8"10) on the dielectric and 

ferroelectric properties. 
In this paper, dielectric, piezoelectric and mechanical properties 

of a new solid solution, (l-x)Bi(Ni0.5Ti0.5)O3-x(PbaBafc)TiO3 

(a+b=\) (abbreviated to NTPB [lOOx-lOOa/100b]), are studied 

with an eye to finding new piezoelectric ceramics having high 

mechanical strength. These ceramics will be of interest to new 

piezoelectric devices because of wide working temperature and high 

mechanical strength. 

2. Sample Preparation and Experiments 
Solid-solution NTPB piezoelectric ceramics were prepared 

according to the conventional ceramic sintering technique. Reagent- 

grade metal oxide or carbonate powders with 99% + purity of Bi203, 

PbO, BaC03, NiO, Ti02 and MnC03 were used as the starting 
materials. The oxides and carbonates mixed by ball milling for 10 h 
were calcined at 800 °C for 1-2 h. After calcining, the mixtures were 

ground and ball-milled for 20 h in a polyethylene jar with 2 mmf 

zirconia-balls in acetone medium to obtain ceramic powders with 
mean-particle-size less than 1 u.m. The powders were pressed into 

discs 20mm in diameter and about 2 mm in thickness. The disks 

were finally sintered at 1000 - 1150 °C for 2 h in air. The crystal 

phase of the sintered ceramics was checked using an X-ray 

diffractometer. 
The electrodes were made of fired-on silver paste for the 

dielectric, ferroelectric and piezoelectric measurements. Electrical 
properties were measured by the usual evaluation techniques. 

Temperature dependence of the dielectric constant es and loss tangent 
tanö of unpoled samples were measured for the determination of the 

Curie temperature Tc at 1 MHz using an automated dielectric 

measurement system with a multifrequency LCR meter (YHP 4275 

A). Resistivity p was measured by a three-terminal method with a 

high-resistance meter (YHP 4329A). D-E hysteresis loops were 
observed by a standard Sawyer-Tower circuit at 50 Hz. 

Specimens for piezoelectric measurements were poled at 70 °C 

in a stirred silicone oil bath by applying a dc electric field of 3 kV/mm 
for 30 min for the (33) mode and 4 kV/mm for 5 min for thickness 
and planar modes. Piezoelectric properties were measured by the 

resonance-antiresonance method on the basis of IEEE standards 

using an impedance analyzer (YHP 4192 A). 
Mechanical strength was measured by a three-point bending 

strength test. The bending strength a was calculated using 
a=(3'F'Q/(2«w/2) [Pa], 

where F is the maximum load [N], / the separation between 

supporting points, w the sample width and t the sample thickness: 

in this case, 1=1 mm, w=3 mm and r=l mm. 

3. Results and Discussion 
To control the PbO atmosphere during the sintering process of 

this solid solution is not necessary due to the low evaporation of 
PbO, which is not the case with conventional PZT or PZT-based 
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ceramics. Then it was very easy to sinter the NTPB ceramics with 
more than 93% measured density ratio to theoretical density. 

The new solid solution consists of Bi(Ni0 5Ti0 s)03 (BINT), 

PbTi03 (PT) and BaTi03 (BT) as follows. 

(l-x)Bi(Ni{)5Ti05)O3+x(a«PbTiO3+Z>'BaTiO3) 

"* Bil-^(Pb
a
Bafc)J;Ni(]^)/2Ti(1+x)/203 (a+b=l) 

However, one of the end members of the solid solution, BINT, 

cannot be fabricated into a perovskite structure in the ceramic form by 

the conventional sintering process. The X-ray powder diffraction 

pattern for Bi(Ni0 5Ti(K5)03 (BINT) sintered at 1000 °C shows that 

the crystal phase does not have the perovskite structure but a mixture 

of a bismuth layered structure consisting of Bi4Ti3012, NiO and 

Bi203, namely, 6Bi(Ni0 5Ti0 5)03-*Bi4Ti3012+3NiO+Bi20. 

Figure 1 shows the X-ray powder diffraction patterns for (A) 

NTPB[100x-100/0] (*=0.17, 0.2, 0.22), (B) NTPB[100x-50/50] 

(x=0.15, 0.2, 0.25) and (C) NTPB[100x-0/100] (x=0.10, 0.15, 0.2), 

respectively. The patterns of the systems show that the crystal phase 

is a mixture of bismuth layered and perovskite structures at xs().2; 

on the other hand, a single phase of perovskite type at x>0.2. 

We previously reported9) that the NTPB[100x-100/0] system 

has the morphotropic phase boundary (MPB) where the crystal phase 

changes from the rhombohedral phase to tetragonal phase at 

x=0.445. However, the MPB does not exist in the NTPB[100x- 
50/50] or NTPB[100x-0/100] system (xs0.5). 

The resistivity p of the NTPB system is about 107~109 fi'cm 
at room temperature (about 25 °C), depending on the materials, 

which is too low to be poled for piezoelectric ceramics. Therefore we 
try to improve it by adding Mn ions. Figure 2 shows the resistivity p 
and the loss tangent tanö at 30 °C of NTPB[40-100/0] as a function 

of the amount of doped MnC03. The resistivity reaches its maximum 
value of about 10'3 Q'cm at 0.02 wt% MnC03. Hereafter, we report 
the electrical properties of specimens with 0.02wt% added MnC03. 

Figure 3 shows temperature dependence of the dielectric 

constant, ES, and loss tangent, tanö, of (A) NTPB[10Qx-100/0], (B) 

NTPB[l()0x-50/50] and (C) NTPB[10(k-0/100] with 0.02wt% added 

MnC03, respectively. The Tc of NTPB[40-100/0] was 390 °C. It is 

considered that the peak at about 300-390 °C is caused by the Curie 

point Tc of the perovskite structure. On the other hand, the es-T 

curves of the compositions (0.15sxs0.2) near the mixture of 
bismuth layer and perovskite structures shows the other peak at about 

670 °C which is caused by the Tc of the bismuth layered structure. 
As the content of Pb ions (x) increases, the peak of the perovskite 

structure becomes sharp and the peak of the bismuth layered structure 

becomes flat. It seems that the crystal structure gradually changes 

from a mixture of bismuth layered and perovskite structures to the 
single phase of the perovskite structure at about x=0.2. 

Figure 4 shows the D-E hysteresis loop of NTPB[40-100/0] 

with 0.02wt% added MnC03 at room temperature. The loop has a 

large remanent polarization, PT = 33.7 u,C/cm2 and a coercive field, 

£c=18.8 kV/cm. The PT is larger than that of BNT-based solid 

solutions. The large Pr of NTPB[100x-100/0] seems to be 

enhanced for piezoelectric ceramics. Data on the remanent 

polarization Pr of the unpoled NTPB[IOOJC- 100/0] system with 

0.02wt% added MnC03 at room temperature as a function of the 

amount (x) of modified Pb ions indicated that the PT becomes 
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Fig. 1      X-ray powder diffraction patterns for (A) NTPB[100x- 
100/0] (x=0.17, 0.2, 0.22), (B) NTPB[100x-50/50] (x=0.15, 
0.2, 0.25) and (C) NTPB[100x-0/100] (x=0.10, 0.15, 0.2). 
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Fig. 2     The resistivity p and the loss tangent tanö at 30 °C of 
NTPB[40-100/0] as a function of the amount of doped MnC03. 
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maximum (33.7 \iC/cm2) at x=0A. Therefore NTPB[40-100/0] 

with 0.02wt% added MnC03 is expected to have active piezoelectric 

properties. 
Figure 5 shows the electromechanical coupling factors kt, fcp 

and k3i in the thickness, planar and longitudinal modes, 

respectively, of the NTPB[10(te-100/0] system with 0.02wt% 
added MnC03 as a function of the amount (x) of modified Pb ions. 

In all modes, the coupling factors *: of this system become 

maximum at x=0.4; the values of kt, kp and fc33 are 0.47, 0.325 

and 0.515, respectively. These values are almost the same as those of 
the PbTi03-based high-Ic piezoelectric ceramics, but are slightly 

lower than the values expected from their large PT. The reason why 
the coupling factors are small may be that voltage high enough to 
fully pole NTPB[100*-100/0] with 0.02wt% added MnC03 could 
not be applied due to its low breakdown voltage. The frequency 
constants Nt,Np and JV33 of NTPB[40-100/0] with 0.02wt% 
added MnC03 are 2007, 2366 and 1936 Hz«m, respectively. The 

strain constant d33 of the NTPB[100*-100/0] system with 

0.02wt% added MnC03 becomes maximum at x=0.445 (192 x 

10-12C/N). 
Figure 6 shows the Weibull plot of the 3-point bending strength 

a and the probability of survival S of NTPB[100x-100/0] with 

().02wt% added MnC03 atx=0.3, 0.35, 0.4, 0.445 and 0.5 before 
poling. As the amount of Pb ions (x) increases, the bending strength 

of this system (0.3sxs0.5) tends to become high. The bending 
strength of NTPB[44.5-100/0] with 0.02wt% added MnC03 was 

about 150 MPa. 
NTPB[100*-100/0] piezoelectric ceramics with 0.02wt% 

added MnC03 (0.3s xs0.5) may be superior for piezoelectric 

actuator devices or automobile sensors, since they have high Curie 
temperature and high mechanical strength. The relationship between 

piezoelectric and mechanical properties should be investigated on the 

ratios of Pb/Ba in the NTPB solid-solution system. 
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50/50] and (C) NTPB[100x-0/100] with 0.02wt% added MnC03. 
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Fig. 4     The  D-E hysteresis loop of NTPB[40-100/0] with 
0.02wt% added MnC03 at room temperature at 50 Hz. 
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Fig. 5 The electromechanical coupling factors k,, kn and /t33 of 
the NTPB[100x-100/0] system with 0.02wt% added MnC03 as a 
function of the amount (x) of modified Pb ions. 

4. Conclusions 
Dielectric, ferroelectric, piezoelectric and mechanical properties 

of new compositions in bismuth solid solution series, 

BiI^(PbaBafo)_cNi(1__t.)/2Ti(]+^)/203 (NTPB[100x-100a/100fc]) 
(a + b = l) (QtzxsQ.5), were investigated as a new group of 

piezoelectric ceramics. 

The Tc of NTPB[40-100/0] is 390 °C. The Pt of the 
NTPB[100x-100/0] system with 0.02wt% added MnC03 becomes 

maximum (33.7 (iC/cm2) at x=0.4 where the /t33 is 0.515. Also 
the maximum d33 is 192 x   10"12 C/N atx=0.445. 

NTPB[10(k-10()/0] (+0.02wt% MnC03) seem to be favorable 

for piezoelectric sensor materials and piezoelectric actuator 

applications, due to their relatively high mechanical strength. Future 

work must be undertaken to study why bismuth perovskites, 

including BNT-based and NTPB piezoceramics, have higher 

mechanical strength than those of PZT systems. 
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Fig. 6      Weibull plots of the 3-point bending strength a and the 
fracture probability F (=1-5) of NTPB[100x-100/()]+Mn(0.02 
wt%) before poling. 
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Abstract - A simple unified analytical ferroelectric model has been 
developed based on an effective field assumption and statistical physics, 
which covers ferroelectric hysteresis, switching, and phase transitions 
including first and second order phase transitions as well as Curie-Weiss 
Law. The model parameters may be extracted from measured data using 
commercial customizable optimization tools such as SmartSpice's 
Optimizer. The model can be used for modeling, simulation and statistical 
process control for ferroelectric nonvolatile memory design and 
fabrication. 

INTRODUCTION 
Driven by the improvements in thin-film technology, ferroelectric device 

for nonvolatile memory application has been investigated extensively 
again because of its nonvolatility, radiation hardness, high speed, high 
density, low power, physical robustness, and compatibility with silicon 
and gallium arsenide fabrication [1][2]. 

The foundation of device physics for ferroelectric memory, however, has 
not been well established. Although there are some well-known classical 
theories and models such as phenomenological theory and nucleation 
domain theory [3], none of them may cover all of the ferroelectric 
fundamental phenomena and related device phenomena, shown in Table 1. 

The phenomenological theory has been successful for ferroelectric phase 
transitions but it fails to model ferroelectric hysteresis and switching 
current analytically [3]. On the other hand, the ferroelectric switching 
models based on the microscopic domain nucleation theory [4] has been 
successful for ferroelectric switching current but it falls short in 
describing the entirety of hysteresis. For example, it is not able to 
predicate the temperature effect (phase transitions) on polarization. In 
addition, most the model parameters are not measurable, which makes 
difficulty for model extraction and statistical process control. 

upper curve 

* V 

lower curve 

Fig. 1 Ferroelectric polarization reversal (switching) on hysteresis 
In fact, ferroelectric phase transition or switching property may be 

predicted from its hysteresis property analytically because there must be a 
relationship between them. This lack of unity in consensus of the 

Ferroelectric RelatedjPolarization vs. Electric Field 
Fundamental 
Phenomena 

Polarization vs. Time 
Polarization vs. Temperature 
Polarization vs. Pressure (Mechanic Stress) 

Ferroelectric Other 
Device Phenomena 
Ferroelectric Device 
Failure Phenomena 

Typical Characterization 

underlying physics has foiled the development of this discipline into a 
well-organized body of knowledge for many years. 

The purpose of this work is to propose a unified analytical theory for the 
ferroelectric device physics, covering all fundamental device phenomena, 
and its application for nonvolatile memory operations. 

MODEL DERIVATION 

Fundamental Assumptions and Ferroplcftric Hysteresis 
The effective field was first proposed by P. Weiss to explain the 

ferromagnetic phase transitions. Because the ferroelectric phase 
transitions are completely analogous to the ferromagnetic transitions, the 
effective field approach can also be used in the case of uniaxial systems 
with rigid elementary dipoles reorientable in either of two opposite (up 
and down) directions [5]. The effective field, E^, is given by 

Eeff = E+ECp (D 
where E is the external field, Ecp is the cooperative field due to partially 
ordered system of dipoles, which is given by ßP classically. Where ß is a 
generalized Lorentz factor depending on the geometry of the dipole lattice 
and P is the polarization per unit volume [5]. However, our assumption 
for the cooperative field is given by [6] 

E-Ec(E,T,S) for lower curve 
E + Ec(E,T,S) for upper curve 

where the lower and upper curves are indicated in Fig. 1. EC(E,T,S) is the 
coercive field of ferroelectric, which is a function of previously applied 
field (E), the temperature (T) and mechanic stress (S). For simplicity, only 
temperature effect for ferroelectric with single critical temperature is 
assumed in this paper, given by 

£c(D = ,£c0(Tc-7y for^7c 

(2) 

0 for T>TC 
(3) 

where Tc is the critical temperature, £„, and 9 are model parameters, 
which could be extracted from the measured data of coercive field at 
different temperature. 

Based on the statistical physics, the relation between polarization and 
field can be derived [6], or 

P = 
| Protanh[^] 
|  Pso tanh[ 

\HE-EcV 
tT 

t*E+Ec)l 
kT     j 

for lower curve 

for upper curve 
(4) 

where p. is the elementary dipole moment, k is Boltzmann constant, T is 
temperature, E is the field, P^Nu is the saturation polarization and N is 
the number of total dipoles per volume. It is noticed that the real 
polarization (hysteresis) curve does not saturate at high field, the 

Hysteresis 
Switching 
Phase Transitions, Pyroelectric, Curie-Weiss Law 

Polarization vs. Light Wavelength or Intensity 
Ferroelectric Device Capacitance vs. Bias 
Ferroelectric Device Current vs. Bias 
Ferroelectric Device Leakage Current vs. Bias 
Ferroelectric Polarization vs. Time or Cycle 

Example 

Piezoelectric 
Electro-Optical, Photovoltaic 
MFM C-V, Shifted MFS C-V 
MFM TVS I-V, Shifted MFSFETI-V, etc. 
Leakage, Interface, Electrode, Defect, Breakdown 
Fatigue or Endurance, Retention, etc. 

Table 1 Ferroelectric device phenomena 
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Saturation polarization has so-called external field effect (better known as 
space charge effect) given by [6] 

Pso~Po(\+aE) (5) 

where a is the parameter contributing to this effect, P0=Nu0 and u0 are 
the saturation polarization and elementary dipole moment, respectively, at 
T=0 and E=0. It is noticed that the hysteresis (and Ec and P„) here means 
the major hysteresis loop. The initial curve and minor hysteresis loops will 
be discussed later. 

Phase Transitions 
Based on the new hysteresis model, the model for phase transitions can 

be derived analytically. The relationship between remanent polarization 
and coercive field is given by 

P*(T)=/U = 0) = />otanh^§^ (6) 
The pyroelectric model is given by 

P(T)=PR(T) = P0tanh[*£ß] 

The susceptibility model is given by 

The dielectric constant model is given by 

e(71 = l+Z(70 = l+^sech^[i^] 
Finally, Curie-Weiss law is derived, or given by 

zlr>rc 
- MV ~ M-o + M>0

U ~lc)~x5 + c(l ~Tc> 

-(Tc-T)    = —+ 

(7) 

(8) 

(9) 

(10) 

T<Tc 
T-+Tc 

*°      2*2C7V 
(rc-r)29(ii) 

where Xo is the susceptibility at Tc and C is Curie constant 

Polarization Switching Current anrl Nnn-swirrhinp Tnrrpnt 
The P-E model of hysteresis can be converted to P-V model or 

"1 
where 

Po (1 + aV)tanh \j$f\      for lower curve 

/>o( 1 + aV)tanh \j$f\      for upper curve 

Vc 

\      K 

Vc = d/Ec 

where df is ferroelectric thickness and 

-kTd'\n 

r.fR \ 

(12) 

(13) 

(14) 

(15) 
rO ) 

which implies that the elementary dipole moment can be obtained from 
hysteresis measurement 

Ferroelectric polarization reversal or switching on hysteresis is shown in 
Fig. 1. If the initial state of a polarized ferroelectric is A and the voltage 
bias on the film is increased from zero, the polarization state will be 
changed to C, which is switched. On the other hand, if the initial state is B 
and the bias is increased from zero, the final state will be C, which is not 
switched. The non-switching current representing polarization path B-C 
may be given by 

1 dt      \df     dV )dt (16) 

the full switching current representing polarization path A-C may be given 
by 

i,(t\-A (E° i ^ck i/,(,)_^_ + __J_ (17) 

and the relative switching current is given by 

/»(») = hit) - ins«)=>Vpg£ - fe j (18) 

where A, is device area and D is the displacement. Therefore, the switched 
charge is obtained 

Qs« = \isw(i)dt=2AfPR +AfPo(l + aVm)A(V) <2AfPR      (19) 

where 

A(V) = [tanh(^)-tanh(^)],0 (20) 

where Vn is the maximum value of bias voltage. Eq. (19) suggests that the 
maximum value of bias must be higher enough to get the accurate 
remanent polarization for major loop. 

The hysteresis (energy) loss can be obtained from the new model, or, 

WAcB = \Af] D*dE (21) 

WACB = &\ E0Vl + 2PoV0dßn gH^1 2V

o ; 

coshf cosh 
(22) 

where WACB is the energy loss for the polarization path A-C-B, E is the 
field, a is assumed to be zero for mathematical simplicity. 

The commonly used test circuit for ferroelectric switching current 
characterization is shown in Fig. 2. Its circuit equation is given by 

\df    dVF)     dt 
(23) 

where Vin (t) is input signal, R is the load resistance, VF (t) is the 
potential on the ferroelectric as function of time, and P is the ferroelectric 
polarization as function of VF (t) given by the hysteresis model equation. 
By solving Vp (t), the non-switching current, full switching current, 
relative switching current, and the switched charge can be obtained. 

.««-»P hi] I    vi*> 
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Vf 

Fig. 2 RC circuit for ferroelectric switching (PUND) measurement 
where P and U are positive switched and unswitched pulse, 
respectively; N and D are negative switched and unswitched pulse; Cf 
is a ferroelectric capacitor, R is a resistor. 

Ferroelectric C-V and TVS I-V 
Ferroelectric capacitance as function of bias may be given by 

CF(.VF) =Af§-F=Af [CFO + CFV(.VF)] 

where 

df 

CFV(VF): 
. dP(VF) . 

dVF 

Poataito^^j + ^a + aVjOsectffeO   forL 

Poatanh^] + ^(l + aKf)sech2^]   forH 

(24) 

(25) 

(26) 

where L and H represent lower and upper curves on hysteresis, 
respectively. The triangular sweep voltage current vs. voltage (TVS I-V) 
is then given by 

iF(VF) = CF(VF)»^- 
dt 

(27) 
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Circuit Model Analysis Analytical Model Analysis 

Fig. 3 Circuit model for high density 1T-1C ferroelectric RAM, where 
PL, WL and BL are pulsed plate line, word line and bit line. CF, Cf 
and Cb are the real ferroelectric capacitor, ideal ferroelectric capacitor 
and equivalent bit line capacitor, respectively. T is n-channel 
MOSFET. 

MODEL APPLICATION FOR MEMORY 

Since the ferroelectric polarization characteristic, i.e., hysteresis, is the 
foundation for ferroelectric device, the ferroelectric nonvolatile memory 
operation can be described by the polarization state on hysteresis curves 
[6]. Fig. 3 shows the READ operation for 1T-1C ferroelectric memory 
cell, whose circuit equations are given by 

Vin(t) = VF(t) + VDS(t) + Vout(t) (28) 

Voul(t) = Cb\ 

(29) 

(30) 

where Vin (t) is the READ pulse, Cf is the ferroelectric capacitor, R is the 
resistance contributing to ferroelectric leakage current, Rds is the channel 
resistant of n-channel MOSFET (T). By solving VF(t) and Vout(t) for 

initial up and down states, respectively, from above equations, the 
reference voltage may be designed in the middle of these two values. 
Therefore, Vout(t) for initial up state or down state may be sensed as "0" 
and "1", when compared with the reference. 

RESULTS AND DISCUSSIONS 

By modeling Ec, u,, P0 and a as functions of history, i.e., the previously 
maximum applied field, the ferroelectric hysteresis curves including initial 
curve, minor and major loops can be simulated analytically, shown in Fig. 
4. 

E 
u 

MEt* 
Electric Field (V/cm) 

Fig. 4 Simulation of ferroelectric hysteresis loops 

The simulation result compared with experimental data is shown in Fig. 
5. The simulation result of temperature effect on hysteresis is shown in 
Fig. 6. It shows that the hysteresis loop becomes smaller as temperature 
goes up. When the temperature is at or above the critical temperature, the 
hysteresis loop will disappear. The simulation results for ferroelectric 
phase transitions are shown in Figs. 7 and 8. The results imply that there 
is no absolute boundary between first order and second order phase 
transitions, which was discussed by H. Megaw [7]. The phase transitions 
for ferroelectric with multiple critical temperatures may also be simulated 

by modeling its coercive field as function of temperature. The electric field 
effect on the phase transitions, which is shown in classical ferroelectric 
books such as [8], may also be simulated analytically, shown in Fig. 9. 
The simulation results of the ferroelectric switching current from PUND 
testing setup are shown in Fig. 10. Finally, the simulation for ferroelectric 
thin film C-V and TVS I-V are shown in Fig. 11. 

Similar to the standard device model development for integrated circuit, 
the ferroelectric model parameters may be extracted from the measured 
data using optimization tool such as SmartSpice's Optimizer or PSpice's 
Device Equation Options or HSpice, which could interpret the source 
codes or macro models containing device equations during simulation or 
model parameter extraction. The parameters P0 and a may be extracted, 
while PR (or u) and Vc (or E^ may be measured directly from hysteresis 
or RC switching current measurement. The temperature model may also 
be extracted from measurement data for hysteresis at different 
temperature. In fact, based on the data, the temperature model for coercive 
field (or voltage) could be improved more accurately. Therefore, the 
model parameters could be used for statistical process control and yield 
improvement for ferroelectric RAM production. 

Fig. 5 Ferroelectric (PZT) hysteresis simulation result compared with 
experimental data, where P0 = 40 uC/cm2, P, = 27.34 uC/cm2, Vc = 
0.8 V, a = 0.06 1/V, d, = 650 A, A, = 40pm x 40pm [9]. 

-1K+« «♦• lB-f« 
Qectric Field (V/an) 

Fig. 6 Simulation of temperature effect on the hysteresis, where Tc = 
400 K, Em = 7*10* V/cm, P„ = 27 uC/cm2, a = 10'7 cm/V, 9 = 0.5, T 
= 200 K, 300 K, 350 K, 380 K, and 400 K, respectively. 

e a. 
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Fig. 7 (a) and (b) Simulation of ferroelectric second order phase 
transition and Curie-Weiss Law, where p„ = 6.3*10_27 J cm/V, P0 = 27 
uC/cm2, Eoo = 7*104 V/cm, 9 = 0.5, and Tc = 400 K 
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Fig. 8 Simulation of ferroelectric first order phase transition, where u„ 
= 6.3*1017 J cm/V, P0 = 27 uC/cm2, E^ = 7*l(f V/cm, 8 = 0.2, and 
Tr = 400K 
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Fig. 9 Simulation of electric field effect on the phase transitions, 
where u„ = Ö^IO'27 J cm/V, P0 = 27 uC/cm2, 6 = 0.5, Tc = 400 K, 
Eco = 7*10*, and E = 0, l*l(f, 3*105, a*!©5 V/cm, respectively. 
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Fig. 10 Simulation of switching current for the RC testing circuit 
using P, U, N, and D pulses, where P0 = 40 uC/cm2, Vc = 0.8 volts, K, 
= PR / P0 = 0.8, P„ = Kp P0 = 32 uC/cm2; Af = 40 pm x 40 urn, d, = 
1000 A, a = 0.07 /V, R = 50 fl, pulse height Vm = 2.0 volts; and the 
rise time t, = 10 ns of square pulse with exponential rise edge [6]. 

Bias(V) 

Fig. 11 Simulation result of ideal metal ferroelectric metal capacitor's 
C-V and TVS I-V curves, where P0 = 50 uC/cm2, Vc = 0.8 volts, Kp = 
PR / P0 = 0.4, PR = Kp P0 = 20 pC/cm2; A, = 40 um x 40 urn, d, = 1000 
A, a = 0.07 /V, and dV/dt=+M*104 V/s. 

CONCLUSIONS AND SUGGESTIONS 

A unified analytical model for ferroelectric device is proposed, which 
covers ferroelectric hysteresis, phase transition and polarization reversal 
(switching). The model may be used as a tool for device design and 
process integration towards the development of nonvolatile ferroelectric 
memories. In the same way as electric (and temperature) effect on the 
ferroelectric polarization was modeled, the piezoelectric effect and 
ferroelectric photovoltaic effect may be modeled, respectively, by 
modeling the coercive field as function of mechanic stress and light 
wavelength (or intensity). The modeling methodology may also be used 
for ferromagnetic device modeling. 
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Abstract - Stresses were studied in a ferroelectric capacitor 
consisting of Pt bottom and top electrodes and a Pb(Zr,Ti)03 
(PZT) film during and after its processing. The Pt electrodes 
were deposited by sputtering. The PZT film was made by a 
sol-gel technique. Stress measurements after each deposition 
step, during annealing treatments and after etching steps 
made it possible to follow the stress evolution in the capaci- 
tor. 

The largest stress effects are found in the Pt-electrodes. 
After sputter-deposition these have a large intrinsic compres- 
sive stress which is changed into a large thermal tensile stress 
after a temperature treatment exceeding 500 °C. The stress in 
the PZT film is small and is influenced by the deposition of 
the top electrode. An analysis shows that it is mainly of 
thermal nature. Thermal cycling shows that after the top elec- 
trode is annealed the as grown poling direction which has a 
large component in the plane of the substrate is changed to a 
poling direction perpendicular to the substrate. This results in 
a large improvement of the switching behavior of the PZT 
film. 

INTRODUCTION 

The piezoelectric nature of ferroelectric materials can be 
expected to lead to stress-related effects on the properties of a 
thin film integrated ferroelectric capacitor [1]. In addition, 
excessive stresses in the stack may result in cracking or 
delamination of the thin films [2]. 

Stresses in ferroelectric thin films and effects on some pro- 
perties have been subjects of recent investigations. Desu 
showed that for BaTi03 films the hysteresis curve deteriorates 
when the film is compressively stressed [3] while Tuttle et al. 
related the properties of Pb(Zr,Ti)03 (PZT) films deposited 
on silicon and MgO to thermal stress effects [4]. 

In this paper the evolution of stress during processing of a 
ferroelectric capacitor prepared with Pt bottom and top elec- 
trodes and a PbZrxTilx03 film on an oxidized Si substrate is 
reported. First the stress behavior during deposition and an- 
nealing is determined. Secondly the influence of interactions 
between the different layers of the capacitor stack is discus- 
sed on the basis of stress data obtained from a step by step 
removal of the films. Finally the effects of stresses in the 
PZT film prior and after the top electrode anneal on the 
switching behavior is treated. 

EXPERIMENTAL METHODS 

Thin film deposition and etching: The bottom electrodes 
consisting of a 4 nm adhesion promoting Ti layer and a 70 
nm Pt film were deposited by sputtering on 100 mm diameter 
oxidized silicon wafers without substrate heating. A Nordiko 
NS2050 sputter system was used; the electrode properties 
have been described in detail in ref. 5. PZT films with com-, 
positions near the morphotropic phase boundary (x=0.5) were 
deposited by a sol-gel technique [6]. The top electrode (70 
nm Pt, 7 nm Ti) was also sputter-deposited. Here, the Ti film 
on top of the Pt electrode serves as an adhesion promoter for 
the dielectric layer to be deposited at a later stage in the 
processing [7]. Etching of the capacitor films was carried out 
by ion-beam milling for Pt [8] and by wet-chemically for 
PZT. 

Stress measurement: Stress in a thin film results in a circular 
warpage of the substrate. A commercial stress analyzer (Te- 
ncor FLX-2900) was used to measure this warpage with a la- 
ser-reflection system. This analyzer has the possibility to 
measure the warpage in-situ during heating to 900 °C From 
the difference in the radii of curvature before (RQ) and after 
(R) each processing step (deposition, anneal), the stress o in 
the film can be calculated using the Stookey formula: 

6(l-vs)   tf    R    R( 
0) 

where t, is the film thickness and Es, vs and ts are the elastic 
modulus, Poisson ratio and thickness of the substrate respec- 
tively. Negative values for o indicate a compressive stress 
and positive ones a tensile stress. 

The application of Eq. 1 requires that the substrate and 
other films (e.g. previously deposited) are not affected during 
deposition and further (anneal) treatment of a specific film. 
However, it is very likely that such effects occur, e.g. by 
recrystallization, interdiffusion, reaction or plastic defor- 
mation processes. A possibility for investigating such influen- 
ces is to compare the stress condition before and after remo- 
val of the different layers of the capacitor. In this way the 
stress contribution of each individual film in the completed 
stack is determined without interference from changes in the 
stresses of the other films, except for possible effects related 
to the etching process. 

STRESS MEASUREMENTS DURING PROCESSING 

In general two types of stresses can be distinguished: 
Internal stress and thermal stress [2]. Internal stress, or 
growth stress, is the result of the accumulation of flaws that 
are built into the film during the deposition process. It is to a 
large degree determined by the sputter-deposition conditions. 
The thermal stress originates from the difference in thermal 
expansion between the substrate and the thin film material. 
The relevant properties of the materials with respect to this 
are given in Table I. When films are annealed the internal 
stresses are reduced by e.g. interdiffusion and recrystal- 
lization. However, on subsequent cooling (to room temper- 
ature) a thermal stress is introduced. When there is no inter- 
action between the films such as interdiffusion or chemical 
reactions, the total stress in a multiple stack is the sum of the 
stresses in each film. In addition to film stresses interfacial 
stresses may also be present which are the result of elastic 
interface deformation [9]. 

Stresses in the Pt bottom electrode 

The stress in Ti/Pt bottom electrode can be varied over a 
wide range, from tensile to compressive, by modifying the 
sputter conditions, particularly by the pressure and power. In 
this work a Pt electrode sputtered at 800 W and 20 mTorr is 
as a standard material. This film is highly compressive (o = - 
700 to -750 MPa). An anneal of it in N2/02 up to 750°C 
prior to deposition of the sol-gel PZT is found to be very 
beneficial for the formation of the PZT film. This is related 
to the hillock formation during the annealing. The hillocks 
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Table I Table II 

Young moduli, Poisson ratio and thermal expansion coeffi- 
cients of Pt [10],  unpoled polycrystalline PZT [11] and Si 

The stress at room temperature after deposition and bake-out 
of each of the three PZT layers as well as integrated over the 
complete stack and after the final anneal. 

Es vs a (25-100 °C) thickness Stress 
(GPa) (K-1) (nm) (MPa) 

Pt 170 0.39 9.0xl0"6 PZT-layer 1 90 -128 
PZT 72 0.30 1.7xl0"6 PZT-layer 2 65 51 
Si 130 0.28 2.8xl0'6 PZT-layer 3 65 191 

'              '"■ " 
■—   — 

     :.:■:         - — PZT-total 
PZT-annealed 

220 
220 

18 
113 

serve as nucleation sites for the sol -gel PZT f51. -    ■-         -—: T- 

Stress development during thermal cycling: The platinized 
wafer was heated in the furnace of the stress analyzer at a 
rate of 15 °C/min in a nitrogen atmosphere to a temperature 
of 700 °C and subsequently cooled to room temperature. Dur- 
ing this thermal cycle the stress was determined at regular 
time intervals. The results are shown in Fig. 1. 

Initially upon heating the compressive strength increases 
due to a larger thermal expansion of platinum compared to 
the silicon wafer. Above 200 °C a stress relaxation starts, but 
between 370 and 500 °C the compressive stress increases pre- 
sumably caused by the diffusion of Ti into the Pt film. Above 
500 °C a stress relaxation process is observed due to recrys- 
tallization within the Pt film and the compressive stress de- 
creases to a relatively small value. 

100 300 500 700 

Temperature (°C) 

Figure 1 Stress in a 4nmTi/70nmPt film on an oxidized 
sdicon wafer during a thermal cycle in N2. Also shown is the 
theoretical thermal stress calculated from the thermal expan- 
sion of Si [12] and Pt [10]. 

After cooling to room temperature a large tensile stress 
has developed due to the larger thermal expansion of plati- 
num as compared to silicon. A completed thermal cycle chan- 
ges the stress from 700 MPa compressive to 1000 MPa 
tensile. A repeated heating gives results similar to the upper 
curve of Fig. 1. 
Standard anneal treatment: The standard anneal treatment of 
the bottom electrode is 30 min. at 650 °C in N2/02. This 
treatment results in an electrode which, as mentioned above 
is covered with small hillocks. The thin Ti film is oxidized 
and it has partly diffused to the surface [5]. The stress found 
after this anneal is 950 MPa tensile which is very similar to 
the value found after the thermal cycling in N2. 

Stresses in the PZT film 

The sol-gel PZT film was deposited on the annealed bot- 
tom electrode and it consisted of three spin-coated layers with 
thicknesses of 90 nm, 65 nm and 65 nm respectively. After 
deposition of each layer a bake-out treatment was applied 
This was a 30 min. heat treatment in N2/02 at 550 °C for the 

first layer and at 600 °C for the other two layers. The deposi- 
tion was completed with a final anneal (650°C, N2/02, 30 
min.). The orientation of the PZT is predominantly (111)'and 
to a lesser degree (100). The curvatures of the wafer were 
measured after each spin-coating step (incl. the bake-out) and 
after the final annealing. From the curvature the stress in 
each layer was calculated using eq. 1. The results are given 
in Table II. 

The stress in the PZT film is smaller than that in the Pt 
electrode and this reflects a much smaller difference in ther- 
mal expansion coefficient of the PZT film and the substrate 
than of the Pt film and the substrate. The first PZT layer is 
compressive and the two subsequent layers are increasingly 
tensile. This indicates the presence of both internal and ther- 
mal stresses after the bake-out treatments. On the basis of the 
thermal expansion coefficients given in Table I one expects a 
compressive thermal stress. The increased tensile stress resul- 
ting from increasing the PZT film thickness and from the 
final anneal must therefore be caused by an internal stress in 
the PZT film. 

The stress in the PZT film as a function of temperature 
was determined by the thermal cycling of an already film. 
This was done in N2, since stress measurement in an oxygen 
ambient was not possible at higher temperatures. The results 
of these measurements are shown in Fig. 2. A maximum is 
observed at about 425 °C. This behavior can be understood 
on the basis of the thermal expansion coefficient (aPZT) as 
measured by Cook Jr. et al. [11]. For poled PZT (x = 0.52) 
«PZT is very anisotropic being smaller than that of Si below 
the Curie temperature (Tc) and this is reversed at higher tam- 
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Figure 2 Stress for a 220 nm PZT film prepared by sol-gel 
as a function of temperature during thermal cycling compared 
with the thermal stress calculated from thermal coefficient 

. data of bulk polycrystalline PZT [11] with the direction 
parallel to the poling (S-3) and perpendicular to the poling 
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peratures. For the direction parallel to the polarization the 
thermal expansion coefficient is negative with a minimum at 
about 365 °C while for the direction perpendicular to the 
polarization a positive thermal expansion coefficient not very 
different from that of Si was found. Using the data in ref. 11 
the thermal stress in a 220 nm thick PZT film was calculated 
for two polarization directions, parallel and perpendicular to 
the substrate surface, respectively. The results are shown in 
Fig. 2. It is clear that the thermal stress measured here is 
qualitatively very similar to that calculated for bulk PZT with 
the polarization parallel to the film surface. Therefore the as- 
grown films are poled with a polarization having a large 
component in the plane of the film. The decrease of tensile 
stress above 425 °C is caused by an increase of aPZT to a 
value exceeding that of Si. If it is assumed that this tempe- 
rature corresponds to the Curie point, it is substantially 
higher than what is expected for bulk PZT (x=0.52 and 1% 
Nb205 with Tc = 386 °C [1]. A comparable increase of Tc 
has been observed by Kwok and Desu [13] which was attrib- 
ute to the intrinsic tensile stress shifting the volume-decreas- 
ing ferroelectric to paraelectric transition, i.e. the Curie 
point, to a higher temperature. 

Stress in the Pt top electrode 

The as-deposited top electrode has a compressive stress (o 
= -520 MPa). This value is somewhat smaller than the value 
for the bottom electrode and it could indicate a changed 
microstructure. Thermal cycling of the top electrode shows a 
similar stress behavior as found for the bottom electrode (see 
Fig. 1). The stress in the top electrode at room temperature 
has changed to 940 MPa tensile after an anneal treatment (5 
mins. in 02 at 500 °C) . This is again comparable to the 
values found for the bottom electrode after the temperature 
cycling in N2 as well as the anneal in 02. Such an anneal 
treatment of processed, i.e. structured ferroelectric capacitors 
are found to give a substantial improvement of the electrical 
properties [7]. 

STRESS ANALYSIS BY REMOVAL OF CAPACITOR LAYERS 

The total stress in the completed capacitor stack is the sum 
of the stresses in each film. When the stress of a film is mea- 
sured after each processing step, the effect of this step on all 
the underlying films is also included in the curvature. This 
can give rise to an erroneous interpretation of the measu- 
rements. In order to eliminate such effects stress measure- 
ments were carried out in combination with removal of the 
different films. In that case the change in curvature of the 
wafer can be attributed to the stress present in the removed 
film. 

Stress in the processed ferroelectric stack 

In Table III stress values obtained by the film removal 
method for the case of as-deposited as well as annealed top 
electrodes are given. The value for the bottom electrode has 
to be compared with the value of 950 MPa before PZT 
deposition. It can be concluded that the stress in the bottom 
electrode has hardly been influenced by the subsequent depo- 
sition, annealing and etching process steps carried out during 
the processing of the ferroelectric stack. By selectively etch- 
ing the Pt bottom electrode an oxidized Ti film remains on 
the thermal oxide layer. The stress in the Ti02 film is o ~ - 
900 MPa, assuming a thickness of 8 nm after Ti oxidation. 

For the PZT film Table III shows a significant difference 
between the stresses in the case of an as-deposited and an 
annealed top electrode. A comparison with the value before 
the deposition of the top electrode (o = 113 MPa, see Table 
II) also clearly demonstrates the shift towards a more com- 
pressive stress of the PZT film induced by the top electrode. 

Table III 

The stress in the films within a fully processed stack as deter- 
mined by the film removal method for as-deposited and anne- 
aled top electrodes. 

Film As-deposited 
(MPa) 

Annealed 
(MPa) 

Top electrode -530 
PZT 80 
Bottom electrode -900 

930 
-37 
895 

Stress state of PZT film 

The stress of the PZT film becomes more compressive by 
the deposition and especially by the annealing of the top 
electrode. One would expect this on the basis of the large 
tensile stress observed in both the bottom and top electrodes 
after annealing treatments. In order to further investigate the 
stress state of the PZT film as it is in the complete Pt/PZT/Pt 
stack we have measured the dependence of the stress on a 
thermal cycling after removal of the top electrode. This has 
been done for the two cases of an as-deposited and an annea- 
led top electrode. The results are shown in Fig. 3. In both 
cases the stresses during heating and cooling are different 
with by far the largest change in the case of the annealed top 
electrode. The stress curves during cooling are in both cases 
qualitatively in agreement with the thermal stress behavior 
from Fig. 2. Thus, the heat treatment of the PZT film wit- 
hout Pt on top restores the stress situation that was present 
before the top electrode deposition and anneal treatment. 

ELECTRICAL RESULTS 

We have investigated the switching properties of structured 
ferroelectric capacitors for the as-deposited and the annealed 
top electrode. The processing of the capacitors has been 
described elsewhere [7]. In Fig. 4 the switched and non- 
switched polarizations (APS and APns) are shown as a function 
of the pulse amplitude (Vp). The measurements were done 
using single pulse switching and were carried out for the 
virgin capacitors (N = l) and after poling with 1000 pulses at 
Vp = 8V. 

400 

-100 
100      200      300      400      500 

Temperature (°C) — 

600 

Figure 3 Stress in PZT after deposition and etching of the 
top electrode. The film is thermally cycled to 575 "C with a 
heating rate of 15 "C/min. The stress development is shown 
for the case where the top electrode is not annealed (O) and 
annealed for 5 min. at 500 °C in 02 (%). 
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Figure 4 APS (closed symbols) and APns (open symbols) as a 
function of Vp for a 2000 /xm2 ferroelectric capacitor for a 
virgin capacitor (solid line) and after poling with 1000 pulses 
at 8V (broken line) in the case of as-deposited (a) and anne- 
aled top electrodes (b). 

The unarmealed capacitor shows for N=l a poor switching 
behavior with, almost no difference between APS and APns 
below 4V and only a small difference above this voltage. 
Furthermore it is seen that the poling with 1000 pulses of 8V 
greatly improves the switching behavior. For the annealed 
samples there is little difference between the curves for N=l 
and N = 1000, i.e. the capacitor is in its virgin state is already 
poled. 

DISCUSSION AND CONCLUSIONS 

The fully processed ferroelectric capacitor consists of a 
PZT film with a low compressive stress sandwiched between 
two platinum electrodes which both do have a large thermal 
tensile stress of about 1 GPa. However, prior to the anneal of 
the top electrode the PZT is tensively stressed while the top 
electrode does have a large as-deposited compressive stress. 

It is well established that stresses in PZT ceramics influen- 
ce properties such as permittivity, tanö and piezoelectric 
coefficients [14]. These effects are most pronounced for com- 
pressive stresses applied parallel to the polar axis. PZT can 
react to an applied stress by 90° reorientation for the tetra- 
gonal and 109° or 71° reorientation for the rhombohedral 
phase [1]. This indicates the possibility of stress induced 
effects in the switching behavior of a PZT film. 

After its deposition processing is finished by an annealing 
treatment and after the deposition of the top electrode the 
stress in the PZT film is tensile. The stress as a function of 
temperature during thermal cycling (Figs. 2 and 3) indicates 
that for these PZT films a large fraction of the crystallites 
have a large poling component in the plane of the substrate. 
This polar orientation explains the observed switching beha- 
vior of the unarmealed capacitors (Fig. 4). In the virgin state 
relatively few domains are directed parallel to the substrate 
and only after 1000 pulses of 8 V a large fraction has under- 
gone a 90° reorientation which has improved switching. 

After the anneal treatment of the top electrode, the stress 
in the PZT at room temperature has become compressive. A 
heating of the PZT film with the top electrode removed 
shows a stress which is hardly influenced up to about 300 °C 
(Fig. 3). If one compares these stress levels with the calcu- 

lated curves S-l and S-3 in Fig. 2 it is striking that the 
heating curves of Fig. 3 up to about 300 °C qualitatively are 
much more comparable to the S-3 curve than the S-l curve. 
This strongly indicates that for a large part the poling direc- 
tion is perpendicular to the substrate. The electrical switching 
behavior showing a high switchable polarization in a virgin 
state of the film, is in agreement with this orientation. At 
temperatures above 300 °C there is a marked increase in 
tensile stress with temperature and the influence of the (remo- 
ved) top electrode disappears. 

In conclusion: The improvement of the switching proper- 
ties of a ferroelectric capacitor, in particular the behavior of 
virgin capacitors, by an anneal treatment is caused by a 
reorientation of the poling direction from parallel to perpen- 
dicular to the substrate. In this way fully functional capacitors 
can be obtained without the need for an additional poling 
treatment. 

REFERENCES 

[I] D. Berlincourt, "Piezoelectric ceramics: Characteristics 
and Applications," J. Acoust. Soc. Am., vol. 70, pp. 
1586- 1595, 1981. 

[2] J.A. Thornton and D.W. Hoffman, "Stress-related 
effects in thin films," Thin Solid Films, vol. 117, pp. 5- 
31, 1989. 

[3] S.B. Desu, "Influence of stresses on the properties of 
ferroelectric BaTiO, thin films," /. Electrochem. Soc. 
vol. 140, 2981-2987, 1993. 

[4] B.A. Tuttle, J.A. Voigt, T.J. Garino, D.C. Goodnow, 
R.W. Schwartz, D.L. Lamppa, T.J. Headley and M.O. 
Eatough, "Chemically prepared Pb(Zr,Ti)03 thin films: 
The effect of orientation and stress," in Proceedings of 
the IEEE 8th International Symposium on Applied Fer- 
roelectrics, 1992, pp 344-348 

[5] G.A.C.M. Spierings, J. van Zon, P.K. Larsen and M. 
Klee. Influence of platinum-based electrodes on the 
microstructure of sol-gel and MOD prepared lead zir- 
conate titanate films," Integrated Ferroetectrics, vol. 3, 
pp. 283-292, 1993. 

[6] M. Klee, R. Eusemann, R. Waser and H. van Hal, 
"Processing and electrical properties of PtyZ^Ti^Oj (x 
= 0.2 - 0.75) films: Comparison of metal-organic de- 
composition and sol-gel processing" J. Appl. Phys., vol. 
71,   1566-1576, 1992. 

[7] G.J.M. Dormans, P.K. Larsen, G.A.C.M. Spierings, J. 
Dikken, M.J.E. Ulenaers, R. Cuppens, D.J. Taylor and 
R.D.J. Verhaar, "Processing and performance of in- 
tegrated ferroelectric and CMOS test structures for 
memory applications," Integrated Ferroelectrics, (in 
press) 

[8] J.J. van Glabbeek, G.A.C.M. Spierings, M.J.E. Ule- 
naers, G.J.M. Dormans and P.K. Larsen, "Reactive ion 
etching of Pt/PZT/Pt integrated ferroelectric capaci- 
tors," Mat. Res. Soc. Symp Proc, vol. 310, pp. 127- 
132, 1993. 

[9] J.A. Ruud, A. Witvrouw and F. Spaepen, Interface 
stress in artificial multilayers," Mat. Res. Soc. Symp. 
Proc, vol. 209, pp. 737-740, 1990 

[10] L. Holborn and A.L.Day, "Über die Ausdehnung eini- 
ger Metalle in hoher Temperatur," Ann. Phys., vol. 4, 
104-122, 1901. 

[II] W.R. Cook Jr, D.A. Berlincourt and F.J. Scholz, "The- 
rmal expansion and pyroelectricity in lead titanate zirco- 
nate and bariumtitanate," /. Appl. Phys., vol. 34, pp. 
1392-1398, 1963. 

[12] T. Soma and H. -Matsuo Kagayo, 
coefficient of Si,"  in Properties 
Inspec, 1988, Ch. 1.12, pp. 33-34. 

[13] C.K.  Kwok and S.D.  Desu,   "A 
determining   the 
films," Mat. Res. 
433, 1993. 

[14] H.H.A.  Krueger,   "Stress  Sensitivity  of Piezoelectric 
Ceramics," J. Acoust. Soc. Am., vol. 42, pp. 636-645, 
1967; vol. 43, pp. 576-582, 583-591, 1968. 

"Thermal Expansion 
of Silicon.  London: 

novel method for 
Curie temperature of ferroelectric 
Soc. Symp. Proc, vol. 310, pp. 429- 

32 



Concurrent Session - 
3A:  Dielectrics 



A New Proposal on Mixing Rule of the Dielectric Constant of Mixture 

Kikuo Wakino 
Institute of Science and Engineering, Ritsumeikan University, 

1916, Nojicho, Kusatsu-shi, Shiga-prefecture, 525, Japan 

Abstract — We proposed a new equation for predicting the apparent dielectric constant of two materials compound in the Journal 
of American Ceramic Society last year. This equation was derived using the Monte Carlo and finite element methods with the 
assumption of a non aspect and randomly dispersed mixture of two different materials. We found that, in the high concentration 
range of the higher dielectric constant material, calculated value of the dielectric constant showed a parallel model like tendency. 

On the contrary, in the low concentration range of higher dielectric constant material, the compound showed a serial model like 
behavior. Around 35% content of the higher dielectric constant material, it exhibited results similar to the logarithmic mixing rule. 
In this work we tried to introduce the order parameter n and S which closely relates to the aspect ratio of dispersing material and 

aligning angle with respect to the applied electric field. 

INTRODUCTION 

Several types of equations predicting the dielectric constant 
of a compound of different materials, either theoretical or 
experimental, have been proposed by many researchers[l~ 

15]. 
Maxwell-Wagner's equation is well known as an analytical 

solution for a dispersion of spherical shape particle, but this 
model is too ideal and deviates considerably from actual 
cases. The following equation is the most well known 
general empirical equation for the calculation of the 
dielectric constant of a compound.[2, 5]. 

C = ]^C (1) 

where, er is the calculated relative dielectric constant of the 
compound, Vj and e^ are the volume fraction and relative 
dielectric constant of /-th material, and a is a constant. The 
value of the constant a determines the type of the mixing 

rule. 

a type of mixing rule 
1        parallel model 
0        logarithmic mixing rule 

-1        series model 

Parallel and series models are the two extreme cases and do 
not represent a compound composed of finely divided 
components. The logarithmic mixing rule which has been 
most widely used for the wide composition ratio application, 
is also not sufficiently exact for practical use.    Several 

' Corporate Adviser : Murata Manufactuirng Co., Ltd. 
2-26-10, Tenjin, Nagaokakyo-shi, Kyoto, 617, Japan 

experimental equations giving better predictions were 
proposed, but in some cases, these equations omit the 
influence of the infringement of the electric flux due to 
discontinuity at the boundary regions of constituents and also 
these experiments were performed in a restricted range of 
mixing ratio. As a result, sometimes the agreement between 
predicted dielectric constant value and the measured one is 
applicable only in a limited range of composition. 

In our preceding work, simulation of the apparent dielectric 
constant of a compound of two different non aspect materials 
using the Monte Carlo and the finite element methods was 
attempted by taking into account the effects of infringing 
electric flux at the boundary region of two different materials. 
Based on the results of extensive simulation works, the 
following equations were proposed. [17] 

<Yx-vc) =v 
kr y\br\ 

(.Vi-K) 
+ V2e, (V\-Vc) (2) 

or, as an explicit expression for £r 

e, -expOn^e^' ^tJ^ViK -Vc)} (2') 

where, £r, eri, and Er2 are the relative dielectric constants of 

the compound, material 1 and material 2 respectively, and Vj 
and V2 are the volume fractions of material 1 and 2. Further, 
Vc is the critical volume fraction at the point where the 
curves of dielectric constant predicted by the new equation 
and the logarithmic mixing rule intercept each other. It was 
concluded that the value of Vc would be 0.35 after extensive 
calculation, and it was confirmed that the fit between 
measured and calculated (by equation (2')) dielectric constant 
is by far the best among the other equations reported till that 

time. 
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Fig. 1. The rectangle is divided into 25 x 25 subcells and each subcell is assigned to material 1 or 2 randomly. 

In the preceding work, the critical volume fraction Vc was 
derived through computational experiment. As an extension 
of preceding work,  in this  work,  the  empirical  factor, 

(1-\S\")'V + {S-[-(1-S2)Y), was introduced instead of 

(Vi ~K)> where n and S are the parameters. S takes the value 

between -1 and +1. The cases of the value of S equal to -1, 

0 and +1 correspond to serial, non aspect random and 

parallel model respectively. The results of Monte Carlo and 

finite element method obtained by changing the aspect ratio 
of mixing cells showed good coincidence with the results of 
the calculated value of er by changing the sign and 
magnitude of the parameter S. 

SIMULATION PROCEDURE 

The rectangle ABCD was divided into the serially 
numbered 25x25 sub cells of equal sizes as shown in Fig. 1. 
The value of the aspect ratio R, (R=AB/AD), was chosen as 
5:1, 3:1, 2:1, 1:1, 1:2, 1:3, and 1:5. From these 625 cells, 
Vj x 625 number of cells were chosen randomly using a 
random number generator applying on the set of [1 - 625], 
without duplication, where the mixing ratio of material 1 to 2 

is given by the ratio Vj : V2 ( V]+V2- 1 )• The relative 
dielectric constant of material 1, zT\, was assigned to the 

selected cells and er2 for material 2 was assigned to the 
remaining cells, as shown in the same figure. Here, we 
assume Erj is larger than £r2 in our calculation. 
The apparent relative dielectric constant £r was then 

calculated using the two dimensional finite element method. 

The simulation process was repeated 1000 times on each 

compound using mixing ratios of 1.0, 0.9, 0.8 0.1 and 0.0. 

One thousand different Er values were obtained after each 
calculation depending on the one thousand scattering patterns 
of the selected cells. Then the mean value of £r and standard 
deviation of each mixing rate compound was calculated as 
the most probable expected value < er >. Although, a more 
accurate < er > and a narrower standard deviation will be 
obtained with a larger number of divisions, we confirmed 
that the 25x25 grid is accurate enough for this simulation 
work, as described in the preceding report. 

RESULTS OF SIMULATION 

In Figs. 2(a) through 2(c), the patterns of the electric flux 
distribution for most typical cases on 90%, 50% and 20% of 
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(a)Vi:V2=90:lO   er=79.3 (b)Vi:V2=50:50   er=14.3 (c)Vi:V2=20:80   Er=1.97 

Fig. 2. Dielectric flux distribution patterns simulated by the finite element method for non aspect and 90,50 and 20 vol% 
of material 1 compound. The strength of one flux line is proportional to (Er)^ , ( Eri = JQO.O   

Er2 = 1.0 ) 

34 



(a)R=0.5  er = 9.64 

(b)R=1.0    er= 14.3 
Fig. 3. Dielectric flux distribution patterns simulated by 
the finite element method for 50 vol% of material 1 compound 
The strength of one flux line is proportional to (Er),/2 .   ( Erl = 100.0, Er2 = 1.0 ) 

(c)R=2.0   £r = 23.5 

non aspect mixture are shown. In Figs.3(a) through 3(c), 
similar figures for the cases of aspect ratios 2:1,1:1 and 
1 : 2 on 50 % mixture are shown. It can be seen from these 

figures that: 
At the higher content range of material 1 and/or the 

larger aspect ratio of cell parallel to the electric field, the 
appearance of the electric flux flow pattern is closer to 
that of the parallel model.  Because the  impedance 
through the higher K (relative dielectric constant) sub- 
cells is lower than through the lower K sub-cell, the 
electric flux stream along the applied electric field has a 
tendency to flow mainly passing through higher K sub- 
cells. When the density of higher K material is high or 
the longer axis of the cell align along the applied field, 
the electric flux connecting two electrodes has a higher 
probability to pass through the higher K sub cells, which 

is close to the parallel model. 
On the contrary, at the lower content range of material 

1 and/or the smaller aspect ratio of cell, the appearance 
of the electric flux flow pattern is closer to that of the 
serial model. The number of chains of lower K sub cells 
crossing the  electric  flux is  larger for the  diluted 
compound,  which  leads  to  higher  impedance   and, 
consequently   a   lower   er.   This   situation   further 
emphasized when longer axis of lower K cells are 
aligned perpendicular to the electric field (i.e. lower 

aspect ratio case). 
However, for the non aspect mixture and at the critical 

volume mixing region, the pattern of the electric flux is 
rather complicated. In rare cases, these patterns were 
similar to the parallel model or to the serial model, but in 
the most cases, the cluster like (localized complex 
combinations of the patterns for the parallel and serial 

model) configuration was dominant. 

CONSIDERATION 

First, we reconsider briefly the non aspect ratio case [17]. 
In Fig. 4, the curves of £rsim simulated by Monte Carlo 
Method for the non aspect compound, the dielectric 

constants calculated by parallel model, serial model, 
logarithmic mixing rule and Maxwell-Wagner Model are 

plotted. 
The dielectric constant value curve of non aspect mixture 

by Monte Carlo simulation intercepts the line of the 
logarithmic mixing rule curve at around Vj= 0.35 (=VC), and 
it can be recognized that the curve of dielectric constant 
simulated by Monte Carlo method shows the convex shape 
which is similar to parallel model in higher concentration 
region and shows the concave shape which is similar to the 

—   100 

v^xl0O% 

Fig. 4. Comparison between relative dielectric constant calculated by 

several predictive equations and Monte Carlo simulated value 

with respect to composition. 
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Fig. 5. Schematic drawing of measuring fixture of apparent relative 

electric constant of pressed powder including pore. 

serial model in the dilute region. In the critical mixing range, 
it shows similar result as the logarithmic mixing rule. 

Considering the relations between the values of a and the 
mixing rules, for the non aspect mixture, we found that in 
the Taylor Expansion approximation around a = 0 of eq. (1), 

when a = Vj-Vc, we could achieve the best fit of the 
calculated value obtained by the new equation with that by 
the Monte Carlo method. When V varies from 0 to 1, the 

value of (V-Vc) varies from negative to positive through 0 at 

V=VC. These conclusions would be reasonable and also in 
good accordance with the results of the electric flux 
distribution patterns which were mentioned in the preceding 
section. 

was measured using HP-4284 Impedance Analyzer at 1 MHz 

to eliminate several undesired effects at low frequencies. The 

actual capacitance value of specimen was calculated from the 

capacitance values of empty and powder filled die jig by 
subtracting the stray capacitance due to the edge effect. The 
effective relative dielectric constant of porous specimen was 
calculated using actual capacitance value and geometry of 

the mold. 
The data for the above are shown in Fig. 6. The x2 values 

in figure are statistical fitness parameter between the 

reference (or ideal) value and actual values. The smaller %2 

value indicates better fitness. We can see best consistency 

with the equation (2'). 

Verification using the Reported Data 

For further evaluation of the equation (2"), we compared the 
fitness of the new equation and most popular equations using 

reported measured values in several papers and publications 
[7, - 15], and found that the fit is always best with the 
equation (2'). One example is shown in Fig. 7. As can be 

seen in this figure, equation (2') best fits the published data 

among several other equations. 

COMPUTATIONAL EXPERIMENT 
WITH CHANGING ASPECT RATIO 

Experimental Verification 

CaTiÜ3 (CT) powder, crushed and sieved between 1.0 to 

3.0 urn, was pressed into the disk shape of several packing 
densities using capacitor die jig as shown in Fig. 5. The pore 
ratio was calculated from the weight of CT which was fed 
into die, the theoretical density of CT and the geometry of 
the die cavity. The apparent capacitance value of specimen 

Since equation (2') is applicable only on the mixture of non 
aspect and randomly dispersed case, the derivation of a new 

type equation for needle, flake and cluster type mixtures will 

be useful for actual applications. 
After several consideration, an exponential factor defined 

by following equation was derived as the replacement of 
(V-Vc) in the preceding report. 
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Fig 6. Relative dielectric constant of pressed CaTi03 powder with 

respect to its porosity. 

Fig. 7. Fitness check of several predictive equations and the equation 

proposed in preceding report. 
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Fig. 8. A line plot of the new equation and point plot of £r simulated by Monte Carlo and finite element method 

with respect to the mixing ratio. 

Q-\S\")'V + {S-{±{1-S2)f} -B(V,n,S) (3) 

where n and S are the parameters related to the aspect ratio 
and ordering, and the following is the final equation for £r. 

zr-exp{ln[V£ri
B(y-"s)

+(\-V)E 
Bty.n.S) ]/B(V,n,S)}     (4) 

As it is easily calculated, the values of S, +1, 0 and -1, lead 
the exponential factor to the value of+1, (V- 0.35) = (V-Vc) 

and -1 regardless of«. 
Since it is difficult to get reproducible and correct data of 

the influence of the parameter n and S by actual experiments, 
we performed the computational experiment by changing the 
aspect ratio of the shape of the specimen and sub cells as 
described in the section of simulation procedure. Fig.8 
shows the line plots of calculated Er by eq. (4) and the point 
plots of er calculated by Monte Carlo simulation with 
changing the aspect ratio R of cell. Among several plots with 
changing values of n, the data for n = 2 gave the best 
coincidence between £r by eq. (4) and simulation. As it is 
seen in Fig. 8, er by eq. (4) of larger R is closer to parallel 

model, smaller R is closer to series model and R= 0 
coincides with the non aspect random dispersion case. This 
conclusion agrees well with the result of the electric flux 
pattern in Figs.2 and 3. Although it is difficult to postulate 

quantitative explanation based on the physical image of the 
relation between S, aspect ratio R and calculated value of 
dielectric constant, but the qualitative conclusion shown in 
the following table would be reasonably justified. 

R S mixing rule 

large +1 parallel model 

1 0 logarithmic mixing rule 

small -1 series model 

CONCLUSION 

As a result of the boundary conditions set up in the finite 
element method calculation, the effects of polarization and 
infringement of electric flux at the discontinuity at the 
boundary region were considered automatically. Rectangular 
or square geometry approximations are not realistic in actual 
case, but it is expected that when the number of divisions 
into sub cell and trials are increased greatly, the simulated 

value would tend to the actual one. 
Although a clear physical scheme or image was not defined, 

qualitative explanation on the relationship between the 
aspect ratio of parallel or perpendicularly aligned mixture of 
the needle like or flake like compound and the value of order 
parameter S was presented. For the general case, n and S 
would relate to the several complicated phenomena and it is 
almost impossible to show quantitative justification for each 
physical reason separately. But in some extreme case of 
almost perfectly aligned compound such as extruded or 
forged compounds, this idea of parameter n and S would be 
useful to apply for prediction of electric parameter in total. 

Due to the computational limit of computer in this work, 

the apparent dielectric constant of compound was simulated 
on a two dimensional model, but the result of this scheme 
can be extended to three dimensional case without significant 

changes. 
Because of the complexity of situation and difficulty of the 

simulation on the case of oblique alignment cells, we omitted 
the simulation work on the dependency of aligning angle. 

The necessity of the parameter n which seems to be most 
dependent to the aligning angle to the electric field, is not 
clear, but for the actual application, two parameters related to 

the aspect ratio and alignment could be necessary. 
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A Numerical Approach to Analyze the Internal Electrical Response of Dielectric Ceramics With 
Arbitrary Shaped Inclusion 
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ABSTRACT 

Multicomponeni dielectric ceramic structures are becoming 
more desirable for their capability to satisfy the growing need for 
bener sensitivity and selectivity of modern devices. Theoretical 
analysis of these multicomponent dielectric ceramic structures is 
rather complicated. Most of the reported analytical methods are 
generally limited to isotropic mixtures with spheretical and in some 
cases elliptical inclusions. We believe that the inherent limitation in 
the analytical approach makes it difficult to get a closed form 
solution for arbitrary shaped inclusions. We have developed a rather 
simple and accurate numerical method which enables one to predict 
the internal electrical environment within the dielectric ceramics with 
arbitrary shaped inclusions. This method was used to calculate the 
potential distribution, the polarization and the effective permittivity. 
Discussion will also include the effect of the inclusion's shape on 
these properties. 

INTRODUCTION 

The primary objective of this paper is to obtain the field 
distribution and the polarization of the multicomponent ceramic 
structures. Most simulation techniques are two-dimensional and are 
limited to isotropic mixture [1-4 ]. In this paper, a numerical 
method [5] is used as a means of obtaining realistic three- 
dimensional simulations of field distribution within multicomponent 
ceramic structures. The ceramic structures are made of many 
dielectrics and conductors. In addition, dielectric inclusions could 
be of arbitrary shape and orientation. After deriving the integral 
equation for the internal electric field we proceeded to solve the 
equations numerically by the method of moments [6]. Effects of the 
shape and the orientation of each inclusion was included in the 
calculation. Finally, the polarization of the inclusion was found 
numerically to estimate the effective permittivity of the composite 
structure. 

DESCRIPTION OF THE METHOD 

Consider a multicomponent three-dimensional structure with 
embedded multiple dielectrics (e.) and conductors (C,). We assume 
that each conductor is an equipotential surface and could be of either 
infinitesimal or finite cross section, as shown in fig. 1. To compute 
the field distribution we, first, create an equivalent environment such 
that the field distribution remains unchanged. In this environment 
dielectrics and conductors are replaced by free space and proper 
sources (electric charge or current) are placed on the interfaces. Let, 
there are Nc conductor-to-dielectric interfaces and Nd dielectric-to- 
dielectric interfaces. On each conductor-to-dielectric interface, the 
total charge oT is the sum of the free charge and the polarization 
charge. On each dielectric-to-dielectric interface, the total charge is 
the polarization charge. Each charge density layer was discretized 
into a set of planar triangular patches and assumed a constant charge 
density on any given patch. 

Fig. 1   Assumed composite structure for numerical 
development. 

At any point r, the potential is due to the combination of oT 

on all patches. From the potential one can easily find the electric 
field and as r approaches to an interface the electric field can be 
expressed as [5] 

E'(D 
1 

4ner, lr-r'l3 ds'±n. 
2E„ 

(1) 

where Sj is the surface area of the jth patch, ds' is the differential 

element area at r' on S, and n is the unit vector normal to Sj at r. 

The side of S, toward which n points is referred to as the positive 
side of Sj and the other side of S, is referred to as the negative side 
of Sj. E*(r) and E"(r) are the electric field on the positive and the 
negative side of Sr Next applying the boundary conditions so that 
(a) the normal component of the displacement vector is continuous 
across each dielectric-to-dielectric interface and (b) on each 
conductor-to-dielectric interface the potential is constant, one obtains 
a set of Nc+N„ integral equations for the unknown total charge aT on 
the interface whose patches are on S, [5]. These integral equations 
are then converted to matrix equations using the method of moments 
[6]. Resultant matrix are then solved numerically. Using this 
method, calculation of the potential, the charge distribution on 
interfaces and the effective permittivity of a particular composite 
structure has been reported by the authors [7]. 

In this paper we extend our theory to include the effect of 
randomly oriented arbitrarily shaped multiple inclusions as shown in 
Fig. 2. 
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Fig. 2 Dielectric composite with multiple inclusions. 

The local electric field (F) on each inclusion will be 

different from the average field (E) in composite and they are 
related by [8,9] y 

E - _L r. <p> (2) 

where ea is the apparent permittivity "seen" by each inclusion in 

composite and <P> is the average polarization in the neighborhood 
of an inclusion. Now, if fi represents three angle parameters which 
describe orientation of any inclusion and co0(Q) is the orientation 

distribution function of inclusions, the average polarization <F> can 
be expressed as 

<P> = £ co0(Q)F(Q) (3) 

Now if we assume the inclusions are oriented randomly and the total 
volume fraction of inclusion is f then 

where n, eR, R and S' are illustrated in Fig. 3. The polarizability a 
can be calculated in closed form for certain shapes like sphere or 
ellipsoid but in general it should be calculated numerically. For our 
calculation we have assumed a system, as shown in Fig. 4, in which 
a cubic dielectric is immersed in a "approximately uniform" electric 
field created by the potential applied to the conductor plates. Fig. 
5 shows the normalized dipole moment per unit volume as a 
function of the inclusion's permittivity. As expected for 9=0 the 
dipole moment is along Z-axis and its value is less than a sphere of 
same volume. Fig. 6 shows the effective permittivity of a composite 
structure as a function of the volume fraction of the inclusion. In 
this calculation we have assumed the inclusion and the matrix 
permittivity to be of 12 and 2 respectively. Again, as expected the 
effective permittivity for spherical inclusion is greater than that for 
cubic inclusion of same volume. 

surface of 
an inclusiorVX 

Fig. 3  Notation associated with an inclusion to define the 

depolarization dyadic E. 

oyn) =  ' 
471 

and. 

f = 1 dtH(") 

(4) 

(5) 

Combining the above equations with the well-known permittivity 
expressions, the effective permittivity of a composite structure of 
Fig. 2 with multiple inclusions can be written as 

4KB 
dQü.E 

MT: 
dtiä 

..(6) 

where T is the unit dyadic and o is the polarizability of each 
inclusion. 

To calculate the lTeff one needs to find E, ea and polarizability a. 

The depolarization dyadic E is a symmetric dyadic which only 
depend on the geometrical shape of the inclusions and can be 
expressed by [8,9] 

Fig. 4 Simulated arrangement for calculating the polarizability of 
cubic inclusion. 

E= raids' (7) 
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Fig. 5  Comparison between dipole moment per unit volume, 

, of cubic and spherical inclusions. 
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Fig. 6  Calculated effective permittivity of mixture as a function 
of volume fraction of the inclusion, for two different 
shapes. 

SUMMARY 

A numerical method has been developed to obtain the field 
distribution within three-dimensional multicomponent structures. 
The numerical method was employed to calculate the polarizability 
including the shape and the orientation effects of inclusions. The 
calculated polarizabilities then were used to estimate the effective 
permittivity of mixtures with spherical and cubical inclusions. This 
method is general in nature and can be extended to estimate the 
electrical properties of many other composites. 
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Local Structure of PLZT 
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Abstract - The local structure of PLZT has been examined by the means 
of neutron-powder-diffraction derived pair-distribution function (PDF). 
We find that atoms are displaced from the average periodic structure by 
a significant amount. The directions and magnitudes of the atomic dis- 
placements in PLZT are very similar to those found in PMN. The short- 
and intermediate-range structural changes between ferroelectric, relaxor 
and antiferroelectric PLZT phases were compared. 

INTRODUCTION 

Relaxor ferroelectrics are characterized by a diffuse ferroelectric phase 
transformation occuring over tens of degrees centigrade, with strong di- 
electric dispersion in this temperature region. Compositional fluctua- 
tions have long been believed to be responsible for the diffuse phase 
transformation leading to ferroelectric microregions with a distribution 
of Curie temperatures which effectively "diffused" the macroscopic 
transition [1]. While the evidence in favor of this approach is extensive 
it is not direct and is rather limited to some systems. On the other hand, 
local atomic displacements are found to be large in ferroelectric solids, 
especially in mixed ferroelectrics. Since they are not correlated over 
long distances they contribute only to diffuse scattering without leading 
to any extra peaks in the diffraction profile. Diffraction profile refine- 
ments, which ignore the diffuse scattering, cannot extract this structural 
information and will just refine large thermal factors on these sites. 
When averaged over the whole crystal, this local order will appear just 
as an uncharacterized uncertainity in atom position. 

In this paper we address the question on the nature of atomic displace- 
ments and their short range correlations in relaxor ferroelectrics. The 
real space method for powder diffraction, or the atomic pair-distribution 
function (PDF) analysis allows us to have direct information on local 
atomic correlations without assuming long-range order. The PDF is a 
representation of the distribution of interatomic distances present in a 
material. It is determined from both the Bragg and diffuse scattering in- 
tensities without an assumption made regarding long-range periodicity. 
Thus information on short-range order is preserved. For this reason the 
PDF analysis has been able to differentiate between random and short- 
range correlated atom displacements. 

If diffuse ferroelectric phase transformations are caused by composi- 
tional fluctuations, it might be expected that they are common in many 
multi-component materials. Since that is not the case the role of com- 
positional fluctuations in diffuse ferroelectric phase transformation 
should be investigated with a great care. In perovskites AB03 with ions 
of different valency on B sites Pb( Mg,/3 Nb2/3)03 (PMN) this role seems 
to be pronounced, but not for conventional ferroelectric Pb( Zry Ti|.y)03 

(PZT) with ions of the same valency on B sites. Lanthanum doped solid 
solution of PZT, (Pb,.x Lax)( Zry Ti|.y)|.x/403 (PLZT) shows relaxation 
behavior for an interval of atom percent of La [2], and presents particu- 
larly suitable system for study. 

REAL-SPACE STRUCTURAL ANALYSIS 

Neutron powder diffraction measurements were carried out using the 
special environment powder diffractometer (SEPD) instrument at the 
Intense Pulsed Neutron Source (IPNS) at Argonne National Laboratory. 
The powder-diffraction spectrum was corrected for absorption, multiple- 
scattering, the scattering intensities from background, the vanadium 
sample container, and the Plazcek shift to obtain the total diffraction in- 
tensity. After correction the intensity of neutrons scattered from a col- 

lection of atoms is given by 

I(Ö)=(Z baba- exp[/ß(/-0-v)]> (1) 

where Q is the scattering vector (=47isin0/A., where 0 is the diffraction 
angle and X is the wavelength of incident neutrons), ba and ba< are the 
neutron-scattering lengths of the ath and ct'th atoms, respectively, at 
positions ra and ra-. The brackets () denote a time average. It is conven- 
ient to define a structure function S(Q) which depends only on the 
structure of the sample. Thus, 

US)    ,  (KQ))2-(b2(Q)) 
S(Q)- 

(b(Q)Y (b(Q)Y 
(2) 

The pair density, or distribution function (PDF) is obtained by Fourier- 
transforming the spherically averaged S(Q), 

pto=p0+ ^rr\Q{S{Q)-\)sm{Qr)dQ (3) 

where p0 is the average atomic density. In order to include all the avail- 
able structural information, and at the same time to reduce the termina- 
tion error which is introduced by the finite range of integration in Eq. 
(3), the Fourier transformation has been carried out up to 30 Ä" . 

The PDF PLZT with the composition 8/65/35 (x/y/l-y) at T=300K 
obtained by pulsed neutron scattering at the SEPD is shown in Figure 1. 
Also shown, by a dashed curve, is the PDF calculated for an ideal 
perovskite structure. In calculating the model PDF we assumed a lattice 
constant of 4.08 A and the vibrational amplitude of 0.05 A, expected 
from the Debye temperature. The first peak of calculated PDF corre- 
sponds to the Zr/Ti-O distance, the second peak to the Pb/La-O and O-O 
distances which are equal, the third to the Pb/La-Zr/Ti, and the fourth to 
the lattice periodicity. The experimental PDF is significantly different 
from the calculated PDF, indicating that the real structure in this solid is 
grossly departed from the crystallographic lattice structure. Since the 
Zr/Ti-0 correlation is well preserved it is most likely that the integrity of 
the Zr/Ti-06 octahedra is resonably well maintaned. At the same time 
the first peak is shifted from ideal distance Zr/Ti-O 2.04 A to 2.12 A. 

r(A) 
Figure 1.   Comparison of experimental PDF for 8/65/35 PLZT 
(solid line) and the PDF calculated for an undistortcd perovskite 
structure. 
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The most natural way to explain this significant increase in the Zr/Ti-0 
distance from a half of lattice constant is the tilting of the Zr/Ti-06 octa- 
hedra. If we assume uniform tilt of octahedra for the same angles around 
all principle axes then we predict that tilt angles are about 12°. 
Calculated peak at 2.88 A describes both Pb/La-0 and O-O distances. 

Corresponding experimental peak is shifted toward shorter interparticle 
distances and its irregular shape implies that it consists of a few overlap- 
ing peaks. We speculate that Pb\La-0 distance is reduced and split due 
to non-uniform oxygen octahedra tiltings and that the O-O distance is 
preserved. 

The Rietveld profile analysis was used by Glazer et al. [3] to describe 
the structure of room temperature ferroelectric phase. The distortion of 
ideal perovskite structure was observed and described using a number of 
unit cell parameters. The tilt angle about [111] axes was 5.42 ° and ther- 
mal factors were unphysically large. These values are used for PDF 
shown in Figure 2. Agreement is obviously still very poor indicating that 
the desription of the PLZT in terms of a periodic structure does not 
yield correct short and intermediate-range structural features. 

r(A) 

Figure-2.   Comparison of experimental PDF (solid line) and the 
Rietveld-refined model PDF (dashed line) for 8/65/35 PLZT. 

The detailed model of short and intermediate range atomic'sfrücture in 
PMN was developed by Rosenfeld et al. [4] using both crystallography 
and pair-distribution function analysis of atomic structure. Vibrational 
amplitudes in this model were less than 0.07 A, cation displacements 
about 0.2 A and oxygen octahedra tilt angles about 13 °. In Figure 3 the 
experimental PDF of PLZT is compared to that of PMN. Overall 
agreement is very good implying that the directions and magnitudes of 
the atomic displacements from ideal cubic lattice sites in PLZT are very 
similar to those found in PMN. 
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In order to investigate the short- and intermediate-range structural 
changes between ferroelectric, relaxor and antiferroelectric. phases 
PDF's of 8/65/35, 10/65/35, and 12/65/35 PLZT concentrations were 
compared. Altough changes are subtle and detailed simulation are 
needed, some conclusions may already be made. First peaks for all three 
compositions are shown in Figure 4. The peak of intermediate 10/65/35 
concentration, which is in relaxation region, is the lowest and broadest 
implying the most random distribution of Zr/Ti-O distances. The lattice 
periodicity peak for ferroelectric phase 8/65/35 is low and broad, but 
almost Gaussian in shape, Figure 4. On the other hand, for relaxor 
10/65/35 that peak is clearly split in two, and for 12/65/35 it again takes 
the Gaussian shape, altough non-symmetrical. 

r(Ä) 

Figure 3.   Room-temperature experimentally observed PDF's for 
8/65/35 PLZT (solid line) and PMN (dashed line). 

r(A) r(Ä) 

Figure 4. Compositional dependence of Zr/Ti-0 peak (left) and lattice 
periodicity peak (right) of PDF for PLZT for: 12/65/35 (chained curve), 
10/65/35 (dashed curve), and 8/65/35 (solid curve). 

CONCLUSIONS 

In mixed ferroelectric solids exhibiting a relaxor behavior atoms are 
found to be locally displaced from the average periodic structure by a 
significant amount. The directions and magnitudes of the atomic dis- ' 
placements in PLZT are very similar to those found in PMN. The short- 
and intermediate-range structural changes between ferroelectric, relaxor 
and antiferroelectric PLZT phases were compared. Altough changes are 
subtle, additional degree of randomness is observed in relaxor phase. 

ACKNOWLEDGEMENTS 

Work at the University of Pennsylvania was supported by the Office of 
Naval Research through N001491-J-1036. The intense Pulsed Neutron 
Source is operated as a user facility by the U. S. Department of Energy, 
Division of Materials Science, under contract W-3 l-109-Eng-38. 

REFERENCES 

[ 1 ] G.A. Smolenskii, A.I. Agranovskaya, Soviet Physics Solid State 1 
pp. 1429, 1959. 

[2] G.H. Haertling and C.E. Land, "Hot-Pressed (Pb,La)(Zr,Ti)03 

Ferroelectric Ceramics for Electrooptic Applications", J. Amer. 
Ceram. Soc, 54 (1), pp. 1-11, 1971 

[3] A. M. Glazer, A. A. Mabud, and R. Clarke, "Powder Profile 
Refinement of Lead Zirconate Titanate at Several Temperatures. 
I Pb( Zr„.9 Ti0., )03" ,Acta Ctyst, B34, pp. 1060-1065, 1978. 

[4] H. D. Rosenfeld and T. Egami, "A Model of Local Atomic Structure 
in the Relaxor Ferroelectric Pb( Mg1/3 Nb2/3)03", Ferroelectrics, 
vol.150, pp. 183-197, 1993. 

44 
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(abstract) We investigated dielectric and hypersonic properties of 
NBT over a wide temperature range. The dielectric permittivity and 
loss measured from 20 Hz to 300 kHz agree at lower temperature 
with previous results. At higher temperature in and near the 
tetragonal phase the lower frequencies show a very large permittivity 
peak with considerable dispersion and large loss. This behavior is 
very similar to that found in other perovskite crystals and ceramics, 
in some cases far above Tc. We attribute it to extrinsic bulk 
conductivity. The phase shift giving nonzero a" in a=o'+j0" may 
be caused by a spread in mobility activation energy. The Brillouin 
scattering data at 514.5 nm show a very broad dip in sound velocity 
and a very large and broad attenuation peak, both centered in the 
tetragonal phase temperature range. This behavior is attributed to 
hybridization of order parameter and cluster fluctuation contributions. 

INTRODUCTION 

Sodium bismuth titanate (NBT, formula Na1/2Bi,/2Ti03) is a 
relaxor ferroelectric with unusual dielectric, optical and other 
properties.[l] The Na+ and Bi3+ ions randomly occupy the "A" 
cation sites. This random ion placement broadens the phase 
transitions and changes the nature near the transitions of the 
anomalies in permittivity and in sound velocity and attenuation 
determined by Brillouin scattering. 

In this paper we first describe our Brillouin scattering and 
lower-temperature dielectric results. Most of the paper is devoted to 
the large low-frequency permittivity peak seen by us[l] at high 
temperature in NBT. This peak and associated loss resemble 
behavior of other perovskite crystals and ceramics. [2-5] We explain 
these phenomena in terms of extrinsic bulk conductivity with a 
spatial distribution of mobility activation energies. 

BRILLOUIN SCATTERING RESULTS 

Our Brillouin scattering results are summarized in Fig. 1. 
Only the background intensity shows an obvious anomaly right at a 
transition, namely the jump at the trigonal-tetragonal transition. The 
dip in Brillouin shift, and the peaks in linewidth and background 
intensity, all appear in the tetragonal phase between its transitions to 
the trigonal and cubic phases. We believe the usual anomalies 
caused by Landau-Khalatnikov-type (order parameter) variations are 
absent because of the presence of large fluctuations which must 
cause "hybridization" mixing of the fluctuation and Landau- 
Khalatnikov contributions. [6] We attribute the location of the 
anomalies between two transitions to an interaction between the two 
types of fluctuations associated with these two transitions. Further 
details of the Brillouin experiment and results, and comparison with 
results for other relaxor ferroelectrics, have been submitted for 
publication elsewhere. 

*Work supported by NSF Grant DMR-9017429, an NRC CAST 
Grant, and DOE Equipment Grant FG05-91ER79046. 
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Figure 1. Brillouin scattering results for NBT. Tcl and Tc2 

represent the transitions from the orthorhombic to the cubic and 
trigonal phases respectively. Tc3 denotes the transition from the 
antiferroelectric to the ferroelectric phase as temperature decreases. 
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Figure 2. (from Ref. 1) The dielectric permittivity of NBT upon 
heating. A and B'correspond to Tc2 and Tc3 of Fig. 1 respectively. 
C represents a peak whose temperature is frequency-dependent. 
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DIELECTRIC RESULTS AT LOWER TEMPERATURES 

These results, going upward from room temperature as shown 
in Fig. 2, begin with a steady increase in permittivity. The only 
indication of the transition at Tc3 near 550 K is disappearance of the 
weak dispersion. The slope then increases to a cusp at Tc2. The 
phase between Tc3 and Tc2 is antiferroelectric or antiferroelectric 
incommensurate. Our results agree with those of others to an extent 
determined by crystal quality variations. Comparison and further 
interpretation of these results appears elsewhere.[l] 

The 100 kHz permittivity is quite large just above Tc2 

in the tetragonal phase. It decreases gradually as temperature 
increases, but shows no anomaly at Tcl. 

A striking feature of Fig. 2 is the huge permittivity peak (C) 
at 200 Hz in the tetragonal phase. At this low frequency also, there 
is no anomaly at TcI. We previously[l] attributed this peak to 
superparaelectric clusters whose switching is related to the 
conductivity mechanism. Very recently we learned of such peaks far 
inside the cubic phase for other perovskites. The remainder of this 
paper is devoted to our new explanation for such peaks. 

dc envelope having the higher activation energy. A kink appears in 
the ac envelope at Tc2 near 640 K, and a rounded bend occurs in the 
ac and dc envelopes at Tcl near 820 K. 

•c 

800 

Temperature (K) 

900 

Figure 3. (from Ref. 1) Permittivity £' vs. temperature for NBT 
with scale chosen to emphasize the large low-frequency peaks The 
upturns at the right may be artifacts resulting from the very much 
larger e" values at high temperature. The solid and dashed lines 
indicate fits to a model we no longer consider applicable. 

THE HIGH-TEMPERATURE DIELECTRIC BEHAVIOR IN VARIOUS 
PEROVSKITES 

The strong dispersion associated with the largest (C) 
permittivity peak in NBT is illustrated in Fig. 3. An important 
feature, discussed later, is the overlap envelope on the high- 
temperature side. Two other important features are that both the 
peak height and peak frequency approximately obey the Arrhenius 
law. Although these permittivity peaks are high, the lossy 
component e" of the permittivity at each peak is even higher. 

The physical nature of the dielectric loss e" is better 
understood by plotting it logarithmically as a\ using the relation 
CT'=27tfe0e", where f is frequency and EQ is the MKS constant 
8.85x10" C /Nm . This plot appears in Fig. 4. There are two 
distinct envelopes where curves for different frequencies overlap. 
The upper one is the ac conductivity limit, and the lower one the dc 
conductivity limit. Both envelopes obey the Arrhenius law, with the 
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Figure 4.   Electrical conductivity G vs. temperature for NBT for 
several frequencies. 

Figure 5 shows similar behavior found by Stumpe et al.[2] 
for a 0.24 mm thick SrTi03 crystal (but plotted as p vs. 1/T). Both 
our results and theirs show ac and dc conductivity envelopes which 
tend toward convergence at finite temperature. The permittivity 
plot[2] for their 1.02 mm thick SrTi03 crystal is similar to our Fig. 
3. For their 0.24 mm crystal this dispersive behavior is 
superimposed on broad permittivity humps peaking near 950 K and 
showing little dispersion. This may be a surface effect appearing 
only in the thinner crystal, which may cause the S-type upward 
distortion of resistivity with decreasing temperature in Fig. 5. 
Unfortunately they provided no resistivity data for their 1.02 mm 
crystal. 

Similar permittivity behavior to ours was seen by Kuwabara 
et al.[3] in a ceramic sample of Pb1.xLa2x/3Ti03 (PLT10) with 
x-0.10, as shown in Fig. 6. The lowest-frequency peaks are 
distorted by the proximity of the ferroelectric transition at 378 °C 
(651 K; pure PbTi03 has Tc=490 °C). For x=0.05 they observed 
broad nondispersive peaks centered near 462 °C which may be 
locked onto the ferroelectric transition. 

The NBT, SrTi03, and PLT10 samples are compared in Fig 
7 where the a' and a" components of the conductivity CT=a'+ja" are 
plotted at the temperatures for which the e'(or a") peaks occur 
Striking similarity is noted for these results from quite different 
samples. The rj' values always exceed the a" values, supporting the 
idea that a phase-shifted conductivity is being observed The o" 
values obey the Arrhenius law, while the a" values show curvature. 

Large and dispersive permittivity peaks were also observed 
by Bidault et al.[5] in BaTi03 single crystals far above T The 
peak height increased for reduced samples, and decreased for 
oxidized samples. Similar behavior was noted for a CaTiO, single 
crystal and various PLT ceramics. Ujma and Dmytrow[4] found 
dispersive peaks above the ferroelectric (233 °C and antiferroelectric 
(225 C) transition sequence in PbZr03 single crystals and ceramics 
Neither group[4,5] provided conductivity data for their samples 
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-T(K) 

Figure 5. (from Ref. 2) Logarithm (to base e) of resistivity 
of 0.24 mm thick SrTi03 single crystal vs. inverse temperature for 
frequencies 0.1 kHz (filled circles), 0.2, 1, 4, 20 kHz, and 100 kHz 
(open triangles). 
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Figure 6. Temperature dependence of permittivity e' vs. temperature 
for various frequencies for a lead lanthanum titanate ceramic sample 
with 90% lead. 

CONDUCTIVITY MODEL FOR HIGH-TEMPERATURE DIELECTRIC PEAK 

This model for the very large low-frequency permittivity and 
loss was reached by a process of elimination. First, any model based 
on microdomains[3] or superparaelectric clusters[l] seems ruled out, 
because such ordered regions should not exist in the 700 to 900 K 
range in the quantum paraelectric strontium titanate,[2] or hundreds 
of degrees above Tc in barium titanate, [5] in which similar large 
peaks were found. Given that the basic dielectric behavior is not 
anomalous for these two materials in this temperature range, and 
noting that the lossy part of the permittivity shows thermal 
activation, we are led to consider the phenomena as electrical 
conductivity phase-shifted enough to provide the permittivity e' 
peaks. 

Given that conductivity is important, are we dealing with a 
bulk or a surface-modified effect? Stumpe et al.[2] and Bidault et 
al.[5] attributed the phenomenon to a high-impedance surface layer. 
We followed Stumpe in describing the bulk as a parallel RC circuit, 
in series with another parallel RC circuit representing the two 
surfaces. We provided both R's with thermal activation, but kept the 
C's independent of temperature as required, to approximate such 

materials as SrTi03 and BaTi03. This model reproduces, for some 
parameter choices, the shoulder in e" representing upward deviation 
from an Arrhenius law, as seen in Fig. 8. However, Fig. 8 also 
shows only a plateau in e' could be achieved, and not a peak. The 
plateau level is independent of frequency whereas experimentally the 
peak amplitude increases rapidly with falling temperature. The 
failure to reproduce this characteristic peak behavior seems to rule 
out the blocking surface interpretation. 

We are thus led to consider the behavior as a bulk 
conductivity phenomenon, but not of the usual type for which o"=0 
and o' lacks frequency dependence. The only evident way of 
causing such dependence is to assume a spatial distribution of 
mobility barrier heights. We decide on the basis of the following 
discussion whether this distribution starts at zero energy. The 
conductivity (Figs. 4 and 5) shows a dc limit envelope where data 
at some frequencies overlap, and a higher ac limit envelope with 
lower activation energy where data for other frequencies overlap. 
The difference between the ac and dc slopes corresponds to a rather 
small activation energy, several times kT but much smaller than the 
overall conductivity activation energy. 

One might attribute this small difference to mobility 
activation energy resulting from a spatial distribution of relatively 
small barriers, and attribute the major part of the activation energy 
to the carrier concentration n. This assumption fails because it 
would require the permittivity peaks to occur at much higher 
frequencies than observed. The conductivity instead appears to be 
extrinsic, with a fixed number of carriers and a high mobility 
activation energy which has a relatively small spatial spread to 
account for the nonzero o". 

The conductivity is related to sample preparation and 
treatment, as seen in relation to oxidation or reduction of barium 
titanate. [5] Both the extrinsic carrier concentration and the barrier 
distribution can be affected. 

We accordingly are led to a model with extrinsic 
conductivity. The large conductivity activation energy is associated 
with the high barrier for the carrier to hop from one site to the next. 
This energy is comparable to that for diffusion of metal ions in 
NaCl, for instance. [7] The required distribution in barrier heights is 
caused by crystal imperfections. The nature of the distribution and 
its effects will require considerable analysis. We present here only 
a first attempt at such analysis. 
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Figure 7. Semilogarithmic plot of real (a') and imaginary (a") 
conductivities vs. inverse temperature at the temperatures for which 
the e' (or a") peaks occur, for the NBT (Ref. 1), SrTi03 (Ref. 2), 
and PLT10 (Ref. 3) samples described in the text. 
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heights about the mean height B. We force the distribution to reach 
a maximum value B0 by writing it as 

U(r)=B+B0[r/(R+r)]T 
(1) 

onlv to t f ™ /PP
r

yottUS m0dd and the above distribution only to the SrTi03 data,[2] because these are farthest from 
complicating effects of phase transitions. This is not a perfect ™ 
case because these data may be shifted by surface impedance 
e fects, as discussed both above and below. We will try to fit the 
i>mo3 ac and dc conductivity envelopes and the permittivity 
envelope discussed above. »""uivuy 

enerevBhinFC nfZ^l ^^ Sh°uM haVe the acüvaü™ energy B ,n Eq. (1). We take the f=4 kHz curve which departs from 
the ac envelope at T=700 K in Fig. 5, use B/k=15960 K as Te 
measured slope of that envelope, and assume an attempt frequency 
v-jxlü    Hz.   At this departure point the relation 

v"'exp(B/I>l/27rf 
(2) 

get SSo K. B " ^ " "* Unkn°Wn " ** ^ We actually 
If we assume hopping conductivity with steps of a^O 4 nm 

(one lattice constant) obeying the equation a=nvexp(-B/kT^J^T 
we can solve for the (assumed temperature-independent) c°an£ 
concentration and obtain (for ^=1.24x10^ ohm"^ and LimO 
K)  the value n=7.71xl027/m3.     This value is somewhat large 
becaUSe the unit cell concentration is only (4 nm^l.56    0^5' 
Either the activation energy B must be lower, or the mobil ty mult 
be higher as it could be if electrons rather than ions are the capers 

1 he f=4 kHz curve joins the dc envelope at T=800 K, and the 
measured slope of that envelope is (B+B0)/k=20080 K. Employ ng 

B:BS-T4e880tteKmPTh eqUenCy  'V*  ^  to **   <*>  ^ B+B     4880 K   The agreement both for B and for B+B0 is only 

be innV* T" ^^ the measured slopes in Fig. 5 may 
t th P , f'"'f. °f SUrfaCe impedance' The important point is 
hat this model qualitatively reproduces the curves of Fig 5 with 

low frequencies as observed at the ac to dc envelope crossovers 
Obtaining the permittivity envelope for the barrier height 

distribution  of Eq.  (1)  is  , difficult p
P
rob]em      ^ *g[ 

approximation we assume that at the temperature T at which the 
permittivity peak at frequency f occurs, the effect of the barriers is 
the same jis that of an infinite barrier at a radius rb where from Eq 
(1) U(rb)-B+B0-kT. The motivation for this assumption is that the 
carriers in one period can just diffuse to the radius where thermal 
motion is sufficient to let them drift without appreciable'additional 
trapping.  This radius is given by 

rb/R=[(l-km0)-1/Y-l]- 
(3) 

The dipole moment p per carrier is e2Erb
2/5kT for this spherical 

radius. A reasonable fit using e'=np/e0E to the peak e' amplitudes 
at various frequencies is obtained by choosing y=U3, Bn smaller 
than found above, only 1200 K, B=13000 K near the value found 
above and R=30 um. This y value gives rb strong temperature 
dependence, as seen in Fig. 9. Such strong dependence gives the 
observed strong temperature dependence of the peak e' values. 
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Figure 9. Shape of the mobility barrier height distribution of Eq 
tor parameters oven in ti,^ t„... c4- (1) for parameters given in the text 
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Processing of Porous and Dense PZT Thick Films on AI2O3 Substrates 

J. F. Fernandez, E. Nieto, C. Moure, P. Duran 
Electroceramics Department. Institute de Ceramica y Vidrio, CSIC, 

28500 Arganda del Rey, Madrid, SPAIN. 

Abstract — The processing of porous PZT thick film ceramics on 
AI2O3 has been studied. The films were screen-printed from a 
thixotropic ink of PZT with a 58% solids content. The thick films 
were sintered between 1000°C and 1100°C for 2 hours. The sintered 
films show a 10 urn thickness and a average pore diameter ranging 
from 1 to 1.6 urn. The PZT forms a continuous skeleton that can be 
filled with the desired polymer. Dense and continuous PZT films 
were fabricated by screen-printing PZT ink on previously electroded 
AI2O3 substrates with Ag/Pd 70/30 paste. Densification of the PZT 
was obtaining by sintering near the liquidus temperature of the Ag-Pd 
system. 

INTRODUCTION 

PZT/polymer composites and porous PZT ceramics have been 
extensively investigated up to the present since Newnham et al [1], 
first reported the importance of connectivity in piezoelectric 
composites. The fabrication of piezoelectric composites requires 
careful replacement of a portion of the piezoelectric ceramic with a 
polymer. This replacement allows the reduction of the acoustic 
impedance of the piezoelectric ceramics for application in an acoustic 
system containing water and a living body. In recent years the 
research efforts in this field have been directed towards the material 
fabrication techniques, finite element modeling and the use of 
electrostrictive ceramics. 

In 3-3 composites, each of the constituent phases is continuously 
self-connected in three dimensions to give two interlocking skeletons 
in intimate contact with one another. Skinner et al [2] prepared 3-3 
type composite materials consisting of porous PZT ceramics with 
coral skeketon structures, duplicated by the "replamine form" 
process, into which silicon rubber was injected. Shrout et al [3] 
developed a more readily produced type of porous ceramics using 
burned-out plastic spheres and PZT powder in an inorganic binder. 
When carefully sintered a porous PZT skeleton is formed, which is 
later backfilled with polymers to form a 3-3 composite. Hayashi et al 
[4] investigated the processing of porous 3-3 type PZT ceramics with 
a controlled porosity by using capsule-free Ö2-HIP. That method 
allows little densification of porous PZT sintered bodies after 
treatment, that results in an increase of the contact areas of PZT 
interparticles without changing the pore volume and distribution. The 
HIPed porous ceramic possessed a large permittivity and small de- 
polarizing factor of about half those of normally sintered porous PZT 
bodies. Waller et al [5] used a replication process to fabricate woven 
PZT/polymer matrix composites with finely spaced structures. This 
process involves using a carbon fiber material which determines the 
form of the PZT ceramic phase. 

The greater part of the piezocomposites reported in the literature 
shows an interconnected porosity with pore size ranging from 50 to 
600 urn [2-4]. In modified Ca-PbTi03 ceramics of the same porosity, 
the smaller pore size samples had better properties than the large pore 
size ones [6]. In these materials, the increase in dielectric properties 
with increasing porosity was related to their good pore- 
interconnection which promoted stress transfer to the skeleton more 
effectively [6]. 

Porous ceramics are also interesting for a variety of applications as 
sensors, bioceramics, membranes, etc. This study focuses on the 
processing of porous 3-3 type PZT thick film ceramics with a 
controlled porosity. The porous ceramics were developed on AI2O3 
substrates. From these porous ceramics, dense PZT film could also 
been sintered by using a electrode interlayer between the substrate and 
the PZT ceramic. 

EXPERIMENTAL PROCEDURE 

Pb(Zro.53Tio.47)03 (hereafter PZT) ceramic powders were prepared 
following a modified conventional route oxide process starting from 
analytical reagent grade oxides [7]. In this process TiÜ2 and Zr02 
adequate amounts were put in 1:1 ratio of isopropyl alcohol to water. 
Oxalic acid was added to the suspension. The suspension was heated 
and continuously stirred. The stoichiometric amount of lead oxide 
was added. The dried powders were amorphous and were calcined at 
700CC for 4 hours and attrition milled with zirconia balls. The thermal 
treatment crystallized the powders into tetragonal perosvkite phase 
plus zirconia and lead oxides that remainded partially unreacted. 

PZT ink was prepared by ultrasonic dispersion of the ceramic 
powders [8] in a-terpineol and 2-2 (Buthoxyethoxy) ethyl acetate. 
The as prepared paste was milled with ethyl cellulose that give the 
thixotropic characteristic required to the inks used in screen-printed 
processes. The ink was screen-printed on 5.2x5.2 cm2 99% AI2O3 
substrates with a roughness of 0.3 um (Rubalit 710, HOESCHT). 
The substrates were laser pre-cut in order to achieve samples of 2,5x1 
cm2. A stainless steel 45° oriented 320 mesh screen was used. Some 
substrates were previously electroded with 70/30 Ag/Pd paste 
(6142D, DUPONT). The electrode was sintered at 850°C in a typical 
electrode sintering cycle of 1 hour. The screen-printed films were 
dried at 150°C for 15 minutes, and the organic vehicle was burn-out at 
500°C. The samples were sintered in high purity alumina crucibles at 
a heating rate of 3°C/min. A lead-rich atmosphere was maintained by 
placing PbZr03+5 wt% Zr02 powders near the samples. The porosity 
distribution of the sintered thick films were evaluated by a mercury 
porosimeter (Autopore II 9220) with a mercury filling pressure from 
4xl03 MPa up to 400 MPa. In order to assure that the stem volume 
used reached an adequate value, several samples were used each time. 
The microstructure of the as sintered samples and transverse polished 
cross section were examined by Scanning Electron Microscopy (Zeiss 
DSM 950). 

RESULTS AND DISCUSSION 

Porous PZT thick films. 

Figure 1 shows the pore diameter distribution for selected sintering 
temperatures and Figure 2 shows the microstructure of these sintered 
samples. The porosity of the alumina substrates in this range, <10 
Urn, is negligible compared to the porosity of the sintered PZT thick 
films. The alumina substrates exhibited a raange of ore diameters 
from 8 to 120 um (not shown) that is attributed to the drills and the 
fracture surfaces of the laser pre-cut substrates. The pore size curves 
show different contributions to the whole porosity volume. The 
porosity ranges from 0.1 to 3 u.m. All of the porosity could be 
attributed to interparticle porosity, or interaggregate porosity [9]. 

The microstructure of the samples sintered at 1000°C and 1050°C 
for 2 hours shows a similar structure. The PZT particles form chains 
of grains. Small aggregates consisting of a couple of grains and 
discontinuities in the skeleton ceramic structure can be found. The 
sample sintered at 1100°C for 2 hours presented an interconnected 
well densified 3-3 ceramic/pore structure. The chain of grains sintered 
to form bigger grains that are connected almost grain to grain. Few 
small particles remained in aggregates or in the surface of the bigger 
ones. 
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Figure 1. Porosity curves of the samples sintered at different 
temperatures. 

Figure 2. SEM micrographs of samples sintered at: a) 1000°C, 2h, b) 
1050°C, 2h and, c) 1100°C, 2h. 
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Taking into account the microstructure and the porosity curves, 
three different contributions to the porosity could be proposed: 1) 
Low interparticle porosity: This type of porosity ranged below -0.7 
urn, its contribution to the whole porosity is very low and could be 
attributed to both the mterparticle porosity of the aggregates and to the 
pores formed during the sintering of the small particles that are not 
completely eliminated. 2) Main interparticle porosity: this porosity 
type is the most important in volume and shows a narrow pore size 
distribution that indicates the high degree of homogeneity, and, 3) 
High mterparticle porosity: these pores are the tail above 2 um that 
corresponds to the discontinuities in the ceramic skeleton structure. 
The discontinuities are attributed to both the burn out process and to 
the presence of organic agglomerates that were not completely 
eliminated during the paste preparation, mainly ethyl cellulose 
agglomerates. 

The porosity decreased when the grain growth took place. The 
1100°C for 2 hours sintered thick film ceramics show the low 
porosity. At this sintering temperature the average area pore size is 
1.42 um (Figure 3). The average pore size increase almost linearly 
with the sintering temperature, however the main pore size maximum 
increased more rapidly than the average pore size for temperatures 
below which grain growth took place; that could be attributed to the 
coalescence process of the pores. The pore size distribution does not 
change significatively even when the particles lost their initial shape, 
and at this sintering stage the pore size does not increase. That means 
that the sintering of the PZT takes place without significatively 
modifying the skeleton structure. The initial dispersion of the 
powders has a very important role in the sintering mechanism. The 
small particles that form aggregates sintered and bigger particles 
resulted. These new bigger size particles were surrounded by both 
particles and pores. The number of contact points between particles 
decreased and the probability of formation of new sintering necks 
decreased with the grain growth increase. 

The as sintered thick films show a -10 um thickness and good 3-3 
connectivity (figure 4) The epoxy resin filled adequately the porous 
structure. Both the thickness and the good pore connectivity are the 
reasons for such behavior. 

950 1000 1050 1100 1150 

TEMPERATURE (°C) 

Figure 3 Average pore size (o) and main pore size maximum (ß) for 
different sintering temperatures. 

Dense PZT films 

Figure 5.a shows the microstructure of dense as sintered PZT thick 
films. The microstructure is a duplex one with most of the porosity 
located at the triple point junctions. The big grains are typically 
faceted perovskite grains. The thickness of the film is -5 urn (figure 
5.b). In this case the thickness reduction favors the adequate 
elimination of the pores and the densification of the ceramic films. 
The driving forces for the sintering are assisted for the sintered 
bottom film of Ag/Pd 70/30. 1100°C is a temperature near the liquidus 
temperature of the Ag/Pd system. The substrate seems to react slightly 
with the electrode and that gives good adhesion properties of the film 
on the AI2O3 substrate. 

CONCLUSIONS 

A method for processing porous and dense thick PZT films has 
been developed. The initial distribution of dispersed PZT particles in 
an organic medium gives a final skeleton structure with 3-3 pattern 
connectivity. The porous PZT thick films could be easily filled with 
polymer. By adjusting the process parameters a MIX thickness (half 
wavelength of a desirable resonant frequency) [10] thick film 
piezocomposite could be fabricated. This method adapted very well to 
curved surfaces and it allows the piezocomposite to be focused 
without additional and expensive treatments. This process could serve 
as an integrating step between the electroceramics materials and the 
hybrid circuit technologies. 
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Figure 4. SEM micrograph of polished cross section of PZT thick 
film sintered at 1100°C, 2h and filled with epoxy resins. 
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Abstract-Highly c-axis oriented Pb^LaxTi^^Oj (PLT) 
thin films were prepared by //-magnetron sputtering on 
(100)MgO and (100)Pt/MgO substrate. These films were 
characterized by X-ray and electron diffraction and 
electron microscope. Thin film growth manner and c- 
axis orientation mechanism was discussed. Dielectric 
measurement revealed the phase transition behavior of 
PLT thin films. PLT thin film of x=0.15 shows an 
extremely large pyroelectric coefficient of 9.5xlO-8 

C/cm2K and low dielectric constant of 330. 

INTRODUCTION 

A pyroelectric infrared sensor has a merit of a room 
temperature operation and a wavelength independent 
responsivity and it is expected to provide the sensing 
system which is highly sensitive, lightweight, small size, 
maintenance-free, and inexpensive. 

The output voltage of a pyroelectric sensor is 
proportional to the figure of merit, Fv: Fv=y/(z,-Cv), 
where y, er, and Cv is pyroelectric coefficient, relative 
dielectric constant and volume specific heat, respectively. 
PbTi03 ceramics has a large y and a relatively small er 

and is widely used as a single element sensor in various 
field[l]. However, when considering about the remote 
sensing system for such as a person and an environment, 
a more sensitive linear or area sensor with fast response is 
strongly required. For that purposes, it is necessary to 
develop a new pyroelectric material and a new type of 
sensor structure. 

Single crystal or polarization axis oriented Pb based 
ferroelectric thin films, especially PLT thin films, will 
meet the demands mentioned above, because it might 
have a large pyroelectric coefficient. Development of 
high quality single crystal thin film of Pb-based 
ferroelectrics has been a major issue of our thin film 
research to obtain new or advanced properties 
unattainable in ceramic form with randomly oriented 
grain structure. The difficulties to produce high quality 
thin films of Pb-based ferroelectrics are mainly due to 
the high volatility of PbO. Recent progress of thin film 
technology make it possible to grow a high quality thin 
films[2-3]. We have reported the preparation and 
properties of Pb-based ferroelectric thin films[4-8]. 
However, the growth mechanism and c-axis orientation 
mechanism of the sputtered Pb-based ferroelectric thin 
film is still not clear. 

In this paper, we are reporting the preparation and the 
properties of PLT thin films. The electron microscopic 
observation revealed the detail structure of the film and 
the early stage of thin film growth on the substrate. 
Highly c-axis oriented PLT thin film demonstrated an 
excellent pyroelectric properties. 

PREPARATION OF THE FILMS 

The selection of the substrate is very important to 
obtain a high quality thin film ; that is the single crystal 
which has a similar oxygen arrangement in the surface as 
that of PLT and has a good lattice matching. From this 
view point, the substrates used were (100)MgO 
(fl=0.4213nm) and (100) oriented Pt (a=0.3923nm) thin 
film(100nm of thickness) deposited on MgO. 

The compositions of sputtering target powders were 
given by the ioxmuW.il-Y^b^^L^Ti^^O^YYbO 
where x=0.0-0.30 and 7=0.2. The films were deposited at 
substrate temperatures between 500 and 650°C in a 
sputtering gas (Ar/Oz = 9/1) and the sputtering gas 
pressure around 10-2Torr. The deposition rate of the 
films was typically 6nm/min. 

RESULTS AND DISCUSSION 

l.Characterization of the films 
The films were examined by electron and X-ray (Cu 

Ka) diffractometry and electron microscopy. The 
evaluation of the films was made by the degree of c-axis 
orientation a; o.=l001l\10o+^ooi-> where l100 and l001 
represent the diffraction intensities of 100 and 001 
reflections, respectively. 

The c-axis oriented PLT thin film is important for 
infrared sensors, because the c-axis is the polarization 
axis. The films having the a>0.9 were obtained in the 
entire compositional range in this study on both the MgO 
and Pt/MgO substrate. Figure 1 shows the typical X-ray 
diffraction pattern of the c-axis oriented PLT(x=0.15) 
thin film. The a of this film is 0.97 and 001 reflection of 
perovskite structure are mainly observed. The hOO 
reflections are very weak. 

30 35 40 

26 Cu Ka (deg.) 

45 50 

Fig. 1 X-ray diffraction pattern of PLT(x=0.15) thin film 
deposited on (100)Pt/MgO. 
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Fig. 2 The cla axial ratio of PbTi03 thin film as a function of 
the c-axis orientation rate a. SEM photographs for the film 
with a of 0.65 and 0.95 are also shown in this figure. 

X-ray diffraction measurement showed that the c-axis 
oriented films were elongated along the c-axis. Figure 2 
shows the tetragonality da of PbTi03 film plotted as a 
function of the a. The cla ratio correlate closely with the 
a and the cla axial ratio increases with increasing the a. 
The cla axial ratio of the film of a=0.98 is 1.075 and is 
about 1.2% larger than that for bulk PbTi03. As shown 
in Fig. 2, scanning electron microscope (SEM) 
photographs revealed that the films having low a and 
normal cla shows inhomogeneous columnar texture, 
whereas the films with uniform and dense texture have 
large a and large da. These results indicate the existence 
of a large two dimensional compressive stress in the film. 

It is believed that two dimensional stress in the PLT 
film can be effective in aligning the c-axis perpendicular 
to the substrate[4]. We measured the stress in the PLT 
(x=0) film deposited on MgO substrate preparing the 
cantilever by etching the MgO substrate after the 
deposition as shown in Fig. 3. The stress was calculated 
was made using the displacement of the cantilever by the 
following equation, (1), 

o=EbW[3(l-v)L2d] (1), 
where 
£=2.5xl06kgf/cm2 : Young's modulus of MgO, 
£>=30u.m : thickness of substrate, 
8=0.14cm : displacement of cantilever, 
v=0.2 : Poisson's ratio of MgO 
L=0.63cm : cantilever length 
d=6.6\im : film thickness. 

The internal compressive stress of PbTi03 thin film of 
6.6u.m deposited on MgO substrate was extremely large 
and about 490MPa. This internal stress is almost the 
same as that of PbTi03 thin film deposited on SrTi03 
single crystal[9]. 

To investigate the c-axis orientation mechanism, the 
change of domain population in the film was observed by 
using high temperature X-ray diffraction. Figure 4(a) 

Fig. 3 Schematical drawing of PbTi03/MgO composite 
cantilever which is prepared by etching the MgO substrate. 

shows the temperature dependence of the a on cooling 
from high temperature cubic phase. The film, just below 
the Curie point, Tc, is a-axis oriented one and then the a 
increases with increasing temperature. The a is still 
increasing even near the room temperature. The 
growth kinetics of c -domain was examined by keeping 
the temperature at just below the Curie temperature, Tc. 
The c-domain was not grown by keeping the temperature 
as shown in Fig. 4(b). These results show that c-axis 
orientation of the film is caused by a ferroelastic nature 
of PLT and is attained by introducing the compressive 
stress which is increasing on cooling process. Therefore, 
the preparation of highly dense and epitaxial thin film is 
necessary to obtain the PLT thin films with large a. 

Both the PbTi03 thin films deposited on MgO and 
SrTi03 substrate have almost the same internal stress. 
The origin of this large compressive stress can not be 
explained by the difference of the thermal expansion 
coefficient between the substrate (13xlO-<Vdeg and 
lOxlO-Vdeg for MgO and SrTi03) and the film (12- 
13xl0-Vdeg for PbTi03 a axis below Tc). This study is 
still continuing and will be published in near future. 

In order to investigate the film quality as well as to 
reveal the interface structure, the PLT films were 
examined by transmission electron  microscope (TEM). 

500°C 

3 minutes 

30 minutes 

100 200 300 400500 600 
Temperature  [°C] 

71       72 
20/deg. 

(a) (b) 
Fig. 4 (a)Temperature dependence of the a obtained from 
high temperature X-ray measurement, (b) Annealing effect to 
the peak profile around 300 and 003 peak of PbTi03 film. 
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TEM photographs of the cross section of the PLT 
(x=0.15) film deposited on the MgO substrate are shown 
in Fig.5. Figure 5(a) shows a low magnification image of 
the film in which no crack and no grain boundary is 
observed and the film seems to be homogeneous. The 
diffraction pattern of this area shows that the film is a 
single crystal and the film is constructed by mainly the c- 
domain (c-axis of the film is perpendicular to the 
substrate) and small portion of a-domain(c-axis is 
almost parallel to the substrate). The periodic dark 
contrasts are observed at the interface of the film to the 
substrate. High resolution TEM photograph (Fig. 5(b)) 
shows that the PLT film grew epitaxially on the MgO 
substrate and the connection of the atomic rows in the 
[001] direction going from the MgO substrate into the 
PLT film is clearly observed. The dark periodic contrasts 
are clearly observed in the PLT film near the interface to 
the MgO substrate. The period of the contrast is about 
3nm (=[aP/(öM-flp)]xflp/2, where ap and aM represent a 
lattice constant of PLT and MgO, respectively) and 
correspond to mismatch dislocation introduced in PLT 
thin film as shown in Fig. 5(b). The dislocations are not 
observed at the interface of the film and the substrate but 
in the PLT film about 2nm apart from the surface. 
Although the lattice mismatch between PLT and MgO is 
very large and about 8%, the PLT seems to accommodate 
its crystal lattice to that of MgO. 

(b) 
Fig. 5 (a) A low magnification TEM image of (OOl)PLT 
(x=0.15) on (100)MgO. (b) A high resolution TEM image of 
the PLT/MgO interface. 

2.Growth mechanism 
The early stages of sputtered thin film formation on 

single crystal surface are very interesting from the view 
point of the heteroepitaxial growth with large lattice 
mismatch. Figures 6 show the reflection high energy 
electron diffraction (RHEED) photographs for the 4nm 
thick PbTi03 thin films deposited on (100)MgO surface 
and (100)Pt surface , respectively. These RHEED 
patterns show that PbTi03 grow on the substrate 
epitaxially from the beginning of the film growth. 

(100) MgO (100) Pt 

Onm 

4nm 

(a) (b) 
Fig. 6 RHEED patterns for the substrate and 4nm thick PLT 
thin film. (a)(00)MgO substrate and (b)(100)Pt/MgO 
substrate. The azimuth of electron beam incidence is [010]. 

Figure 7 shows SEM photographs for the PbTi03 films 
deposited on (100)MgO surface. These films were 
deposited with very low deposition rate of lnm/min and 
deposited 45 minutes (a) and 60 minutes(b), respectively. 
In Fig. 7(a), there observed a lot of small island or 
particles of about 100-200nm in diameter on the surface 
of MgO substrate indicating that PbTi03 grow in thee 
dimensional Volmer-Weber growth mode on MgO 
surface. From the results of RHEED observations these 
islands are single crystal and keep epitaxial relationships 
with respect to the substrate. The nucleation density on 
the surface seems to be very low and migration length of 
sputtered atoms on the surface is fairly long and 
estimated about a hundred nanometer. 

After one hour deposition, in Fig. 7(b), the number of 
islands are decreased and their size becomes larger than 
that observed in Fig 7(a). Some of them are becoming a 
rod-shape. These rod-shape islands are directed their 
rod axis to <110> direction of the MgO substrate. Few of 
them aligned to <100> direction of the MgO substrate. 
These islands also a single crystal and keep epitaxial 
relation to the substrate, judging from RHEED 
photographs. Furthermore, on (100)Pt surface, PbTi03 

grow almost the same manner as on the (100)MgO 
substrate as shown in SEM photograph of Fig. 7(c). 

From these observation, the growth process of PbTi03 
on MgO and Pt surface is considered as follows: After the 
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Fig. 7 SEM photographs of the early stages of thin film 
growth. After 45 minutes (a) and 60 minutes (b) for MgO 
substrate and after 60 minutes (c) for Pt/MgO substrate. 
These films were deposited with very low deposition rate of 
lnm/min 

nucleation process, crystal island grow on the substrate 
and the small island also can migrate on the surface. 
These particles are in epitaxial relation with the substrate, 
already. The size of the island are increased by a 
continuous supply of materials from the target. When the 
particle size becomes about 200nm or more, the island 
coalescent each other and change the shape to rod-like 
one. These larger particles also in the epitaxial relation 
with MgO substrate. After the coalescence process, the 
particles make a continuous film covering the surface of 
the substrate. Although PbTi03 does not grow in two 
dimensional layer by layer mode, the obtained film are 
dense and continuous on an atomic scale and there 
observed no grain boundary in SEM and TEM 
photographs. These process are described in Fig.8 
schematically. 

3.Electric properties of the films 
Dielectric constant, er, and dielectric loss factor, tanö, 

were measured at 1kHz applying about 25kV/cm by 

(c) 

*      1 ■*   -L 

(d) 

M-g-O- 

Fig. 8 Schematical drawing of growth manner of PLT thin 
film. 

multifrequency LCR meter. D-E hysteresis loops were 
observed using a Sawyer-Tower circuit with sinusoidal 
wave of 100Hz. Pyroelectric coefficient, y was obtained 
from the temperature gradient of pyroelectric current 
measured by a pico-ammeter. These measurements were 
performed without a poling treatment. Nevertheless, 
significant pyroelectric currents were detected on all the 
thin films. Usually, pyroelectric currents cannot be 
observed on ferroelectric polycrystalline ceramics and 
single crystal without a poling treatment. This 
phenomenon is named "self-polarization" and is shown 
in Fig. 9 schematically. 

Figure 10 shows er and y of PbTi03 films as a function 
of the c-axis orientation rate a. er decreases and y 
increases with increasing a. Figure 11 shows coercive 
force Ec and remanent polarization Pr of PbTi03 thin 
film as a function of the a. Ec is almost constant, 
whereas Pr increases with increasing the degree of c-axis 
orientation a. These behavior can be explained by the 
fact that er along the c-axis is smaller than that 
perpendicular to the c-axis, and the c-axis is the 
polarization axis. The film with a=0.8 shows an er of 97 
and y of 2.5xlO-8C/cm2K.  er is smaller and y is larger 
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Fig. 9 Schematical drawing of c-axis oriented PLT thin film 
which have polarization without poling treatment. 
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It is evident that the phase transition behavior of the films 
changes with composition from normal phase transition 
characterized by a sharp peak of the dielectric constant to 
diffused phase transition characterized by a broad peak 
with increasing La content. 

£r-temperature characteristics for ferroelectric materials 
above the Curie point have been reported to be described 
by the equation (1/e-l/eJ1^ (T-Tm)/C, where em is the 
maximum dielectric constant of a material, Tm is the 
temperature giving em and n and C are constants 
changing with the composition[10]. It is also known that 
n=l for normal phase transition materials and n=2 for 
diffused phase transition materials[10]. The n-values 
were obtained from the replot of the data on a log(l/E- 
1/EJ versus log(J-rm) plot. The result are shown in Fig. 
14 as a function of the La content. In this figure, it is 
obvious that the diffuseness of the phase transitions in the 
PLT continuously varies with the composition and it is 
increased with increasing La. 
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Fig. 12 Dielectric constant Ej and pyroelectric coefficient y as 
a function of the La content, x. 

Fig. 11 Relation between coercive force Ec and remanent 
polarization Pr and c-axis orientation rate a for PbTi03 thin 
film. 

than those of PbTi03 ceramics (er=190,Y=l.8x10-8 
C/cm2K). 

Figure 12 shows er and y of the films as a function of 
La content. er increase with increasing La content, y 
increased with increasing La and shows its maximum at 
x=0.15 and then decreased with increasing La. As we 
mentioned above, we measure the pyroelectric properties 
without poling treatment. This results show that although 
the a of the films are high, self-polarization of the films 
is disappearing in a region containing La more than 15 
at%. To investigate the behavior of phase transition, 
temperature dependence of er was measured and results 
are shown in Fig. 13 for the samples containing La more 
than 15%. This figure shows that all the samples exhibit 
a characteristic peak of the dielectric constant at around 
their Curie point, varying consistently with composition. 

-100 0   100   200   300   400 
Temperature (°C) 

Fig. 13 Dielectric constant of PLT (x=0.15,0.20,0.25,0.30) as 
a function of temperature for 1kHz. 
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Fig. 14 Variation of n plotted as a function of La content x. 
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Fig. 15 Figure of merit, Fm, for specific detectivity as a 
function of La content x. 

The dielectric properties of relaxer is understood by the 
microscopic composition fluctuation^ 1]. In the PLT 
case, a defect structure incorporated in PLT by the 
exchange of Pb* to La3+ ion is strongly related to the 
fluctuation. It is considered that such fluctuation and/or 
the exchange of Pb2+ to La3+ is weakening the long- 
range ordering of Ti4+ ions in the materials and 

PLTtWnmms Self-poIarization disappeared in La-rich 

The figure of merit of detectivity D* for infrared sensor 
was calculated using the obtained sr, tanS and v by the 
equati0n^=y/(Cv.(tan8-Er)i/2) and the results are shown 
in Fig. 15 as a function of La content. Fm increase with 
increasing La content up to x=0.15 because of the 
increase of pyroelectric coefficient and show maximum at 
X-U.15 The results are summarized in Table I with the 
m% nC^m°n PyroeIectric materials. Fm of the 
fLi. (x-U.15) is about 4 times larger than that of PbTiO, 
ceramics and is considered to be a good material for 
infrared sensor. 

Highly sensitive linear array sensors were fabricated 

™5   ^T V"" Ülms[7]-   The D* of Ms ^nsor is considerably large and 6xl08cmHz^/W is attained 
This type of sensor using PLT thin film with 8 elements 

have been carried on the air-conditioner to instantly 
identify the number, location and postures - standing or 
sitting - of people in a room, expecting the sensor help to 
provide more adequate air-conditioning by making the 
room more comfortable for all occupants 

TABLE I 

PLT thin film 
PbTi03 ceramics 
PZT ceramics 
LiTa03 single crystal 

Er y Fm Tc 
rC/cm^KI  [Ccm/J] [°C] 

330 9.5x10-816x10-9330 
190 1.8 4 490 
380 5.0 8 220 
54 2.3 9 620 

CONCLUSION 

Highly c-axis oriented PLT thin films with excellent 
pyroelectric properties were obtained. X-ray diffraction 
study, internal stress analysis, and SEM observations 
revealed that c-axis orientation is due to the compressive 
stress in the film and this compressive stress is attained 
D^^?arI?g th,e highly dense epitaxial thin films. The 
PLT thin films (x=0.15) showed an excellent pyroelectric 
properties. 

Dielectric measurement demonstrated that phase 
transition behavior of PLT changes from normal to 
diffused phase transition with increasing La content The 
self-polarization disappeared in the film of diffused 
phase transition composition. 
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FERROELECTRIC MIM AND MOS STRUCTURE OF LASER 
DEPOSITED (Sr0 2Ba0 8)TiOs THIN FILMS 

*H. F. Cheng, Phys. Dept., NTNU; I. N. Lin, MSC, NTHU; 
♦Phys. Dept. NTNU, 88 Sec. 4, Ting-Chou Road, Taipei, Taiwan, ROC. 

Abstract 

The laser ablation technique has been applied to 
synthesize the (Sr0 2Ba0 8)Ti03 thin films. Substrate 

temperature and chamber oxygen pressure were observed to 
affect the characteristics of the films most prominently. The 
metal-insulator-metal (MIM) structure of the films deposited 
on Pt-coated Si-substrates, possesses better ferroelectric 
properties than those of the metal-oxide-semiconductor (MOS) 
structure, as demonstrated by hysteresis loops of remanence 
Pr=1.56 iiC/cm2 and coercivity Ec=13.5 kV/cm. The 

ferroelectricity of MIM structure is also indicated by butterfly 
C-V characteristics while that of MOS structure is depicted 
by hysteresis C-V curves. The charge-discharge test reveals 
that the effective dielectric constant of the ferroelectric 
(Sr0 2Ba0 8)Ti03  thin  films  can reach a value as high as 

£ r=788. 

The development of high density dynamic random 
access memories (DRAM) requires large charge storage 

capacity in a very small areaO). Utilizing the ferroelectric 
materials in place of the low dielectric constant Si02( e r=3.8) 

films provides another possibility to improve the charge 
storage capacity of the memory cells. The BaTi03 materials 

are ferroelectrics which possess high dielectric constant near 
the Curie temperature (120°C~130°C). They have been 

successfully synthesized by R.F. sputtering(2~3), activated 

reactive evaporationC4), metalorganic chemical vapor 

deposition(5), sol-gel(6) and pulsed laser ablation(7>8) 
techniques. Among these processes, the pulsed laser 
ablation method possesses overwhelmingly advantages. The 
ferroelectric properties of the Sr-modified BaTi03 films 

prepared by using pulsed laser ablation technique will be 
presented in this paper. The influence of substrate materials 
on the characteristics of these films will be described. 

The apparatus used for synthesizing the modified 
BaTi03 films was described elsewhereC9). Ultraviolet beams 

(308 nm) from XeCl excimer laser (Lambda Physik; LPX 
200) were introduced onto rotating (Sr0 2Ba0 8)Ti03 target to 

generate a plume consisting of Sr, Ba, and Ti ions and 
neutral atoms. The (Sr0 2Ba0 8)Ti03 film was then deposited 

onto the substrate placed at the tip of plume and heated by 
halogen lamp. The substrate temperature was controlled at 
650°C and the oxygen pressure of the chamber was 
maintained at 1 mbar. The substrates used for growing the 
(Sr02Ba08)TiO3 films include bare n-type silicon (100), 

platinum coated silicon(lOO), amorphous glass and MgO 
(100) single crystal. The crystal structure of the films was 
examined using x-ray diffractometer (Rigaku). The 
ferroelectric hysteresis loops (D-E curves) were measured 
using Sawyer-Tower circuit. The charge storage capacity of 

CH3416-5 0-7803-1847-l/95/$4.00©19951EEE 

the films was estimated from the charge-discharge curves of 
the films in response to the applied square pulse signal. 

The X-ray diffraction patterns of the (Sr02Ba0g)TiO3 

films deposited on various kinds of substrates, at 1 mbar 
oxygen pressure and 650°C substrate temperature, are shown 
in Figs.la~ld to indicate that all the films are of the same 
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Fig. 1 The x-ray diffraction patterns of (Sr0 2Bag 8)Ti03 thin 

films deposited under 650°C/1 mbar on (a) Pt (Si), (b) n-type 
Si, (c) glass and (d) MgO (100) single crystal and (e) that of 
the target materials. 
perovskite crystal structure as that of the target (Fig.le). The 
substrate materials have significantly influenced the texture 
characteristics of the films. Both of the surfaces on the Pt/Si 
substrate and n-type silicon substrate can effectively trigger 
the heterogeneous nucleation of the (Sr0 2Ba0 8)Ti03 grains 

such that randomly oriented films were resulted (Figs, la & 
lb). The surface of the glass substrate has enhanced the 
growth of the (110) grains (Fig.le), while that of the MgO 
substrate has facilitated the deposition of the (200)/(002) 
family grains (Fig.Id). 

The electrical properties of the (Sr0 2Ba0 8)Ti03 

films were characterized by measuring the charge storage 
capacity of the films, which was evaluated by applying the 
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square shaped pulse to the samples and measuring the charge 
or discharge behavior across a seriesly connected resistance, 
shown as the inset in Fig.2. The charge-discharge behaviors 
for the films deposited on Pt(Si), which is of metal-insulator- 
metal structure (MIM), are the same no matter whether the 
applied pulses are positive or negative (Fig.2c). The 
estimated dielectric constat e r=788. On the other hand, 

when the same signals were applied to the films deposited on 
bare silicon, which is of metal-oxide-semiconductor (MOS) 
structure, large charge-discharge response can be obtained 
only when the negative pulses were applied. In other words, 
the response was large when the n-Si was forwardly biased 
and was small when it was reversely biased (Fig.2b). The 
charge-discharge signals of MOS structure is significantly 
lower than those of the MIM structure. It implies that there 
exists a low dielectric constant layer beneath the 
(Sr02Ba0g)TiO3 film, such that the seriesly connected 
capacitance value is lowered markedly. 
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Fig.2 The charge-discharge behavior of (Sr0 

films; (a) the applied pulse signal and the response of (b) 
MOS and (c) MIM structure for films deposited, respectively, 
on bare-Si and Pt coated Si. 

The ferroelectric properties of the (Sr0 2Ba0 8)Ti03 

films were characterized by the electric field (E) dependence 
of the displacement (D), using Sawyer-Tower circuit. The 
results are shown in Fig.3a for the films deposited on Pt(Si). 
The films behave as linear dielectric in small applied signal. 
The hysteresis loops were observed for large enough applied 
signal but were distorted when the applied electric field 
exceeded certain limit. The remanance (Pr) and coercivity 

(Ec) estimated from the saturated hysteresis loops are, 

respectively, Pr=1.56 uC/cm? and Ec=13.5 kV/cm. The 
remanence of the films is smaller than that of the bulk 
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Fig.3 The displacement-electric field (D-E) relationship of 
the (Sr0 2,Ba0 8)Ti03 films deposited on (a) Pt (Si) substrate 
and (b) n-Si substrate. 

samples (P°r=6.56 uC/cm*), while the coercivity of the films 
is larger than that of the ceramic samples (E°c=1.56 kV/cm). 

The phenomenon that the hysteresis loops were distorted 
when the applied field exceeded some limit, is probably due 
to (i) the asymmetry in the electrodes or (ii) the asymmetry 
in residual strain. The former is caused by the fact that the 
bottom electrode is of large area ground plane, while the top 
electrode is only a dot of diameter 0.5 mm. The latter is 
resulted from the lattice mismatch between the film and 
substrate. The D-E curves of the films deposited on n-Si is 
slim and asymmetric with respect to applied voltage(Fig.3b). 
This is ascribed to the existance of low dielectric constant 
layer at film-substrate interface and the formation of 
depletion region under reversed biased situation. 

In summary, the characteristics of (Sr02Ba0g)TiO3 thin 

films deposited on various substrates at 650°C and 1 mbar 
depositing oxygen pressure have been studied. The films 
deposited on MgO and glass substrates are, respectively, 
textured in (200) and (110) orientation. Those deposited on 
either Pt-coated Si or n-type Si are randomly oriented 
polycrystalline. The charge-discharge characteristics reveal 
that the MIM structure of the films deposited on Pt coated 
silicon possesses better charge storage capacity and effective 
dielectric constant than the MOS structure of the films grown 
on bare silicon. The best result of dielectric constant is 
£ r=788. The ferroelectic properties of the (Sr0 2Ba0 8)Ti03 

films are confirmed by the existence of D-E hysteresis 
curves. The best ferroelectic parameters are P=1.56 ^C/cm2 
and Ec=13.5 kV/cm, respectively. 
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Electron Beam on Metal Naphthenate Films 

Soichiro Okamura, Atsushi Kakimi, YukieYagi*, Katsumi Mori* and Takeyo Tsukamoto 

Department of Applied Physics, Faculty of Science, Science University of Tokyo, 

1-3 Kagurazaka, Shinjuku-ku, Tokyo 162, JAPAN 

* Yamaguchi College, Science University of Tokyo, 

1-1-1 Daigaku-dori, Onoda, Yamaguchi 756, JAPAN 

Abstract - Fine micropatterns with linewidth of 0.35 pan were 
fabricated by irradiation of an electron beam on metal 
naphthenate films being precursors of ferroelectric oxide and 
development with a solvent. Relatively large patterns were 
crystallized into the single phase BiyTijOu with c-axis orientation 
by snccessive heat-treatment at 800 1C. Micropatterns with 
linewidth of 1 pin were crystallized into single crystals and their 
volume was reduced to 15 % by the heat-treatment PZT and 
BJ4Ti30,2 thin films formed by the dipping pyrolysis method, 
which is the base of this patterning process, exhibited good 
ferroelectric properties; the remanent polarization Pr and the 
coercive field Ec were 24 (iC/cirf and 39 kV/cm for PZT, and 1.6 
(iC/citf and 24 kV/cm for Bt,Ti3012, respectively. 

I. INTRODUCTION 

FERROELECTRIC thin films on sUicon wafers have a 
great potential for an application to electronic devices 

such as high-density dynamic random access memories 
(DRAMs) and nonvolatile memories [1]. There is also 
possibility as second harmonic generators (SHGs) and 
optical switches in optoelectronic devices. Therefore, over 
the past few years, numerous studies to form ferroelectric 
thin films have been made by several methods such as 
metalorganic chemical vapor deposition (MÖCVD), sol-gel 
method, rf-sputtering and the laser ablation. 

Micropatterning of ferroelectric materials is one of the 
most important technologies for application of them to 
silicon-based integrated circuits (ICs). In ordinary 
semiconductor process, silicon and silicon dioxide (Si02) 
are patterned by dry etching with resist patterns. It is, 
however, difficult to etch ferroelectric oxides without 
reactive gases because of their hardness. Only a few 
attempts on micropatterning of ferroelectric oxides have 
been made so far. M. A. Title et al. [2] and M. R. Poor et al. 
[3] patterned PLT or PLZT films by dry etching with HC1 
and/or CF4. Y. Nakao et al. [4] and N. Tohge et al. [5] made 
PZT micropatterns by using photo-sensitive sol-gel 
solutions. 

We have proposed a micropatterning process for 
composite oxides YBa2Cu307.x using an electron beam in 
1992 [6]. In this process, at first, an electron beam is 
irradiated on metal naphthenate films, then unirradiated area 
is removed by development with a solvent. The precursor 
micropatterns are pyrolyzed and crystallized into target 
oxides by successive heat-treatment. In the heat-treatment of 
sub-micron micropatterns, it is expected that the precursor 
micropatterns may be crystallized into single crystals. It is 
possible to apply this process to ferroelectric oxides. We 
have reported the fabrication of bismuth titanate Bi4Ti3012 
micropatterns by this process [7][8]. 

This paper describes the formation of lead zirconate- 
titanate (PZT) and Bi4Ti3012 thin films by the dipping 
pyrolysis method, which is the base of this patterning 
process, and fabrication of ferroelectric micropatterns by an 
electron beam irradiation and successive heat-treatment. 

n. EXPERIMENTAL 

A. Dipping Solutions 

Metal naphthenates consist of cyclopentanes or 
cyclohexanes, methylene chains -(CH2)n-, -COO- and 
metals. They have mainly following structure; 

[(cyclopentane) - (CHjL. - COO ]"„ - Mm\ 

where, M is a metal atom. They are stable in air and sticky 
liquid at room temperature. In this study, titanium, bismuth, 
lead and zirconium naphthenates were used as starting 
materials to prepare dipping solutions. Metal contents of 
these naphthenates were estimated to be 3.6, 5.1, 25 and 
7.8 wt%, respectively. 

Two kinds of dipping solutions for PZT and Bi4Ti3012 
were prepared by mixing the metal naphthenates with 
Pb:Zr:Ti = 1.05:0.52:0.48 and Bi:Ti = 4:3 in molar ratio, 
respectively. They were diluted with toluene to realize 
appropriate viscosity for the spin-coating. All the operations 
were carried out in air. 

B. Formation of Ferroelectric Oxide Thin Films 

Platinum (Pt) plates were used as substrates. The 
substrates were spin-coated with the dipping solutions at a 
rate of 4000 rpm for 20 s and dried in air at 110 °C for 10 
min. Then, they were calcined in air at 500 °C for 5 min. The 
drying and calcination temperatures were determined from 
results of thermogravimetry-differential thermal analysis 
(TG-DTA) for the dipping solutions [7]. Film thickness was 
adjusted by repetition of the spin-coating and the 
calcination. Finally, they were crystallized into ferroelectric 
oxides by sintering at 600 ~ 800 V for 30 min in 02 
atmosphere. 

Film thickness was measured by observation of cross- 
section using a scanning electron microscope (SEM). 
Crystal structure was confirmed by X-ray diffraction 
analysis (XRD) with CuKa. Surface morphology was 
observed by an SEM. 

To evaluate electric properties, Au dots of 1 mm 0 
deposited on the film surface by vacuum evaporation were 
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used as top electrodes and Pt plates were used as bottom 
ones. Dielectric constants and losses were measured by an 
LCR meter at 1 kHz. D-E hysteresis loops were observed by 
means of the Sawyer-Tower circuit with a sinusoidal field. 

C. Fabrication of Ferroelectric Oxide Micropattems 

Fig. 1 shows micropatterning process of ferroelectric 
oxides. At first, substrates were spin-coated with the dipping 
solutions to form homogenous precursor thin films at a rate 
of 1000 rpm for 10 s. After they were dried in air at 110 °C 
for 10 min, an electron beam was irradiated on the precursor 
films. Fig. 2 shows an electron beam drawing system 
constructed by modifying a conventional SEM. Drawing 
patterns inputted to the personal computer consisted of three 
primitive elements; horizontal lines, vertical ones and 
squares. The electron beam accelerated at a voltage of 30 kV 
was scanned according to the given pattern by the computer 
which controls vertical and horizontal deflecting voltage, 
and blanking signal. Irradiation time for each point was 5 
ras. Metal naphthenate films have negative exposure 
characteristics for the electron beam and the sensitivity is 2.5 
X 10-3 C/cm2 [7]. It seems that energized electrons cause a 
bridge-building reaction in the films and make them 
insoluble in toluene [8]. Total dose was adjusted by the 
repetition of scanning. Size of whole patterns was controlled 
by changing the magnitude in the SEM. Spot size of the 
electron beam was appropriately adjusted to the requested 
size of the patterns. Probe current was measured by a pA 
meter inserted between the sample and the ground. In typical 
conditions for drawing patterns with 1 // m order, the spot 
size and the probe current of the electron beam were 10 nm 
(j) and 12 pA, respectively. 

After the electron beam drawing, the samples were 
developed with toluene to remove the unirradiated area. In 
this moment, the precursor micropattems were formed on 

Electron beam 

I  ^ rv, :—\ I— Metal naphthenate 
j~H Scanning)/     ^^ 

Substrate 

-^L ( Development) 

Precursor 
micropattern 

y^-(Pyrolysis and Crystallization ) 

Ferroelectric oxide 
micropattern 

Fig.l Micropatterning process of ferroelectric oxides by irradiation of 
an electron beam on metal naphthenate films and development. 

Filament 
Blanking electrode 

^Q^H^DÜDu, 

Deflecting coils 

Electron beam 

Sample 
Personal computer 

Fig.2 Schematic diagram of the electron beam drawing system. 

substrates. They were crystallized into ferroelectric oxides 
by successive heat-treatment. 

The crystal structure of patterns formed on Pt plates was 
confirmed by XRD. Aspects of the micropattems before and 
after sintering were observed by an SEM. 

Dl. RESULTS AND DISCUSSION 

A. PZT Thin Films 

PZT thin films were formed on Pt plates by calcination at 
500 °C. The film thickness was estimated to be 500 nm. Fig. 
3(a) shows an XRD pattern of the PZT film. It is confirmed 
that the film was crystallized into the Pb(Zr052, Tio48)03 
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Fig.3 XRD patterns of (a) the PZT thin film and (b) the Bi4Ti3012 thin 
film. 
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(a) B%»*y*> 7~rry*£.~3. 

5H«:        B71589 

Fig.4  Surface morphologies of (a) the PZT thin film and (b) the 
Bi4Ti3Ou thin film. 

Fig.6 SEM photographs of (a) micropattem formed on precursor film 
with 5 ßm in thickness and (b) fine precursor micropattem with 
linewidth of 0.35 ßm. 

(a) mz%\ 
and loss were estimated to be 309 and 0.06, respectively. 
These values agree with those reported by Shimizu et al. [9]. 

B. BLTLO,, Thin Füms 
4       3     12 

(b) 

Bi4Ti3Ot2 thin films were formed on Pt plates by 
calcination at 500 V and sintering at 800 °C- The film 
thickness was estimated to be 500 nm. Fig. 3(b) shows an 
XRD pattern of the film. It is confirmed that the film was 
crystallized into the single Bi4Ti3012 phase with c-axis 
orientation. Surface morphology of the film was shown in 
Fig. 4(b). Platelike crystals were piled up on the substrate. 

Fig. 5(b) shows a D-E hysteresis loop of the Bi4Ti3012 film 
observed at 150 Hz. From this figure, the remanent 
polarization P, and the coercive field Ec were estimated to be 
1.6 ß C/cm2 and 24 kV/cm, respectively. Dielectric constant 
and loss were estimated to be 48 and 0.02, respectively. 
These values are comparable with those reported by Toyoda 
et al. [10]. 

Fig.5 Z>-£ hysteresis loops of (a) the PZT thin film (P, = 24 fiC/citf, Ec 
= 39 kV/cm) and (b) the Bi/TijO^ thin film (Pr = 1.6 nC/cm*, Ec = 
24 kV/cm). 

phase. Heat-treatment above 550 'C made no change in 
XRD patterns. Surface morphology of the film was shown in 
Fig. 4(a). It is found that small grains of 20 ~ 50 nm close 
each other. 

Fig. 5(a) shows a D-E hysteresis loop of the PZT film 
observed at 10 kHz. From this figure, it was estimated that 
the remanent polarization P, and the coercive field Ec were 
24 ß C/cm2 and 39 kV/cm, respectively. Dielectric constant 

C. Fabricated Precursor Micropattems 

It seems that the aspect of micropattems was affected by 
the thickness of precursor films. To estimate the film 
thickness of which the electron beam could make fine 
patterns, drawing to precursor films with different thickness 
was carried out. Fig. 6(a) shows a PZT precursor pattern 
formed on a film with 5.5 //m in thickness. In this case, 
although lines are separated at film surface, they broaden to 
the substrate and connect each other at near the substrate 
surface due to the scattering of electrons in the film. It 
suggests that there is limitation in the thickness of precursor 
films to form fine micropattems by the electron beam 
drawing. 
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Fig.7 An XRD pattern of the square Bi4Ti3Ou pattern sintered at 800 

The aspect of PZT precursor micropatterns formed on a 
film with 2.5 ßm in thickness is shown in Fig. 6(b). It is 
found that fine micropatterns with linewidth of 0.35 ß m and 
aspect ratio of 7 are fabricated. 

D. Crystallization ofBiATiiOn Precursor Micropatterns 

An XRD pattern of the 3 X 4 mm* square pattern of 
bismuth titanate fabricated on the Pt plate by irradiation of 
the electron beam and successive heat-treatment at 800 °C is 
shown in Fig. 7. It is confirmed that the pattern was 
crystallized into single phase Bi4Ti3012 with c-axis 
orientation as well as thin films. It means that the electron 
beam never causes the composition change of films. 
However, ferroelectric properties for this pattern were not 
observed because of the high conductivity. 

To observe the crystallization of Bi4Ti3012 micropatterns, 
1 X 2 ß m2 patterns were formed and then sintered in 02 at 
800 °C for 5 min. Fig. 8(a) and 8(b) show micropatterns of 
Bi4Ti3012 before and after heat-treatment, respectively. 
Patterns with 1 //m width and 0.6 ßm height changed to 
ones of 0.5 ß m width and 0.3 ß m height, respectively. The 
volume was reduced to 15% by the heat-treatment. It seems 
that they are crack-free single crystals. 

IV. CONCLUSIONS 

Ferroelectric PZT and Bi4Ti3Oi2 oxide thin films were 
formed by dipping pyrolysis of metal naphthenates. The PZT 
thin film exhibited the remanent polarization Pt of 24 ßC/ 
cm2 and the coercive field Ec of 39 kV/cm. The BiTi3012 thin 
film with c-axis orientation exhibited the remanent 
polarization P, of 1.6 ß C/cm2 and the coercive field £c of 24 
kV/cm. 

Fine precursor micropatterns with linewidth of 0.35 ß m 
were fabricated by irradiation of the electron beam on metal 
naphthenate films and development with toluene. The 
pattern on thicker precursor films broadens to the depth 
direction due to electron beam scattering in the films. 

The relatively large bismuth titanate pattern was 
crystallized into single phase Bi4Ti3On with c-axis 
orientation by heat-treatment at 800 *€. It seems that 
precursor micropatterns with linewidth of 1 ßm were 
crystallized into single crystals. Properties of each 
microblock in the patterns are now in progress. 

(b) 

Fig.8 Aspects of the micropatterns (a) before and (b) after heat-treat- 
ment. 
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Abstract 

Ferroelectric imprint is measured on thin-film PLZT 
capacitors with lanthanum strontium cobalt oxide top 
and bottom electrodes. The data show a significant 
amount of imprint with a combined elevated temperature 
and alternating (unipolar) voltage stress. No imprint 
was observed on samples that were temperature stressed 
without external bias. 

Introduction 

Imprint of ferroelectric (FE) thin-films is generally 
considered to be an asymmetrical retention phenomena 
that is manifested by the tendency of a FE capacitor 
element in a non-volatile memory to spontaneously 
(without the application of an external electric field) 
switch (partially or fully) to a preferential state. For 
imprint to occur, a preferential state has to be developed 
either by some operational stress on the capacitor 
element (e.g., bias temperature stress), or as a "built-in" 
preferential state that may develop during film growth or 
other process-related steps. For this work we use the 
term "imprint" to describe any asymmetrical retention 
characteristics of the FE capacitor element. 
This work discusses the results of imprint testing on lead 
lanthanum zirconate titanate (PLZT) FE capacitors with 
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lanthanum strontium cobalt oxide (LSCO) electrodes 
using a measurement and analysis technique to determine 
the degree of imprint of FE capacitor elements as a 
function of time after the write pulse. The results of 
these measurements will be shown and the implications 
to memory failure due to imprint will be briefly 
discussed. 

The imprint characteristics of these particular thin-film 
heterostructures are of interest because of their excellent 
fatigue and retention characteristics (>10^2 cycles with 
only minimal polarization loss) [1]. Because of this 
excellent fatigue behavior this type of heterostructure 
may be a candidate for FE nonvolatile memories in the 
near future. 

Measurement Technique 

The imprint measurement used for this work consists of 
a voltage pulse technique which uses square voltage 
pulses for both writing and reading data bits to FE 
capacitors [2]. Figure 1 shows the pulse configurations 
and the resulting digitized data from an oscilloscope for 
the two positive read conditions (Fig. la) and the two 
negative read conditions (Fig. lb). This measurement 
approach attempts to simulate the same write/read 
conditions that a FE capacitor cell would experience in a 
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Figure 1: Oscilloscope trace of switched and non-switched polarizations, (a) positive reads and (b) negative reads. 
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nonvolatile memory (i.e., relatively short write/read 
pulses and variable delay times between write and read 
pulses). 

Switched Positive Read Switched Negative Read 

lüt JL _ra_, ^tr 
Non-Switched Positive Read     Non-Switched Negative Read 

J^HHR. 
"TüT1^ 

Figure 2: All possible pulse configurations for a 
destructive read out memory. 

Figure 2 shows all four possible voltage pulse pair 
configurations a capacitor can experience (with variable 
write/read delay) in a destructive readout (DRO) 
memoryThese four cases are: (a) write down/read up 
(switched polarization, positive read), (b) write up/read 
down (switched polarization, negative read), (c) write 
up/read up (non-switched polarization, positive read), 
and (d) write down/read down (non-switched 
polarization, negative read). Note that in the first two 
cases the polarization state is being switched, hence 
these cases are referred to as switched positive read, and 
switched negative read, respectively. In the last two 
cases the polarization state is being read in the same 
direction as the write therefore the polarization state is 
not switched and these cases are referred to as non- 
switched positive read, and non-switched negative read, 
respectively. 

It should be noted at this point that for a FE capacitor 
element which contains no asymmetrical retention loss 
(or imprint) the write up/read down polarization has to 
exactly equal the write down/read up polarization (by 
our earlier definition of imprint) and similarly for the 
non-switched polarization cases write up/read up equals 
write down/read down. If these polarizations are not 
equal then, by definition, the device contains an 
asymmetrical retention characteristic and can be said to 
show some imprint or preferential state. 

Imprint Tests 

All the capacitors tested were packaged in ceramic 16- 
pin dual in-line packages (DIPs) at the Army Research 
Laboratory   (ARL)    Semiconductor   and   Electronic 

Materials Test Facility prior to testing. The parts were 
packaged to facilitate the bias temperature stressing used 
to "imprint" the samples. The samples were screened 
and their retention characteristics recorded from 1 us to 
100 s write/read delay time prior to bias temperature 
stressing. 

All the "imprint" stressing was performed at 100°C. The 
samples were heated to temperature with the top and 
bottom electrodes tied to ground (to mitigate any 
pyroelectric fields). Once at temperature the voltage 
portion of the imprint stress was applied. Four different 
voltage stress were studied: 

(1) No bias-the capacitors were poled with a -5 V pulse 
and the bias removed prior to heating, 

(2) A 0 to +5 Vac 100-Hz 50% duty cycle waveform, 

(3) A 0 to -5 Vac 100-Hz 50% duty cycle waveform, 
and 

(4) A 0 to +2.5 Vac 100-Hz 50% duty cycle waveform. 

Post-stress retention was measured at room temperature 
(the samples were allowed to cool with top and bottom 
electrodes tied to ground for 2 hours prior to the 
retention measurements) after each stress interval. The 
stress intervals were 100, 200, 500, and 1000 s. 

Results 

Figure 3 shows the retention characteristics for a 
LSCO/PLZT/LSCO sample prior to any bias 
temperature stressing. The ordinate is the voltage 
measured across the integrating capacitor and is related 
to polarization by a constant. The abscissa is the time 
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Figure 3: Pre imprint-stress retention characteristics. 

delay between the write and read pulses. As mentioned 
above, these measurements attempt to simulate, as 
closely as possible, the conditions a capacitor used as a 
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memory element could experience in an actual memory 
device. Note in this figure that there is only a very small 
difference between the switched positive read and 
switched negative read and similarly between the non- 
switched cases. This implies that, as grown, these 
samples do not have a significant preferential state. 

Figure 4 shows the retention characteristics of the same 
sample shown in figure 3, but now the capacitor has 
been stressed at 100°C for 1000 s with a 0 to +5 V 100- 
Hz 50% duty cycle waveform.    Note that the two 
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Figure 4: Post imprint-stress retention characteristics (0 
to +5 V 100 Hz 50% duty cycle stress waveform). 

switched polarizations and the non-switched 
polarizations have separated by a significant amount. 
This sample now shows an asymmetrical retention 
characteristic with the switched positive read 
polarization decreasing in magnitude and the non- 
switched negative read polarization increasing in 
magnitude. Note also that the switched (positive read) 
and non-switched (negative read) come together at long 
write/read delay times. 

Figure 5 shows another sample taken from the same 
substrate as the sample shown in figures 3 and 4. This 
figure shows the sample after 1000 s of bias temperature 

stressing at 100°C with a 0 to -5 V 100-Hz 50% duty 
cycle waveform. Under these stressing conditions the 
switched (negative read) and non-switched (positive 
read) polarizations move somewhat closer together 
(indicating a negative preferential state). Unlike the 
previous case (0 to +5 V stressing) the switched 
(positive read) and non-switched (negative read) 
polarizations remain apart by a significant margin. 

Figure 6 shows another sample after 1000 s at 100°C 
with no applied external bias. The sample was poled 
negative prior to the temperature stressing, but the bias 
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Figure 6: Post imprint-stress retention characteristics 
(no external bias, poled negative). 

was removed before heating the sample. The data 
indicate that no preferential state (i.e., asymmetrical 
retention characteristic) is developed by thermal 
stressing alone. 

For length considerations the data from the 0 to 2.5 V 
imprint stressing measurement is not shown. However 
the data is consistent with figure 4, except the degree of 
post-stress asymmetry is less. 

Discussion 

Post Imprint-Stress: 1000s g1O0 C (0 to -S V 100 Hz Bias) 

Switched (Positive Read) - 

1E-03 1E-02 1E-01 

Write/Read Delay (s) 
1E»00     1E«01 

Figure 5: Post imprint-stress retention characteristics (0 
to -5 V 100 Hz 50% duty cycle stress waveform). 

The data in figures 4 and 5 show a strong asymmetrical 
retention characteristic brought about by external bias 
temperature stressing. Figure 4 shows a reduction in the 
switched charge (positive read) and an increase in the 
non-switched charge (negative read). There is also very 
little change in the switched charge (negative read) and 
non-switched charge (positive read). Similar results are 
seen in figure 5, except in this case, with BT stressing 
with a negative going unipolar pulse, there is a 
significant decrease in the switched charge (negative 
read) and an increase in the non-switched charge 
(positive read).   It is interesting to note, however, that 
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here  remained  a  significant  "window"  between  the 
respective switched and non-switched polarizations. 

For many destructive readout non-volatile memory 
applications only a single read direction would be used- 
i.e., either a positive or negative read pulse. From an 
examination of the data in figures 4 and 5 it may appear 
that for any single polarity read pulse application imprint 
might not be a significant problem because the difference 
between the switched charge and non-switched charge 
does not change significantly for a given read pulse 
direction. In other words, after 1000s of BT stressing 
the difference between the switched and non-switched 
charge for the positive read pulse case is approximately 
100 mV (figure 4). The difference between the switched 
and non-switched charge for the negative read pulse case 
is approximately 110 mV (figure 4) (at 2-ms write/read 
delay time). This would imply that it is always possible 
to determine the switched charge from the non-switched 
charge and therefore possible to tell a stored '0' from a 
stored T in a NV memory element. 

However, what is not known when querying a memory 
element is in which direction (if at all) a bit may have 
been imprinted. From the data in figures 4 and 5 we see 
that the switched polarization decreases when the read 
pulse is in the same polarity as the imprint stress 
polarity. Similarly, the non-switched polarization 
increases when the read pulse is in the opposite direction 
from the imprint stress polarity. The switched (read 
pulse polarity opposite imprint polarity) and the non- 
switched (read pulse polarity same as imprint polarity) 
polarizatons do not change significantly. 

From figure 3 we see that if a voltage of approximately 
250 mV appears across the integrating capacitor during 
a read pulse we know the capacitor polarization has been 
switched. On the other hand, if a voltage of 120 mV 
appears on the integrating capacitor then we know the 
polarization was not switched. From this we can 
determine directly whether a '0' or a '1' was stored. Now 
referring to figure 4 we see that if a voltage of 
approximately 160 mV appears across our integrating 
capacitor we cannot determine whether we have a 
switched polarization (in the imprint direction) or a non- 
switched polarization (opposite the imprint direction). 
This could lead to an ambiguous reading for a sense 
amplifier in a FE non-volatile memory which would 
default randomly to '1' or a '0'. About half the time the 
default state will be incorrect and an imprint failure will 
have occurred. 

Conclusions 

This work has demonstrated several key aspects about 
imprint in LSCO/PLZT/LSCO structures. It has been 
shown that: 

1. Imprint can be measured on individual capacitors and 
the results at the capacitor level should extend to the 
memory level. 

2. These capacitors could be imprinted either in the 
positive or negative direction, and 

3. Imprint occurs under bias temperature stressing but 
not with temperature alone (for these samples and within 
the time frame of these measurements). 
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Abstract: This work has been carried out as part of an ongoing 
investigation in which thin film ferroelectric phase shifters are being 
constructed, tested, and optimized. The phase shifters will be 
incorporated into multi-element phased array antennas. The beam 
steering material used here was Bao.6Sro.4TiO;, (BSTO) and BSTO 
with 1 wt% oxide additive. Thin films of BSTO have been 
deposited by pulsed laser deposition (PLD) onto various oxide and 
fluoride substrates. These include oxide substrates such as 
magnesium oxide (MgO), sapphire (AI2O3), lanthanum aluminate 
(LaAlCb), neodymium gallate (NdGaÜ3); and fluoride substrates 
such as rubidium manganese fluoride (RbMnF3). These substrates 
were selected for their relatively low dielectric constants and good 
lattice matches to the ferroelectric thin film compound (a =3.94 Ä). 
The substrate / film interfaces, areal film thicknesses and 
compositional variation have been studied using Rutherford 
Backscattering Spectroscopy (RBS), and physical thicknesses have 
been measured using a profilometer. The orientation of the thin 
films was investigated using glancing angle x-ray diffraction. 
Various electrodes have been used in order to optimize the 
electronic properties of the films. These electronic properties were 
tested at 30 KHz using an HP 4194A impedance analyzer . The 
measured electronic properties include the dielectric constant, and 
the tunability (change in the dielectric constant with applied 
electric field). The electronic properties have been correlated to 
the results derived from RBS and x-ray data and will be discussed 
in terms of substrate and electroding optimization. 

INTRODUCTION 

Phased array antennas can steer transmitted or received 
signals either linearly or in two dimensions without mechanically 
oscillating the antenna. These antennas are currently constructed 
using ferrite phase shifting elements. Due to the circuit 
requirements necessary to operate these antennas, they are costly, 
large and heavy. Therefore, the use of these antennas has been 
limited primarily to military applications which are strategically 
dependent on such capabilities. In order to make these devices 
available for many other commercial and military uses, the basic 
concept of the antenna must be improved. If ferroelectric materials 
could be used for the phase shifting element instead of ferrites, 
phased array antennas could be significantly improved. 

A ceramic Barium Strontium Titanate, Bai-xSrxTi03, (BSTO), 
phase shifter using a planar microstrip construction has been 
demonstrated [1]. In order to meet the required performance 
specifications, maximum phase shifting ability, the electronic 
properties in the low frequency (KHz) and microwave regions 
(GHz) must be optimized. As part of this optimization process, 
various composites of BSTO and non-ferroelectric oxides have 
been formulated. 

In order to obtain higher operating frequencies and to 
decrease the voltage requirements, thin film fabrication of the above 
candidate materials is necessary. This paper outlines preliminary 
work on the PLD of undoped and modified BSTO on various 
substrates. The substrate / film interface and the compositional 
analysis of the films have been obtained using RBS. Glancing angle 
x-ray diffraction has been used to determine the orientation of the 

films. Various electroding combinations were used in order to 
optimize the electronic properties of the films and these properties 
were measured for some of the films using an HP 4194A 
impedance analyzer. The results of these measurements will be 
discussed and correlated to the RBS and x-ray diffraction data. 

EXPERIMENTAL 

The PLD was accomplished using a krypton-fluoride 
excimer laser with a wavelength of 248 nm and a repetition rate of 
10 Hz. The average pulse energy was 300 mJ with a 20 ns pulse 
width. The oxygen partial pressure in the chamber was 150 mT and 
the substrate temperature was 520°C, which was monitored by a 
thermocouple clamped between the heater and the substrate. The 
substrate was parallel to target and their separation distance was 
maintained at 48 mm. The ceramic targets were prepared according 
to a description published previously [2]. 

The lattice parameters and dielectric constants of the 
substrates used in this experiment are listed in Table 1. Prior to 
PLD, the substrates underwent a cleaning cycle which included an 
ultrasonic cycle of TCE followed by two methanol ultrasonic 
cycles. The samples were then rinsed with methanol and air dried. 

Table I.    Relevant physical parameters of the single crystals 
used as substrates 

RbMnF3 

SUBSTRATE 

MgO AI2O3       U1AIO3        NdGaOi 

Lattice 
parameter (Ä)      4.21 4.76 3.79 3.84 

Dielectric 
constant (300K.)    10 11 23 20 

The targets chosen for this report were Bao6Sro4Ti03 

(BSTO), BSTO with 1 wt.% alumina and BSTO with 1 wt.% of an 
additive oxide, referred hereafter as oxide III. A Dektak-200 
profilometer was used to measure the films thickness which was 
approximately 5000 A on all the substrates. 

In order to measure the electronic properties of the films, 
two different ground plane electrodes were used. For the first 
system, the Ti/Pt electrode were sputtered sequentially with a Xe 
ion Zymet Z-100 ion implantation unit. A target angle of 30° with 
respect to the incident beam was used. The thickness of the 
sputtered Ti layer was 1000 A and the thickness of the overlying 
Pt layer was 1500 Ä. For the second system, Ruthenium oxide 
(RUO2) was sputtered onto the substrates at a substrate 
temperature of 200°C and a Ü2/Ar ratio of 1:4 with a total pressure 
of 10 mT. The Ruthenium oxide films were 3000 A thick. The 
resistivity of the as-deposited films were in the order of 160 
uohms-cm. They were annealed at 600°C for 30 minutes to lower 
the resistivity and were cooled by furnace quenching. The 
resistivity of the annealed films were measured to be 110 uohms- 
cm.   The thicknesses of the top electrodes were measured to be 
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approximately*3000 Ä using a Dektak-200 profilometer. The 
metallized films used for the electrical measurements were: (1) 
Sapphire / Ti/Pt / BSTO with 1 wt.% alumina / Au, (2) Sapphire / 
Ru02/BSTO / Au and (3) Sapphire / Ru02 /BSTO with 1 wt.% 
oxide III/ Au. The thickness of film (1) was measured to be 8000 
A while the thickness of combinations (2) and (3) was measured to 
be about 6000 Ä. 

The RBS technique used involve the acceleration of He+ 

ions to 2 MeV by a National Electrostatics Corporation (NEC) 
tandem pelletron accelerator This He+ ion beam is collimated to a 
1 mm diameter beam which is incident upon the film/crystal 
substrate The scattered helium ions were detected at a 
backscattering angle of 170° with a surface barrier detector with a 
system energy resolution of 20 to 25 KeV. The energy detection 
system is calibrated with a standard prior to data acquisition. The 
elements in the crystal are determined from the detected energies of 
the backscattered ions which are related to the mass of the atoms 
The composition of the films/crystals were obtained by utilizing 
the software program RUMP to fit the data [3] 

The glancing angle x-ray measurements were performed 
using a Rigaku RU 200 rotating anode x-ray diffractometer. The 
entrance slit had a width of 0.2° and the angle of incidence of the 
Cu Ko: ( k= 1.5415 A) beam was set at 1 °. The sample interval was 
0.02° and the scan rate was 9°/minute. 

The dielectric constants (E') and % tunability were 
determined for all thin film/substrate combination. The % 
tunability of a material is determined using the following equation: 

% tunability = { t'(0) - e'(Vapp)}/ {E'(0)} (1) 

The tunability measurements were taken with an applied electric 
field which ranged from 0 to +/- 8.0 V/micron (urn). The electronic 
properties were measured at a frequency of 30 KHz. Capacitance 
versus voltage (C-V) measurements for the films were taken using 
an HP4194 impedance / phase gain analyzer. The voltage was 
applied internally through the HP 4194A and was varied from -8.0 
V to +8.0 V. 
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Figure 1. Glancing angle x-ray diffraction pattern of BSTO / 
lwt.% oxide III film deposited on RbMnF3 Inset shows x-ray 
pattern of the target material. 
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RESULTS AND DISCUSSION 

Glancing Angle X-ray Results 

Bare Substrates: The glancing angle x-ray diffraction pattern 
(GAXRD) for the BSTO / lwt% oxide III film deposited on 
RbMnF3 is shown in Figure 1. As shown in the figure, all of the x- 
ray peaks match the peaks of the of the target material, which is 
shown in the inset. However, there is evidence of the presence of a 
small amount of a secondary Ba-rich (Bai.9iSro.o9Ti04) phase. 
The preferred (110) orientation of the film is indicated by the 
relative intensity of the (110) peak as shown in the x-ray pattern 

Fig 2 shows the GAXRD of BSTO/1 wt.% oxide III 
deposited on NdGa03. The pattern does not show a good match 
with the target material and is indicative of an amorphous film. We 
observed the same type of amorphous film quality for the BSTO / 
Oxide III deposited on LaAlOj 

Metallized Films: Fig. 3 shows the GAXRD pattern for the BSTO 
(with 1 wt % alumina) film deposited on the platinized sapphire 
substrate. The inset shows the powder diffraction pattern of the 
target material. It was observed from the x-ray pattern of the target 
that a secondary phase (Ba3AlioTi02u) is present. As shown in 
the figure the dominant peak for the pattern is the (220) peak. The 
slight systematic shift in the position of the peaks may be 
attributed to the change in the lattice parameter of the material due 
to the dopant. 

Figure 2.    Glancing angle x-ray diffraction pattern of BSTO / 
lwt.% oxide III film deposited on NdGa03 
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Figure 3. Glancing angle x-ray diffraction pattern for the BSTO 
(with 1 wt.% alumina) film deposited on the platinized sapphire 
substrate. The inset shows the powder diffraction pattern of the 
target material 
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In Fig.4, the GAXRD pattern of the BSTO (with 1 wt.% 
oxide III) film deposited on the RuCVsapphire substrate is shown. 
The inset is the x-ray pattern of the BSTO target material. The 
pattern does not indicate the presence of any secondary phase. The 
peaks located at 28 1° and 54.2 ° 26 positions are those of R11O2 

Figure 4. Glancing angle x-ray diffraction pattern of the BSTO 
(with 1 wt.% oxide III) film deposited on the Ru02/sapphire 
substrate is shown. The inset is the x-ray pattern of the ceramic 
target. 

SEM EDS Remits 

The presence of a secondary phase in the films evident 
from the x-ray patterns discussed above were confirmed by 
SEM/EDS results. The secondary Ba-rich phase in the BSTO/oxide 
III film deposited on RbMnF3 is evident from the light areas in the 
SEM micrograph shown in Fig. 5. The x mark shows the location 
of this Ba-rich phase confirmed by EDS. Figure 6 contains the 
SEM micrograph of the BSTO/Alumina thin film deposited on 
platinized sapphire. The presence of a secondary phase in the 
material is revealed in the micrograph by the small light regions. 
EDS performed on these areas also indicated the presence of a Ba- 
rich phase as well as the presence of a segregated strontium 
deficient titanate phase. This type of segregation was also observed 
in the bulk ceramic used as the ablation target. 
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Figure 6.     SEM micrograph of BSTO/1   wt.%  alumina  film 
deposited on  platinized sapphire. 

RBS Results 

Fig. 7, shows the RBS spectrum of BSTO / 1 wt.% oxide 
III film deposited on NdGaOj. The dotted line is the experimental 
data, while the solid line represents the theoretical fit to the data 
using RUMP simulation code. The data was fit by substracting 
the RBS spectrum of the substrate from the spectrum of the 
BSTO/ 1 wt.% oxide III film deposited on the substrate and by 
assuming a composition of Bao,6Srn.4Ti03 (lwt.% oxide III) for 
the film. The goodness of the fit indicates that the film has a 
composition close to that of the ceramic target which was 
Bao.6Sro.4Ti03 (lwt% oxide III). However, GAXRD shown in 
Fig.2 reveals that the film is noncrystalline. 

The RBS spectra of the BSTO films deposited on the other 
substrates also show close agreement of the thin film elemental 
composition with that of the original ceramic target. 

Energy   (WeV) 
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Figure 7. RBS spectrum of BSTO / 1 wt% oxide III film 
deposited on NdGaÜ3, [Experimental data (dotted line) and 
RUMP fit (solid line)]. 

Electronic Measurements 

Figure S.     SEM micrograph of BSTO/1  wt.% oxide III film 
deposited on RbMnF3. 

Fig. 8, shows the capacitance versus voltage characteristics 
for the BSTO (undoped) film deposited on Ru02/MgO. The curve 
shows a symmetric capacitance-voltage relationship which is 
characteristic of paraelectric films. The dielectric constant at zero 
bias was calculated to be 1474 and the tunability is 88 % at a 
field of 7.5 V/um. The bulk undoped material has a dielectric 
constant of 3300 and a tunability of 20 % at 0.73 V/um. It has 
been previously shown that the dielectric constant in ferroelectric 
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films are inherently less than the bulk ceramics due to oxygen 
defects at the electrode/ film interface [4]. Also any porosity 
and/or leakage current in the films will tend to decrease the 
dielectric constants obtained. 

The C-V curve for the BSTO/ lwt.% alumina film 
deposited on platinized sapphire is shown in Fig 9 The curve 
shows a typical paraelectric behavior,( i.e. a symmetric 
capacitance), with positive and negative bias applied. The dielectric 
constant at zero voltage calculated from this curve is 189 The 
tunability obtained up to 6.3 V/um was 40%. The value for the 
dielectric constant found in the bulk ceramic target of BSTO/ 1 
wt.% alumina was 2607 and a tunability of 46% at 2.7 V/um. The 
low value for the dielectric constant in the film relative to that in 
the bulk ceramic target may be attributed to the porosity of the 
film , the presence of leakage current (on the order of 10"5 A) and 
also to the segregation of the secondary phase as was shown in Fig. 
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Figure 8.     Capacitance versus voltage for BSTO  (undoped) 
deposited on RuÜ2 / MgO with Pt top electrode 

  0 to 7.0 Volt« 

 0-— 7.0 to 0 Vottm 

.... + .— o to - 7.0 Volt« 

fj - 7.0 to O Volt« 

&.OE-OS     . 

8 «A 
4.0E-OS     - fi 

1 
3.0E-00     - 

2.0E-OB    - £ Q\ 

\ i ■ 

capacitance versus voltage behavior. The value for the zero voltage 
dielectric constant is 398 and the tunability is 79% at 2.0 V/um. 
The bulk ceramic dielectric constant was 1276 and the tunability 
was 16% with 2.3V/um. The decreased value of the dielectric 
constant in the film is again attributed to the porosity of the film 
and the leakage current observed in the film. 
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Figure 10. Capacitance versus voltage for BSTO / 1 wt.% oxide 
III deposited on Ru02/ sapphire with Au top electrode. 

CONCLUSION 

Thin films of both undoped and oxide modified BSTO have 
been deposited by PLD onto oxide and fluoride substrates. It was 
shown that in case of RbMnFi the film was preferentially oriented 
and contained a secondary phase. The film deposited on 
NdGaOi was amorphous; however, RBS confirmed a good 
agreement of film composition relative to the target materials 
The BSTO/lwt.% alumina film deposited on the platinized 
substrate showed similar phase segregation as the ceramic material 
The oxide modified film deposited on Ru02/sapphire substrate did 
not show any evidence of a secondary phase The electronic 
properties of the undoped and oxide modified BSTO thin films 
exhibited similar behavior relative to the bulk material. The 
dielectric constant and the tunability of the undoped BSTO film are 
higher than that of the doped films. 

We have shown that the tailoring of the electronic 
properties of BSTO thin films is possible through the 
incorporation of metal oxides. Further investigation of such 
tailoring through the incorporation of other oxides is underway 
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ABSTRACT 

The dielectric properties of high dielectric constant 
thin films on the electrode sidewalls were evaluated for the 
first time, and sputter-deposited (Ba,Sr)Ti03 thin films were 
characterized on the sidewalls of Ru02 electrodes patterned 
down to submicron sizes. A fairly large step coverage around 
50 % was obtained for (Ba,Sr)Ti03. The Er value for 
(Ba,Sr)Ti03 films on the sidewalls was the same as that for the 
films on the top surface, but the leakage current was larger. 
The (Ba,Sr)Ti03 films on the sidewalls were found to be well- 
crystallized, however, the grain size was smaller, and a porous 
structure was observed by TEM analysis. 

INTRODUCTION 

Recently, high dielectric constant materials, such as 
SrTi03, (Ba,Sr)Ti03 (BST), and (Pb,La)(Zr,Ti)03 have 
attracted great interest for application to cell capacitors of 
dynamic random access memories (DRAMs). Because of their 
higher dielectric constant (Er) than Si02 or Si3N4, the cell 
capacitor structure could be simplified from a complex three- 
dimensional structure to a flat one, which is easier to fabricate. 
The dielectric properties of high er thin films with a flat 
structure have been widely reported, and in some reports, real 
capacitor structures have also been proposed1. Films with 
Si02 equivalent thicknesses less than 0.5 nm and low leakage 
current characteristics have also been reported2"5. However, 
for gigabit generation DRAMs, the storage capacitance density 
obtained with a flat structure will not be sufficient, unless an 
Si02 equivalent thickness less than 0.1 nm is obtained. 
Presently, the capacitance density is limited because of the 
thickness dependence of £r, that is, er decreases with decreasing 
film thickness. As the sidewall surface of storage electrodes 
will become larger than the top surface for an electrode height 
more than 100 nm in Gigabit-scale DRAMs, it is also very 
important to investigate the feasibility of fabricating a three- 
dimensional structure with high Er thin films. 

Before considering the total three-dimensional 
structure, we should first characterize high £r thin films on the 
electrode sidewalls. For this purpose, it is necessary to make 
conductive bottom electrodes, which are thick enough and 
patterned finely enough to evaluate the influence of the 
sidewalls. Platinum is often selected as the electrode material, 
however, etching of platinum thicker than 100 nm without 
residues, which usually cause an increase in the leakage current, 
is very difficult. In this study, we selected ruthenium oxide 
(RUO2) as bottom electrodes, because we found that it can 
easily be patterned by electron cyclotron resonance (ECR) 
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plasma etching, as shown in Fig. 1. As the details of Ru02 
etching will be reported elsewhere, only two important points 
are reported here. One is that Ru02 is reactively etched with a 
gas mixture of oxygen and an halogen. Therefore, no residues 
are observed, and the etching is well controlled so that we can 
stop the etching in the middle of the RUO2 layer. By patterning 

Fig. 1. SEM micrograph of the RuC>2 patterned surface 

Ru02 to submicron sizes, the sidewall area can be increased 
relatively to the top surface area. The other point is that Ru02 
sidewalls are slightly tapered after the etching is stopped in the 
middle of the RuÜ2 layer. Therefore we expect that a good 
lateral step coverage can be obtained even for BST films 
prepared by sputtering. In this paper, the characterization of 
BST thin films on Ru02 electrode sidewalls is described. 

EXPERIMENTAL 

The sample has a metal-insulator-metal structure as 
shown in Fig. 2. First, RuO2(1000 nm)/TiN(50 nm) double 
layers were deposited on Si(100) substrates by dc magnetron 
sputtering at room temperature and 200 °C, respectively. Then, 
a resist was deposited and patterned to four sizes of 0.6x0.6, 
0.8x0.8, 1.0x1.0, and 2.0 um x2.0 um squares on one wafer by 
photolithography. The number of square patterns was also 
changed on one wafer from 2025 to 7400 for each capacitor 
area. Next, by stopping the Ru02 etching at a depth of 650 nm, 
patterned electrodes were fabricated. A large flat area of Ru02 
remained on the same wafer in order to fabricate capacitors 
with a flat structure. The RuÜ2 etching rate was very large 
more than 200 nm/min, almost twenty times larger than 
previously reported values6, and very good reproducibility and 
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Fig. 2. Schematic view of the sample. 

uniformity of the R11O2 etching depth were obtained. After 
removing the resist, BST thin films were deposited by rf 
magnetron sputtering. The detailed conditions have already 
been reported in a previous publication7. The target was a 
powder of (Bao.sSro.5)Ti03, and the substrate temperature was 
kept at 650 °C during deposition. The BST thicknesses on the 
Ru02 top surface were 100, 150, and 200 nm. Finally, the top 
electrode was deposited by dc magnetron sputtering, and 
patterned to the projected area of 0.029 mm2 by wet etching. 
The electrical measurements and structural analysis were 
performed with Au(300 nm)/Ti(150 nm) and Al(750 
nm)/TiN(150 nm) electrodes, respectively. For electrical 
measurements, BST was removed in some part of the wafer by 
wet etching to expose the Ru02 surface as the bottom electrode, 
as shown in Fig. 2. 

Two parameters were defined as follows: the aspect 
ratio was defined as the ratio of the Ru02 step height to the 
pattern width, and the lateral step coverage was defined as the 
ratio of the BST thickness on Ru02 sidewalls to that on Ru02 

top surface. Both parameters were evaluated on cross sectional 
SEM pictures. Attentions should be paid when calculating the 
sidewall area, because the initial Ru02 height of 650 nm is not 
the effective electrode step height. It should rather be the 
result of subtraction of the BST deposited thickness from the 
initial step height. Capacitance and tanö values were measured 
in the 100-Hz to 10-MHz frequency range with a Hewlett- 
Packard 4194A impedance analyzer. The dielectric constant 
was calculated from the capacitance value at 10 kHz. Current - 
voltage characteristics were measured with a Keithley 617 
electrometer. 

RESULTS AND DISCUSSION 

A cross-sectional SEM micrograph is shown in Fig. 3. 
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Fig. 4. Step coverage as a function of the aspect ratio 

Fine etching of Ru02 and good step coverage of BST were 
successfully obtained. Hereafter in this paper, BST films on 
the top/bottom and the sidewall surfaces of the patterned Ru02 

electrodes are referred as top-BST and side-BST, respectively. 
BST films in the capacitors with a flat structure are called flat- 
BST. 

The step coverage is shown in Fig. 4 as a function of 
the aspect ratio for 100 and 200 nm thick BST. Though it 
slightly decreases with increasing aspect ratio, fairly large 
values from 40 to 55 % are obtained for BST films prepared by 
sputtering. This is partly because Ru02 sidewalls have a 
tapered angle of 73°, which is constant for an aspect ratio from 
0.25 to 1.25. 

The frequency dependence of the capacitance and tanS 
for both flat and patterned structures is shown in Fig. 5. The 
top-BST thickness is 200 nm. The top and bottom Ru02 

surfaces had the same value of 0.029 mm2 for both structures, 
and the patterned structure had a total electrode area of 0.040 
mm2 by adding the sidewall area of 0.011 mm2. There is no 
frequency dispersion for the capacitance, and tan8 is low, 
below 0.1. The increase in tan8 at a frequency higher than 
1MHz is only due to the contact resistance between the probe 
and electrode. The increase in the capacitance, which is due to 
the contribution of the capacitance of side-BST, is clearly 
observed. The capacitance measured at 10 kHz is shown in Fig. 
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Fig. 6. Measured capacitance as a function of the sidewall area 

thickness dependence is obtained for both er values, and the 
overall dependence is similar to that obtained for BST on the 
flat structure. These results clearly show that high er BST thin 
films can be fabricated on the electrode sidewalls. 

However, the leakage current was larger for the 
patterned structure. The current-voltage characteristics for the 
flat and patterned structures are shown in Fig. 8. To compare 
the leakage currents, the flat-BST and side-BST thickness have 
the same values of 100 nm. The leakage currents are low about 
lxlO"8 A/cm2 at less than 0.8 V for both structures, but the 
current for the patterned structure increases at a lower voltage 
than that for the flat structure. There are two possible reasons 
why the leakage current increases. One is because side-BST 
itself is leaky. The other is because some particular points due 
to the patterned structure, such as the top or bottom corner of 
Ru02, exist as a major path of the leakage current. To 
investigate  the  degradation  mechanism   for  the   patterned 
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6 as a function of the sidewall area for this sample. The top 
and bottom RuC>2 surface area was also kept at 0.029 mm2. As 
the capacitance and sidewall area show a good linear 
relationship, it is considered again that the measured 
capacitance increases because of the contribution of side-BST. 
From Fig. 6, we can evaluate the er value for side-BST, 
independently of that for top-BST. We call this Er(side). As it 
can be considered that flat-BST and top-BST have the same 
thickness and same er value, we call the Er value for top-BST 
er(flat). First, we calculated the capacitance difference 
between the flat and patterned structures for each value of the 
sidewall area, and then, calculated Er(side) according to the 
following formula: 

C(patterned) - C(flat) = £0 ■ £r(side) -Sid 

.where S is the sidewall area, and d is the side-BST thickness 

Finally, we determined er(side) by calculating the average 
value. Three er(side) values were calculated for side-BST with 
thicknesses of 50, 75, and 100 nm, which were half the values 
of flat-BST thicknesses of 100, 150, 200 nm, respectively. 
Both er(side) and er(flat) values are plotted in the same graph, 
as shown in Fig. 7. At the thickness of 100 nm, Er(side) and Er 
(flat) show the same large values of 250.    A continuous 

Fig. 8. I-V characteristics for the flat and patterned 

A! 

IN _:..    - top-BST ^ .,;•& 

AkV-**^   •  /&BST 
^*. 

Fig. 9. Cross-sectional TEM micrograph for BST 
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structure, the leakage current was plotted as a function of the 
sidewall area, and it increased linearly with increasing sidewall 
area. This relationship supports the first explanation, however, 
further investigation of the structural effects is necessary. 

The high resolution TEM micrograph of BST films on 
the patterned Ru02 is shown in Fig. 9. It is found that side- 
BST is as well crystallized as top-BST, however, the grain size 
is around 25 nm, smaller than the 50 nm observed for top-BST. 
The most important point is that side-BST has a porous 
structure, although top-BST has a dense structure. From Figs. 
6, 7, and 8, we can conclude that side-BST is well crystallized 
and each side-BST grain has an er value as high as for top-BST 
grains, but the leakage current is larger because of the porous 
structure. It is necessary to investigate more suitable 
deposition conditions in order to obtain high quality side-BST 
with a dense structure. 

CONCLUSION 

We extracted and evaluated the dielectric properties of 
high er thin films on electrode sidewalls for the first time, and 
characterized sputter-deposited (Ba,Sr)TiC>3 thin films on 
RuC>2 sidewalls patterned down to submicron sizes. A fairly 
large step coverage around 50 % was obtained for BST. The Er 
value for side-BST was the same as that for flat-BST, but the 
leakage current increased. The side-BST was found to be well- 
crystallized, however, it had smaller grain size and a porous 
structure by TEM analysis. 
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Abstract 

It is now widely accepted that the well-fabricated SrTiC>3 (STO) thin-film 

capacitors with high-work-function metallic electrodes show excellent low leakage 

characteristics. However, the magnitude of the leakage current in the low electric 

fields shows strong dependences on the measurement conditions, namely the 

values of voltage-step A V and delay-time t d in the conventional staircase 

current-voltage ramps. This anomalous effect is attributed to the dielectric 

relaxation phenomena of the STO capacitor structures. In this paper, we propose a 

model which describes the relationship between such measurement conditions and 

observed current-voltage characteristics. 
The absorption current  due to the dielectric relaxation of the Debye-type 

relaxation species can be formulated as 

m   n 
I(V=jxAV)=AVS  £(Cj/ Ti)exp(-jxtd/ r;), 

i=lj=l 
where C j and r j respectively denote the capacitance and the relaxation time 

constant of the i-th relaxation species. The unknown parameters in the equation, 

C    and r j , can be determined by applying a multiple nonlinear least squares 

method to the current-time measurements. 
The model was applied to characterize the sputter-deposited STO capacitors 

which exhibited apparent leakage currents of less than 10 nA/cm2 for the electric 

field strengths of less than 1 MV/cm. We observed three kinds of relaxation 

species for such capacitors. The current-voltage curves calculated based on these 

relaxation species fit very well with the measured values obtained under the 

various measurement conditions. 

Introduction 

Recently, perovskite-structured oxides such as SrTi03 (STO), (BaxSri-x)Ti03 

and Pb(ZrxTii_xP3 have attracted much attention for the charge storage capacitor 

of ultra large scale integrated circuit memory. Among them, STO is of particular 

interest because of its paraelectricity even at very low temperatures [1]. The Si02 

equivalent thickness of as low as 0.9 nm has been achieved for the 53-nm-thick 

STO film whose dielectric constant is 230 [2]. Additional advantage of the STO 

film is its low leakage current characteristics. The leakage current density of this 

film is less than 10 nA/cm2 at up to 2 V. 

To date, there have been a number of published papers which deal with the 

preparation and dielectirc properties of the STO thin films. However, there are 

very few papers which clearly mentioned the leakage current mechanism [3-6], 

This paper describes the current-voltage characteristics of the STO thin films 

prepared on the Pt electrode by electron-cyclotron-resonance (ECR) sputtering. 

We will especially focus our efforts on the leakage characteristics and their 

modeling in the low electric fields where the current-voltage (I-V) characteristics 

show anomalous phenomena depending on the measurement conditions. 

Experimental 

STO thin films were deposited by ECR-sputtering. A cylindrical ceramic target 

with a stoichiometric composition was used Sputtering was performed at 0.1 Pa 

pressure with 50 % Ar and 50 % O2 gas composition. Supplied rf (13.56 MHz) 

and microwave (2.45 GHz) powers were 200 W and 400 W, respectively. These 

conditions resulted in a deposition rate of 2.3 nm/min. The substrate used in this 

study was Pt (200 nm) / Ti (50 nm) / Si02 (100 nm) / Si. Both Pt and Ti films 

were deposited on thermally grown Si02 coated Si substrate by dc-sputtering. 

Substrate temperature was kept constant at 400 °C which was monitored with a 

thermocouple attached to the substrate surface. We confirmed that the Pt and Ti 

layers were stable at this temperature and their intermetallic reaction or oxidation 

reaction of Ti were not observed [7]. 
For electrical measurements, Au electrode with an area of 9.4xl0"4 cm2 was 

deposited on the STO surface through a metal shadow mask by thermal 

evaporation. I-V characteristics were measured by HP-4142B with staircase voltage 

ramps. It will be shown that the values of the voltage-step A V and the 

measurement delay-time td after applying each voltage-step greatly influence the 

measurement results. Unless otherwise mentioned, electrical measurements were 

performed at 25 °C. 

Experimetal results 

Figure 1 shows a typical I-V characteristic obtained from a 68-nm-thick STO 

with a positive bias to the Au electrode. Values of AV and t d were 0.1 V and 1 s, 

respectively. It is shown that there are two regions where the leakage current is 

almost proportional to the electric field which is lower than about 1 MV/cm, and 

is proportional to the square root of the electric field in the higher-electric-field 

region. This result indicates that the I-V characteristics of the STO capacitor can 

be explained in terms of ohmic conduction [3] in the low-electric-field region, and 

by ScnottKy emission [5,8] or Pooi-Frenkei conduction [3,4j in the 

high-electric-field region. However, as described below, it was found that this 

ohmic-like leakage characteristics changed drastically depending on the 

measurement parameters  AV and t ± 

Figures 2(a) and 2(b) respectively show dependences of the leakage 

characteristics on A V with t d =ls and on t d with A V=0.1 V. Figure 2(a) 

shows that the leakage current increases almost linearly with increase in A V. On 

the other hand, Fig. 2(b) shows that the leakage current decreases with increase in 

t d- These results indicate that the measured leakage curents were not those in the 

equilibrium state, and special care should be taken in the leakage current 

measurements. 
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Fig.l. Current   vs square root of electric field (/~E)   for  68-nm-thick SrTi03 

film.  Measurement parameters AV and t d are 0.1 V and 1 s, respectively. 
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Figure 3 shows temperature dependences of the current-time (I-t) characteristics 

measured with an applied voltage Vapp of 1 V. It can be seen that the currents 

decay monotonously with time and do not show any apparent saturation, 

especially when the temperature is lower than 100°C. This strongly suggests that 

if the leakage mechanism is considered simply in terms of the temperature 

dependence of the leakage current without taking account of its time dependence, 
there is a great possibility of obtaining erroneous conclusion. 

The Schottky emission current density J is expressed as 

J=A*T2exp [-q(0B-^ qE/4 * £i)/kT], (1) 
where A* is the effective Richardson constant, T the absolute temperature, q the 

elementary charge, 0 B the barrier height, E the electric field strength, a i the 
insulator dynamic permittivity, and k the Boltzmann constant [9]. Figure 4 shows 

the Schottky plots for the currents at a time of 150 s in Fig. 3. Reflecting the 

nonsaturable characteristics of the leakage currents at lower temperatures, the data 
deviate from a straight line with decrease in the temperature. A* and 0 B 

estimated from the fitted straight line in the figure are 0.49 A /(cm2 • K2) and 

0.98 eV, respectively. This barrier height is equal to the value for the applied 

voltage of 1 V and that for zero bias will be slightly larger if we consider barrier 

height lowering due to the Schottky effect [9] and the work-function difference 

between Pt andAu [8]. The barrier height for zero bias can be estimated from the 

intersecton of the fitted straight line in Fig.l and the effective Richardson constant 
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Fig.2. Dependences of leakage characteristics of 68-nm-thick SrTiC>3 film on (a) 

A V with  td=lsandon  (b) tdwith  A V=0.1 V. Solid curves shown 
in (b) are theoretical results obtained for each t d. 

estimated above. The result is 1.1 eV which agrees well with the barrier height of 

the Pt / STO interface reported by Abe and Komatsu [5] who used another 
approach. 

The Schottky emission current at 1 V and 25 °C calculated from obtained A* 

and 0 B is 2xl0"15 A. This coincides well with the value of 8xl0"15 A which 

was obtained by extrapolating the currents in the high-electric-field region to the 

corresponding electric field strength of 0.15 MV/cm in Fig.l. This agreement 

suggests that the overall leakage characteristics are governed by the Schottky 

emission from the Pt electrode. However, the value of the relative dielectric 

constant, obtained from the slope of log (1) vs V IT in the high-electric-field 

region in Fig.l, is 0.7. Thus, further investigation should be required to conclude 
the leakage mechanism. In any case, the ohmic-Iike leakage current observed in 
the low-electric-field region may not be a true dc leakage current. 
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Fig.3. Temperature dependences of current-time characteristics of 68-nm-thick 
SrTiC>3 film measured with Vapp of IV. 
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Fig.5 shows the Vapp dependences of the I-t characteristics obtained from 

different capacitors. The values of Vapp are 1, 2 and3V, respectively. It is shown 

that the measured current is almost proportional to Vapp, independent of the time. 

Fig.6 shows the I-t characteristics of the same capacitor at Vapp=lV, where 

open circle shows the result of the first measurement and the closed circle the 

result obtained after being retained for ten minutes after the first measurement 

under the open-circuit condition. It is interesting to note that the monotonously 

decayed I-t characteristics by the first measurement can be restored by open-circuit 

retention even at 25 °C, and this result suggests that observed I-t characteristics 

< 
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Fig.5. Vapp dependences of current-time characteristics obtained from different 
capacitors. 
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Fig.6 Current-time characteristics of the same capacitor with Vapp of IV. Open 
circle shows the result of the first measurement and closed circle the result 

obtained after being retained for ten minutes after the first measurement 

under the open-circuit condition. 

may not be due to built-up of the internal field caused by charge-trapping of the 

carriers injected into the STO film from the Pt electrode. 

Linear-dependences of the leakage characteristics on Vapp and their restoration 

characteristics strongly suggest that the leakage currents observed in the low 

electric fields are due to the dielectric relaxation phenomenon of the capacitor. 

More direct evidence which supports this assumption is to observe charging and 

discharging absorption currents. Fig.7 shows the I-t characteristics of the capacitor 

when Vapp of 1 V was first applied for fifty seconds, then 0 V was applied for the 

continuous fifty seconds. Almost equivalent amounts of charging and discharging 
absorption currents were observed. 
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Fig.7 Current-time characteristics of capacitor when Vapp of 1 V was first applied 

for fifty seconds, then 0 V was applied for the continuous fifty seconds. 

Modeling of I-V characteristics under low electric filelds 

When the stair-case voltage ramp is applied to the capacitor, the absorption 
current Iac due to the dielectric relaxation of the Debye-type relaxation species can 
be formulated as [10] 

m n 

Iac(V=jx AV) = AV Z£   (C ; / r; )exp (- j x td/ z ;),      (2) 
i=lj=l 

where  C ;   and r ;   respectively denote the capacitance and the relaxation time 

constant of the i-th  relaxation species,     and A V and t d    reperesent the 

measurement parameters described above. The unknown parameters C; and r; in 

this equation can be determined by applying a multiple nonlinear least squares 
method to the I-t measurements according to the relation 

m 

I(t) = Vapp Z  (Ci/ Ti)exp(-t / r i). (3) 
i=l 

Figure 8 shows a result of this fitting to the I-t measurement of the 68-nm-thick 

capacitor with Vapp=l V. We extracted three kinds of relaxation species from 
this fitting: (a) Ci=290 pF, x \ =166 s, (b) C2=114 pF, r 2 =14-7 s and (c) C3 

=75.2 pF, T 3 =2.16 s. The measurement parameter dependences of the absorption 

current can be calculated by substituting these values into eq.(2). The solid curves 

shown in Fig.2(b) are the calculation results for each value of t d- The 
experimental results and the theory described here show very good agreements. The 

proportional relationship between the leakage current and A V observed in Fig. 
2(a) seems to be obvious because the absorption current is a linear function of A 
V, as expressed in eq.(2). 

Next,  we discuss why the absorption current  shows an ohmic-like I-V 

characteristics. A I, the difference in the absorption current between j=n-l and n in 
eq.(2) becomes 
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(4) AI(j=n-l,n)= AVE   (Cj/ rj) [exp(-td/ r i)] " . 
i=l 

If we measure  a leakage  current under the  condition  of t d « z  ;  , 

the term [exp ( - t d / r i )f  is  ~ 1,  thus A I  becomes constant. Since the 

relaxation time constants of the Debye-type species (a) and (b)  are fairly longer 

than t d,   this explanation for the observed ohmic-like I-V characteristics in the 
low-electric-field seems to be plausible. 
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Fig.8. Current-time characteristics of 68-nm-thick SrTiC>3 film with Vapp of 1 V. 
Solid  curve is a result of curve fitting of eq.(3) in the text. 

Conclusions 

I-V characteristics of SrTi03 thin film capacitors prepared by ECR-sputtering 

have been studied It was found that the leakage current characteristics of the films 

show an ohmic-like conduction for electric field strengths lower than 1 MV/cm. 
These ohmic-like leakage characteristics showed strong dependences1 on the 

measurement conditions,    the values of the voltage-step and the measurement 

delay-time in the staircase I-V ramps. This effect was found to be attributed to 

the absorption current due to the dielectric relaxation phenomena of the SrTi03 

capacitors. Theoretical I-V curves derived based on the Debye-type dielectric 

relaxation species fit very well with the experimental results obtained under the 
various measurement conditions. 
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Abstract 

The field-dependent polarization model is a 
commonly proposed model to describe the hysteresis 
loop of a ferroelectric material. The electric field in 
the model refers to the local field which varies with 
position within the ferroelectric film. However, the 
parameters in the field-dependent polarization are 
usually extracted based on the macroscopic exper- 
imentally averaged field, i.e., applied voltage divided 
by film thickness. In this work physical quantities 
such as field, potential, electric displacement and 
polarization inside the ferroelectric capacitor are 
obtained by assuming that the capacitor is wholly 
depleted. The resultant electric field distribution 
demonstrates the significant difference between the 
local electric field and the macroscopic average field, 
indicates that extension of some modeling works is 
necessary. For the assumption of complete depletion 
to be valid, a constraint is required upon the film 
thickness at a given value of doping. A design curve 
is constructed that shows the maximum allowable 
film thickness for typical PZT film doping levels in 
order for the assumption of complete depletion to be 
valid. The technique presented in this work provides 
a simple and direct way of relating the macroscopic 
properties of the capacitor to the actual electric field 
and potential distribution in the ferroelectric film, 
furthermore, it will serve as a basis for the C-V 
modeling of ferroelectric capacitors. 

I. Introduction 

The interest in ferroelectrics has increased because of 
the potential applications in memory devices. 
Compared with silicon dioxide, ferroelectrics have 
better charge storage capability per unit area[l], 
making thin-film ferroelectric devices physically 
smaller than conventional metal-oxide-semiconductor 

(MOS) devices [2]. In addition, ferroelectric devices 
can be used as nonvolatile memory elements that do 
not require energy to maintain their memory state[3- 
4]. These attractive properties make ferroelectrics a 
promising candidate material for memories. 

The important property of ferroelectrics for 
application to nonvolatile memory devices is their 
hysteresis behavior. However, the hysteresis 
behavior of ferroelectrics is not well understood. To 
obtain insight for designing circuits with ferroelectric 
devices, quantitative models need to be developed to 
fully describe the electrical properties of 
ferroelectrics. One approach for analyzing the 
hysteresis loop quantitatively is the field-dependent 
polarization or field-dependent dielectric constant 
model [5-7]. A common ambiguity in these models is 
the confusion between the local electric field inside 
the ferroelectric thin film and the averaged field, 
which is the applied voltage divided by the thickness 
of the film. In the process of extracting parameters 
for these quantitative models, the local field is 
actually treated as the macroscopic average field. The 
purpose of this work is to distinguish between the 
local field and the averaged field. 

In this work, the field-dependent polarization model 
is reviewed and parameters in the model are extracted 
by fitting the model to the hysteresis loop measured 
from a Sawyer-Tower circuit. The issue of local 
versus averaged field is pointed out. The local 
electric field is derived and related to the averaged 
wholly depleted. Finally, the wholly depleted 
assumption is examined and design curve is 
constructed. 

II. Field-Dependent Polarization Model and 
the  Confusion 

S.L. Miller et al. proposed a quantitative model to 
simulate the hysteresis loop of ferroelectric 
capacitors[5] and applied the model in a modified 
Sawyer-Tower circuit to predict the electrical 
properties. Due to the convenient mathematical 
properties of the model, it is taken as a tool to 
simulate the hysteresis behavior in this work. 

The proposed field-dependent polarization for the 
right half of the hysteresis loop is 

P/(£)-Pftanh(^A), (1) 

where E is the local field in the PZT film, Ec is the 
coercive field, and the parameter Ö is a function of 
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the remanent polarization, Pr, the saturation 
polarization, Ps, and Ec. The left half of the hys- 
teresis loop can be be obtained by changing the sign 
of the coercive field. 

To simulate the experimental hysteresis loop, the 
total polarization is expressed as the sum of the linear 
and the switching polarization 

(2) 

(3) 

where 
* total y^>        "linear \ ^ ' + 'switching ( W > 

PUnear(E) = e0(ef-l)E 

and 
Pswitchms(E) = Pd

+(E). (4) 
The total, switching, and linear polarization are 
plotted in Fig. 1 for illustration. 

The electric field in the hysteresis measurement 
refers to the macroscopic average field, i.e., applied 
voltage divided by the thickness of the capacitor. The 
electric field E in equation (1) is actually the local 
field which varies with position; however, the un- 
known parameters ef, Ps, Pr, and Ec are going to 

be extracted by fitting the total polarization Ptoto, in 
equation (4) to the experimental hysteresis measure- 
ment. Thus, the local electric field E in equation (1) 
is treated as the macroscopic average field. The 
objective of this modeling work is to relate the local 
field to the experimentally measurable voltage. 

HI. Derivation of the Field as a Function of 
Position in the PZT Thin Film 

To obtain the field as a function of position, 
Poisson's equation is solved taking into account the 
field-dependent polarization model with the 
parameters ef, Ps, Pr, and Ec extracted by fitting 
equation (3) to the experimental hysteresis loop. It is 
assumed that the PZT thin film has a constant doping 
level and is wholly depleted. An example of the 
result of calculation is shown in Fig. 1-4. The PZT 
capacitor is not biased in this case and was assumed 
to have a doping level of NA=3x 1018cm"3 and a 
film thickness of O.lß^rn. 

Fig.2 shows an example of the calculated electric 
displacement, field, polarization, and potential as 
functions of position in the PZT thin film. As can be 
seen in Fig.2, due to the assumed constant doping, 
the electric displacement is linear with position. In 
Fig.3, the electric field in a PZT film, in a regular 
dielectric with constant doping, and in a charge-free 
capacitor are plotted together for comparison. The 
shape of the field in the PZT film is a result of the 

field-dependent polarization model. Note that at the 
surface of the PZT film, the field is as high as 
300kV/cm. Due to the lack of switching 
polarization, the total polarization of a regular 
dielectric has only the linear component and thus is 
proportional to the electric field. With an identical 
dielectric constant ef as the ferroelectrics, the 
calculated field in a regular dielectric film is linear 
with position. Since the capacitor is not biased, the 
averaged field (field in a charge-free capacitor) is 
zero throughout. The actual field as a function of 
position is indeed very different from the averaged 
field in both the PZT and the regular dielectric film. 

Polarization and its components as functions of 
position are shown in Fig.4. Total polarization, 
which is the sum of switching and linear 
polarization, is linear with position in the film due to 
the constant doping. The linear polarization is 
proportional to the electric field and thus has the 
same shape as the field. The switching polarization 
saturates close to the electrodes because of the large 
electric field in the region. 

The potential as a function of position is shown in 
Fig.5. The potential is zero at both x = 0 and 
0.76fim, indicating that the ferroelectric capacitor is 
not biased. 

IV. Design Curve 

The criterion for the wholly depleted assumption is 
set to be that the maximum concentrations of electron 
and hole are 1% of the doping level of the PZT film, 
i.e., the film is at least 99% depleted of mobile 
carriers. The maximum and minimum possible Fermi 
levels are then calculated. As the thickness of the 
film increases, the range of possible Fermi levels 
gets smaller. When the maximum and minimum 
Fermi levels merge, the film is at the maximum 
allowable thickness which just satisfies the 
assumption of complete depletion. The calculated 
maximum allowable thickness is plotted versus PZT 
doping in Fig.6. The design curve shows the 
maximum allowable film thickness in order for the 
assumption of complete depletion to be valid. Any 
film with thickness smaller than the maximum 
allowable thickness (at a given doping shown in the 
design curve) is a valid film for the application of 
this model. 

One noteworthy point is that the typical film 
thickness for PZT thin films is 0.2 to O.Sfmi, this 
range is marked within dashed lines in the design 
curve. It can be seen that the valid region covers 
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Fig.2 The electric displacement as a function of position. 
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Fig.3 The electric field as a function of position. 
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Fig.4 The total, switching, and linear polarization as 
functions of position. 
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Fig.5 The potential as a function of position 
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Fig.6 Design curve of the presented model. 

85 



most of the typical PZT film doping range, indicating 
that the model has wide applicability. 

V. Result and Discussion 

It can be seen that though different approach is 
taken, the results shown here are similar to a 
previous work by Brennan[8], which solves from 
the free energy expansion. Note that even though the 
capacitor is not biased, the potential is not a 
symmetrical function with position. For a regular 
dielectric, the unbiased potential as a function of 
position is symmetrical (a parabola). The asymmetry 
of potential for the PZT is a characteristic of 
ferroelectrics and is an indication of a nonzero 
coercive field. Energy band diagram can be 
constructed by inverting the potential profile. Biased 
cases can be calculated in the same way by matching 
the magnitude of potential at the top and bottom 
electrodes. 

VI.  Conclusion 

Based on the macroscopically extracted parameters, 
electric displacement, total polarization, and the 
linear and switching components of the polarization 
are calculated as functions of position by assuming 
that the PZT thin film has a constant doping and is 
wholly depleted. The results show that the over- 
simplified average field is very different from the 
actual electric field in the PZT thin film. Design 
curve is constructed based on the wholly depleted 
criterion for typical PZT doping levels (1018 to 
1019cm"3) and the result indicates that for typical 
PZT thin film thickness and doping, the applicable 
range of this model is wide. 
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Abstract: Through three different studies, using 
various kinds of BaTi03 samples: 
- as a powder while heating over the Curie 
temperature, 
- as a green ceramic as a function of the forming 
pressure, 
- as a ceramic while applying a D.C. field, 
it is shown how X-Ray diffraction is able to give 
information about the evolution of the 90° 
ferroelectric domain microstructure. 

INTRODUCTION 

Barium titanate is the main component of the 
dielectric of type 2 ceramic capacitors. The actual 
objectives of the ceramic capacitor industry are 
oriented towards decreasing both the price and the 
volume of the capacitor while increasing the 
dielectric properties of the material. As shown in 
previous studies (1)(2) the dielectric properties of 
BaTi03 are strongly grain size dependent and in 
order to meet the objectives stated above, materials 
with finer and finer grains are required. As the 
dielectric properties are related to the crystalline 
structure, X-Ray diffraction analysis has been used, 
for a long time, in order to improve the 
understanding of the material as a function of the 
grain size (3,4,5,6). However, all the crystalline 
characteristics of BaTi03 which are grain size 
dependent are not able to explain, alone, the full X- 
Ray diffraction diagram as a function of the grain 
size. For a full interpretation of the diffraction 
diagram, it has been necessary to introduce a 
contribution of the 90° ferroelectric domain 
microstructure (7). 
At the present time, the theoretical approach is rather 
simplistic. A few years ago, Caboche et Al.(7) 
proposed a model taking into account the 
contribution of the association of two 90° adjacent 
ferroelectric domains to the diffracted intensity in the 
vicinity of the 002 and 200 diffraction lines. 
Although this model was simplistic, an important 
result was drawn up: the size of the domain which is 
diffracting coherently the X-ray beam is largely 
greater than the size of the 90° ferroelectric domains. 
A more complete model, able to explain the full 
diagram is now in progress. 

In the present paper, new experimental results are 
presented; they are interpreted taking into account 
the consequences from the coherent diffraction 
between two 90° adjacent ferroelectric domains. 

EXPERIMENTAL 

Samples 

The initial powder: A  coarse  grained  BaTi03 
powder, with a narrow grain size distribution has 
been used in order to get well separated 002 and 200 
diffraction lines. 
The green ceramics: After a slip drying and granule 
preparation, thick disks of 8 mm diameter were 
formed by die pressing. The forming pressure range 
was from 100 to 1000 MPa. 
The sintered ceramics: The sintering conditions ( air, 
1250°C, 16 hours ) were chosen in order to obtain 
well densified thick disks with no grain growth. 

Data recording 

Most of the XRD diagrams were recorded using a 9- 
0 horizontal axis goniometer allowing a motionless 
sample and a curved position sensitive detector 
(INEL CPS 120). A curved quartz monochromator 
was providing the copper Koq radiation. 
In situ XRD versus electric field: 
An electric field applied on the samples was provided 
by a DC generator. Gold was vapour deposited on 
each side of the samples to form the electrodes. The 
layer had to be sufficiently thick to insure a good 
electrical contact and sufficiently thin to induce a 
negligible adsorption of the X-ray beam. 
In situ XRD versus temperature: 
The powder diffraction patterns were collected with a 
synchrotron radiation in LURE (Orsay, France). The 
parameters of the device D23 were : X=l,4 A°; step 
scan = 0,006 (°28) ; counting time = 16s ; monitor = 
800 000 cts) 
This study required an XRD set up with a very high 
and well known resolution, in order to detect very 
slight changes in the line broadening. The resolution 
of the apparatus (device D23) were about 0.02 (°20); 
The XRD diagrams were recorded at different 
temperatures: from room temperature up to 150°C 
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(above Tc # 120°C), then at 450°C and finally cooled 
down to room temperature after the thermal 
treatment. 

INFORMATION ON THE FERROELECTRIC 
MICROSTRUCTURE 

IN THE X-RAY DIFFRACTION DIAGRAM 

Ferroelectric domains in Barium Titanate 

At room temperature, the BaTi03 grains are usually 
divided in ferroelectric domains; "180° domains" in 
which the polarization vectors are antiparallel and 
"90° domains" in which the polarization vectors are 
rectangular. This division allows a minimization of 
the overall deformation and polarization induced 
during the paraelectric to ferroelectric transition. A 
ferroelectric domain wall is the boundary between 
two domains. 

The Williamson and Hall analysis 

A Williamson and Hall (W-H) diagram allows 
qualitative data on the crystallite size and lattice 
microdistortions of the material by the measurement 
of the XRD line broadenning. The W-H diagram 
consists of a straight line with the origin ordinate 
(00) leading to the mean apparent crystallite size 
and the slope (S) to the mean apparent defect ratio in 
the direction perpendicular to the hkl planes 
considered. 

The W-H plot in case of ferroelectric BaTiOj 

In the case of BaTi03 polycrystalline materials, the 
origin ordinate and the slope of the W-H straight 
lines are also depending on the ferroelectric 
microstructure. The slope S depends on both the 
amount of lattice distortions but also on the amount 
of domain walls, since a 90° domain wall and a 
dislocation has a very similar effect on the line 
broadening. 
The effect of the ferroelectric domain microstructure 
is depending on the considered diffraction lines. 
In the present work two kinds of lines have been 

considered: the hhh lines, on the one hand, and the 
OOh and hOO lines, on the other hand ( Figure 1 ). 
The relative intensities of 002 and 200 lines are a 
function of the polarization of the material. 
The   002-200   line   widths   are   related   to   the 
ferroelectric domain size. A particular contribution 
to the diffracted intensity is observed in the area 
between these two lines(7). 
On the contrary, the subdivision into ferroelectric 
domains modifies the 111 line profile differently . 
From a WH plot using the hhh lines, the size effect 
on the origin ordinate is only the grain size (here 
grain = crystallite) but not the 90° domain size while 
the distortion effect on the slope is due to both the 
true lattice distortions and the apparent distortions 
associated to the 90° domain walls. 

RELATIVE INTENSITIES 
OF 002/200 LINES 

INTENSITY BETWEEN 
002/200 LINES 

45.2 45.6 

Figure 1 : Main characteristic parameters of the 111, 
002 and 200 diffraction lines of polycrystalline 
BaTi03. 

HEATING A POWDER 
OVER THE CURIE TEMPERATURE 

The results are presented in a W-H plot of the hhh 
lines as a function of the temperature (Figure 2). 
As the temperature increases close to the phase 
transition temperature Tc, the slope S decreases. For 
temperatures above Tc (Tc<T<450°C), there is no 
more evolution of S. 

At low temperatures (T<Tc), the decrease of the 
broadening is not likely to be due to a classical 
lattice distortion relaxation. It is most likely due to 
the reduction of the domain wall contribution which 
finally disappears at Tc when BaTi03 lattice becomes 
cubic. 

For Tc<T<450°C, there is no more ferroelectric 
domains and the value of the slope S represents only 
classical microdistortions. Moreover, when the 
powder is cooled back to room temperature, the 
slope S and the apparent defect ratio due to the 
domain walls , as well, come back to their initial 
values. 
Note that in this study, the origin ordinate OO is 
remaining approximately equal to zero and has no 
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real significance. This is due to the large grain size; 
thus the approximation of the infinite size crystal is 
valid all along this study. 

©cos (B)A, 
> 

25 °C   y^Ferroelectric 

2.2f to"4 

£&toi             150°C/450°C 
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Figure 2 : Experimental proof of the ferroelectric 
domain wall contribution to the broadening of the 
hhh lines by a behaviour similar to lattice distortions 
in a Williamson-Hall plot. 
1: 25°C before heating        A  : 25°C after heating 
sdw : domains walls contribution to the slope 
sid : lattice distortions contribution to the slope 

INFLUENCE OF THE FORMING PRESSURE 
ON GREEN CERAMICS 

Evolution of the diffracted intensity profile around 
the 002-200 lines 

Figure 3 shows the typical modifications of the 002- 
200 lines involved by the pressing : both the 002 and 
200 line widths and the diffracted intensity between 
the two peaks increase with forming pressure. 

46.5 

Figure 3 : 002-200 line profiles of the initial powder 
and of a green sample after pressing (lGPa) 

Evolution of the broadening of the 111 and 222 
lines 

A Williamson and Hall analysis has been performed 
on the 111 and 222 lines of each sample (Figure 4). 
The broadening of the 111 and 222 lines is only due 
to a lattice distortion effect. Therefore, the 
modifications of the structure involved by the 
forming are seen as an increase in the lattice defects 
along the [111] axis without any variation of the size 
of the coherence domains. 

0.25n 

200 400 600  800 1000 
Pressure (MPa) 

Figure  4   :   Origin  ordinate   and   slope  of the 
Williamson & Hall straight lines obtained with the 
hhh lines of BaTi03  green samples versus the 
forming pressure. 

Discussion 

The increase of the apparent amount of lattice 
defects when increasing the forming pressure has to 

^     ^     ^     ^ 

ferroelectric domains 
structure before the forming 

non uniform stress field 
developed during the 

pressing 

ferroelectric domains 
structure modification 

Figure 5: Proposed mechanism to explain the die 
pressing effect on the 90° ferroelectric domain 
structure. 
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be seen as an increase of the amount of 90° domain 
walls. 
It is related to a reduction of the domain size induced 
by the pressing. A mechanism, presented in Figure 5, 
has been proposed to explain this phenomenon : a 
fragmentation of the ferroelectric domains allows the 
minimization of the mechanical energy of the 
material. 

INFLUENCE OF A DC HELD 
ON A CERAMIC 

The application of an electric field is a direct way to 
modify the ferroelectric domain microstructure. A 
special device was set up, allowing to record the X- 
ray diffraction diagram while applying an electric 
field perpendicular to a ceramic disk (9). 
The experimental results reveal a change of the 002 
and 200 line relative intensities (I002/I200)- When 
increasing the electric field, 1200 decreases while 
1002 increases. Consequently the {001} plane 
families proportion grows at the expense of the 
{100} plane families. In a well densified ceramic no 
reorientation of the grains in order to modify the 
relative intensities is possible; only the ferroelectric 
domain walls are supposed to move in order to 
extend the domains having the polarization vector 
the closest to the electric field. 
The relative intensities of the 002 and 200 lines 
characterize the polarization state. The curve R=f(E) 
(Figure 6), obtained from the diffracted intensity 
measurements, has been compared to the schematic 
first polarization curve. 

■ Bragg angle 
for 111 
reflection 

0.6 

0 Bragg angle 
for each 002 
and 200 

0.2 reflection 

400 800 

E(V/mm) 
1200 

J 
Figure 6  : Comparison between a diagrammatic 
relative polarization curve P/Ps and the R curve 
obtained by the X-Ray diffraction measurements. 
P: Polarization, Ps: Saturation polarization, 

R = (I002 -(IoO2)uc)/(IO02+l20O-(l0O2)uc) T002.1200. (!002)uc: Intensities of the 002 and 200 
diffraction lines and of the 002 line in the unpoled 
ceramic respectively. 

Electrical polarization measurement and X-ray 
diffraction do not analyse the polarization state on 
the same way: 
- the electric polarization considers the whole sample 
volume, with all the grains (whatever their 
orientation), with all the domains (each domain 
contributes to the polarization) 
- the X-ray diffraction consider only the surface (a 
few u.m) and only some grains (that are in 
diffraction angular position) and two anti-parallel 
domains cannot be distinguished. 
The comparative interpretations of the R curve and 
of the first polarization curve allow to characterize 
the domain wall motion under the influence of the 
electric field. The 180° domain wall motion occurs 
for a very low value of the electric field for which 
R=0. Whereas, the 90° domain walls move for an 
higher value of the electric field corresponding to 
R>0 (on the contrary of that is said in (10)). 

CONCLUSION 

All the presented experimental results exhibit various 
aspects of the contribution of the 90° ferroelectric 
domain microstructure of a ferroelectric material 
such as barium titanate to its X-Ray diffraction 
diagram when considered as a polycrystalline 
material. However all these results are at the present 
time only qualitative or semi-quantitative. In order to 
obtain a better knowledge of the ferroelectric 
material from its X-Ray diffraction diagram, a more 
realistic model is in progress. 
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The mechanism of interactions of domain 
boundaries in ferroelectric-ferroelastic crys- 
tals with different (uncharge, charge and elas- 
tic types) defects are investigated. The diffu- 
sion bf defects to boundaries and the processes 
of the motion of domain walls interacting with 
defects are studied. The values of domain con- 
tribution in dielectric permeability and the co- 
ercitive field determined bv the storage time 
and the number of switching cvcles for the mate- 
rial with initial random defect distribution 
are calculated. 

INTRODUCTION 

The processes of aging and degeneration 
(i.e. worsening of operating properties in the 
usage process) of ferroelectric monocrystal ma- 
terials is mainly determined bv processes on 
the electrodes, bv domain-defect interactions 
and in ceramic materials bv the additional dif- 
fusion processes occuring along the intergrain 
boundaries [1,21. ^ , 

The aim of the Dresent work is the study 
of the contribution of domain-defect interacti- 
on in the aging and degeneration processes in 
monocrystal as in ceramic materials. The mecha- 
nisms ' of the mentioned effects are connected 
with the decrease of the total energy of real 
ferroelectric material in case when defects 
lie at the domain boundaries. It results in the 
diffusion of the defects to the domain bounda- 
ries ( the aging process) on the one hand, and 
to the additional lock-on to defects by mo- 
ving domain boundaries during the switching 
Drocess (degeneration process) on the other 
hand. In the result the number of points of 
domain walls fixing bv defects increases and so 
the contribution of the domain boundaries in 
dielectric Dermeability decreases and the value 
of coercitive field increases respectively with 
the increase of storage time and of number of 
switching cycles (i.e. of operation time). 

that field. Unlike the homogeneous field the 
charge defect one is asymmetrical along the po- 
lar- axis relative to normal to the boundary 
passing through the defect. It causes the pres- 
sure on the wall from this field having a dif- 
ferent sign in the regions upper and lower ot 
the normal. Being displaced here by the elec- 
tric field in opposite directions, the bounda- 
ry finally sags near the point with z=0. The 
sign of the bound charge arising on the sag- 
ging boundary is always opposite to one of 
initial charge defect. The interaction between 
the domain wall and initial charge is the re- 
sult of one between the indicated charges. So 
for any sign of initial charge its interaction 
with domain wall has always an attraction cha- 
racter.   ., |WfX«i) 

Fig.l. The character of the displacement 
of the domain wall near the point 
charge defect - a) and the energy 
of their interaction as a functi- 
on of the distance between the ini- 
tial position of the domain wall 
and defect. 

The details of such interaction are 
described by the system of equations (1), first 
of which is the equation of equilibrium of 
the domain wall and second - the Poisson equa- 
tion that connects the domain wall displacement 
U. with their accompanied electric field with 

the potential f   [3,41: 

MECHANISMS OF DOMAIN WALL-DEFECT INTERACTION   }   yi^lL   .22*:)    2p2£i     _D 
(l) 

Let us consider the principal mechanisms 
of domain wall-defect interaction in ferroelec- 
trics and ferroelectrics-ferroelastics. Here 
we limit ourselves with the defects classified 
as point charged and elastic ones as well as 
with a non-ferroelectric inclusion. In rea- 
iitv thev represent practically all possible 
imperfections of crystalline lattice with ato- 
mic dimensions: the irmolantation and substitu- 
tion impurities, vacancies, pores and others. 
The interaction of anv concrete defect with 
the domain wall may be caused simultaneously 
by several mechanisms. 

The mechanism of interaction of point cha- 
rge defect with the domain wall is shown at 
Fig.la. The Dressure on the wall from the elec- 
tric field is connected with the difference in 
energy of dipoles of neighbouring domain in 

Here P0 is the spontaneous polarization, S^ , £a. 
- dielectric permeabilities of monodomain crys- 
tal along and perpendicular to the polar axis, 
tf -the surface density of energy of domain wall. 

The cooperative solution of the equations 
of system (1) allows to describe the profile of 
interacting domain wall, to obtain the 
potential of indicated charges on the wall and 
in the result the energy of interaction of 
defect and boundary as a function of the 
distance between them . Omitting the unwieldy 
calculations we note that the last one is ea- 
sily calculated if one takes into account that 
in neglecting the surface tension of the boun- 
dary, i.e. by the increase of its length at the 
sag," the domain wall in the equilibrium po- 
sition is an equipotential surface. So the in- 
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teraction of indicated charges is the interac- 
tion petween the initial charge and image char- 
ge with the energy 

U-lWi'ConjLt 

W('x'J-Zeft,/xci) = 
2-^.2 £2-e 

ins 
In ferroelectric-ferroeiastic crystal doma- 
represent not only electrical twinning but 

mechanical ones distinguished in simDlest case 
by the sign of the shift spontaneous deformati- 
on. The plane of the domain wall coincides here 
as a rule with the invariant one where the 
atomic positions remain unchanged at the pro- 
cess of crystalline structure reconstruction 
at phase transition. At each point of such bo- 
undary the deformations are compatible and 
the medium continuity is conserved. At the 
deviation of the domain wall from the invariant 
plane the gaps of continuity arise which depend 
on the direction of the wall displacement and 
can be presented by the edge and screw twinning 
dislocations. At the interaction with domain 
wall m elastic crystal of elastic nature de- 
lect similar to the previous case of charge de- 
fect the domain boundary aspires to flex and 
to destroy the elastic stresses which cause 
the pressure on the domain wall from the defect 
In the result the interaction of initial elas- 
tic defect and induced by the wall sag twin- 
ning dislocations here always has the attracti- 
on character too. The concrete form of sap- 
gind wall and the energy of interaction of wall 
and defect are determined in ferroelectric-fer- 
roeiastic material by the system of equations- 

9<£ -2PcffJx=ot2£^ izl,-. - O. 

c^-**w>m 
v 

(3) 

Here £c is spontaneous deformation, <&iS  is the 
tensor of elastic stresses, third equation is 
non-compatibility of strains one where f(f) is 
the volume density of forces corresponding to 
defect, m,- 2jju+k)/X  , ßi  , A- - are Lame coeffi- 
cients, riij.  is non-compatibility tensor. This 
equation allows to connect the concrete sags of 
the wall with their accompanied elastic stres- 
ses. The solution of the system (3) in the 
case of interaction of domain boundary with di- 
latation center (the mathematical model of point 
elastic defect) shows the following energy  of 
interaction of center with boundary [5] 

j6-7o<i  (A+^[vz?+v]sT?Kr]        (4) 
Here u) = 2{A ^)/[X ^z^^ j>jj>B yZju_ ^ig ^ £ _ ^ = ^ 
S-o is the change of crystal volume caused by' 
existence of a defect in it. As it is seen 
from (4)the value of wfx^doesn't depend on the 
sign ol ilo. The dependence of w on XL here is 
essentially more stronger than in (2). The pro- 
file of interacting with dilatation'center do- 
main wan is complicated enough and is descri- 
bed by the Fis\2.   , u/ 

*-2 

+ J2-o/^>0 

Fig.2. The displacement of domain wall in 
i erroelectric-ferroeiastic interac- 
ting with dilatation center. 

The interaction of non-ferroelectric inclu- 
sion with the domain boundary is caused by at 
least two factors. On the one hand the impact 
oi such an inclusion with the boundary decrea- 
ses its area (Fig.3a) and so far as the enerpv 
of boundary is positive, the interaction has 
the attraction character here [6]. Evidently 
this interaction is a short-distance one as it 
can be observed only in case of a direct impact 
of the defect with the boundary and its maximum 
value as equal to 

Wc^yjtß* (5) 

tifle \  x5 r^e radius of the inclusion. On the 
other hand the impact of the defect with the 
boundary decreases the energy of bound charges 
of the spontaneous polarization arising on the 
pore surface (Fig.3b) [?]. This process is simi- 
lar- to the decrease of the depolarized field 
energy occuring at the splitting of the finite 
iorm crystal into domains. The last interaction 
is a short-distanced one too and its maximum 
value is: 

V££ (6) 

p'** +^M^^-&^M^j^^jA-^uj^Zju.^ Q t   "Ö" 
a) 

i V* 
6) 

Fig.a. The domain wall-inclusion interaction 
caused by a) the decrease of the domain 
sun ace area, b) the decrease of depo- 
larized field energy of pore. 

THE CHANGE IN THE AGING PROCESS OF 
DIELECTRIC PERMEABILITY AND COERCITIVE 

FIELD. 

The_ special experiment shows [8,9] that 
dielectric properties of ferroelectric materials 
at least of those not near Tc are determined by 
tne motion of domain boundaries. Their contri1 

bution in the value of £ is defined by the ex- 
tent of displacement of domain boundaries in 
a given field. In the defect material the main 
controlling factor is the obstacle to the doma- 
in walls motion created by the defects.  It was 
shown earlier [103 that the domain walls sags 
in the process of their displacement in the de- 
lect pinning region turn out to be very distin- 
ctly located. As a result the difference betwe- 
en the average displacement of the wall and its 
maximum value is not practicallv observed. The 
value of displacement of the'wall itself is 
proportional here to force influencing the wall 
and so may be obtained in the frames of quasi- 
elastic approximation from condition AtZ/P^zp«E 
oi equality of pressure on the boundary from re- 
setting force to pressure from the side of exte- 
rnal field E, where I  is the mean distance bet- 

2=o 
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ween defects and coefficient of quasi-elastici- 
ty -A in particular' for Dure ferroelectrics 
is equal to 

* =  V££ (7) 
Hence it follows that 

HJt,PB VTöJ 

IL - 
ze-iT (8) 

2MTrufrS 
( a is radius of the range of interaction of 
boundary with defect). The domain conclusion in 
the value of dielectric permeability 

8jth  £._   HPKt
xVT (Q, 

L~     E    cL ~    VFdVTZ l  ; 

where d is the mean width of domains. 
For comparison with the experiment it is ne- 

cessary to define the mean distance between 
the wall pinning defects by meance of their vo- 
lume concentration n . The connection between 
the values mentioned depends apparantly on the 
distribution of defects over the sample volume. 
In a newly made (not aging) material the distri- 
bution of defects over the sample it is natural 
to consider as homogeneous one. Taking into ac- 
count that already in initial state (i.e. befo- 
re the applying of electric field) the domain 
boundary is deformed in certain form [103 at 
the expense of lock-on to nearlying defects, 
the bond between values and here we shall _obta- 
in from the relation ru.& -  1/t3- ,  where u   is 
maximum distance from defect to the plane of 
mean orientation of the wall when defect locks- 
on to boundary. The value of in its turn is 
calculated from condition i.u.'/z - Wc   ,    where 
Wo is maximum energy of interaction of boun- 
dary with defect, and in view of (7) is found 
as 

\ ziTx-PuYTal) (10) 

Substituting in (9) tz expressed through t%, from 
the condition £*■= i/r^U. with the account of (10) 
we obtain finally 

a(t--o) = (11) 

As it is seen from (11) the value ofift^here is 
inversely proportional to the defect concentra- 
tion that quite corresponds to the experiment 
[91. 

To account of the aging effect it is neces- 
sary to take into consideration the enrichment 
with defect in time the crystal region neighbo- 
uring with domain boundary and so to take into 
account the effect of increase of number of 
pinning points of wall with time. Let us use 
for this reason the usual kinetics equation 

(12) 

where t is relaxation time andn«(x,"fc)is the 
equilibrium defect concentration.  In the case 
of unmoving boundary the value of n„ doesn't 
depend on t and the solution of (12) has simple 
form 

-i 
n<x,t) - N*,t=o) e. v tnoo(x)i± - eT *J. 

In our case hYx,t=eJ- ru, and dependence ofrufc/with 
the account of the effect of deformabiiity of 
the wall at its lock-on to defects is 

la*,    X>H      ^14) 

The condition determining the bound of tto and 
£lis now  £ 

W*Mx =*/*.*• (15) 
o 

Substituting here lyx) in the form (13-14) we 
obtain the indicated bond as following 

Changing now in initial relation for £. (9) tz 

through last one with account of expression for 
U.  we obtain the expression for change with 

time of dielectric permeability in aging ferro- 
electric 

£ = 

As it is seen from (17) the aging effect itself 
is determined only by the mobility of defects 
and by energy of their interaction with domain 
boundary. 

The other important character defining the 
dielectric properties of ferroelectric is the 
coercitive field Ec which in model of lateral 
motion of domain wall may be determined from 
the condition 2.PoEc = ./-«. where 7*n.is maximum 
force of interaction of boundary with defects. 

The value 

m=f^«*#*-?p «*+**)* (18) 

The substitution here w  and njxf-h) give us 

(19) 
Avoiding unwieldy expressions we shall obtain 
the value E^ separately in an unaging ( E*) and 
in an aging ( £^>)  sample. In first case dete- 
rmining the maximum of T(D)  and comparing it to 
value ZfcE^vie  obtain 

pj _ "*^° (20) 

in the second analogously 
2-Po 

c- flaT Wo/r 
(21) 

(13) 

Here we state a certain increase with time of 
the value of Ec although it particular changes 
depend stronglv on the relation between W0  and 
T . 

During the process of exploitation of fer- 
roelectric material in a small amplitude field 
by analogy with the process of aging the en- 
richment with defect occurs now in boundaries 
of all region where quasi-cycled domain wall 
moves. Besides, it leads to additional pinning 
of bounds with defects and, therefore, to de- 
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crease oi its contribution to the value of s 
The character of defect distribution in the 
region of moving domain wall and, therefore, 
the value of resulting effect deoend on the 
frequency and amplitude of operating field. 
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Fine PMN Powders Prepared from Nitrate Solutions 
Yoshio Yoshikawa 
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Koriyama, Fukushima 963, Japan 

Abstract - A partial coprecipitation method was developed in order 
to synthesize lead magnesium niobate Pb(Mgi/3Nb2/3)03 (PMN) 
powders from nitrate solutions. To obtain a niobium precursor 
compatible with the chemical routes, peroxo-niobium complex 
solutions were prepared by dissolving hydrated niobia precipitates in 
a dilute nitric acid solution with hydrogen peroxide. Fine PMN 
powders were prepared from these nitrate solutions by two-stage 
hydrolysis. During calcination, these amorphous powders began to 
crystallize simultaneously to both a cubic pyrochlore phase and a 
cubic perovskite phase at about 400^. 

INTRODUCTION 

Recently, lead magnesium niobate (PMN)-based ceramics prepared 
from mixed oxides by hot-pressing [1] or hot-isostatic pressing [2] 
have been investigated for possible use in electrooptic applications. 
The electrooptic and other dielectric properties of the final ceramic 
depend on variables related to several processes such as purity, 
stoichiometry, pyrochlore phase, grain size, etc. The most reported 
conventional method of PMN powder processing is calcining powder 
mixtures of PbO, MgO, and Nb2(D5 [3,4,5] or mixtures of PbO and 
MgNb206 [6] using solid state techniques. Some problems that have 
arisen are the dispersability and reactivity of MgO powder, 
eliminating the pyrochlore phase, and PbO volatilization at high 
temperature. There are many experimental procedures with respect to 
the solid state reaction sequence that have been proposed by different 
research groups. The differences in the sequences are caused by the 
reaction kinetics dependency on various processing parameters, such 
as particle size and surface area of starting materials, and heating rates 
[6]. It has also been observed that high-energy milling techniques 
and/or addition of excess MgO could improve the kinetic properties 
and promote the formation of perovskite phase. However, this 
process yield some contaminations and nonstoichiometric powders. 

In general, chemical powder processing is a excellent technique to 
synthesize high-purity multicomponent materials as it offers good 
chemical homogeneity on the nanometer-scale. The chemical 
synthesis of PMN powders, however, has been limited by difficulties 
in the availability of a niobium precursor compatible with chemical 
routes. The chemical methods reported previously are sol-gel 
[8,9,10], aqueous solution [11,12,13], and hydrothermal [14]. The 
powders from the alkoxide precursors are very expensive and must be 
prepared under a controlled environment. In this study, a partial 
coprecipitation method was developed using nitrate salts and niobium 
oxalate as a niobium source. 

EXPERIMENTAL 

Preparation of niobium precursor solutions: The solubility of metal 
oxalates in water are strongly dependent on solution acidity. By 
acidifying with nitric acid, one can prepare a clear aqueous PMN 
solution from lead and magnesium nitrates and niobium oxalate. 
However, coprecipitation by hydrolysis with ammonia solution is 
restricted by preferential precipitation of lead oxalate. Thus, oxalato- 
free niobium precursor solutions were prepared from aqueous 
niobium oxalate solutions by hydrolysis with ammonia solution. After 
filtering and washing, the hydrated niobia was dissolved in 0.1 M/L- 
HN03 with hydrogen peroxide. Nb content in the precursor solutions 
was determined by quantitative chemical analysis. 
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The addition of hydrogen peroxide increased the solubility of the 
hydrated niobia, and decreased the required time for dissolution. 
Through this research, practical techniques are suggested to determine 
the appropriate amount of hydrogen peroxide to attain an acceptable 
molar ratio of H202/Nb. These ratios varied from 1.0 to 10.0. Clear 
yellow-colored solutions were obtained respectively, indicating that 
niobium oxalate converted into peroxo-niobium complexes. The 
effects of hydrogen peroxide contents on precipitated composition 
from the niobium precursor solutions were characterized by X-ray 
diffraction (XRD). 

Preparation of PMN Powders: A flow diagram of the preparation 
of PMN powders is shown in Fig.l. 0.024 M/L-PN solution was 
prepared from lead nitrates and the niobium precursor solution. The 
hydrogen peroxide content in the niobium precursor solution had a 
1.65 molar ratio of H2O2/ND. An amount of excess lead nitrate 
(10wt%) was added in order to promote the reaction and/or to 
compensate for the loss of lead oxide during calcination. 15 M/L- 
NH4OH was poured into the PN solution while continuously stirring 
the solution. The final pH of the solutions containing the 
coprecipitates were on the order of 10.5-10.8. Coprecipitates were 
then washed with water, dispersed in water, and then magnesium 
nitrate was dissolved in the liquid. Again 15 M/L-NHtOH was 
poured into the liquid to hydrolyze the magnesium nitrate at about 
pHll. The precipitates were dried overnight at 80°C. 

f Lead nitrate] f Niobium precursorJ 

c 
1  

PN solution D 
(Aqueous Nb oxalate solution J Hydrolysis 

Hydrolysis fcopi irecipitates 

[ Hydrated niobia J 
3" 

Washing [Magni esium nitrate 

Washing 
3- i 

Dissolve in 0.1 HN03 
with H202 

Hydrolysis 

Wash and dry 

f Niobium precursor J (   PMN powder  J 

Fig. 1   Flow diagram of the preparation of PMN powder. 

RESULTS AND DISCUSSION 

Niobium precursor solutions prepared with hydrogen peroxide 
were clear yellow solutions. Niobium exists in these solutions as 
some peroxo-complexes. It is believed that several kinds of peroxo- 
niobium complexes exist in aqueous solutions. However, the 
structure of these complexes have not been reported to my 
knowledge. As the molar ratio of H2Ö2/Nb exceeded 5, precipitates 
from the precursors changed in composition and phase from a gel to a 
crystalline ammonium perorthoniobate (NH4)3NbOs as shown in 
Table 1. To achieve sufficient coprecipitate homogeneity in the 
multicomponent system, a niobium precursor solution, which will 
precipitate those crystalline compounds by hydrolysis, should be 
avoided. In this study the niobium precursor solution with 1.65 
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Table 1. Effect of hydrogen peroxide on precipitates phase 

mole ratio of H2Ö2/Nb 

1.0 
2.5 
5.0 

10.0 

major precipitates 

gel (hydrated niobia) 
gel (hydrated niobia) 

crystalline (NH4)3NbOs 
crystalline (NH4)3NbOs 

H2Cte/Nb was used for the PMN powder processing. Preliminary 
experiment revealed that the relative ease of precipitation in individual 
solutions corresponding to the 0.008M/L-PMN composition follows 
the sequence 

Nb(pH1.2) > Pb(pH5.8) >Mg(pH11.0) 
Considering the mobility of each cations in solid state for the 
formation of perovskite structure, homogeneous mixing of B-site 
atoms (Mg and Nb) is very important for low calcination 
temperatures. Unfortunately, the pH range where precipitation occurs 
is so different between magnesium and niobium nitrate solutions that 
homogeneous coprecipitation at molecular level is difficult to attain. 

XRD analysis revealed that the gelatinous, yellow precipitates 
obtained by present method are amorphous. When lead nitrate was 
hydrolyzed separately, crystalline Pb3(N03)(OH)5 precipitated from 
the aqueous solution in the pH range of 9 - 11 [15], and crystalline 
Pb(N03)OH and Pb7(NO3)4(OH)i0 from nitric acidified solutions in 
the pH range of 6 - 10. Addition of hydrogen peroxide to these 
solutions prior to hydrolysis, a fine, reddish-yellow, amorphous 
precipitate (3PbO.2Pb02.3H20) was obtained as a result of oxidation 
of the crystalline lead hydroxides [15]. The hydrogen peroxide, 
which was introduced by niobium precursor solution oxidized the 
crystalline lead hydroxides. It is favorable to obtain homogeneous 
precipitates. The morphology of as-dried powders was determined 
by scanning electron microscopy. The powder consisted of 
agglomerates of small particles ranging in diameter from 20 to 30 nm. 

Thermogravimetric analysis curve shows a 10 % weight loss 
below 400*0 due to the physical desorption of water and dehydration 
of precipitates. Differential thermal analysis curve has a endothermic 
peak at 3701, corresponding to the dehydration of magnesium 
hydroxide, and a exothermic peak at 435 0. The exothermic peak 
was associated with the crystallization, which was confirmed with the 
results of XRD. 

Figure 2 show the XRD patterns of powders calcined at 410 °C. 
During calcination, these amorphous powders began to crystallize 
simultaneously to both a cubic pyrochlore phase and a cubic 
perovskite phase at about 4000. Pyrochlore and perovskite phases 
with broad peaks at about 400°C indicate that small size crystallites 
could form in the fine powders. The pyrochlore phase grew up with 
increasing temperature and periods, while the perovskite phase did 
not grow with increasing temperature until at temperature (700°C) 
was reached where the pyrochlore converted to the perovskite rapidly. 
Considering the fact that most of crystallization temperatures reported 
for mixed oxide methods were around 800°C, such lower 
crystallization temperature reveals that the powders have high 
reactivities and compositional homogeneities. This reaction sequence 
differs from those of the sol-gel powders [8,9] and mixed oxide 
powders [3,4,5] which include several intermediate products in their 
formation of perovskite phase. T. Fukui et al. [10] reported such 
direct crystallization of the perovskite phase from their sol-gel 
powders. Some precipitation conditions and chemical bonds in 
amorphous precipitates cause the formation of perovskite at low 
temperatures. It shows the possibility of low temperature calcination 
for single phase perovskite PMN powders. A beneficial effect of 
excess PbO on the formation of perovskite structure was observed at 
700°C. The excess PbO not only compensates the loss of lead oxide 
during calcination, but acts as a mineralizer for phase transition. 

700°C/lh 

10 20 30 40 50 

2 6 (CuKa) 

10 20 30 40 50 

2 6(CuKa) 

Fig. 2 XRD patterns of powders calcined:   (O) perovskite;   (•) pyrochlore. 

CONCLUSIONS 

A partial coprecipitation method was developed to synthesize 
Pb(Mgi/3Nb2/3)Ö3 powders from nitrate solutions. Niobium 
precursor solutions which consisted of oxalato-free, peroxo- 
complexes, were prepared from niobium oxalate with hydrogen 
peroxide as the niobium source. Fine PMN powders were 
synthesized from nitrate solutions by two-stage hydrolysis with 
ammonia. As-dried powders were 20-30 nm in diameter and 
crystallized to both a cubic pyrochlore and perovskite phase at about 
400 t:. 
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Abstract - Phase  T,x-diagram of the Pb^_x 

Ca TiO,  (O^xsO.62)   solid  solution  system has 
x      3 

been constructed in the range from room tem- 

perature to 770 E using data of single crystal 
optical  studies and x-ray microanalysis.  Besi- 

des the typical for PbTiO, ferroelectric tet- 

ragonal  and paraelectric cubic phases, two 
ferro— and non-ferroelectric ones having the 
pseudomonoclinic unit cell distortions also as 

two additional tetragonal phases,  at least one 
of which is confidently non-ferroelectric, ha- 
ve been found and their exact  stability limits 

have been determined. 

INTRODUCTION 

The Pb,,    CSL TiO,   solid solution  system is 
noticeable for the excellent high anisotropy 

of piezoelectric properties.  Morden ceramic 

materials based on this system contain up to 
34 mol.% of CaTiO,, that is in a neighbourho- 

od of the range where the ferroelectric and 
"tilted"-type phases may co-exist. Unfortuna- 

tely, the problems of phase formation and pha- 

se equilibrium in the central part of the 
Pb       Ca TiO,   solid  solutions have not received 

1-x    x      3 
any development recently.  The majority of the 
known phase Pb/)_xCaxTiO,  T,x-diagrams was con- 

structed in 50th years   [1-3] .  This works con- 
tain  some contrarieties and can not be consi- 

dered as complete  ones. 
At present it is known that rising of 

CaTiO,  content in the  solid  solution causes 
3 

the  smooth decrease of the  spontaneous defor- 

mation in PbTiO, tetragonal unit cell and lo- 

wering of the Curie temperature  [l-5l*  Accor- 
ding to the most opinions,  at room temperatu- 

re the boundary between the ferroelectric tet- 

ragonal phase and the paraelectric cubic one 

is disposed near x»0.5  [1» 4,  5]« At the  same 
time there are the different values of it po- 

sition x-0.38  [2] and x-0.60 - 0.62 [3]  in 

the literature.  It is also assumed that two 

non-ferroelectric phases, which are typical 
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for pure CaTiO,,  exist in the  solid solutions 

with the large content of calcium [1,2].  One 

of them is tetragonal and other is orthorhom- 

bic9 having the pseudomonoclinic distortion 

of the prototype unit cell. Unfortunately the 

exact limits of their existence were not de- 

termined. 
The concentration interval  0.40^X6 0.50 de- 

serves of a special  attention.  Some of the 

authors suppose,  that the  symmetry of ^D/j_x 

Ca TiO, with x>0.40 is not tetragonal in   spi- 
x      o 

te of the ferroelectric property conservations 

up to x«0.50  [6,7].  According to other infor- 
mation in this composition region the  symmetry 
staies tetragonal, but regulating of a mutual 
disposition of the calcium and lead ions is 

appeared in the  solid solution  [5].  Despite 
of such  statement,  authors  [5]   could not find 
the 90° domains, which are typical for a fer- 
roelectric tetragonal phase,  in the   samples 
with the calcium content from x=0.42 to x= 

-O.5O. 
All   stated above points to the necessity of 

additional  studies of phase formations in the 
Pb„    Ca TiO,   solid  solutions particularly in 1—x    x      p 
the concentration range of 0.40^x^0.50. We 
also  suppose that in this case,  in the condi- 

tions of  small lattice distortions and at the 
presence of non-ferroelectric phases,  optical 
studying of sin&Le crystals would be more  sui- 
table for the determination of phases and pha- 
se transitions than x-ray and neutron diffrac- 

tion    methods as well as measurements of die- 
lectric permittivity. 

EXPERIMENTAL PROCEDURE 

Crystal  growth 

The ^^„x^x^i^  single crystals were grown 
by the flux method from high temperature  solu- 
tions in the PbO-CaO-Ti02-B20,  system.  The op- 
timum    melt compositions,  given in molar ratio, 

were varied from 0.55 PbO - 0.04 CaO - 0.13 
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Ti02 -  0.28 B20j  (x=0.C4)   to  0.43 PbO -  0.20 

CaO - 0.12 Ti02 - 0.25 B20,  (x=0.62).   Further 

rising of CaO portion in the melt caused it 

liquation and resulted in the growth of for- 
cedly  shaped crystals on the melt  surface. 

Since an existence of another phase transiti- 

ons besides the  "tilted"-type ones was hardly 

probable in the  solid  solutions with greater 

CaTLO, content, we refused from attempts to 

select a more  suitable  solvent. 

The  starting mixtures were placed into the 

covered Pt crucibles with the volume 75 cur5 

and heated up to 1320-1330 K.  After 3-4 hours 

of homogenization melts were cooled down to 

1260-1270 K at rates 3-5 K/h.   Then the liquid 
remained was removed from the    crucible and it 

was cooled down to room temperature in thermal 

insulation.  The crystals obtained had a yellow 

colour and isometric or plate-like form with 
the  sides parallel to the  {100}  planes of pe- 

rovskite prototype lattice.  The typical edge 
dimensions were about 1—3 mm. 

Optical   study 

For optical   studies we   selected the transpa- 

rent plate-like  single crystals with thickness 
from 30 to 100/cm. Any special treatment of 

crystal   surfaces was not performed.The optical 
studies were carried out in transmitted pola- 

rized light using MIN-8 microscope with a hea- 

ting chamber having a temperature gradient abo- 

ut 0.O1-0.02 K/cm and a rate of both heating 
and cooling from 1.8 K/h to 180 K/h.  Phase 

transitions were  stated on an appearance of 

phase boundaries,  on twinning changes and on 
birefringence  jumps. 

Determination of chemical  composition 

The determination of chemical  composition of 

every studied  single crystal was carried out 

on the electron probe x-ray microanalyzer  "Ca- 
mebax-Micro"  (France) using the  standard me- 
thod of correction  (ZAP).  PbTiO,  and CaTiO, 

single crystals served as comparison  samples. 

It was found that ^b^jp^ TiO,  as well  as the 
earlier studied PbZ^^T^O,   single crystals 

[8]  showed the appearance of the PbTiO,-enri- 

ched layer, which was generated on crystal 

surfaces during the flux removal.  The thick- 

ness of this layer for Pb„     Ca TiO, did not i—x    x      ^ 
exceed 5/*,m.  Electron probe x-ray mieroanaly- 
sis was held after a previous treatment of 

every crystal   sample, namely after a mechani- 

cal removal  of the  surface layer and  sputte- 

ring of a thin carbon electroconducted film. 

This method is characterized by local measu- 

rements (<v1/m J.  For every sample the compo- 

sition was measured in 5-10 random local  are- 

as on the crystal   surface,  then this data we- 

re  statistically treated.  The accuracy of 

chemical  composition determination did not 

exceed 1-1.5 mol.%. 

EESU1TS AND DISCUSSION 

The Pb1_xCaxTi05 phase  T,x-diagram (O^x 

^0.62) resulted from the performed at hea- 

ting optical   studies has the form,  given in 

Fig.  1.  There exist  six phases in all. Phase 

I is the ferroelectric tetragonal one analo- 
gous to the ferroelectric phase of PbTiO,, 

phase  II is the paraelectric cubic phase. 
Phases III and IV have a tetragonal  symmetry. 

For phases V and VI it is characteristic that 
one of the axes of the optical indicatrix co- 
incides in the direction with an edge of cry- 

stal facet and two other axes lie at 45° to 
respective edges.  This orientation of the op- 

tical indicatrix is typical for orthorhombic 

crystals with perovskite  structure  showing 

the pseudomonoclinic unit cell distortions. 

The exact phase boundaries,  oriented nearly 

in parallel  to   {l00j-type planes of perovski- 

te unit cell, were observed during all the 

phase transitions besides the III ^rIV one. 

PbTiO, 
10  20   30  40  50   60 

mol. % CaTiO, 

Fig.  1. Phase  T,x-diagram of PbTL0,-CaTi0, 
system 
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The phase transitions were also attended with 

the noticeable leaps of birefringence values 
as well as the changes in a domain  structure. 

According to this,  it may be  supposed that 

all the phase transitions mentioned above are 
the first order ones.  At the  same time any 
exact phase boundary was not appeared at the 

transition between the phases III and IV. 
This phase transition was accompained by  smo- 
oth varying in birefringence values together 

with reconstructions of a domain  structure. 

We are assuming that the phase transition III 

i: IV is at least  similar to the  second order 

ones. 
The conclusions on a nature of the obtained 

phases were made on a base of the literary 

data analysis.  The phases III, VI are non-fer- 

roelectric and the phase transitions II -»-III, 

III-»-VI may be concerned to the  "tilted"~ty- 

pe ones.  It is confirmed by the  sharp growth 

of the transition temperatures at increasing 
of CaüO,  content as well as by the absence 
of noticeable dielectric permittivity anoma- 

lies within the respective ranges of tempera- 
tures and compositions in earlier works.  Ac- 
cording to [93, during heating this phases are 
stable in pure CaTiO, in  such succession:  the 

orthorhombic  structure of CaTiO, undergoes to 
the tetragonal phase at 1373 K and then to the 

cubic phase at 1473 K. 
Ferroelectric properties of Pb^_xCa TiO,   so- 

lid solutions in the orthorhombic phase V are 

corroborated by the presence of the dielectric 

hysteresis loops up to x=0.50 [5j7j •  According 

to our results,  at room temperature the boun- 
dary divided the tetragonal and orthorhombic 

ferroelectric phases is disposed at x=0.42, 
that is in a good agreement with the values 

x=0.40 and 0.38, where the authors [7]  and [2] 

ascertain the disappearance of unit cell tet- 
ragonality.  The presence of this phase bounda- 

ry can explain the maximum of electromechani- 
cal coupling coefficient K    and the anomalies 

on the composition dependences of dielectric 
permittivity and spontaneous polarization, 

which were earlier found at x=0.40-0.42 [5]. 
According to our data,  the boundary between 

the ferro- and non-ferroelectric orthorhombic 

phases is located at x>=0.48, which slightly 

differs from the generally accepted value x= 

=0.50, where the Curie point decreases to ro- 

om temperature   |l»4,5].  The appearance of do- 
uble dielectric hysteresis loops, which were 

marked in   [6,7] for Pb0^5Ca0^Ti05 ceramics, 

is probably connected with the field induced 
phase transition from the non-polar orthorhom- 

bic phase to the ferroelectric one and not 
with the aging processes accompanied by an 
exfoliation of the  starting ferroelectric pha- 

se on  several  others,  as it was supposed ear- 

lier. 
Since  some information devoted to the phase 

IV is absent in a literature, the problem of 

it nature may be finally solved only as a re- 

sult of additional  studies. However, because 

the phase transition IV^TIII is similar to 

the  second order phase transitions,  in a case 

of a ferroelectric  state we had to detect the 

noticeable anomaly on the dependence of dielec- 

trie permittivity from temperature. At the 

same time the Curie point versus composition 

dependence,  given in the work [5!»  corresponds 
in the whole to the phase transition line V 

-»-IV, but not to the line IV -»~ III,  at our 
phase diagram in the interval from x=0.42 to 
x=0.48.  Besides the Curie maxima,  another we- 
re not obtained on the dielectric permittivi- 
ty versus temperature curves in that work too. 

SUMMARY AND CONCLUSIONS 

The transparent  single crystals of ^>^jpa
x 

TLO2  (0^x^.0.62)   suitable for optical  studi- 
es were grown from a Pb0-B20, flux.  The tempe- 

rature and compositional limits were determi- 
ned for six phases appeared in the ^Tj/i_xCax 

TiOx  solid  solutions.  Two phases, the ferro- 

electric tetragonal  and paraelectric cubic 
phases,  are typical for PbTiO,; two others, 

the non-ferroelectric tetragonal and non-fer- 

roelectric orthorhombic phases, were found 
earlier for pure CaTiO,.  The existence of the 

ferroelectric orthorhombic phase with the pse- 
udomonoclinic perovskite cell distortion and 

the  second non-ferroelectric tetragonal phase 
was established for the first time. 
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ABSTRACT 

Modified lead titanate ceramics with a composition of (Pbn.88- 
xCaxSmo.o8)(Tio.98Mn0.o2)03; x = 0.11, 0.13, 0.15 and 0.17 were 
prepared. Simultaneous doping of samarium and calcium resulted in 
normal ferroelectric behavior, i.e. the dielectric properties changed 
in a manner typically associated with isovalent shifting of the Curie 
temperature. However, the unique attribute of this system appeared 
for the x=0.13 and 0.15 compositions, which exhibited kt's >57%. 

INTRODUCTION 

In recent years polycrystalline lead titanate (PbTi03) has 
received a great deal of attention due to several characteristics, 
including: 

highly anisotropic piezoelectric properties [1-10] 
a lower dielectric constant, which results in a larger 
piezoelectric voltage coefficient, gjj 
a high Curie temperature, Tc 

a high spontaneous polarization, Ps 

a low aging rate 
a relatively low mechanical quality factor, Qm 

These attributes make PbTi03-based materials attractive for 
many bulk, thin film, composite, and single crystal applications. 
For example, PbTiÜ3 modified with an alkaline-earth element on the 
A-site results in a relatively large longitudinal piezoelectric 
coefficient, d33, and a low transverse coefficient, d3i. This yields a 
large ratio of the thickness to lateral electromechanical coupling 
coefficient (kt/kp). As such, it can be used for high frequency 
transducer geometries [ 11,12] in which the lateral dimensions of the 
element are similar to the thickness, with minimal noise associated 
with coupled lateral vibrations. Additional applications include 
pyroelectric detectors [13-14], hydrophones [15], and 0-3 
composites [16]. 

Many studies have focused on the influence of both isovalent 
and aliovalent doping on the properties of PbTi03 [1-10, 17-19]. It 
is well known that of the isovalent alkaline earth additives, Ca2+ 

results in the highest anisotropy of the kt/kp, although small 
additions of Sr2+ or Ba2+ can increase the dielectric constant without 
affecting the piezoelectric properties [19]. Donor doping with rare- 
earths, or manganese on the B-site also improve the properties, 
although their impact on the defect structure remains in question. In 
this paper we have extended the compositional range of previous 
studies, exploring the system: 

(Pbo.88-xCaxSmo.08)(Tio.98Mn0.02)03; x = 0.11, 0.13, 0.15 and 0.17 

This compositional range was chosen to address whether 
simultaneous Ca and Sm additions result in properties similar or 
superior to (Pbo.ssS mo. io)(Tin.98M n 0.02) O3, or 
(Pbn.76Cao.24)[(Coi/2Wi/2)o.04Tio.97]03, which have been 
previously shown to exhibit the overall best combination of 
dielectric and piezoelectric properties. The primary goal was to 
further improve the thickness electromechanical coupling coefficient, 
kt, without affecting the anisotropy. 

EXPERIMENTAL PROCEDURE 

Figure 1 overviews in detail the processing steps used to 
prepare the PbTi03-based ceramics used in this study. 
Compositional homogeneity was checked using X-ray diffraction 
(XRD - Scintag X-ray diffractometer). Dielectric measurements 
were performed on plane parallel disks approximately 1 to 2 mm 
thick. Gold electrodes were sputtered onto the surface in a vacuum 
through a mask. Dielectric properties were measured as a function 
of temperature and frequency using a General Radio GR1689 RLC 
Digibridge and a muffle tube furnace. Measurements were taken 
during heating at 4°C/min from 25 to 450°C, at 1, 10 and 100 kHz. 

I Experimental Procedure \ 

Raw 
Materials: 

PbO 
Sm203 

CaC03 

Ti02 

MnO, 

99% 
99.9% 

99% 
99% 

Mixing Batch:Zi02 mediaralcohol = 1:4:0.8 (by weight) 
Polyethylene jar 
24 h 

Calcination:   ♦   900°C - 2h; covered A1203 crucibles 

Milling ♦   Aggregates broken up with an agate mortar & 
pestle 

♦ Milled again as above 

Pressing:        ♦   8 wt% of a PVA solution (5% PVA in H20) 
♦ Granulation 
♦ Uniaxial pressing; 1000 kg/cm2 

[green density: 55% T.D.] 

Sintering:      ♦   650°C-1 h (binder burnout) 
.   1250°C-2.5h 
♦ Covered A1203 crucibles; lead source of the 

same composition 

Poling: ♦   Ground / polished with SiC paper 
♦ Sputtered gold electrodes 
♦ T=150°C; E = 60kV/cm; t = 10 min 

Figure 1:   Overview of the processing steps used to prepare the 
PbTi03-based ceramics. 
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After poling, a Berlincourt 033 meter was used to measure the CI33 
coefficient, and resonance measurements were performed with an 
impedance analyzer (Hewlett-Packard 4194A Impedance Analyzer 
with a 41941A Impedance Probe and 16092A Test Fixture). 

RESULTS AND DISCUSSION 

Figure 2 exhibits the powders and fired surfaces of the 
(Pbo.78-xCaxSmo.o8)(Tio.98Mno.o2)03 ceramics. All starting 
powders were equiaxed, unaggregated, and =0.3 - 0.5 |iim in size. 
These powder characteristics consistently allowed for high green 
densities (>55% theoretical) and uniform microstructures. XRD 
patterns revealed no discernible second phases. After sintering, all 
ceramics were >98% theoretical density, which is a must to 
withstand the high electric fields (>50 kV/cm) necessary to pole 
PbTi03-based systems. The SEM micrographs of Figure 2 reveal 
uniform microstructures with equiaxed grains of slightly cubic 
morphology, and grain sizes on the order of 2-3 |xm. No effects of 
the different Ca-doping levels were noted. 

Figures 3 through 7 exhibit the temperature dependence of the 
dielectric properties, and Table I summarizes the dielectric and 
piezoelectric properties. For each Ca-doping level, the dielectric 
properties exhibited normal ferroelectric behavior, with a distinct 
anomaly in the dielectric constant at Tc. As expected, increasing the 
Ca2+ doping level decreased the Tc, ranging from 298°C for x=0.11 
down to 251°C for x=0.17. This can be more clearly seen in Figure 
7, which exhibits the dielectric constant at 100kHz for all four 
compositions. The phase transition appears to be second order. 
Increasing the Ca2+ content also increased the room temperature 

dielectric constant from 212 for x=0.11, up to 288 for x=0.17. 
These values are higher than (Pb0.85Smo.io)(Tio.98Mno.o2)03 
which has a K-180, or (Pbo.76Cao.24)[(Co1/2W1/2)o.o4Tio.97]03 

which has a K-190 [8], but lower than values recently reported for 
Sr and Ba- doped systems [19]. This is not remarkable, however, 
since in almost all cases the room temperature dielectric constant of 
PbTi03-based systems simply depends upon Tc. The ability to 
manipulate the dielectric constant without affecting the piezoelectric 
properties is desirable in terms of impedance matching for a 
transducer. 

At room temperature the dielectric loss was <0.2% for all 
compositions. With increasing temperature the dielectric loss became 
dispersive, although losses were acceptably low for T<TC. Higher 
Ca2+ content compositions exhibited lower dielectric losses for 
T<TC, although all became lossy at higher temperatures. The highly 
dispersive tan 8 at T>TC is clearly indicative of an increasing ionic or 
electronic conduction. 

Table I summarizes the room temperature piezoelectric 
properties. The d33 coefficient is similar to other modified lead 
titanates, however the kt for the x=0.13 and 0.15 compositions is 
>57%. This is =7% higher than previously reported for any 
modified lead titanate. Resonance measurements exhibited no trace 
of a lateral vibrational mode, hence kp=0. Damjanovic [8] showed 
that under the appropriate processing conditions, a minimum in kp 

can be explained by a change in sign of the piezoelectric coefficient, 
d3i. The compositions studied here are most likely exhibiting this 
behavior, although a full set of measurements to determine the real 
and imaginary components of the piezoelectric coefficients as a 
function of temperature are currently being performed. The Q,,, is 
also low for this system, which minimizes ringdown and improves 
the axial resolution of a transducer. 
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Figure 2: SEM micrographs of the powders and sintered surfaces of the (Pbo.88-xCaxSmo.o8)(Tio.98Mno.02)03 ceramics. 
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Figure 3:   Temperature dependence of the dielectric constant and 
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Figure 4:   Temperature dependence of the dielectric constant and 
loss of (Pb0.75Cao.i3Sm0.o8)(Tio.98Mno.o2)03. 
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Figure 7: Temperature dependence of the dielectric constant 
(C0=100kHz) of (Pbo.78-xCaxSmo.o8)(Tio.98Mn0.o2)03; 
x=0.11, 0.13, 0.15 and 0.17. 

Table I 

Electrical Properties of (Pb0 g8_xCaxSm0 08)(Ti0 9gMn0 02)O3 

%Ca 

11 13 15 17 

Density (g/cm3) 7.19 7.13 7.09 7.04 
£ ((0=lkHz, T=25°C) 212 228 251 288 

tan 8 (ü>=lkH2. T=25°C) 0.16% 0.10% 0.17% 0.10% 
Tc 298 294 278 251 

d33 (pC/N) 64 67 72 81 

kt, % 47.6 57.0 57.2 54.8 

Qm 

=0 =0 =0 =0 
82 29 39 29 

Nt (MHz-mm) 2.259 2.168 2.156 2.237 

CONCLUSIONS 

Modified lead titanate compositions were prepared with the 
purpose of determining whether simultaneous Ca and Sm additions 
result in desirable piezoelectric and dielectric properties similar or 
superior to previously-prepared systems. Results showed that the 
(Pbo.88-xCaxSm0.08)(Tio.98Mn0.02)03; x = 0.11, 0.13, 0.15 and 0.17 
system exhibits normal ferroelectric behavior, with most properties 
similar to other modified lead titanates. The unique attribute of this 
system appeared for the x=0.13 and 0.15 compositions, which 
exhibited kt's >57%. Further studies are underway to understand 
why. 
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ABSTRACT: 

Modified lead titanate ceramics 
were prepared using mixed oxide 
route. A fixed amount of (1 mol 
%) iron (Fe) was added to get 
highly dense ceramics. Addition 
of 1 mol % tungsten (W) greatly 
enhanced the grain size. 
Lanthanum (La) concentration 
was changed from 2 to 25 mol %, 
keeping the concentration of Fe 
and W fixed at 1 mol %. The 
Curie temperature and 
tetragonality decreased with 
increasing La content. The 
dielectric constant showed a 
systematic increase with 
increasing La content. The 
piezoelectric coefficient were 
determined and it was found 
that the thickness coupling 
coefficient (k,) showed a 
marked increase with increasing 
La content reaching a peak 
value of 0.60 around 15 mol % 
while planar coupling 
coefficient (kj was found to 
be almost independent of 
composition and having a value 
around 0.1. The hydrostatic 
figure of merit of about 1400 
was achieved for 15 mol % of La 
which is one of the highest 
reported values even for hot 
pressed ceramics. 

INTRODUCTION: 

Lead titanate ceramics 
modified by rare earth elements 
and alkaline earth elements can 
be conveniently fabricated. 
These ceramics hold a lot of 
promise for various 
piezoelectric applications due 
to the presence of large 
electro-mechanical anisotropy 
in the coupling factors along 
and transverse to the direction 
of polarization . These 
modified materials are very 
good candidates for high 
temperature and high frequency 
applications [1] .Yamamoto et. 
al.[2] have reported that by an 
additional doping by 1 mol% 
Mn02 in a composition having 10 
mol % La203 the electro- 
mechanical thickness coupling 
factor is increased by 20 to 
exhibit a higher k, value of 
0.60. This suggests that by 
mixed modifications,the La 
doped ceramics can also be 

tailored to exhibit improved 
piezoelectric and electro- 
mechanical properties.The 
ceramic series investigated by 
Yamamoto et.a 1.were prepared by 
hot pressing technique. The 
present studies were aimed at 
finding suitable additive to 
get high piezoelectric coupling 
coefficient for cold pressed 
and sintered La modified PZT 
ceramic. This has been achieved 
by adding 1 mol % Fe and 1 mol 
% W in addition to La. 

EXPERIMENTAL 

The constituent chemicals( AR 
Grade) were weighed in proper 
proportions . While the 
ceramics contained a fixed 
amount of Fe and W (lmol %), 
the quantity of La was varied 
between 2 to 25 mol %. 
Additional 2-3 mol% lead was 

added [3,4] to compensate the 
lead losses occurring during 
sintering. The powders were 
mixed by ball milling. The 
ground powders were calcined 
and sintered at 1200 °C in air 
atmosphere. Sintered samples 
were polished and provided with 
silver electrodes before poling 
them using high fields at 120 
°C. The dielectric properties 
were measured using GR 1615 
capacitance bridge and d- 
constants were evaluated by 
Belincourt's d33 meter. gh was 
calculated by the relation, 
gh=d33+2d31. Other piezoelectric 
co-efficients were evaluated as 
per IRE method[5]. 

RESULTS AND DISCUSSION 

The grain size in lead titanate 
depends on the type and the 
content of the additives and is 
one of the most important 
factors influencing the 
dielectric and piezoelectric 
properties. The grain size is 
seen to sharply increase with 
increasing La content. The 
minimum grain size exhibited by 
3 mol % La composition is 3.3 
microns and increases to 9.7 
microns for 25 mol% 
composition(Fig.l). The c/a 
ratio which is a measure of 
crystal tetragonality is seen 
to decrease with increasing La 
content (Fig.2). c/a ratio is 
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La Content (mole%) 

Figure 1.Effect of La contenl 
on grain size 

found to decrease from 1.049a 
to 1.0075 in going from 3 to 25 
mol % of La. Pure lead titanate 
ceramics which crumble at Curie 
temperature during the cooling 
process, because of its large 
spontaneous stress,now upon La 
addition, do not crumble due to 
reduced anisotopy. 

Due to varying amounts of 
La modifications,the crystal 
structure of various 
compositions does not maintain 
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Figure  2.c/a  ratio  as 
function of La addition 

the same lattice parameters, 
resulting in different Curie 
temperatures  at  which  the 
crystal changes its symmetry 
along  with  the  unit  cell 
parameters.  A linear decrease 
in the Curie temperature with 
decreasing   c/a   ratio   is 
reported by Yamamoto et. al. 
[2]. for the La modified lead 
titanate   ceramics.Kiyoshi 
0kazaki[6] has also reported 
that as the internal stress 
decreases with decreasing c/a 
ratio,the Curie temperature is 
also  lowered.  The  internal 
stress decreases as Tc fall 
below  room  temperature  and 
finally drops to zero in the 
cubic region.  It can be seen 
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Figure 3.Curie temperature as 
function of La content 

from Fig. 3 that the Curie 
temperature of LaFeW series 
exhibit a systematic decrease 
with increasing La 
incorporation.The decrease is 
observed to be linear with 
slope of 15C/mol%i.e. according 
to the following relation: 

Tc(x)=Tc(0)-ax 

where a=15C/mol% 

However,the rate of decrease of 
Tc observed in the present case 
is different from the reported 
rate at which Tc falls for only 
La incorporation in lead 
titanate ceramics. The observed 
lower values of Curie 
temperature in the present case 
of LaFeW ceramics and 
interestingly,that too inspite 
of the presence of a lower rate 
of Tc decrease clearly 
indicates that there must exist 
an inherent shift in Tc to the 
lower temperatures. This 
basically reflects that the 
influence of the additional 
modifiers in the form of Fe and 
W, is to lower the Curie 
temperature. 

The electromechanical coupling 
factor of the planar (kj and 
thickness dialational mode (k.) 
are found to show a dependence 
on the additive content with 
the  former  showing only  a 
slight variation, the latter 
greatly  influenced  by  La 
concentration.  it achieves a 
maximum value of 0.59 at 15 mo% 
of  La  and  then  drops  off 
rapidly  for  LaFeW  25.    A 
similar behaviour of coupling 
factors have also been reported 
by Yamamoto et.al.(2) also for 
only La doped lead titanate 
ceramics. 
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Figure 4.Variation of 
dielectric constant as a 
function of La 
The variations of dielectric 
constant with La contents has 
been shown in Fig. 4. The 
dielectric constant increases 
with La contents.The dielectric 
loss tgt.(Fig.5) does not show 
a systematic behaviour and is 
found to very sensitive to the 
processing .conditions. 

content (mc.'c%) 

Figure  5.Effect " of  La 
Dielectric loss tgt 

on 

The hydrostatic charge co- 
efficients are found to exhibit 
a gradual increase initially as 
increasing amount of lanthanum 
replaces lead from its crystal 
lattice.This effect can be best 
recognised if one calculates 
the figure of merit(gh.dh) which 
is a measure of the performance 
of a material as hydrophone. 
These results for LaFeW have 
been shown in Fig.6 from which 
it is evident that it shows a 
peak around 15 mol% La. The 
value of ghdh is around 300 at 
lower La contents and a maximum 
value of 1291 has been seen 
for LaFeW 15.This value results 
from the large d33 co-efficient. 
Although this value is smaller 
than calcium modified ceramics, 
it is still among the best 
reported figure of merit 
capable of commercial 
exploitation. 

, 6 12 16 20 24 

La content (mole%) 

Figure 6. Variation of figure 
of merit with La addition 

CONCLUSIONS: 

Addition of 1 mol% Fe increases 
the densification and 1 mol% W 
increases the grain size of 
lead titanate ceramics. 
Increasing content of lanthanum 
decreases tetragonality and 
increases grain size.At an 
optimum level of 15 mol% of La, 
high k,,low kp and high values 
of hydrostatic coefficients 
have been achieved. 
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Abstract 

Solid solution having compositions Pb[Zrx.yCe Ti,.J03 

with y= 0.0, 0.001, 0.00125, and 0.02 were studied. The 
samples were prepared from sintered oxides. XRD 
measurements indicate a mixture of rhombohedral and 
tetragonal phases in all the samples, where the tetragonal phase 
increases with increasing Ce02 concentration. Also, the c/a 
ratio of the tetragonal structure was found to increase with 
increasing Ce02 content. Precipitation of cerium oxide was 
observed for the sample with y=0.02, showing that the 
solubility of Ce02 in lead zirconate is lower than 2%. Raman 
Scattering measurements confirm that all the samples are 
perovskite in structure, but inhomogeneities were found. The 
strong line around 465 cm"1, corresponding to F2g symmetry, 
shows the presence of cerium oxide in the sample with y= 
0.02. Finally, DSC measurements show that the Curie 
temperature decreases with increasing Ce02 content. 

Introduction 

Ferroelectric materials, characterized by anomalous 
dielectric, optical, and piezoelectric properties are good 
candidates for a large number of applications, such as non- 
volatile memories, infrared sensors, optical shutters, etc[l]. A 
group of these materials are the oxygen octahedral class 
(BaTiO,, LiNbO:„ etc). PbZrJi^O, (PZT) is one of these 
materials that have received increasing attention. PZT is a solid 
solution of lead zirconate and lead titanate with a morphotropic 
phase boundary (MPB) from a tetragonal phase to a 
rhombohedral phase for x~0.535[2]. Some studies in powders 
form have shown that the MPB takes place at a specific ratio 
of Zr to Ti in the PZT solid solution, while others investigators 
have reported that there is coexistence of tetragonal and 
rhombohedral phases over a wide range of composition around 
MPB. Compositional modifications, such as isovalent 
substitutions, have been studied in order to improve physical 
properties. Some of these systems are Pb, xLax(Zr, Ti)CK, 
Pb(Hf, Zr)Ti03, and Pb(Sn, Zr)TiO-[3]. 

In this paper we performed x-ray diffraction, Raman 
scattering and differential scanning calorimetric measurements 
on PZT ceramics with 0.0, 0.1, 0.125, and 2 mole % of CeO,. 

Sample Preparation 

Samples having compositions Pb(Zrs.vCe Ti,.JO, with 
y= 0.0, 0.001, 0.00125, and 0.02 were studied". Powders of 
PbO, Zr02, Ti02, and Ce02 were ball milled in a plastic jar for 
5 hours using alumina balls and triple distilled water. The ball 
milled slurry was dried and then seined in a 100 mesh. The 
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powder was then calcined at 960°C for 4 hours. The calcined 
powder was pressed into 12 mm dia. x 4 mm high pellets at 
550 MPa. Pellets were then sintered at 1200°C for 4 hours. 
The calcined powder was pressed into 1 mm thick discs. The 
sintered density was measured by measuring the dry weight 
and the weight in water. The phases and the lattice parameters 
were obtained by X-ray diffraction from the sintered discs 
using a diffractometer (Rich Seiter, Iso Debyeflex 2002, 
germ any). 

The Raman measurements were performed using a 
Raman Microprobe (from Instrument S.A). The excitation 
source was the 514.5 nm line from an Argon ion laser 
(INNOVA 90-6), and the 588 nm line from a CR-599 dye 
laser, both manufactured by Coherent Inc. The spectra were 
measured in the back scattering geometry with lOOx 
microscope objective. Finally, Thermal measurements were 
made using a differential scanning calorimeter (DSC), from 
Shimadzu Scientific Instruments. 

Results and Discussions 

Fig.l shows the x-ray diffractograms from samples in 
the range 43c< 26 < 46°. In the unsubstituted sample, the phase 
present is mostly rhombohedral with small amount of the 
tetragonal phase. The intensity of the tetragonal peaks 
increases with increasing Ce02 content. Both rhombohedral 
and tetragonal phases are, however, present at all the 
compositions. The c/a value of the tetragonal phase increases 
on addition of Ce02 (Table I). Figure 2 shows that free Ce02 

is present in 2% samples, i.e. the solid solubility of Ce02 in 
lead zirconate titanate is < 2%. The precipitation of the Ce02 

particles was also observed in the SEM micrographs. The 
piezoelectric coefficients were found to maximize at 0.1 mole 
% of Ce02[4]. 

Also, in Table I appears the Curie temperature values 
obtained by DSC measurements. The Curie temperature is 
observed to decrease with increasing Ce02 content. Curie 
temperature extrapolation, from Cerium oxide dependence, for 
the sample with 2% of Ce02 indicates that cerium ions 
corresponding to 0.145% of Ce02 is found in substitutional 
sites. A previous work of one of the authors shows that the 
solubility of Ce02 is less than 1%[5]. In addition, only the 
thermal measurements of the sample with 2% of Ce02 

presents a strong exothermic peak around 480°C, which can be 
associated with a second phase predicted as (Ce, Zr)02 solid 
solution[6]. 

Figure 3 show the Raman spectra of the samples. Most 
of the peaks are similar to those found in PbTiO,[7]. However, 
the broad band around 550 cm"1 contain contributions of 
different orientation of the phonon polarization with respect to 
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Fig. 1: X-ray diffiactograms of sintered 
sample; the numbers indicate the 
mole % Ce02 in the sample. 
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Fig. 2: X-ray diffiactograms sintered sample 
containing (a) 0.1 mole % and (b) 2 mole % 
Ce02. Note the presence of free Ce02peak in 
(b). 

Table I: Phases, c\a ratio of the tetragonal phase, and Tc with the 
variation of Ce02 in PZT. 

Mole % Ceria Phase c/a TC(°C) 

0 Rhom + Tet 1.0139 381 

0.1 Rhom+Tet 1.015 378.3 

0.125 Rhom + Tet 1.0151 373.6 

2 Rhom+Tet 1.0155 368.7 
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Figure 3: Raman spectra of sintered samples. X indicates the 
concentration of CeO,. 



the k vector that can lead to a large variation in its frequency. 
The phonon frequency of this band can change from E(TO) to 
A^TO) mode, depending on the orientation in the scattering 
area of the samples. Similar behavior is found in the broad 
band around 750 cm"1, which involve E(LO) and A,(LO) 
modes[2]. A strong change is observed in the sample with 
y=2%. The background in the low frequency region was lower 
when compared with the other samples. In addition, a well 
defined A^TO) peak around 330 cm"1 is found. In agreement 
with x-ray diffraction, this sample showed residue of Ce02, 
which is evidenced by the presence of a strong sharp peak 
around 465 cm"1 corresponding to a F2e mode[8]. 

X-ray study of rbZ^Ti^Oj, around MPB, indicates that 
the composition in coexistence between the tetragonal and the 
rhombohedral phases depend upon the amount of substitutional 
Zr ions[9]. Thus, the X-ray spectra of our PZT samples with 
different Ce02 contents seem similar to PZT samples with x 
between 0.53 and 0.59[9], Our Raman spectra seem consistent 
with this result. Because, it has been found that in PZT the 
bands are broading when x increase from 0.43 to 0.65. 
Particularly, the band around 330 cm"1, associated with an 
A,(TO) mode, where a well defined peak is observed for x < 
0.52. While for 0.65 > x >0.52 there is a strong overlap 
between this band and those centered around 194 cm'1 and 270 
cm"1. So that no clear 330 cm"1 band can be observed[7]. 
However, the lattice constants of the tetragonal and 
rhombohedral structures in PZT are practically constant 
between x= 0.49 and x= 0.64, which is not the case in our 
samples. The a and c lattice parameters in the tetragonal phase 
in our samples increase with the substitution of Ce ions. This 
result could be understood if the Ce02 occupy PZT lattice 
sites. 

The ionic radio of Ce+~" and Ce+4 are 1.01 A and 0.87A, 
respectively. Thus, the Ce ions are capable of occupying A 
and B sites ions in the AB03 perovskite lattice. When two of 
the A sites are occupied by Ce+i in the solubility limit, a Pb 
vacancy is created in the lattice in order to maintain 
electroneutrality. Therefore, it is expected that the lattice 
constants decrease with increasing Ce02 content. On the other 
hand, when the Ce+4 occupy B sites, the lattice constant 
changes only due to the difference of ionic sizes between CeT4 

and Zr'4, where Zr- ionic radius is 0.79A. So that it is expected 
that the lattice constants increase with increasing Ce02 

content[6]. Thus, the Ce ions are occupying the B lattice sites. 
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Conclusion 

We studied Ce02 added PZT. Structural measurements 
indicate a mixture of rhombohedral and tetragonal phases, 
where the tetragonal phase increase with increasing Ce02 

concentration. In addition, the Curie temperature was found to 
decrease with increasing Ce02 content. Precipitation of cerium 
oxide was observed for 2 mole % of CeO^. 
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Abstract - A series of doped lead calcium titanate based ceramic 
compositions has been synthesized using a conventional attrition 
milling process. The influence of dopants and the powder 
processing conditions on the density, microstructure, dielectric and 
piezoelectric properties of the products is presented. 

INTRODUCTION 

Lead titanate (PT) is a potential candidate for high temperature, 
high frequency device applications such as ultrasonic transducer 
elements for non destructive evaluation of materials, medical 
diagnostics , SAW devices, infrared sensors, hydrophones, etc. (1- 
3). Compared to PZT, lead titanate based ceramic array 
transducers can be operated at higher frequencies, thus providing 
a better image resolution. This is due to the very small lateral or 
planar mode coupling coefficient of PT allowing the 
width-to-thickness ratio of the transducer element to be greater 
than one (w/t> 1). This is in contrast to the order of magnitude 
larger planar mode coupling factor of PZT that restricts w/t to < 1 
to avoid lateral vibrations from affecting the acoustic beam. This 
makes it difficult for PZT to be used for high frequency array 
transducers. Due to this dimensional limitation and subsequent 
difficulties in machining plates into a large number of small 
elements, the operating frequency of commercially available array 
transducers is limited to the 5MHz region (4-5). 

Unfortunately, a large spontaneous strain and thermal expansion 
anisotropy of the tetragonal phase in pure lead titanate cause the 
mechanical fracture of lead titanate ceramics as they are cooled 
from the sintering temperature through the cubic to tetragonal 
phase transition at the Curie temperature =490°C (6). The lattice 
constants for lead titanate at room temperature are a = 3.904 A 
and c = 4.152 A (7). This gives a c/a ratio of 1.063 as opposed 
to 1.01 in isomorphous barium titanate. This large anisotropy in 
crystal structure often results in the formation of macro and micro- 
cracks in the sintered body, thus rendering it useless for device 
applications. In addition, the loss of lead during sintering increases 
the conductivity of the lead titanate which together with the high 
coercive field makes poling of these ceramics very difficult 
resulting in poor dielectric and piezoelectric properties. 

It has been shown that highly dense materials having superior 
dielectric and piezoelectric properties can be produced by doping 
lead titanate with a variety of alkaline-earth and rare-earth oxides 
(8-15). Sintering temperatures can also be reduced by adding 
transition metal oxides along with tungsten oxide as a mineralizer. 
Furthermore, the addition of MnO increases the insulation 
resistance, and improves the sinterability and poling conditions of 
lead titanate. A calcium modified lead titanate ceramic, (Pb, 
Ca)(Co0.05W005),TiO3 introduced by Yamashita et. al (14), offers 
a combination of dielectric and piezoelectric properties particularly 
suitable for high frequency ultrasonic transducers applications. 

In our earlier publications (16-19) we reported the development 
of lead calcium titanate based ceramics containing various A sites 
dopants. This study gives preliminary data on the influence of 
various donor dopants on the B site of a modified lead calcium 
titanate composition. 

MATERIALS AND METHODS 

The compositions of various modified lead calcium titanate 
materials used in this work can be described by the general 
formula: 

Pb0.725Ca0.275(Mfy.015Fe0.oiMeo.raTio.955)C>3 

where Me represents Nb, W, Mo, V or Ta metal-oxide ions. The 
following is a list of the intended elemental composition of each 
powder: 

Powder Composition 

A Pb0.72sCao.275(Mno.oi5 Fe0.01Nb0.02Ti0.955)O3 
B Pb0.725Cao.275(Mrio.oi5 Fe0.01W0.(BTio.955)03 
C Pb0.725Ca0.275(Mn0.015 Feo.01MOo.o2Tio.95s)03 
D Pbo.725Cao.275(Mno.oi5 Fe0.01V0.02Tio.955)03 

E Pbo.725Ca0.275(Mn0.o15 
Feo.oiTao.o2Tio.955)03 

Powders were prepared from high purity commercial raw 
materials in the form of oxides or carbonates. Batches of 300- 
400g were initially dry mixed in a rotary tumbler followed by wet 
attrition milling for two to four hours in a 1-L jar having high 
purity, 3-mm diameter zirconia milling media and water containing 
0.55wt% of 'Darvan C deflocculant. Water was removed from 
the slurries by either filtration (if the reagents were insoluble) or 
rotary evaporation (if soluble components were present). For 
rotary evaporation, slurries were placed in a 2-L round-bottomed 
flask and evaporated down to a small volume at room temperature 
and 15-20mm pressure. A calculated amount of isopropyl alcohol 
was added to remove the remaining water azeotropically and the 
slurry was evaporated to dryness. The recovered material from 
filtration or rotary evaporation was dried overnight at 120°C. 

Batches of 50-100 g of powder were calcined in a zirconia 
crucible covered with platinum foil placed in a muffle furnace and 
heated at 800CC for 2 hours. The calcined batches were re- 
attrition milled for 2 hours to break up any agglomerates formed 
during calcination. Re-attrition milled powders were dried by 
filtration or vacuum evaporation. The powders were pressed into 
19 mm diameter discs each weighing between 3.5 and 4.0 g by 
adding a small amount of polyvinyl alcohol (PVA) as a binder and 
pressing at 20,000 psi for 30 s. 

Before sintering, PVA was removed by heating at 5°C/min to 
300°C and holding for 1 h, followed by raising the temperature at 
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15°C/min from 300° to 600°C and holding for 2 h. The discs 
were sintered by heating to 600°C at 15°C/min and then to then- 
respective sintering temperatures at 5°C/min. 

Sintered discs were lapped with 600 grit silicon carbide to 
ensure the two faces were parallel and finished with 2/0 and 3/0 
SiC abrasive paper on a rotary polisher to give a smooth surface 
for electroding. Silver electrode paint (Dupont #4731) was applied 
to each face, allowed to dry and then fired on by heating at 
15°C/min to 660°C and soaking for 15 minutes. Two coats were 
applied. 

For piezoelectric measurements, samples were poled at 25 
kV/cm in a silicone oil bath at 100°C for 10 minutes. The 
piezoelectric properties were determined on samples 24 hours after 
poling using a method similar to that described in IRE standard 
(20). The thickness mode coupling coefficient QQ was calculated 
from the ratio of the overtone frequency f2 to the fundamental 
frequency f1; of the thickness mode series resonance and using 
Table 2, in the work of Onoe et al. (21). 

RESULTS AND DISCUSSION 

Sample A 
Calcined 

30        40        50 
Degrees  20 

60 

Fig. 1 - Typical XRD Pattern of Calcined 
and Sintered Material 

A typical example of the 
x-ray diffraction patterns of 
the calcined powders and 
sintered materials is shown 
in Fig.l. In all cases, 
materials sintered at 
temperatures > 1000°C 
produced a single phase 
PbTi03 type (perovskite) 
crystal structure. However, 
trace amounts of PbO and 
CaTi03 phases were present 
in all compositions calcined 
at 800°C. X-ray diffraction 
patterns of calcined and 
sintered materials were 
indexed as a tetragonal 
phase  in all  cases.     The 
diffraction patterns clearly showed the effect of dopants on the 
d-spacings in the material. Unit cell volumes and tetragonality 
(c/a) were calculated by indexing the powder diffraction patterns 
of the sintered materials and obtaining "a" and "c" values using a 
program developed at CANMET. Theoretical densities calculated 
using lattice parameters were used to determine optimum sintering 
conditions. Sample densities were calculated from the masses and 
dimensions of lapped, polished discs. Data from the XRD studies, 
optimum sintering temperatures and observed sintered densities for 
the above compositions are summarised in Table. 1. The lattice 
constants for lead titanate at room temperature are a = 3.904 Ä 
and c = 4.152 A (7). This gives a unit cell tetragonality ratio 
(c/a) of 1.063 for undoped lead titanate. Compared to undoped 
material, the modified lead titanate compositions exhibit a strong 
reduction of the 'c' parameter (Table 1). 

On the other hand, no significant change was observed in the 'a' 
parameter. As a consequence, the tetragonality of the modified 
lead titanate compositions is significantly lower than the undoped 
PbTi03. The lower tetragonality (c/a ratio) is a desirable feature 
as the materials showing less tetragonality are less susceptible to 
thermal shock. The explanation for this is that large differences in 
lattice dimensions result in large differences between the rates of 
thermal expansion along different axes. These differences set up 
mechanical stresses in randomly oriented poly-crystalline material 
that result in macro or micro cracking of the ceramic body while 
cooling through the Curie temperature. 

The large anisotropy in the crystal structure is the reason why 

pure PbTi03 fractures on cooling and must be doped in order to 
obtain a useable product. Lower c/a also facilitates successful 
poling of the ceramic at high electric fields. As the tetragonal c/a 
ratio decreases, the 90° domains can orient more easily with the 

Table 1.  Unit Cell Parameters and Densities of Various Samples 

Composition 
Property 

A B C D E 

a (A) 3.8893 3.8913 3.8890 3.8910 3.8915 

c(A) 4.0543 4.0390 4.0494 4.0379 4.0499 

c/a 1.0424 1.0379 1.0412 1.0377 1.0407 

Unit Cell 
Volume (A)3 

61.328 61.099 61.244 61.132 61.330 

p (Theoret.) 
(g/cc) 

6.986 7.066 7.001 6.985 7.038 

p(Observed) 
(g/cc) 

6.72 6.95 6.16 6.89 6.88 

% Theoret. 
Density 

96.25 98.40 88.0 98.70 97.8 

Optimum 
Sint Temp°C 

1175 1175 1210 1000 1175 

100 

applied field.     Lowering  of unit cell tetragonality has  also 
previously been reported (9-14) for other doped lead titanates. 
With the exception of composition C, all other compositions had 
sintered densities that were greater than 96% of the theoretical 
values.   The initial powder composition also appears to have a 
strong influence on the sintering/densification behaviour of the 
materials, Fig.2. Powders containing 0.02 moles of vanadium ions 
(composition D) could be sintered to  densities approaching 99% 
of the theoretical value at a 
temperature    of    1000°C.   _ 
However    composition   C 
containing  0.02  moles  of 
molybdenum ions could not 
be sintered to >88% of the 
theoretical   value,   even  at 
sintering temperatures above 
1200°C.       The   optimum 
sintering  temperatures  and 
sintered densities for these 
materials are also given in 
Table 1. 

The microstructures of 
the fractured surfaces were 
examined using scanning 
electron microscopy. The 
sample    composition   also 
appears to have a significant effect on the fracture behaviour of the 
materials sintered at optimum sintering conditions, Fig.3(a-e). 
Sample A displayed intra-granular fracture. The material appears 
to be dense, having only a few pores that range from 1 to 4/mi in 
size. Whereas sample B exhibited inter-granular fracture having 
pseudo cubic particles ranging from l-3fim in size. The material 
is highly dense and possesses a fairly uniform grain size 
distribution. This confirms the observed high density (>98%) for 
sample B. Sample C showed predominantly inter-granular 
fracture. There is some evidence of bimodal grain size distribution 
with some grains exceeding 10/mi in size. The material also 
appears to be highly porous, having a pore size ranging from 3- 

o 
o 

o 

Q 
1000     1100    1200 

Temperature  (°C) 

Fig. 2 - Variation of Sintered Density with 
Temperature 
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10/im in size. This confirms the observed low density (<88% of 
the theoretical) for sample C. Sample D displayed both inter and 
intra-granular fracture behaviour. The material is highly dense 
and possesses a submicron pore size. Many grains appear to have 
a thin layer on them suggesting the possibility of a liquid phase 
present during the sintering stage. It should be noted that these 
materials could be sintered to »99% of the theoretical value at 

&m   2«W     M,m     ic» »824 

Fig. 3 - SEM Micrographs of Fracture Surfaces 

relatively lower sintering temperatures of =1000°C. Sample E 
also exhibited intra-granular fracture that was similar to sample A. 
The sample is fairly dense, having a pore size ranging from 1-3/tm 
in size. 

Data from the dielectric and piezoelectric property 
measurements are given in Table 2. An examination of the data 
indicates that both dielectric and piezoelectric properties of the 
sintered discs are strongly influenced by the powder compositions. 
Except for sample C that has the lowest dielectric constant 
(e=149), all other samples exhibited dielectric constants that were 
similar to that of pure PbTi03 (e = 200). The above characteristics 
make these materials very promising for high frequency 
applications. 

The lower dielectric constant for sample C could be due to the 
observed low density and relatively higher porosity in this 
material. The dielectric loss (tan5) in these materials was also 
found to be composition dependent. Sample C doped with 0.02 
mole of molybdenum displayed the highest dielectric loss (tan5 
=0.084), whereas, sample A and sample E exhibited the lowest 
values for the dielectric loss (tanS =0.017). In most cases 
dielectric losses were substantially reduced upon poling the 
samples at 25 kV/cm. However, because of the initial high 
dielectric loss values and higher ac conductivity, samples C and 
sample D could not be poled at electric fields higher than 30 
kV/cm. Compared to room temperature values, the ac 
conductivities for samples A, B and E were increased by about an 
order of magnitude upon heat treatment of the samples to 150°C. 
However, samples C and D did not exhibit such large increases 

upon heat treatment. This suggests that the high temperature 
conduction mechanisms for these two sets of samples may be 
different. 

The Curie temperature for these samples ranged from 230- 
260°C. No correlation could be derived between the Curie 
temperature and the cell tetragonality (c/a) of the materials. The 
piezoelectric properties e.g., planar and thickness mode coupling 
coefficients (Kp and K,), the ratio K/K,,, longitudinal piezoelectric 
constant d33 as well as the mechanical quality factor calculated for 
the thickness mode Qm showed strong dependence on the initial 
powder compositions. Samples A and E exhibited lower Kp, higher 
K, and larger K/K,, ratio and d33 values. These features enable 
efficient coupling between the transducer and the medium without 

Table 2.  Dielectric and Piezoelectric Properties 

Composition 
Property A B C D E 

e(25°Q unpoled 182 226 149 200 185 

Loss-lkHz 25°C 0.048 0.017 0.084 0.054 0.017 

Loss-poled 25°C 0.019 0.013 0.064 0.026 0.016 

ax 25°C (ton)-1 1.70xlO9 1.90xl09 1.93x10s 9.20xlO9 1.65x10' 

<j^ 150°C (ton)"1 1.24x10s l.OxlO8 3.3x10s 4.12x10s 1.30x10s 

Curie Temp. (°Q 253 232 257 261 250 

KP 0.042 0.115 0.092 0.080 0.037 

K 0.46 0.34 0.33 0.12 0.47 

K^Kp 10.95 2.96 3.59 1.5 12.70 

Qm 414 50 49 291 256 

Np(Hzm) 2833 2810 2501 2772 2973 

Nt(Hzm) 2261 2189 2008 2251 2230 

d33 xia12 61 42 38 14 66 
(CN-1) 

interference from undesirable modes, providing improved 
resolution (larger signal to noise ratio), hence greater detectability 
for non-destructive testing (NDT) applications. Samples B,C and 
D displayed higher Kp and lower K. making them less attractive for 
NDT transducer applications. It should be indicated that all of the 
materials investigated were poled at 100°C for 10 minutes using 
an electric field of 25 kV/cm. The poling conditions for these 
samples have not yet been optimized. It is known (10) that poling 
of lead calcium titanate based ceramics at higher electric fields 
results in lowering of Kp and increase in the K, values. Thus the 
piezoelectric properties presented in Table 2. do not represent the 
optimum values. It is interesting to note that there appears to be 
no simple correlation between crystal anisotropy and piezoelectric 
properties as reported in the literature (10) for similar materials. 

SUMMARY 

Donor dopants on the B site in modified lead calcium titanate 
appear to have a strong influence on the density, crystal structure, 
microstructure as well as both dielectric and piezoelectric 
properties of the materials investigated. Except for composition 
C doped with molybdenum oxide, all other materials could be 
sintered to high densities (>96%).    Compared to pure lead 
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titanate, all of the compositions studied displayed lower crystal 
tetragonality (c/a ratio ref. Table 1). Similar results have been 
previously reported for other modified lead titanate 
compositions (9-14). Materials doped with vanadium and tungsten 
oxides exhibited the lowest crystal anisotropy and also exhibited 
the highest sintered densities. Scanning electron micrographs 
showed that small amounts of dopant can substantially influence 
the fracture behaviour as well as microstructure of the sintered 
specimens. Samples A and E displayed intra-granular fracture, 
whereas, samples B and C exhibited inter-granular fracture. On 
the other hand, sample D exhibited both inter- and intra-granular 
fracture. SEM studies also confirmed the observed high densities 
for samples A, B, D and E, and the higher porosity in sample C. 

Both the dielectric and piezoelectric properties in these 
materials are strongly influenced by the sample composition. 
Doping with vanadium and molybdenum ion produces more 
conductive and lossy materials resulting in electrical breakdown of 
the samples during poling at electric fields higher than 30 kV/cm. 
Of all the materials studied, A and E showed the most favourable 
piezoelectric properties, having a thickness coupling coefficient of 
= 0.47, a planar coupling coefficient of =0.040 and a d33 >60. 

These characteristics make them promising candidates for use as 
transducer elements for non-destructive testing of materials and 
similar device applications. 

ACKNOWLEDGEMENTS 

The authors would like to thank P. Carriere, D.R. Owens and Dr. 
J.T. Szymanski of CANMET, for the XRD and SEM data. 

REFERENCES 

1. Y. Yamashita, K. Yokoyama, H. Honda and T. Takahashi, 
"(Pb,Ca) (CoU2 W1/2),Ti03) Ceramics and their Applications"; 
Jap. J. Appl. Phys. vol. 20 (Suppl. 20-4), pp. 183-187; 1981. 

2. Y. Ito, H. Takeuchi, K. Nagatsuma, S. Jyomura and S. 
Ashida, "Surface Acoustic Wave Properties of 
(Pb,Ln)(Ti,Mn,In)03 Ceramics (Ln = La and Nd)", J. Appl. 
Phys. vol. 52(5), pp. 3223-3228, 1981. 

3. N. Ichinose, "Electronic Ceramics for Sensors", Amer. 
Ceram. Soc. Bull. vol. 64(12), pp. 1581-1585, 1985. 

4. Takeuchi, H., Ishikawa, Y., Yamamoto, E. "A 7.5 MHz 
Linear Array Ultrasonic Probe Using Modified Lead Titanate 
Ceramics" in Proceedings of the IEEE Ultrasonic Symposium, 
San Diego, CA. Institute of Electrical and Electronic 
Engineers, 1982, pp. 849-853. 

5. Honda, H., Yamashita, Y. and Uchida. K. "Array Transducer 
Using Modified Lead Titanate Ceramics", ibid., pp. 845-848. 

6. Matsuo Y., Fujimura M. and Sasaki H., "Lead Titanate 
Ceramics Doped with Manganese Oxide", /. Amer. Ceram 
Soc. vol. 48, pp. 111-112, 1965. 

7. Shirane, G., Pepinsky, R. and Frazer, B.C., "X-Ray and 
Neutron Diffraction Study of Ferroelectric PbTi03" Acta 
Cryst. pp.131-, 1956. 

8. Ueda, I. "Effect Of Additives on Piezoelectric and Related 
Properties of PbTi03 Ceramics"; Japanese J. of Appl. Phys 
vol. 11(4), pp.450-462, 1972. 

9. Ikegami, S., Ueda, I. and Nagata, T. "Electromechanical 
Properties of PbTi03 Ceramics Containing La and Mn"; The 
J. Acoust. Soc. of America vol. 50(4) (Part 1), pp. 1060-1066 
1971. 

10. Duran, P., Fadez Lazano, J.F., Capel, F. and Moure, C. 
"Large Electromechanical Anisotropie Modified Lead Titanate 
Ceramics", /. Mater. Sei. vol. 24, pp.447-452, 1988. 

11. Ueda, I. and Ikegami, S. "Piezoelectric Properties of 
Modified PbTi03 Ceramics", Jap. J. Appl, Phys. vol. 7(3), 
pp.236-242, 1968. 

12. Yamashita, Y., Yoshida, S. and Takahashi, T. "Effect of 
MnO Additive on Piezoelectric Properties of Modified 
(Pb,Ca)Ti03 Ferroelectric Ceramics" in Proceedings of the 4th 
Meeting on Ferroelectric Materials and Their Applications, 
Kyoto, 1983. Also Jap. J. Appl. Phys.vol. 22, Supplement 
22-2, pp.40-42, 1983. 

13. Ahmad. A, Wheat, T.A., Kuriakose, A.K., Quon, D.H.H. 
and Berry, R. "The Effect of Processing Parameters on the 
Properties of Modified Lead Titanate", Division Report MSL- 
88-19(OP), CANMET, EMR, Canada, 1988. 

14. Yamashita, Y., Yokoyama, K, Honda, H. and Takahashi, T. 
"(Pb,Ca)((CoI/2Wl/2), Ti)03) Piezoelectric Ceramics and Then- 
Applications", Jap. J. Appl. Phys. vol. 20(Supplement 20-4), 
pp. 183-187, 1981. 

15. Ahmad, A., Mikhail, S., Chehab, S., Owens, D.R., and 
Turcotte, A.M-, "Microstructure and Thermopysical 
Characteristics of PbTi03-Based Ceramics", J. Mater. Sei. 
vol. 27, pp. 1772-1780, 1992. 

16. Ahmad, A., Besso, K., Chehab, S., Wheat, T.A., and D. 
Napier, "Chemical Processing of Modified Lead Titanate", J. 
Mater. Sei. vol. 25, pp. 5298-5302, 1990. 

17. Ahmad, A., Kuriakose, A.K., Canaday, J.D., Wheat, T.A. 
and Chehab, S.F., "Alkaline-earth and Rare-earth Doped Lead 
Titanates", Jour. Can. Ceram. Soc. vol. 60(1), pp. 56-60, 
1991. 

18. Ahmad, A., Canaday, J.D., Wheat, T.A., Kuriakose, A.K, 
Prasad, S.E. and Varma, S., "Processing and Characterization 
of Ca, Ce, and Na-ion doped Lead Titanates" in Proceedings 
of the 8th International Symposium on the Applications of 
Ferroelectric Ceramics, IEEE Catalog Number, 92 CH 3080- 
9, pp. 516-519, 1992. 

19. Ahmad. A, Wheat, T.A., Sherrit, S. and Mukherjee, B.K., 
"Microstructure, Dielectric, Piezoelectric and Pyroelectric 
Properties of Chemically Derived Lead Titanate" in 
Proceedings of the 8th International Symposium on the 
Applications of Ferroelectric Ceramics, IEEE Catalog 
Number, 92 CH 3080-9, pp. 520-523, 1992. 

20. "BRE Standard on Piezoelectric Crystals: Measurements of 
Piezoelectric Ceramic, 1961", Proc. Inst. Radio Engineering, 
vol. 49(7), pp. 1161-69, 1961. 

21. Onoe, M., Tietstien, H.F., and Meitzler, A.J., "Shift in the 
Location of Resonant Frequencies by Large Electromechanical 
Coupling in Thickness-Mode Resonators", J. Acoust. Soc. 
Am., vol. 35(1), pp. 36-42, 1963. 

114 



PZT Ceramics from Hydrothermally Synthesized Powders 

C.H. Lin, T.S. Chin, and S. C. Pei 
Department of Materials Science, National Tsing Hua University, Hsinchu, Taiwan 

J.Y. Huang and C.H. Li 
Institute of Electro-Optical Engineering, Chiao-Tung university, Hsinchu, Taiwan 

abstract—PZT (PbTi1-xZrJI03, x=0.52 to 0.64) powders were hydro- 

thermally produced at 200 °C for 24 hrs, from a solution containing 

Ti(0H)„-xH20, ZrOCl2, Pb(CH3C00)2, and NaOH. PZT (x=0.52) powder 

was also produced by the solid-state sintering method. The pow- 

ders from both the hydrothermal method and the solid-state reac- 

tion method were pressed and subsequently sintered at 1250°C for 

2 hrs. The characteristic difference of the ceramics produced 

from both powders were compared with each other. 

The hydrothermal PZT powders are chemically homogeneous, and 

around 0.2 jim in particle size (numerical average). The solid- 

state reacted powder is a mixture of tetragonal PbTi03, rhooibo- 

hedral PbZr03, unreacted Ti02, and unreacted PbO. 

The PZT ceramics from hydrothermal powdrs become softer, 

i.e., lower Ec and higher Pr, as more Zr is added in PZT (higher 

x value). The K, Q, and Kp values reach maximum when x=0.54. 

The Q value monotonously increases with the x value and the Kp 

value linely increase with the grain size of the ceramics. 

The ceramics from the hydrothermal method have higher den- 

sity, grain size, dielectric constant, Kp, and lower D and On. 

The hydrothermal powders are much more sinterable then powders 

produced by the solid-state reaction method. 

INTRODUCTION 

PZT powders used for producing PZT ceramics are convention- 

ally produced by solid-state reaction method. Sol-gel method is 

sometimes used to produce high quality PZT powders. However, this 

process is tedious and expensive because of scarce raw materials 

used. Hydrothermal method"-43 was reported to be capable of pro- 

ducing PZT powders. The advantages of hydrothermal method are 

that (1) powders produced by this method are homogeneous in chemi- 

cal composition and particle size, (2) presintering can be avoided, 

and (3) low sintering temperature is possible because of finer par- 

ticle size. Few reports have investigated the properties of PZT 

ceramics produced from the hydrothermal powders. In this study, 

a cocnparison was made of the difference between PZT ceramics pro- 

duced from the hydrothermal powders and those from the solid-state 

reaction method. Both the hydrothermal method and solid-state 

reaction method were used to produce PZT powders, thereby, pro- 

ducing PZT ceramics from these powders. A composition of x=0.52 

to 0.64 in PbTit-xZr,<03 was selected in this study, because there 

is a rhombohedral-tetragonal phase boudary change between these 

compositions and PZT ceramics demonstrate significant features 

at these compositions'143. 

EXPERIMENTAL 

PZTfPbTit-xZrxO:;, x=0.52 to 0.64) powders were hydrothermally 

produced at 200°C for 24 hrs, from a slurry solution containing 

Ti(0H)4-xH20, ZrOCl2, Pb(CH3C00)2, and NaOH. PZT(x=0.52) powder 

were also produced by solid-state reaction method by reacting PbO, 

Zr02, and Ti02 together at 800°C for 4 hrs. The powders from both 

the hydrothermal method and the solid-state reaction method were 

pressed at 1.75 ton/an2 and subsequently sintered at 1250°C for 2 

hours. 
Laser particle size analyzer, STEM, X-ray diffractoroeter, and 

impedance analyser were used to examine the characteristics of PZT 

powders and ceramics. Detailed preparation processes and examina- 

tion procedures of PZT powders and ceramics have been reported 

elsewhere"_B3. 

RESULTS AND DISCUSSION 

Electron micrographs in Figure 1 and X-ray diffraction 

patterns in Figure 2 revealed that the hydrothermal PZT powders 

(PbTi, „Zrx03, x=0.52 to 0.64) produced from the hydrothermal 

method are all cubic and the PZT powder (x=0.52) produced from 

the solid state reaction method at 800°C is a mixture of tetra- 

gonal PbTi03, rhombohedral PbZr03, unreacted Ti02, and unreacted 

PbO. after the powders were pressed and sintered, the structure 

of the powders have changed. X-ray diffraction patterns in Fig- 

ure 3 indicated that the structure of sintered PZT ceramics pro- 

duced from the hydrothermal method was changed to tetragonal, 

which was the stable form":, if j^o.52 or 0.54, and rhombohedral 

if x=0.56, 0.60, or 0.64. The structure of sintered PZT ceramics 

produced from solid-state reacted powder was changed to rhombo- 

hedral, which was the stable form at this composition":1. 

The particle size of the hydrothermal powders in Figure 4a 

is around 0.2 u» in numerical average and decreased with in- 

creasing x value. The density of the sintered PZT in Figure 4b 

was found to be independent of x value. The grain size of the 

sintered PZT ceramics reached maximum when x=0.54 (Figure 4c), 

which corresponds to rhombohedral-tetragonal phase change boudary. 

The P-E curves of the PZT ceramics in Figure 5 show that the 

hysteresis loop gradually became narrower and taller, i.e., the 

material became softer as x value increased from 0.52 to 0.64. 

The Ec value (Coercive field) and Pr value (remanent polarization), 

as respectively shown in Figures 6a and 6b, are obtained from the 

hysteresis loops of Figure 5. The decrease of Ec value and the 

increase of Pr value imply that the electrical moments of the PZT 

ceramics become more likely to flop when it was subject to a re- 

verse field. This fact is aggreeable with the literature"3 that 

this material will become softer as more Zr is added. The K value 

(dielectric constant), Q value(dissipation factor), and Kp value 

(electro-mechanical coupling factor) of the PZT ceramics (as re- 

spectively shown in Figure 6c and 6d) reach maxiinum when x=0.54. 

Figure 1 

MiSh 

Electron micrograph of hydrothermal PbTi, - xZr»03 

powders reacted at 200°C for 24 hrs, x=0.52. 
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(f) x-0.52 • PbZrOj 
° PbTiOj 
X TiO, 
7 PbO 

'Kjü\-JOuiiJ*&JL. 
(e) x-0.64 
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Figure 2 X-ray diffraction patterns of PbTi^xZrxOa powders, 

(a) to (e) by hydrothermal method reacted at 200°C 
for 24 hrs. (f) by solid-state reaction method at 
800 °C for 4 hrs. 
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Figure 3 X-ray diffraction patterns of PbTi^xZrxOa ceramics 

sintered at 1250°C for 2 hrs.  (a) to (e) are from 

hydrothermal powders, and (f) is from solid-state 

reacted powder. 
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Figure 4 Relationships between x value of PbTij _ xZrx03 with 

(a) particle size, (b) density, (c) grain size of 

hydrothermal ceramics. 

80 
_ (o) x-0.52 :   (d) x-0.60 

 . 

40 
s~ f 

0 

-40 
/ , 

■     JV 
-80 - -       1 | 
80 

"(b) x-0.54 "(e) x-0.64   j j 

40 :       r T :        (\T~ ! 

y j  r i 
-40 ^.  J- J j 
-80 - - i 
80 "(c) x-O.56 -4        -2   0  "2 '■4. 

40 

0 

-40 

r T 
E(kV/«n) 

:      J- 1 
-80 -  . 

-4  -2  0   2   4 

E(kV/mj) 

Figure 5 P-E Hysteresis loops of hydrothermal PbTij.xZrxO;, 

ceramics. 

Table 1 Characteristics of PZT ceramics from different powders 

density 
g/cm3 

grain 
size, un 

K D 
% 

Kp Qm 

hydrothermal 7.52 13.50 947 1.69 0.57 130 

solid-state 7.40 7.93 855 2.46 0.48 204 
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The Qm value (mechanical quality) of the ceramics monotonously in- 

creases with x value. A combination the data of Figure 4c with 

6e reveals that the Kp value in Figure 7 linearly increased with 

the grain size of the ceramics. 
A Comparision was next made of the microstructure of ceramics 

produced from the hydrothermal powders with that from the solid- 

state-reacted powder at the same sintering temperature (1250 °C). 

The larger grain size in Figure 8 indicated that the hydrothermal 

powders was more active and sinterable. 

The PZT ceramics from the hydrothermal powders in Table 

1 were observed to have higher density, grain size, dielectric 

constant and surprisingly have a lower dissipitation factor. 

Furthermore, the PZT ceramics from the hydrothermal powders have 

higher Kp and lower Qm values because a larger grain size would 

enhance Kp value but induce a loss. 

W 

« 
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(d) 
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Figure 6 Relationships between x value of hydrothermal 

PbTij.xZrxO, ceramics with (a) Ec, (b) Pr, (c) K, 

(d) D, (e) Kp, and (f) Q. 

5        7        9        11       !3 

Grain Size (jam) 

Figure 7 Relationships between kp value and grain size of 

hydrothermal PbTii-xZrxOj ceramics, x=0.54. 

CONCLUSIONS 

PZT powders produced from the hydrothermal method are all 

cubic in external shape and crystal structure, while PZT powder 

from the solid-state reaction method at x=0.52 is tetragonal in 

crystal structure. PZT ceramics produced from hydrothermal pow- 

ders are tetragonal if x value is 0.52 or 0.54, and rhombohedral 

if the ratio is 0.56, 0.60, or 0.64. PZT ceramics produced from 

solid-states reacted powder was quite close to rhombohedral at 

x=0.52. The particle size of the hydrothermal powders is around 

0.2 Hn and decreases with the x value. Also The grain size 
reaches maximum at x=0.54. 

The electrical properties of the PZT ceramics produced from 

the hydrothermal powders become softer as the x value increases. 

K, D, and Kp values of the PZT ceramics reaches maxiiiium at x=0.54, 

which is very close to x=0.52 for PZT ceramics produced from the 
solid-state reacted powder. 

The hydrothermal powders are much more sinterable than the 

solid-state reacted powder. The hydrothermal powders are suitable 

to produce PZT ceramics requiring higher K, Kp, and low Q values. 

a hydrothermal method has bewen successfully developed to pro- 

duce PZT powders for high quality PZT ceramics. The operation of 

this process is rather simple and only inexpensive chemical rea- 
gents were used. 

'. ", J-  \ ■   " - :    -» 

**"£ 
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m MMBm 
Figure 8 Microstructures of PbTil_„Zrx0, ceramics from (a) 

hydrothermal powders, and (B) solid-state reacted 

powder sintered at 1250°C for 2 hrs. 
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Abstract, For many applications, such as medical array 
transducers, the frequency of use of ceramics is limited by 
their grain size and porosity content. Here, the 
microstructure of two commercial soft PZT ceramics (with 
sr of 1800 and 4000) is optimised through a combined 
sintering and HIP study. The study includes the effect of 
sintering temperature (T = 1100 to 1260°C) and HIP 
conditions (T = 1000°C, P = 50 to 200 MPa and t = 1 to 
4 h) on the microstructure and dielectric and piezoelectric 
properties. The properties obtained are compared with those 
of the conventionally prepared ceramics. 

INTRODUCTION 

Lead zirconate titanate ceramics are used in a wide variety 
of applications. However the porosity and grain size imposes 
limits for certain applications, and pore free, fine- grained 
ceramics are desirable. For example, such ceramics would 
allow the frequency range of medical imaging transducers to 
be extended and for finer structures to be produced for 
medical arrays or inkjet printers. 

Here two PZT ceramics are studied. The first is a standard 
soft PZT material (Pz-27 - Ferroperm). The other is a PZT 
composition (Pz-21 - Ferroperm) with high dielectric 
constant, which has advantages for high frequency and array 
transducers, as it has a lower impedance, giving improved 
electrical matching. The aim of this paper was to optimise 
the microstructure using powders prepared by a conventional 
solid state reaction. The powders were milled for 72 hours 
to reduce the particle size and produce a more reactive 
starting powder, thus allowing sintering to be carried out at 
a lower temperature. A sintering study was completed to 
determine the conditions required to produce ceramics with 
suitable density and fine grain size. The optimum sintering 
temperature was then selected, and the effect of three post- 
sintering hot isostatic pressing (HIP) treatments on the 
microstructure and properties is investigated and related to 
the HIP conditions used. Finally, the properties of the fine- 
grained, high density ceramics are compared with those of 
ceramics produced commercially. 

EXPERIMENTAL PROCEDURE 

Two commercial soft PZT compositions were studied 
(Ferroperm, Pz-21 and Pz27). The calcined powders were 
milled for 72 hours to obtain a particle size of 0.4 /mi. After 
adding a binder, the powders were pressed into discs using 
a pressure of 98 MPa. The discs were sintered at 1100 
1140, 1180, 1220 or 1260°C for 1 hour. 

CH3416-5 0-7803-1847-1 /95/$4.00©l995IEEE 

On the basis of the results obtained for the sintering study 
(see results section) a sintering temperature was selected for 
each of the two materials and used for the remainder of the 
study. Samples sintered at these temperatures were hot 
isostatically pressed without encapsulation, using 3 different 
conditions: T = 1000°C, with a pressure of 50 MPa for 1 
or 4 hours (HIP-1 and 2) and T= 1000°C with a pressure of 
200 MPa for 1 hour (HIP-3). The atmosphere was mixture 
of 20%O2 and 80%Ar. Heating and cooling rates were 
600°C/hour. 

The porosity content of as-sintered and HIP-1 to HIP-3 
ceramics were examined using optical microscopy and image 
analysis (IA). As-sintered and HIP-2 samples were 
characterised more fully, including both grain size and 
porosity measurements. Porosity measurements were made 
on polished surfaces and the grain size distributions were 
determined from thermally etched samples. Measurements 
were made using software based on IMCO 10 system 
(Kontron Elektronic GmbH 1990) on, typically, 10 images 
for porosity measurements and on a total number of 1000 
grains for grain size determination. The grain size was 
calculated as equivalent diameters to a circular shape from 
the measured areas. For calculation of the mean values and 
standard deviations, the distributions were considered as 
Gaussian. 

For characterisation of the dielectric and piezoelectric 
properties, the discs were lapped to give a 
diameter/thickness ratio > 20 and then electroded. Poling 
was carried out at 130°C for 2 minutes with a field of 20 
kV/cm. The relative permittivity, E33

T
 and dielectric loss at 

1 kHz were measured using an LCR meter. Thickness and 
planar electromechanical coupling coefficients, k, and lc, 
were calculated according to IEEE Standards"1 from 
resonance data. The piezoelectric d33 coefficient was 
measured using meter similar to the Berlincourt meter. All 
measurements were made at least 24 hours after poling. 

RESULTS AND DISCUSSION 

The properties of Pz-21 and Pz-27 ceramics as a function of 
sintering temperature are shown in Figures 1(a) to (f). It can 
be seen that for Pz-21, the grain size, density, permittivity 
and the piezoelectric properties, d33 and k, all increased with 
increasing sintering temperature. For Pz-27, the density of 
the ceramics remained fairly constant as the sintering 
temperature increased, whereas the grain size, permittivity 
and piezoelectric properties tended to increase, suggesting 
that the properties were dependent on grain size. Mattirena 
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Figures 1 (a) to (c) properties of Pz-21 as a function of 
sintering temperature 

Figures 1 (d) to (f) properties of Pz-27 as a function of 
sintering temperature 

Table 1 Summary of ceramic microstructure parameters 

Sample HIP Porosity 
% 

pore area//nn 

T/°C t/h P/MPa Ave. STD. Dev. 

Pz-21 

As-sintered (1220°C) 3.0 14.2 23 

HIP-1 1000 1 50 1.0 11.4 18 

HIP-2 1000 4 50 0.2 7.2 11 

HIP-3 1000 1 200 1.9 15.6 36 

PZ-27 

As-sintered (1180°C) 1.8 7.8 13 

HIP-1 1000 1 50 0.5 7.0 9 

HIP-2 1000 4 50 0.3 6.2 9 

HIP-3 1000 1 200 0.6 6.7 11 
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Table 2 Characterisation of grain size by image analysis 

Sample Grain size Ifim 

Average STD Dev. Max 

Pz-21 

as sintered 1.8 0.9 5.2 

fflP-2 1.9 0.9 5.3 

Pz-27 

as sintered 1.7 0.8 5.4 

fflP-2 1.7 0.9 5.7 

e 
3 

« 0.10 

(a) as-sintered 
(b) fflP-1 
(c) fflP-3 
(d) fflP-2 

Pore area (/u.m!) 

Figure 2(a) Histogram of pore size distribution Pz-21 

(a) as-sintered 
(b) fflP-1 
(c) fflP-3 

00 (d) fflP-2 

20        40        60 

Pore area (/im*) 

Figure 2(b) Histogram of pore size distribution Pz-27 

and Burfoot[2] attributed the effect of grain size on 
permittivity of PZT type materials to the reduction in 
mobility of 90° domain walls in small grains due to pinning. 
In addition, they suggested that this reduces the proportion 
of 90° domains switched during poling and thus their 
contribution to the increase in permittivity usually found 
after poling, and the piezoelectric properties. 

By examining the properties obtained, sintering temperatures 
were selected for each material for which reasonable density 
and properties, as well as fine grain size was obtained. The 
temperatures selected were 1220°C for Pz-21 and 1180°C 
for Pz-27. 

The porosity parameters obtained by image analysis for the 
selected as-sintered and corresponding HIP materials are 
given in Table 1 and pore area distributions shown in 
Figures 2 (a) and (b). It can be seen that HIP-1 reduces the 
porosity content from 3 to 1 % for Pz-21 and from 1.8 to 
0.5 % for Pz-27. This reduction in porosity is accompanied 
by a reduction in the mean value of the pore area and width 
of the pore area distribution, with the greatest effect being 
on the large pores (see Figure 2). 

Increasing the time from 1 to 4 hours, reduced the porosity 
content further to 0.2 and 0.3 % for Pz-21 and Pz-27 
respectively. Thus indicating that the densification is time 
dependent and is influenced, to some extend, by the type and 
size of porosity present in the starting ceramics. This can be 
seen in Figure 2 (a), in which the size distribution of the Pz- 
21 ceramics is reduced by increasing the HIP time to 4 
hours. This effect, although present for Pz-27, is not so 
great as the sintered ceramics contained lower porosity and 
the average pore area was smaller. 

Using a higher pressure, 200 MPa, HIP-3, the porosity 
content of both materials was higher than for HIP-1. For Pz- 
21 the increase was significant, 1.9 %, and the ceramics 
contained cracks and tended to be mechanically weak. This 
is thought to be due to the high pressure contained in the 
remaining porosity, which causes stresses during 
decompression. The results obtained here, indicate that this 
effect was only large for the Pz-21-HIP-3 materials. The 

Table 3 Dielectric and piezoelectric properties 

HIP run Porosity from IA 
(%) 

er tan8 
% 

kp 
% 

d33 

pCN"1 
Nt 

Hzm 

Pz-21 

as-sintered 3.0 3730 0.020 38 48 468 1955 
HIP-1 1.0 4020 0.019 42 44 517 2057 
HIP-2 0.2 4100 0.018 41 56 523 2091 

Pz-27 
as-sintered 1.8 1690 0.016 46 58 452 1900 

HIP-1 0.5 1800 0.017 45 62 478 2040 
HIP-2 0.3 1760 0.017 44 64 488 2050 
HIP-3 0.6 1560 0.016 50 55 421 1900 

120 



Table 4 Comparison of standard, fine grained and HIP-2 materials 

Material Porosity 
% 

grain size £r tan8 
% % 

d33 

pCN1 
N, 

Hzm 

Pz-21 

as-sintered (1220°C) 3.0 1.8 3730 0.020 38 48 468 1955 

HIP-2 0.2 1.9 4100 0.018 41 56 523 2091 

Conventional ~3 -  6 4200 0.019 44 56 503 2030 

Pz-27 

as-sintered (1180°C) 1.8 1.7 1690 0.016 46 58 452 1900 

HIP-2 0.3 1.7 1760 0.017 44 64 488 2050 

Conventional ~2 -  5 1800 0.016 46 59 447 200 

reasons for this may be the higher content of large pores in 
Pz-21 ceramics. 

The grain sizes of the as-sintered ceramics and HIP-2 
materials is shown in Table 2. Both materials had an average 
grain size of < 2pim. There was little change in the mean 
value of grain size or distribution of either ceramics during 
the HIP process, revealed by image analysis of SEM 
micrographs. The as-sintered and HIP distributions can be 
considered statistically equal. As this was the longest of the 
HIP runs, similar results are expected for HIP-1 and HIP-3 
ceramics. 

The dielectric and piezoelectric properties of the as-sintered 
and HIP ceramics are given in Table 3. For both Pz-21 and 
Pz-27, the reduction in the porosity content of HIP-1 
ceramics leads to an improvement in the properties. For 
example, the permittivity, piezoelectric coefficients and 
frequency constants are all higher. In addition, the dielectric 
loss remains unchanged. The increases in properties are 
close to 10 %, which is consistent with other authors for 
HIP materials131. 

earlier, it is well known that both dielectric and piezoelectric 
properties decrease as grain size decreases. This may also 
explain the difference in k,/kp between the materials. The 
effect of HIP-2 was to increase the properties by 
approximately 10%, overcoming the reduction in properties 
due to reduction in grain size and thus, the properties were 
similar to those for conventionally processed materials, 
whilst having advantages of finer grain size and very low 
porosity. These ceramics are more easily machined and less 
susceptible to electrical breakdown for the fabrication of fine 
structures or high frequency parts. 

CONCLUSIONS 

Fine-grained, high density ceramics were prepared from two 
PZT compositions using standard powder processing routes 
followed by a post-sintering HIP treatment. The powder 
was milled to <0.5 jun, which allowed the sintering 
temperature to be reduced and ceramics with a grain size of 
< 2 /tm to be obtained. An increase in HIP time from 1 to 
4 hours, led to better results, with ceramics containing < 0.3 
% porosity. 

Increasing the HIP time to 4 hours and corresponding 
reduction in porosity, improved the properties still further, 
and these materials had the highest dielectric and 
piezoelectric properties. 

For HIP-3 (P=200 MPa) only values for Pz-27 are given 
here. The values are lower than for either HIP-1 and HIP-2 
ceramics, and in some cases are lower than for the as- 
sintered materials. For these materials the porosity of the 
ceramics was reduced and the little change in properties may 
be related to the increase in internal stresses in the ceramics, 
created during decompression. 

The properties obtained for the fine-grained ceramics, as- 
sintered and after HIP-2 are compared with those of 
conventionally prepared materials, Table 4. It can be seen 
that although the density was similar, the as-sintered 
materials had lower dielectric and piezoelectric properties 
than conventionally prepared materials (grain size 5 /xm). It 
is likely that this is due to grain size effects. As discussed 

The dielectric and piezoelectric properties were found to 
depend on grain size, and were lower for the fine-grained 
ceramics. However, after a suitable HIP treatment, the 
decrease in porosity led to an improvement in properties, 
and properties similar to those of conventionally prepared 
materials were obtained. The fine-grained, high density 
materials offer advantages for the preparation of high 
frequency and fine structure applications 
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ABSTRACT EXPERIMENTAL PROCEDURE 

The densification behavior a PZT-based composition with 
additions of BiFe03 as a flux was studied. Two different PZT 
powders were studied with varying initial particle sizes. Results 
clearly showed that BiFe03 forms a low temperature liquid that aids 
in the densification behavior, with 3 mole% being optimum. Fine 
particle sizes substantially improved the density at low temperatures, 
with the net result that ceramics could be densified in air without the 
aid of a lead source. The corresponding electromechanical 
properties were typical of a hard PZT formulation. 

INTRODUCTION 

One of the key parameters which affects the microstructural 
evolution and electromechanical properties of Pb(Zr,Ti)03 (PZT) - 
based ceramics is control over the lead activity, apt,. It is well 
known that the vapor pressure of lead above PZT at temperatures 
well below the sintering temperature is high [1-4], and that the 
associated lead loss has a detrimental affect on the piezoelectric 
properties [5]. In practice, this problem is overcome by sintering in 
the presence of a lead source, such as PbZr03, which has a higher 
vapor pressure than the PZT, and also batching excess PbO. The 
latter dictates annealing of the PZT after sintering in order to remove 
any second phases in the grain boundary. 

An effective strategy to minimize this problem is to lower the 
sintering temperature through the use of ultrafine powders [6], 
and/or liquid phase sintering. To obtain materials which retain good 
piezoelectric properties, a key step is to tailor the flux composition to 
produce densification with limited grain growth. During grain 
growth, dissolution of the additive ions from the flux into the 
ceramic is assisted by solution-reprecipitation processes, hence these 
additive ions should serve as the aliovalent or isovalent dopants 
desired to manipulate the piezoelectric properties. An additional 
requirement is for the flux to be either totally soluble in the 
piezoelectric, i.e. transient liquid phase sintering, or volatilize in 
order to minimize the presence of intergranular phases and porosity. 
Therefore the flux composition, melting temperature, reactions 
between the flux and the piezoelectric, and microstructural evolution 
during liquid phase sintering are all very important parameters to 
characterize and understand in any attempt to precisely control 
piezoelectric properties. 

In this study we present results on the use of BiFe03 as a 
sintering aid for a PZT-based composition. BiFe03 was chosen on 
the basis of its incongruent melting temperature of =930°C [7], and 
since Bi3+ and Fe3+ are both soluble onto the lattice, BiFe03 can 
yield desirable piezoelectric properties [8-10]. Additionally, the Tc 

for BiFe03 is =850°C, and hence, in the interest of higher 

temperature piezoelectric applications, may increase Tc of the system 
[10]. 

Figure 1 overviews in detail the processing steps used to 
prepare the following three compositions: 

1-x (Pb0.95Sro.o5)(Zro.52Tio.48)03 - x BiFe03 

x = 0.01, 0.03 and 0.05 

Note that the mixed oxide approach was used to make the 
compositions, and that the PZT and BF were pre-calcined. Figure 2 
shows the PZT powders calcined at 780°C and 840°C for 2 h. This 
60°C difference made a large difference in the powder 
characteristics; the 780°C powder had a surface area of 1.65 m2/g, 
and the 840°C powder 0.47 m2/g. This corresponds to equivalent 
spherical diameters of 0.47 and 1.69 ^m, respectively. Both 
powders are equiaxed, and exhibit little aggregation. X-ray 
diffraction analyses on the pre-calcined PZT and BF verified the 
compositions. 

All of the sintering studies were performed in air, without a 
lead source or excess PbO additions. Remember our goal is learn 
how to densify PZT ceramics without control over the lead activity. 

Room temperature electrical measurements were performed on 
plane parallel disks approximately 1 to 2 mm thick. Gold electrodes 
were sputtered onto the surface in a vacuum through a mask. The 
dielectric properties were measured using a General Radio GR1689 
RLC Digibridge. After poling, a Berlincourt d33 meter was used to 
measure the d33 coefficient, and resonance measurements were 
performed with an impedance analyzer (Hewlett-Packard 4194A 

Raw 
Materials: 

Mixing 

Calcination: 

PbO 
SrCO, 

99% 
99.9% 

TiO, 99% 

♦ Fe203       99.8% 

Milling 

Pressing: 

Sintering: 

♦ Batch:Zr02 media:alcohol = 1:4:0.8 
♦ Polyethylene jar 
♦ 24 h 

♦ Bi203 and Fe203 pre-calcined: 680°C - 

3h ->BiFe03 

♦ (Pb0.95SW(Zr0.52Ti0.48)O3: 780°C " 2h; 
840°C - 2h 

♦ Aggregates broken up with an agate 
mortar & pestle 

♦ Milled again as above 

♦ 8 wt% of a 5% PVA solution 
♦ Granulation 
♦ Uniaxial pressing; 1000 kg/cm2 

[green density: 55% T.D.] 

♦ 650°C-4 h (binder burnout) 
♦ Dilatometry:  10°C/min to 1300°C 
♦ Isothermal dilatometry: 850 & 1100°C 

Figure 1:   Overview of the processing steps used to prepare the 
PZT-BF ceramics. 
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Figure 2:    SEM micrographs of the PZT powder calcined at 780 
and 840°C for 2 h. 
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RESULTS AND DISCUSSION 

The main results presented in this paper deal with the influence 
of starting powder characteristics and %BF on the densification 
behavior, coupled with electromechanical properties. 

Figure 3 exhibits the influence of the %BF, in all three cases 
using the 780°C calcined powder. Clearly 1% additions are 
insufficient to densify the ceramic, resulting in = 73% T.D at 
1300°C. Increasing to 3% BF improved the densification behavior, 
resulting in a density of 95% theoretical. Note in this behavior that 
the densification rate increases substantially at =900°C, which is 
close to the melting temperature of the BF. The situation is further 
improved by the addition of 5% BF, and the densification rate 
increases sharply at a lower temperature of 600°C. The density at 
1300°C is similar to that of the 3% composition, = 95% T.D. 

Figure 4 exhibits fired surface SEM micrographs of the three 
compositions. The presence of a residual liquid phase is evident in 
the 5% BF composition. The grain sizes of all three were = 1 (im. 
DTA analyses on both the 780°C and 840°C powders with 3% BF 
additions are shown in Figure 5. The low temperature exotherm is 
associated with alcohol removal. Only the 780°C powder exhibited 
a reaction at = 600°C, which is 300°C lower than the temperature at 
which the densification rate changed sharply for this composition. 
The DTA curve for the 5% composition was nearly identical, hence 
it is likely that even though a liquid phase is forming in the 3% BF 
composition at =600°C, that the amount of the liquid phase is 
insufficient to result in significant particle rearrangement. 

Using the 3% BF composition, further studies on the influence 
of the starting powder characteristics on the densification rate were 
performed. Figure 6 exhibits a comparison of the 780°C and 840°C 
powders. The impact of starting particle size is clear. Although the 
final density is nearly the same, the rate is substantially higher at low 
temperatures for the 780°C powder. The isothermal studies at 850°C 
and 1100CC shown in Figures 7 and 8 reinforce these results. 
Replotting this data with as a function of time1/3 (indicative of a 
solution-reprecipitation mechanism) results in linear plots, but at this 
stage more data is needed to confirm the sintering mechanism. 

The electromechanical properties of the PZT-3% BF ceramics 
after sintering at 1300°C are shown in Table I. Both ceramics 
exhibit behavior typical of a hard PZT (Fe3+-doping), but the 
ceramics prepared using the 780°C powders are superior. 

CONCLUSIONS 

The densification behavior a PZT-based composition with 
additions of BiFe03 as a flux were studied. Two different PZT 
powders were studied with varying initial particle sizes. Results 
clearly showed that BiFe03 forms a low temperature liquid that aids 
in the densification behavior, with 3 mole% being optimum. Fine 
particle sizes substantially improved the density at low temperatures, 
with the net result that ceramics could be densified in air without the 
aid of a lead source. 

Figure 3: Densification behavior of the PZT-BF ceramics as 
function of %BF. Acknowledgment 

This work was sponsored by the Office of Naval Research under 
Grant N00014-92-J-1469. 
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Figure 4:    SEM micrographs of the PZT-BF ceramics  after 
sintering to 1300°C. 

o 

0.8 

0.7 

0.6 

0.5 

0.4  — 

0.3 

0.2 

0.1 

0 

I                  | 

840°C 

  1   "\ 
' 

■ 

■ 

780°C 

i 1 
■ 

■ 

0 200 400 600 800 1000        1200 

Temperature (°C) 

Figure 5:   DTA analyses of the 780°C and 840°C powders with 3% 
BF additions. 

! 1                                                 1             ,J  f—L! 

Calcination 

- 
Temperature :                             II 7 0 
D     780°C 

A     840°C 

fis 
:               ßl 

fin 

iS 
J3       lyi                 : 

■in !                    i                    1 
600 800 1000 

Temperature (°C) 

1200 1400 

Figure 6:   Densification behavior of the PZT-BF ceramics as a 
function of the powder calcination temperature. 

124 



<t 

1.00 

0.75 

0.50 

0.25 

0.00 

• ,   ,   ,   , 

D
 

' ' ' ' n 
D 

A 
Calcination 

Temperature 

□    780°C 

A     840°C 

 n  

< 

 
D
 

- 

C 
L 

R 

3 
• 

A 

AD 

D 

I 

  .   .   .   . 

850 °C  [ 

.... 
10 20 30 40 

Time (minutes) 

50 60 

Figure 7:   Isothermal shrinkage at 850°C of the PZT-3%BF 
powders calcined at 780°C and 840°C for 2 h. 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

' ' • ■ ' 

T._ D_ii Calcination 
Temperature 

6 D 
L j u 

□    780°C 

A     840°C 
c 3 . 

o 

6 
D 

 __ Ä A L \    *     L 

— 

L 
D 

J 

A 
A 

L \ 
: 

A^ 
i                        \                         \                         \ noo°c : 

REFERENCES 

[1] R.B. Atkin and R.M. Fulrath, "Point Defects and Sintering of 
Lead Zirconate Titanate," J. Amer. Cer. Soc, 54[5], 265- 
70(1971). 

[2] K.H. Hardtl and H. Rau, "PbO Vapour Pressure in the Pb(Zrj. 
xTix)03 System," Solid State Communications,!, 41-45 
(1969). 

PI D A Northrop, "Vaporization of Lead Zirconate Titanate 
Materials," J. Amer. Cer. Soc, 50[9], 441-445 (1967). 

[4] P.G. Lucuta, F. Constantinescu and D. Barb, " Structural 
Dependence on Sintering Temperature of Lead Zirconate- 
Titanate Solid Solutions," J. Amer. Cer. Soc, 68[5], 533- 
37(1985). 

[5] A.H. Webster, T.B. Weston, and N.H. Bright, "Effect of PbO 
Deficiency on the Piezoelectric Properties of Lead Zirconate 
Titanate Ceramics," J. Amer. Cer. Soc, 50[9], 490-91 
(1967). 

[6] 

10 20 30 40 

Time (minutes) 

50 60 

CD. Near, W.J. Dawson, and S.L. Swartz, "Novel Methods 
of Powder Preparation and Ceramic Forming for Improving 
Reliability of Multilayer Ceramic Actuators," presented at the 
1993 conference on Smart Structures and Materials, 
Albuquerque, NM. 

[7] Phase Diagrams for Ceramists. 1969 Supplement, ed. E.M. 
Levin, C.R. Robbins and H. McMurdie, p. 99, American 
Ceramic Society, Columbus, Ohio (1969). 

[8] R.T. Smith, G.D. Achenbach, R. Gerson and W.J. James, 
"Dielectric Properties of Solid Solutions of BiFe03 with 
Pb(Zr,Ti)03 at High Temperature and High Frequency," J. 
Appl. Phys., 39, 70(1968). 

[9] T.R. Weston, A.H. Webster and V.M. McNamara, "Lead 
Zirconate-Lead Titanate Piezoelectric Ceramics with Iron 
Oxide Additions," J. Amer. Cer. Soc, 52[5], 253-257 
(1969). 

[10] R.B. Atkin, R.L. Holman, and R.M. Fulrath, "Substitution of 
Bi and Nb Ions In Lead-Zirconate-Titanate," J. Amer. Cer. 
5oc.,54[2], 113-115 (1971). 
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TABLE I 

EFFECT OF CALCINATION TEMPERATURE ON THE 

ELECTROMECHANICAL PROPERTIES OF PZT-3% BF 

Property 780°C - 2 h 840°C - 2h 

e33/e0 1157 1325 

tan 8 (%) 0.49 0.79 

d33 (pC/N) 285 256 

kp (%) 54.1 48.7 

k, (%) 47.3 41.4 

Qm 128 75 
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Electric Field Assisted Hot Forging of Bismuth Titanate 
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Abstract - An electric field applied across a specimen during 
the forging process is expected to affect the kinetics of grain 
growth and orientation. In addition, just as a field can align 
molecules in a nematic liquid with the axis of greatest 
polarizability in the direction of the applied field, it is possible 
that the polar axis in a crystallite may also be aligned during the 
high temperature densification process. This may improve the 
electric or piezoelectric properties of certain low symmetry 
ferroelectric materials. The idea is to combine crystallographic 
alignment, densification and poling all into one step, and 
approach single crystal-like properties in a polycrystalline 
ceramic. Electric fields (both DC and AC) were applied 
transverse to the forging direction of the low symmetry 
ferroelectric Bi4Ti3012. The AC field was found to have little 
influence on crystallographic orientation. The DC field was 
found to have a profound effect; aligning the polar axis during 
forging, and yielding further anisotropy in the ferroelectric 
hysteresis. 

INTRODUCTION 

The structures of bismuth titanatium oxides, first described 
by Aurivillius some forty years ago and later by others [1], 
consist of Bi202 layers interleaved with perovskite-like layers, 
giving the crystals a micaceous habit (Figure 1). Since the 
discovery of ferroelectricity in Bi4Ti3012 (BIT), improvements in 
composition and processing have led to the use of bismuth layer 
structure ferroelectrics (BLSF) in certain high-Q and high 
temperature    piezoelectric    applications     [2]. However, 
polycrystalline ceramics have much lower piezoelectric activities 
than do single crystals due to the two-dimensional restriction on 
the permissable rotations of the spontaneous polarization. 
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Hot-working of ceramics with anisotropic crystal structures 
such as bismuth titanate, barium ferrite and others has been 
applied for several years. Starting in about 1977, Takenaka and 
Sakata [3-5] used hot-forging to achieve a high degree of 
preferred orientation in BIT type ceramics, with correspondingly 
enhanced ferroelectric and piezoelectric properties. Despite the 
high degree of grain orientation, though, single-crystal like 
remanent polarization, and therefore piezoacavity, is still 
impossible due to the radial distribution of the polar &-axis. It is 
the intent of our work to introduce a second orienting force 
during the high temperature forming process besides just the 
uniaxial force; that being an applied electric field transverse to 
the pressing direction. The process is termed electric field 
assisted hot forging (EFAHF). 

SAMPLE PREPARATION 

A stoichiometric mixture of bismuth and tianium oxide 
powders was calcined (850°C) to form single phase Bi4Ti3012 

and pressed into tall cylinders. These cylinders were then 
presintered at 925 °C to impart some mechanical strength for 
forging. Figure 2 shows the set up for the EFAHF process. 
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Axis 

Tube 
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Alumina 
ram 

■©■ 

ilectrode 

Fig. 1.   Prototype structure of Bi4Ti30i2, 
like layers separated by Bi202 layers [1]. 

illustrating the perovskite- 

Fig. 2. Electric field assisted hot forging (EFAHF) setup. 

Forging was carried out at a temperature of 1100°C, using a 
maximum load of 200 lbs on a final pellet diameter of 1 inch. 
Ceramic stops were used in order to forge each sample to the 
same thickness (3mm). Platinum electrode plates (3mm tall by 
15mm long) with Pt leads were connected to a voltage source in 
order to apply the transverse electric field (either AC or DC). 
"Flats" were ground into opposite sides of the cylinder sample in 
order to get an intimate contact between electrodes and sample. 
The electrodes were allowed to move laterally as the material 
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forged and deformed outward so as to provide a continuous 
voltage or current to the sample. Figure 3 illustrates the 
temperature, loading and applied voltage schedule. Three 
samples were made for this study: i) simple hot-forged with no 
applied field, ii) DC-field assisted hot forged with 115 V initial, 
20V final applied potential (constant 275mA leakage current), 
and iii) AC-Field assisted with a 60Hz, 120V potential. 
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Fig. 3.   Typical DC EFAHF schedule showing temperature, applied 
load, applied voltage and leakage current through the sample. 

Simple hot forged ceramics belong to the Curie Group 
oo/mm, and require only two cuts, one parallel (| |) and one 
perpendicular (1) to the forging axis, to describe the physical 
properties. On the other hand, E-field assisted and/or poled hot 
forged ceramics belong to orthorhombic point group mm2, and 
three sample cuts are required to define the physical properties 
(of second rank). These cuts are defined with respect to the FA 
and applied E-field as in Figure 4. The different cuts were used 
to analyze the samples by x-ray diffraction, SEM, and dielectric 
and ferroelectric measurements. 

Forging 
axis 

Applied 
Electric Field 

Fig. 4. Three different cuts needed to characterize an electric field 
assisted hot forged sample. The shaded surfaces represent the 
measurement electrodes. 

CRYSTAIXOGRAPHIC ORIENTATION & MICROSTRTJCTURE 

Figure 5 shows the XRD pattern for Bi4Ti3012 powder, along 

with patterns taken from the 11 cuts of normal hot-forged 
ceramic, and EFAHF ceramic. Note the c-axis orientation in the 
forged samples. The degree of orientation is calculated from 
peak intensities using the Lotgering Orientation factor, f: 

f = 
(P-Po) 

(1-Po) 
where,      p= 

a, 
£1, 

(001) 

(hkl) 

and p0 is the value for the random orientation powder pattern [6]. 

Calculations show sample (b) to have 26% (f=0.26) orientation 
at approximately 0.3mm from the surface. (From the authors' 
experience, this factor increases as one proceeds to the interior of 
the sample.) In contrast, a typical fully forged ceramic will have 
about 85% c-orientation at this depth. The E-field assisted 
samples reported here were forged to the same extent, that is the 
same thickness contraction, as sample (b). This partial forging 
was done as an initial study of the effect of the electric field, and 
so as to end up with a relatively thick sample with which to 
work. The field assisted forging resulted in orientations of 38% 
for DC (Fig. 5(c)) and 31 % for AC at a depth of 3mm. The DC 
field in particular seemed to give increased texturing. 
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Fig. 5. X-ray diffraction patterns for Bi4Ti3012: (a) 
(b) normal partially hot-forged ceramic; (c) DC field 
hot-forged ceramic. Patterns indexed according to 
unit cell. 
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Fig. 6. The dominant (200)/(020) peak observed on perpendicular cuts 
from hot-forged BIT. (a) is the 1 cut from a normal forged sample, 
(b) is the J_L and (c) the 1| | cut from the AC field assisted forged 
sample. The peak shows no splitting, suggesting little distortion of the 
unit cell parameters. 
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Fig. 7. The 1 cuts from the DC field assisted forged BIT also show a 
and b axis orientation. In addition, the 1|| cut (b) has a more 
dominant (020) reflection, than does the 11 cut (a),due to some 
alignment of the polar b axis.    (Note the different intensity scales.) 

Of most interest in this work is the diffraction pattern of the 
cross-sectional plane. Selected angle x-ray scans are shown in 
Figure 6 and 7 for the three different samples. Neither the 
simple forged sample (Fig.6(a)) or the AC-field assisted sample 
(Fig. 6(b&c)) show splitting of the (020)/(200) peaks. The DC- 
field assisted, on the other hand, exhibits distinct separation of 
these peaks (Figure 7), suggesting: 

1. a greater difference in a and b lattice parameters 
2. some degree of poling 

Moreover, the relative heights of the (020) and (200) peaks differ 
for the two cross-sectional cuts. The (020) peak height is twice 
that of the (200) for the 1| | cut, while the ratio is only 1.16 for 
the 11 cut. This result suggests that the DC field was successful 
in orienting the polar axis (6-axis) in the direction of the applied 
field and/or in poling of the ceramic. The reason for the 
difference in the (117) peak height is unclear. 

SEM revealed the same alignment of plate-like grains as 
previously reported for BIT [5] and other hot-forged layered 
structure ferroelectrics [7,8]. The applied electric field appeared 
to have little effect on the microstructure. 

ELECTRICAL CHARACTERIZATION 

The dielectric constants were calculated from capacitance 
measurements (HP 4192A Impedance Analyzer) made on the 
various cuts. These are tabulated below: 

Table I 
Dielectric Constants (1MHz, room temp.) for 

Hot Forged Bi4Ti3012 

K, K, K, 

Simple HF (this work) 122 147 
Simple HF (ref 5) 133 149 

Simple HF, poled (ref 5) 114 131      129 

DC HF (this work) 110 133 
AC HF (this work) 129 140 

124 
136 

The measurements show that the low permittivity direction is 
along the long c-axis of the structure, and dielectric values agree 
quite well with previous work [5]. The slightly higher values 
reported by Takenaka are due to a small (0.2 wt%) Mn addition 
to the base composition. For the field assisted samples, the 
highest permittivity direction is perpendicular to both the forging 
axis and the applied field. Again, this suggests the possibility of 
alignment of the polar axis. The lower value of K±! | is because it 
is in a poled state where the low field permittivity is small. 

Ferroelectric hysteresis results are very interesting. The 
normal hot-forged sample gives loops just as expected from 
previous work [5]. Parallel to the forging axis, polarization and 
coercive field are quite small. This direction contains the c- 
component of the canted polarization vector. Perpendicular to 
the FA, the loop is quite large with large polarization and 
coercive field. This direction includes the Z>-component of the 
canted polarization vector. Now look at the loops in the three 
directions for the DC-assisted hot forged sample in Figure 10. 
Parallel to the FA, the loop is essentially the same as in simple 
HF, small and square. The important point is the difference 
between the 1| | and the 11 samples.   The fact that there is a 
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difference in hysteresis character suggests some effect of the DC 
field on crystallographic orientation. The 11 loop was very 
difficult to open, resulting in a very thin loop, almost linear in 
nature in some samples. This suggests a predominance of the 
non-polar a axis in this direction. The 1| | loop on the other 
hand exhibits a very square loop with high polarization and 
coercive field, suggesting a predominence of the polar ft-axis in 
this direction. In fact, the squareness (PJPS) of this loop is 
greater than for the simple hot-forged. This is strong evidence 
for coupling between the applied field and the polar 
crystallographic axis during processing, which was of course the 
goal of this experiment. 
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Fig. 8.   Hysteresis loops for normal hot-forged Bi4.Ti30i2 measured 
parallel and perpendicular to the forging axis. 
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Fig. 9.   Hysteresis loops for DC-field assisted hot-forged Bi4Ti30I2 

illustrating the anisotropy in three directions. 

Piezoactivity was determined via the resonance method. As 
expected, the simple forged and AC-assisted samples displayed a 
piezoelectric resonance only when subjected to a poling 
procedure of 50KV/cm for 20min at 150°C. A piezoelectric 
resonance was found in the DC-assisted without an additional 
poling step. Piezoelectric measurements are preliminary at this 
stage, and will be reported in a future communication. 

CONCLUSIONS 

X-ray diffraction, dielectric and ferroeletric hysteresis 
measurements have shown that a transverse DC field applied 
during the hot-forging process can influence the crystallographic 
alignment in ferroelectric ceramics. The mechanism is not clear 
at this point, since the processing was done above the Curie point 
of bismuth titanate. The hysteresis measurements in particular 
provide strong evidence for the potential of this novel EFAHF 
process to eliminate the radial distribution of the polar axis in 
forged polycrystalline ferroelectrics. It remains to be seen 
whether the process can be used to increase the piezoactivity of 
polycrystalline bismuth layered structures, as well as other 
ferroelectrics like Sr2Nb2C)7 which have interesting possibilities 
for high temperature transducers. 
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Abstract 

The spray pyrolysis method was applied to the synthesis of Lead 
Magnesium Niobate (PMN). This synthesis method offers several 
advantages over conventional processing for this material. These 
advantages include the ability to produce unagglomerated spherical 
particles, and to systematically control the particle size. Sub micron 
powders were produced by the atomization of an aqueous polymeric 
precursor, and passing the aerosol through a multi-zone furnace. 
Powders in the composition range XPb(Mgi/3Nb2/3)03 - (1- 
X)PbTi03 were produced. Phase development during synthesis 
was investigated, and the sintering behavior of these powders 
studied. 

Introduction 

Recent developments in transducer and electrostrictive actuator 
research have indicated the utility of using Relaxor Ferroelectrics. 
This family of materials offer numerous advantages over "normal" 
piezoelectrics including higher dielectric constants, electrostrictive 
strains, induced piezoelectric coefficients, and also sensitivity which 
can be actively modulated by an electric field. For composite 
transducers this yields the potential for dynamic shading and/or 
element selection. A major drawback of these materials, in 
particular in the Pb(Mgi/3Nb2/3)03 (PMN) system, is difficulty 
with reproducible synthesis due to the formation of a stable 
pyrochlore phase[ 1,2,3]. Spray pyrolysis synthesis was chosen 
because it offered the possibility of eliminating the 
reproducibility/phase formation problems. Spray pyrolysis is a 
synthesis technique where a precursor solution is atomized and the 
resulting aerosol is passed through a furnace. In the furnace the 
solvent is evaporated and the resulting precursor particle 
decomposed to form oxide[5,6,7]. The goals of this research 
include the synthesis of perovskite PMN powders, and the 
preparation and characterization of monoliths and composites with 
tailored microstructure using these powders. 

Experimental Procedure 

Solutions for this work were of a polymeric precursor with Citric 
Acid and Ethylene Glycol added to chelate the cations and form a 
polymeric gel which encourages atomic scale mixing of cations. 
The cation sources used were reagent grade lead nitrate, magnesium 
nitrate, niobium oxalate, and titanium isopropoxide. Cation citrate 
solutions were prepared from both the Niobium and Titanium 
sources, and aqueous solutions of nitrates were prepared. All 
solutions were standardized gravimetrically. The data given in this 
paper was prepared using 1/32 M solutions based on final oxide. 
Powders were prepared with the compositions of 
Pb(Mgi/3Nb2/3)03 (PMN) and 0.9PMN-0.1 PbTi03 (FT). Phase 
development was investigated as a function of spray pyrolysis 
temperature, post calcination conditions, and excess lead and 
magnesium content. Spray pyrolysis was carried out using the 
apparatus shown in figure 1 Atomization was performed using a 
modified ultrasonic humidifier. The furnace utilized a fused silica 
tube with an outside diameter of four inches, and a length of nine 
feet. The furnace consists of four seperately controlled zones with a 
total hot zone length of seven feet The first two zones use Kanthal 
wound elements, and the two final zones are heated by SiC bar 
elements. For all runs, the first two zones were set at 100°C and 
200°C respectively. The final zone was set at the high temperature 
listed in discussions, and the third zone was maintained at 200°C 
below the high temperature. Powders were collected on a Gore 
Tex™ membrane filter on a Nomex™ felt backing. Back pressure 
was maintained on the filter using a common heating system squirrel 
cage fan. 

Heating 
^— Elements 

Goretex Collection / 
Filtration System 

J 

Figure 1. Schematic of Spray Pyrolysis Apparatus at U.M.R. 

Results & Discussion 

Powders were prepared of PMN and PMN-PT both with and 
without additions of excess lead or magnesium. The effects of 
thermal profile on the phase development were investigated. Figure 
2 shows the X-ray diffraction patterns of stoichiometric PMN as a 
function of spray pyrolysis temperature. Crystallinity increases with 
increasing spray pyrolysis temperature as expected. The amount of 
pyrochlore increases with temperature, and the amount of perovskite 
increases up to 800° C where it begins to decrease with temperature 
With stoichiometric PMN a maximum of 27% perovskite (remainder 
pyrochlore) by XRD could be formed by spray pyrolysis. PMN 
with 10% PbTi03 (PT) was also prepared and the results were very 
similar with regard to phase formation. The bottom of figure 2 
contains representations of the JCPDF standard X-ray patterns for 
perovskite PMN and Shrout's composition pyrochlore 
(Pbi.83(Mgo.29Nbi.7i)C>6.39) which is the most comonly seen phase 
impurity in the PMN system[4]. 
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XRD of stiochiometric PMN 
as a function of spray pyrolysis temperature 
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Perovskite PMN JCPDF 27-1199 
Pb(Mg0.33NbQ.67)O3 

Pyrochlore PMN JCPDF 33-769 

Pbl.83(Mg0.29Nbl.71)O6.39 
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Phase development of PMN as a function of excess 
lead content for powders spray pyrolyzed at 900° C 

JU 
PMN with 5 mol% excess lead 
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PMN with 2 mol% excess lead 
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Figure 3. XRD of PMN as a function of Pb content 

Fully perovskite powders were not obtained directly from spray 
pyrolysis, which is most likely due to the extremely short residence 
time at temperature (less than 5 seconds). Subsequently a 
calcination study was done. Powders produced by spray pyrolysis 
clJ.o9? C.were coined in closed crucibles for differing times at 

C with a 3 hour ramp. The relative amounts of perovskite and 
pyrochlore m the resulting powders were determined qualitatively by 
X-ray diffraction. The results of these investigations for PMN with 
0,2, and 5 mol percent excess lead are summarized in figure 4 Full 
transformation to perovskite was achieved only with 5% excess lead 
, and a calcination time of only 15 minutes was required Similar 
results were obtained with PMN-PT spray pyrolyzed powders with 
the same quantities of excess lead. 

Figure 2. XRD of PMN as a function 
of spray pyrolysis temperature 

In order to increase the amount of perovskite phase in the as sprayed 
powders, batches of powder were prepared with excess lead or 
magnesium.[l,3] The effect of both additions was an increase in the 
relative amount of perovskite phase. The magnitude of the 
improvement was similar for both additions, but due to space 
limitations only lead additions will be discussed in this paper. 
Figure 3 is a plot of the XRD patterns of spray pyrolyzed PMN 
powders with three different lead contents. The three powders 
contained 0, 2, and 5 mol percent excess lead above the 
stoichiometric amount. As can be seen, additions of lead improve 
the ratio of perovskite to pyrochlore formed. All powders for this 
set of experiments were spray pyrolyzed under identical conditions 
with the exception of lead stoichiometry. The best result achieved 
through manipulation of spray pyrolysis temperature and lead 
content was 77% perovskite phase with 5 mol percent excess lead 
with a spray pyrolysis temperature of 850°. 
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Figure 4 . Phase transformation plot 

Figure 5 exhibits a SEM photomicrograph of PMN powder with 5 
mol percent excess lead after spray pyrolysis at a maximum 
temperature of 1000° C. This powder is spherical, and 
unagglomerated with nearly all particles having diameters below 1 
Um. The particle size can be systematically controlled with the spray 
pyrolysis method to yield particles from tens of nanometers up to 
-10 p.m. This powder has the composition Pbi.05(Mgi/3Nb2/3)O3, 
but due to the short residence time in the furnace it is not fully 
crystallized in the perovskite form. The lower micrograph in figure 
5 is a micrograph of the same powder after calcination at 800° C for 
15 minutes. This heat treatment was sufficient to effect complete 
transformation to the desired perovskite phase. As can be seen in 
the second micrograph, there is a dramatic change in the 
morphology which occurs without an accompanying size change. 
As can be seen, some minor neck growth between particles has 
occured. 

Powder Micrographs of PMN with 5% excess Lead 

1 |Um 

As sprayed at 800° C maximum temperature 

1 \im 

Sprayed at 800° C and calcined at 800° C for 15 minutes 

Figure 5. Powder micrographs of spray pyrolyzed PMN powders 

Two spray pyrolyzed PMN powders were pressed uniaxially into 
pellets with PVA binder and fired. The two powders were both 
PMN with 5% excess lead. The first was as sprayed at 800° C and 
the second was sprayed at 800° and calcined at 800° C to fully 
perovskite phase. The following micrographs are fracture cross 
sections of pellets fired at 1250° C for 30 minutes. Both pellets are 
100% perovskite by XRD after firing, as the first pellet transformed 
fully to perovskite upon firing. Both microstructures are fairly 
homogeneous with equiaxed grains and densities above 90% of 
theoretical. The grain size of the uncalcined pellet is slightly larger, 
and the density slightly less. This can be attributed to a volumetric 
expansion upon formation of the perovskite phase. This expansion 
has been used to advantage in other synthesis techniques commonly 
called "reactive calcination,"[2] but necessitates calcination before 
firing in the case of spray pyrolysis synthesis. 
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Micrographs of PMN with 5% excess Lead fired at 1250° 
C for 30 minutes (fracture cross sections) 

fired as sprayed at 800° C maximum temperature 

Sprayed at 800° C and calcined at 800° C for 15 minutes 
before firing 

Figure 6. Fired microstructures of spray pyrolyzed PMN powders 

Conclusions 

Powders were made in the composition range XPb(Mgi/3Nb2/3)03 
:- (l-X)PbTi03 by the spray pyrolysis synthesis method. Powders 
can be produced which are spherical, unaggregated, and sub- 
micron. The addition of excess lead or magnesium was found to 
increase the relative amount of the perovskite phase that formed. 
Due to the short residence time in the spray pyrolysis furnace, phase 
pure perovskite powders could not be produced directly. With the 
addition of 5 mol percent excess lead, 100% perovskite phase (by 
XRD) can be produced by calcination at 800° C for 15 minutes 
following spray pyrolysis. Fine grained (<10|im), dense 
homogeneous microstructures could be produced by uniaxial 
pressing and sintering at 1250° C for 30 minutes. 
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ABSTRACT 

The phase diagram of the (Pb0.85Smo.io)(Tip.98Mn0.o2)03 - BiFe03 
system was studied by measuring the dielectric behavior as a 
function of temperature, coupled with room temperature XRD and 
measurements of d33, kt, and kp. A morphotropic phase boundary 
exists for between the tetragonal and rhombohedral phases for a 
BiFe03 content of =55 mole%. Some of the studied compositions 
exhibit electromechanical properties suitable for transducer 
applications. 

INTRODUCTION 

Lead titanate (PbTi03) exhibits many interesting characteristics 
including highly anisotropic piezoelectric properties, a high 
piezoelectric voltage coefficient due to its lower dielectric constant, 
a high Curie temperature, a high spontaneous polarization, a low 
aging rate, and a relatively low mechanical quality factor. It is rarely 
used in its pure form, as doping with isovalent alkaline-earth 
elements on the A-site [1-4], donor dopants[5-8], or both [9-14] 
results in a relatively large longitudinal piezoelectric coefficient, d33, 
and a low transverse coefficient, d3i. This yields a large ratio of the 
thickness to lateral electromechanical coupling coefficient (kt/kp). 

When used as the filler in 0-3 composites, PbTi03 is modified 
with BiFe03 (50 mole%), which increases the c/a ratio to >1.10 
[15-18], and improves the composite piezoelectric properties. 
BiFe03 is a perovskite with TC=850°C [19]. Studies on the PbTi03- 
BiFe03 (PT-BF) phase diagram [20-21] show that a morphotropic 
phase boundary (MPB) exists between the tetragonal and 
rhombohedral phases at =70-75m% BF. At this boundary the c/a 
ratio of the tetragonal phase is 1.18, which is very high. Dielectric 
properties along the phase diagram [21] show that the properties do 
not exhibit a maximum near the MPB, although measurements were 
made at 0.53 GHz to remove effects associated with the high 
electrical conductivity of this system. The Tc increased steadily with 
m% BF from 490°C to 850°C [21]. 

In this study we chose to explore the phase diagram and 
electromechanical properties along a modified-PT-BF system: 

1-x (Pb0.85Smo.io)(Tio.98Mno.02)03 - x BiFe03 

+ 0.02 mole % Nb205 

This PT-based composition exhibits superior 
electromechanical properties, and the Nb5+ donor dopant is expected 
to decrease the conductivity as BF is added [21]. 

EXPERIMENTAL PROCEDURE 

Figure 1 overviews in detail the processing steps used to 
prepare the 1-x (Pbo.85Sm0.io)(Tio.98Mn0.02)03 - x BiFe03 + 0.02 
m% Nb2Ü5 ceramics used in this study. Detailed microstructural 
development studies showed that the sintering temperature, Tsjnt, 
steadily decreased with BF additions, which is not surprising 
considering the incongruent melting temperature of BiFe03 at = 
930°C. The Tsint (°C - for 2 h) and measured densities, p (g/cm3), 
for the system were: 

x-> 0.00 0.10 0.20 0.30 0.40 0.425 0.45 0.475 

Tsint-> 1250 1200 1190 1180 1170 1160 1140 1130 

P-> 7.71 7.70 7.64 7.64 7.69 7.75 7.73 7.75 

x—> 0.50 0.525 0.55 0.575 0.60 0.70 0.80 1.00 

Tsint-> 1080 1080 1070 1060 1040 1030 1020 850 

P^ 7.81 7.83 7.93 7.92 7.92 8.02 8.11 7.36 

Figure 2 exhibits the fired surfaces of the PT-BF system. In 
all instances the grains were equiaxed, and for x<0.55 the grains 
were of mostly cubic morphology. Grain sizes were on the order of 
2-5 p.m, with a steady decrease exhibited with increasing BF 
content. Fracture surfaces showed a small amount of closed 
porosity (<2 vol%) was present, yet this did not impede poling. 

Compositional analyses and lattice parameters were determined 
using X-ray diffraction (Scintag X-ray diffractometer). Dielectric 
measurements were performed on plane parallel disks approximately 
1 to 2 mm thick. Gold electrodes were sputtered onto the surface in 
a vacuum through a mask. Dielectric properties were measured as a 
function of temperature and frequency using a General Radio 
GR1689 RLC Digibridge and a muffle tube furnace. Measurements 
were taken during heating at 4°C/min from 25 to 450°C, at 1, 10 and 
100 kHz. 

After poling, a Berlincourt d33 meter was used to measure the 
d33 coefficient, and resonance measurements were performed with 
an impedance analyzer (Hewlett-Packard 4194A Impedance 
Analyzer with a 41941A Impedance Probe and 16092A Test 
Fixture) to determine kt and kp . 

RESULTS AND DISCUSSION 

The lattice parameters of the modified PT-BF system are 
shown in Figure 3. For x=0.00 the c/a ratio is 1.048, which is less 
than that of pure PbTi03 (c/a= 1.063) due to the addition of the 
Sm203. As BF is added, the tetragonality steadily increases up until 
x=0.55, at which point c/a=1.072. Careful observations of the 
(200) and (111) peaks over this range clearly indicated no 
rhombohedral phase was present.   For 0.575 < x < 0.60 both 

Raw « PbO          99%          4 Ti02        99% 
Materials: ♦ Sm203      99.9%       4 Mn02      99% 

♦ Bi203        99%          4 Fe203      99.8% 

Mixing * Batch:Zr02media:alcohoI = 1:4:0.8 
♦ 
4 

Polyethylene jar 
24 h 

Calcination: * Bi203 and Fe203 pre-calcined: 680°C - 

3h ->BiFe03 

4 (pV5
Smo.lo)(Tio.98Mno.02)°3: 900°C - 2h 

Milling 4 Aggregates broken up with an agate 
mortar & pestle 
Milled again as above 

Pressing: 4 

4 
8 wt% of a 5% PVA solution 
Granulation 

4 Uniaxial pressing; 1000 kg/cm2 

[green density: 55% T.D.] 

Sintering: 4 

4 

4 

650°C-4 h (binder bumout) 
Sintering temperature: 1250°C <T<850°C 
Covered A1203 crucibles; PbZr03 lead 
source 

Figure 1: Overview of the processing steps used to prepare the 
modified PT-BF ceramics. 
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x = 0.0 

Figure 2: SEM micrographs of the sintered surfaces of the modified PT-BF ceramics. 
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Figure 3:   Lattice parameters of the modified PbTi03-BiFe03 
binary. 

rhombohedral and tetragonal phases were present; c/a= 1.085 for the 
tetragonal phase at x=0.60. These results are similar to pure PT- 
BF which exhibits a tetragonal-rhombohedral mixed phase region 
bet'ween =67.5 to 75 mol% BF [20,21]. For x>0.6 only a 
rhombohedral phase was observed, although more compositions 
between x=0.60 and 0.70 should be prepared to more accurately 
define the region. 

In general, all of the compositions exhibited a high resistivity 
at low temperatures, but as the temperature approached =200-300°C, 
the conductivity became sufficient such that a strong dispersion of 
the dielectric properties appeared. Figure 4 shows a typical plot of 

K' and K" vs. temperature, in this case for a BF content = 45 
mol%. The low frequency behavior is typical for a lossy dielectric. 
However, the higher frequency data (100 kHz) exhibited a 
sufficiently low K" such that meaningful interpretations of the 
dielectric behavior could be made for T<350°C. A previous study 
on the undoped PT-BF system [21] could only generate meaningful 
dielectric data at 0.53 GHz. The presence of a second order 
transition is clearly seen, as reflected by the peak in K' and the 
corresponding decrease in K" at =330°C. 

Figures 5-7 exhibit the temperature dependence of the 
dielectric properties for the entire PZT-BF system measured at 100 
kHz, and Figure 8 plots the corresponding K' vs. mol% BF. These 
results correlate well with the phase stability regimes of Figure 3. 
At 25°C the K' exhibits a maximum at x=0.55, which falls within 
the MPB. The MPB as determined from Figure 8 is constant up 
until 250°C, then bends towards the PT-rich side. At 275°C the 
maximum occurs for x=0.50, and at 300°C for x=0.45. For 
x=0.60 the K' vs. T response still exhibits the hint of a phase 
transition due to the inflection near =400°C, but the x=0.70 
composition exhibits a much lower K' and no anomalies at all. 

No systematic changes in the phase transition associated with 
Kmax were observed with increasing BF content. This is contrary to 
the pure PT-BF system, which has been reported to exhibit a 
continuous change in Tc all the way up to 850°C for pure BF. This 
suggests that the samarium doping is dominating the observed phase 
transition. Indeed, the MPB of this modified PT-BF system occurs 
for a BF content =10 mol% less than the undoped system. 

Room temperature measurements of kt, kp and d33 also exhibit 
maxima at the MPB (Figure 9), which is similar to the Pb(Zr,Ti)C>3 
system. For x<0.3 the planar resonance was virtually absent. The 
reason for the minima of kt at low x is unknown. 
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CONCLUSIONS 

The phase diagram of the (Pbo.85Smo.io)(Tio.98Mn0.02)03 - 
BiFe03 system was studied by measuring the dielectric behavior as 
a function of temperature, coupled with room temperature XRD and 
measurements of d33, kt, and kp. A solid solution forms over a 
wide range between the modified PT and the BF, with a mixed 
phase region occurring between 57.5 and 60%. Further studies 
should be performed to more finely define this region. The 
maximum K', kt, kp and d33 were exhibited in this MPB region. 
Some of the studied compositions exhibit electromechanical 
properties suitable for transducer applications, over a compositional 
range where the K' varies widely.. 
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Abstract - Piezoceramic substrates are of interest for many 
surface acoustic wave (SAW) applications, such as chemical 
and biological sensors and TV filters. For these applications 
the reproducibility of the SAW properties is important. Here, 
the effect of a variety of ceramic processing conditions on the 
microstructure and SAW properties of the ceramics is 
examined to determine the sensitivity of the properties to 
processing. The study includes, the influence of milling time, 
sintering conditions and a post sintering HIP treatment. 
Microstructure, bulk and SAW properties are characterised 
and processing-microstructure-property relations examined. 

INTRODUCTION 

Piezoceramics have potential for SAW device applications due 
to the ability to modify the composition to achieve a desirable 
combination of properties, including high surface coupling 
coefficient and surface velocity with a low temperature 
coefficient of delay time. However, the use of piezoceramics 
in SAW devices has been limited by their high propagation 
losses and poor reproducibility compared to single crystals. 

A variety of compositions have been examined in the 
literature, such as PZT[1] and modified lead titanate[2]. Much 
of the work has concentrated on the effect of composition to 
produce a low or zero coefficient of delay time and little 
attention has been paid to the effect of processing and/or 
microstructure on the surface properties. Jyomura et. al. 
examined the effect of grain size on the propagation losses[3] 

and Shapiro et. al. investigated the effect of hot pressing PZT 
ceramics on the surface velocity and coupling coefficients141, 
but neither presented a full set of SAW data. Previous work 
done by the authors151 showed that substrates fabricated from 
powders prepared by hydrothermal synthesis had much lower 
temperature coefficients of delay time than substrates prepared 
by the mixed oxide route. This paper examines the effect of 
processing, including milling time, sintering temperature and 
hot isostatic pressing (HIP) on the SAW properties, with 
emphasis on the temperature coefficient of delay time. The 
resulting microstructures, bulk and SAW properties are 
characterised and reactions between them discussed. Finally, 
the effect on processing on achieving reproducible ceramics 
is examined. 

EXPERIMENTAL PROCEDURE 

A modified lead titanate powder, with composition 
(Pb0.88>Si%M,]^.M)(Tio.98,Mn0.02)03 was processed by a 
conventional mixed oxide method. 

After calcination the powder was milled for 8 hours and used 
for the sintering and HIP study. A second batch of powder 

was milled for 48 hours, in an attempt to reduce the particle 
size. 

After addition of a binder, the powders were pressed into 
plates with dimensions; 30 x 20 x 1.5 mm, for SAW 
measurements, and discs with a diameter of 16 mm and 
thickness 0.8 mm, for bulk measurements, using a pressure of 
98 MPa. The plates and discs were sintered from 1220 to 
1280°C for 2 hours, with 20CC intervals. After sintering 
some of the plates and discs, sintered at 1240, 1260 and 
1280°C, were hot isostatically pressed at 1100°C for 1 hour 
with a pressure of 200 MPa (using a 20%O2/80%Ar 
atmosphere). Before poling, the plates were lapped to obtain 
parallel faces and one side of each plate was polished to a 
mirror finish, for which surface roughness, (Ra) values were 
< 0.1 /im. The plates and discs were electroded and poled in 
a heated oil bath at 100°C with a field of 6 kV/mm for 10 
minutes. 

The microstructures of a selection of the ceramics prepared 
were characterised using image analysis. For this, ceramics 
were polished, metallised with gold and examined using either 
optical and scanning electron microscopy. The pore area 
distributions were determined from polished surfaces and the 
grain size distributions were determined from thermally etched 
samples. Measurements were made using software based on 
IMCO 10 system (Kontron Elektronic GMBH 1990) on, 
typically, 10 images with a total number of 1000 measured 
objects. The grain size was calculated as equivalent diameters 
to a circular shape from the measured areas. Mean values and 
standard deviations were calculated from the distributions 
considered as Gaussian. 

The dielectric permittivity, ^ and dielectric loss at 1 kHz 
were measured using an LCR meter. Thickness and planar 
electromechanical coupling coefficients, k, and kp, and the 
elastic coefficient, cD

33, of the discs were calculated according 
to IEEE Standards161 from resonance data. The bulk dielectric 
and piezoelectric properties of the plates were measured 
before removing the electrodes, to test their polarisation level 
(this data is not given). 

To characterise the SAW properties of the ceramics, 
aluminium electrode patterns, (0.3 /zm thick) in the form of 
interdigital transducers with a periodicity of 100 fim, were 
applied onto the polished surface using the "lift off" 
photolithographic process. The permittivity, es, free surface 
velocity, v0, and surface coupling coefficient, k2s, were 
obtained at 25 MHz using an unapodised, single electrode 
SAW transducer, by curve fitting the electrical impedance of 
the transducer with theoretical curves generated using a model 
based on Morgan's analysis'71. 
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The propagation losses and the temperature coefficient of 
delay time were measured using the SAW delay line shown in 
Figure 1. The input transducers had the same characteristics 
as the transducer described above, but with a finger length of 
5 mm. The output transducer comprised two, 1.5 mm long 
receivers connected in parallel. The two transducers were 
placed at 4 mm and 8.75 mm from the input. The surface 
propagation losses, a, was calculated using: 

-20 log10 (-^) (1) 

where, VI and V2 are the measured voltages of the first and 
second receivers, and L is the distance between the 2 
receivers. 

The temperature coefficient of delay time, CTF was 
determined from measurements of time of flight, t, between 
the input and output transducer (tO is the time of flight at 
room temperature) over the temperature range, T = 0 to 
60°C, using the following equation: 

CTF = LA 
t. dT 

(2) 

where, t is the time of flight of the surface acoustic wave 
between the input and output transducers, and T is 
temperature. 

RESULTS 

A summary of the microstructural parameters of a selection 
of the materials is given in Table 1. The ceramic milled for 
8 hours and sintered at 1260 °C for 2 hours had a low porosity 
content (1.9 %) and fine grain size (1 jim). Carrying out a 
post-sintering HIP process on this material further reduced the 
porosity to 0.4 %, without increasing the grain size. In 
addition, examination of the pore area distribution (Figure 
2(a) and maximum pore area (given in Table 1) shows that the 
HIP process was most effective on the large pores. 
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Figure 2. Histograms of pore area distribution for (a) 1260°C 
and 1260°C + HIP (milled 8 h) ceramics and (b) ceramics 
(milled 48 h) sintered 1220 to 1280°C. 

Figure 1. SAW Delay Line 
It can be seen that increasing the sintering temperature from 
1220 to 1280°C for materials prepared by milling for 48 

Table 1 Summary of ceramic microstructure parameters 

Processing Milled 8 hours Milled 48 hours 

Sintering conditions 1260 1260 + 
HIP 

1220 1240 1260 1280 

Porosity (%) 1.9 0.4 2.4 2.3 2.7 3.2 

Average pore area (urn2) 17 8 12 12 18 29 

Maximum pore area (urn2) 233 61 187 204 264 540 

Standard Deviation (um2) 24 8 17 18 28 29 

Average grain size (um) 1.0 1.0 1.0 1.1 1.1 1.4 

Standard Deviation, (urn) 0.4 0.5 0.5 0.5 0.6 0.7 
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hour, the average grain size increases from 1.0 to 1.4 pm, 
and the porosity increased from 2.4 to 3.2 %. The increase in 
porosity was accompanied by an increase in pore area (from 
an average pore area of 12 to 29 /mi), maximum pore area 
(from 187 to 507 ^m2) and width of the distribution, shown 
in Figure 2(b) Above 1240°C, the microstructure deteriorates 
with the growth of porosity. A similar effect was found for 
materials prepared by milling for 8 hours, in this case 
deterioration of the microstructure occurred above 1260°C. 
Ceramics sintered at 1280°C had porosity of 2.8%, an 
average pore area of 36 jim2 and a standard deviation of 56, 
all considerably larger than those for the materials sintered at 
1260°C. 

Milling the powders for 48 hours instead of 8 hours reduced 
the optimum sintering temperature, thus for the same sintering 
temperatures, materials milled for 48 hours will have a larger 
grain size and greater porosity, in the range of temperatures 
studied here. This is demonstrated by the samples sintered at 
1260°C for 2 hours in Table 1. 

The bulk properties of the materials are given in Table 2. All 
of the sintered materials had densities 97 - 98 % of the 
theoretical density. Increasing the sintering temperature for 
both sets of materials did not change the properties 
significantly. Any changes in properties can be related to 
changes in porosity content, so that E

S
33, kp, cD

33 and Qm all 
reduced slightly as the sintering temperature and porosity 
increased. The difference between the materials milled for 8 
and 48 hours can be attributed to the shift in temperature of 
the optimum sintering conditions to lower temperatures for the 
materials milled for the longer time. The HIP materials had 
improved properties, higher permittivity, coupling coefficients 
and elastic properties, corresponding to the increase in density 
(>99%), and lower tan5 

The SAW properties are given in Table 3. Apart from the 
material sintered at 1280°C, most of the samples had similar 
surface properties. Typically, with surface permittivity 
between 220 and 250, velocity between 2550 and 2600 m/s 
and surface coupling between 1.4 and 2, attenuation of 0.3 
dB/mm and CTF around 70 ppm/°C. 

Again changes in the properties can be related to changes in 
the porosity content, so mat, increasing the sintering 
temperature (and thus porosity content) decreased the 
permittivity and velocity. The surface coupling and losses 
were independent of sintering temperature. The CTF value for 
materials sintered at 1280°C showed the largest change in 
properties, reducing from >70 to 57 ppm/°C. Milling time 
had little effect on the surface properties, except that the CTF 
value for the 1260CC materials was lower than that milled for 
8 hours, again most likely due to the increase in porosity. 

For the HIP ceramics, very homogeneous surface properties 
were obtained, irrespective of the sintering temperature. 
Comparing the values with those obtained for the as-sintered 
materials, in general all of the properties are improved, higher 
permittivity, velocity, coupling coefficient and lower 
propagation losses. The CTF value was similar to the 
materials sintered at 1260°C 

DISCUSSION 

The changes in the surface properties can be related to 
changes in the microstructure of the ceramics. The higher 
velocity of the HIP materials (2600 m/s) correspond to an 
increase of the rigidity constants due to the reduction in 
porosity. This can be seen by comparing the cD

33 of the as 
sintered and HIP materials, which increases from 16 x 1010 to 
18 x 1010 N/m2, whilst the density increases from 98 to 
>99%. This can also be seen to a lesser extend for the as- 

Table 2 Bulk piezoelectric properties of discs. 

Heat treatment Density 
% Th. 

£ T fc33 tan 8 
% 

K 
% % 

Qm 
(planar) 

CD
33 

x 1010Nm-2 

Milled 8 hours 
1220 98 217 1.1 41 8.6 1383 16.6 
1240 98 208 1.0 45 8.0 1715 17.0 
1260 98 208 1.0 45 7.5 1717 16.9 
1280 97 196 1.1 46 6.6 1430 16.1 

1240 + HIP >99 222 0.6 47 10.0 2034 18.5 
1260 + HIP >99 219 0.7 46 9.5 1869 18.1 
1280 + HIP >99 217 0.7 46 8.5 1938 18.4 

Milled 48 hours 

1220 97 213 1.2 44 8.2 1452 17.0 
1240 97 208 1.0 45 7.5 1627 16.9 
1260 97 206 1.1 43 7.3 1510 16.5 
1280 

1                 97 198 0.9 45 6.6 1498 16.2 
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Table 3. A comparison of SAW properties 

Material ss V0 

m/s 
ks

2 

% 
a 

dB/cm 
CTF 

ppm/°C 

Milled 8 hours 

1220 240 2565 1.7 0.63 75 

1240 237 2555 1.43 0.36 79 

1260 231 2550 1.93 0.1 71 

1280 217 2550 1.71 0.46 57 

1240 + HIP 248 2595 1.97 0.19 77 

1260 + HIP 246 2600 2.09 0.17 75 

1280 + HIP 240 2600 2.06 0.19 77 

Milled 48 hours 

1220 238 2555 1.56 0.38 81 

1260 178 2550 1.81 0.39 66 

sintered materials,  for which the higher values at low 
sintering temperatures correspond to lower porosity contents. 
The   surface  permittivity  decreased  with  increasing  the 
sintering temperature, in a similar way to that of the bulk 
permittivity, again due to the increase in porosity. 

Discussion of k,. is more complicated, as it is depends on a 
combination of the bulk thickness and planar coefficient as 
well as the shear coefficient. First considering the effect of 
sintering temperature, the thickness coupling coefficient 
increases, whilst the planar coupling coefficient decreases, 
which may explain the lack of trend in properties for this 
coefficient. For the HIP materials, both k, and k„ increase, 
giving an increase in k,,. 

The differences in the propagation losses reflect the changes 
in tan8 and Qm. The HEP materials have low tanS and high 
Qm, again corresponding to the reduction in porosity of the 
materials. 

CTF showed the most important effect of microstructure. For 
the materials sintered at 1220 to 1260°C (2 to 2.5 % porosity) 
and the HIP materials (< 1% porosity), similar values, 70 to 
75 ppm/°C, were obtained, indicating for these porosity 
values, the CTF value is predominately due to composition 
and microstructure has little effect. However, the material 
sintered at 1280°C had significantly lower CTF values (57 
ppm/°C), suggesting that for these materials, the porosity or 
perhaps the size of porosity, contributes to the CTF value. 
This is confirmed by the 1280 + HEP material, for which the 
CTF value was increased to 77 ppm/°C. It has already been 
noticed that the porosity and not the grain size changed during 
the HEP process. 

The HEP process had a two fold effect on the properties, 
giving rise to improvements in the values, as well as 
homogenising the properties between the different sintering 
temperatures. Thus indicating the microstructure has an 
important effect on the SAW properties, particularly the 
temperature coefficient. Secondly, the results indicate that the 

properties prepared using a post sintering HEP treatment will 
be more reproducible than those of sintered ceramics. 

CONCLUSIONS 

The results show that processing and it's effect on 
microstructure influence all of the SAW properties, but 
particularly the temperature coefficient of delay time. It may 
therefore be possible to adjust the microstructure of the 
ceramics to reduce the temperature coefficient of delay time. 

To obtain reproducible SAW properties careful control of the 
processing conditions must be carried out. The porosity 
content should be less than 2 % and homogeneously 
distributed. Using a suitable post-sintering HEP treatment, 
uniform properties can be achieved. In addition, die HEP 
ceramics had improved properties, higher velocity, coupling 
coefficient and lower propagation losses. 
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Piezoceramic Materials with Very Large Anisotropy of Piezoelectric 
Coefficients: Physical Aspects of the Problem 
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Rostov State University, 344104 Rostov-on-Don, Russia 

Abstract - This work contains a review of the 

authors' up-to-date papers devoted to the topical 

problem of the large anisotropy of the piezoelectric 
*  , * 

coefficients d  / d 
33 ' 31 

in ferroelectric  ceramic 

materials. The principal physical factors responsible 

for this effect in PbTiO -based materials have been 
analysed. 

The need for improvement of technical parameters 

of piezoelectric ceramic materials determines the 

great interest to the problem of creation of materials 

with a large anisotropy of piezoelectric coefficients 

(PC s) d /|d | » 1. The present report contains  a 

review of the principal theoretical results obtained 

by us [l]-[4] and devoted to this problem in PbTiO 

-based polarized ferrelectric ceramic (FC) materials. 

In PbTiO as well as in other perovskite-type 

ferroelectrics the piezoelectric effect shows as a 

linearized electrostriction. Therefore PC's   d. . of 

single-domain crystal  are propor t iona 1  to   the 

dielectric permittivities of stress-free crystal  £ 
li 

and to the spontaneous polarization P  [5] 

d  = 20 P S  , d 
31   v12 s 33 ' 33 2Ql1

PsS33'd15 = Q44Ps£U(1) 

where Q  are the electrostrictive constants. In the 

case of FC the analogous relations become  more 

complicated due to determination of PC's d. . by 
ij 

averaging piezoelectric,  dielectric  and  elastic 

constants  of  corresponding   single-domain   and 

polydomain crystals [5],  [6]. The large anisotropy 

*  i*i 

d33/|d3l|in PbTiO  FC has been firstly  interpreted 

in [1] that contains the principal results being 

corroborated by the subsequent investigations (see 
e.g. [7], [8]). 

Turik et al. [1] showed that the principal cause 

for the large PC anisotropy in PbTiO - based FC is 

associated with a small anisotropy of dielectric 

permittivities  £,,/£„ ^ 1.3   of   stress-free 

single-domain crystals. Owing to this  fact  the 

relative contribution by PC d   of single-domain 
* 

crystals forming FC into d  is decreased. An unusual 

instabilty in the sign and value of d   may be seen 

from Equations (1) and formulae [5] for PC's of FC 

*        1. _ .. *        l d33 = X+ W'd31 8(d33 + 3d31 - d15)     (2) 

single-domain crystals on condition that all the 

possible 180 domain reversals have achieved during 

the polarization of ceramics.The PC d   is included 

into Equations (2) for d  and d  as an item with the 

different signs, and as a result following from 

Equations (1) and [1], there is d  -» 0  without  an 
* 

essential variation of d  due to the small anisotropy 

of dielectric permittivities £ /£    -*  1. • Such 

behavior leads to reversing the sign of d   by the 

variations of the temperature, domain structure, 

microstructure or by the appropriate modifying FC 

composition. 

Our papers [2]-[4] contain the results of the 

theoretical investigations regarding the influence of 

the temperature, domain structure and modifying an 

initial composition on the physical properties and, in 

particular, on the piezoelectric anisotropy of PbTiO 

-based polydomain crystals and FC. The investigations 

carried out were based on methods [9], [10]. 

We showed that, besides dielectric permittivities 

ca  ca   ,,  , 
11'  33   volume concentrations 

domains, the value of the ratio Q / Q 
11 '12 

and 1 - m of 90 

of 

electrostrictive constants had the large influence on 
* 

the PC d  of FC; according to different estimates 

based on experimental data for PbTiO ,  Q /!o I 
3'  ^11 |V12' 

changed from 5.3 [11] to 4.0.   By means of these 

estimates we were able to establish some values of 

o       * 
the volume concentration of 90 domains m and of the 

* *  * * 
temperature T satisfying the condition d (m,T ) = 0. 

The important feature of our estimates was significant 

difference in the temperatures T at m = const but at 

different Q /| Q12i - This fact testifies to the large 

sensitivity of the PC d   and  the  anisotropy 

d /|d I  to the change in the spontaneous strain of 

crystal. 

90 domain structure  of the   real polarized 

grains of PbTiO corresponds apparently to the domain 

volume concentrations within the range between m = 

0.5 (equal-width periodical lamellar domains) and m = 

0.76 (corresponds to the condition for  elastic 

matching the paraelectric and ferroelectric phases 

close by the Curie point T * 765 K  [12]).Realization 

of condition d (m,T ) 

which have been obtained by direct averaging PC's of   temperature is possible for 

0 close by the 
* 

room 

^ m„  and 
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Q   /1 Q    j   * 5.3 that leads to d    /1 d    |  -» oo and is in 
XX     X^i JJ     J X. 

well agreement with known data [13] on modified 

PbTiO - based FC. In the case of Qn/|Q12I  ~ 
4-° 

* 
behavior   of   d (m,T)   is similar  to  the 

experimental dependences for pure PbTiO  FC. 

Studying the influence of modifying PbTiO by Ca, 

Sr, Ba or Zr ions on the piezoelectric anisotropy 

showed that |d..(m,x)| and |d..(m,y)| dependences for 

all (Pb  M )TiO„ and Pb(Zr. Ti )0„ compositions are 
1-x x  3       l-y y 3 

monotonously increasing with increase of x and with 

decrease of   y at m =const. An only exception 
* 

represents a group of d (m,x) dependences for FC with 

M = Ca (i.e. by the small-radius ion substitution ..for 

Pb) which have diffused maxima (minima of  |d |) 

close by x 0.25 leading  to  maxima  of 

* I  *i 
the piezoelctric anisotropy d /j d [ As in the case 

* 
of the pure PbTiO , especially small |d |-* 0 and the 

large PC anisotropy are realized in FC with the 

polydomain grains at m — 0.5. An important feature of 

the investigated (Pb  M )TiO_ compositions lies in 
1-x x   3 

* 
the fact that their PC    d (m,x) and anisotropy 

*     I*I 
d (mrx)/|d (m,x)| dependences at m = const are  in 

agreement with Q (x) dependences calculated by us 

for corresponding single-domain crystals. The' display 
* 

of this fact is connected with maxima of d (0.5,x), 

d (0.5,x)/|d (0.5,x)|   and   Q.„(x)  dependences 
JJ «J j. X^ 

close by the same value x = 0.25 for M = Ca and with 

the monotone character of all these dependences on x 

for M = Ba; Sr. As in the pure PbTiO , the small 

n 
anisotropy of S. . has the significant influence on the 

li 

PC anisotropy. 

Our estimates for the contribution Ad   by the 

o * 
reversible 90 domain-wall displacements to PC d   of 

(Pb,Ca)TiO FC show that Ad  are commensurable with 
*      *     * 

the total PC values d„.   = d„, + Ad„„.  Reversing 
31,tot  31     31 

the sign and passing    Ad   contribution  through 

maximum in the vicinity of x = 0.25 cause d_   -»0. 
31,tot 

So the principal factors for the achievement of 

based  FC 
* i  *i 

the large anisotropy d /|d | of PbTiO 

anisotropy  of    dielectric 

of single-domain crystals 

are following: 

(i) the small 

permittivities £.,/£  
11  33 

constituting FC; 

(ii) substitution of Pb ion by the small-radius 

ion; 

(iii) the domain-structure features (approximate 

equality of the volume concentrations of 90 domains); 

(iv) optimization of the polarization rate of 

ceramics and the working temperature. 
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Averaging  Physical   Constants   and  the  Problem ol   connection  oetween 
Piezoelectric  Properties   of  Single-Crystal   and  Ceramic  Ferroelectrics 

A.V.   TURIK,   V.YU.   TOPOLOV  and  A.I.   CHERNOBABOV 
Rostov  State  University,   344104  Rostov-on-Don,   Russia 

Abstract- This paper is devoted to the analysis of 
different methods for averaging the physical constants 
of    ferroelectric    crystals    as    well    as    to the 
calculation of the piezoelectric coefficients d       and 

ij 

ceramics 
, . *  , * 
their anisotropy d / d 

33 ' 31 
for PbTiO - type 

3 

being under the polarization electric field. 

Last years an attention of many researchers is 

given to the problem of a large anisotropy of the 

piezoelectric coefficients (PC's)  £ 
*  I*I 

d  / d 
33 ' I 31' 

and 

corresponding electromechanical coupling  factors in 

modified  PbTiO,  ferroelectric   ceramics (FC). 

PbTiO - based FC are actively studied for the acous- 

tic - wave applications, in particular for creating 

transducers with an improved direction diagram and 

with only one working thickness mode. The physical 

nature of the large piezoelectric anisotropy and 

related phenomena is a subject of the numerous 

experimental [l]-[3] and theoretical [4]-[7] 
investigations. 

The polarization process is one of the obligatory 

and important factors for optimization of the 

piezoelectric anisotropy, therefore it would be 

necessary to study an effect of the electric field on 

the electromechanical properties of PbTiO - based FC. 

This paper is devoted to solving some important 

questions within the limits of this problem. 

The simplest theory of the electromechanical 

properties of FC [8],[9] is based on an assumption 

that FC PC's may be determined by direct averaging 

the single-domain crystal constants. The corresponding 
FC PC's 

31 

~* 

*33 

|(1 + costf)[4d3l + (d33 - d31 

-(1 + costf)[2d33 (d 
33 

d15 = i(1 + «^)IM15 + «*33 

31 

31 

d15)sin
A9], 

d15)sin'l5], (1) 

d^sintf] 

are expressed by PC's of single-domain crystal d 
ij 

and the maximum angle V   between the direction  of 

the polarization electric field E and the   domain 
P 

polar axes. Direct averaging the single-domain PC 

tensor components d.. of PbTiO by use of Equations 

(1) for '9 = 90 (i.e. at 180  domain reversals only) 

has shown [10] a peculiar instability in the sign and 
~* 

value of PC d  that demonstrates a possibility  of 
** 
d -* 0. As a result, the very large anisotropy of PC's 

may be realized owing to changes in the temperature, 

domain structure or to appropriate modifying the 

initial PbTiO composition. 

In this paper for the first time we use 

effective-medium method for a description of the 

effect of the polarization on the piezoelectric 

properties and the anisoptropy of PC's of PbTiO, - 

based FC. According to our model presentations, the 

grain is split into 90 domains of two types having 

the volume concentrations m (for the domains with the 

polar axes located closelier to the direction of the 

electric field strength vector E ) and 1 - m. The 
P 

physical constants of the polydomain grain   are 

determined by  method    [11].  The  spontaneous 

polarization of this grain is determined by the vector 

mP ,  +  (1 
si 

i)P where P . are 
si 

the spontaneous 
s   si       ' s2 

polarization vectors of the separate domain types. A 

change in the orientation angle 1? between P and  E 
s      p 

vectors which   occurs by  the  polarization  of 

tetragonal FC due to increasing the external electric 

field strength E is realized within the range from 
P 

180 to a limit value [8] .1/2/3 arcsinr2/3 * 55  that 

corresponds to the complete 180 and 90 domain 

reversals. The values of the elastic, piezoelectric 

and dielectric constants of single-domain   PbTiO, 

crystal and (Pb„ Ca )TiO„ 
1-x x   3 

(PCT)  one  close 
3 

by 

x = 0.25 were determined at the room temperature in 

[6] and [7], respectively. 

The dependences d  f&) and d15 (Ü) calculated 

by effective-medium method for various 0.5 ^ m ^ 1 are 

the monotonously decreasing functions. Of particular 

* 
interest are PC's d  (Fig. 1) displaying in some 

cases a nonmonotonic dependence on 1? in spite  of 

results [9].   The orientation dependences of PC 
*  n 

1 (see Equations (1)) and for m = 0.5 d3lCÖ) for m 

being a result of direct averaging the physical 

constants of PbTiO and PCT crystals are shown in Fig. 

1 for a comparison. PC's of polydomain crystal with m 

=0.5 are determined in accordance with formulae 

[11]. The comparison between the dependences  d ('&) 

and d31CÖ) for both FC shows that the achievement of 

*       f 
d = 0 and (, -* co, respectively, is very sensitive to a 

choice of single-domain crystal initial constants and, 

undoubtedly, to the changes in Q /|Q | ratio. The 

choice of the volume concentrations of 90 domains 

close by m = 0.5 (the equal-width lamellar domains 

with the regular arrangement) is most favourable for 

d   -» 0. The sufficiently small anisotropy  of 

dielectric permittivities of stress-free single-domain 
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crystal S /£  -» 1, which is characteristic of both 

thecompositions, is the necessary condition but the 

insufficient one to obtain the large anisotropy of FC 

PC's. 

50-BAj 

Fig. l.The orientation dependences of the averaged 

piezoelectric coefficients d  (curves 1, 3 for m = 
* 

= 1 and 2  for m = 0.5) and d  (curves 4, 6 for 

m = 0.5 and 5, 7 for m = 0.6) of ferroelectric ce- 

ramics:  1, 2, 4, 5 - PbTiO 

(Pb  Ca )TiO„ at x * 0.25. 
1-x x   3 

3, 6, 7 - 

The estimates of a contribution Ad   of  the 

o * 
reversible 90 domain-wall displacements into PC d 

of FC have been carried out using method [12]. Taking 

into account the volume concentration of the domains 

m = 0.5 we found Ad* = 3.00 pC/N and 0.58 pC/N  for 

PbTiO and PCT FC, respectively. Therefore close by 

o * 
90 the total value of PC d,, ^ . 

31,tot < + Kl 
may equal approximately 3.1 pC/N and 0.30 pC/N for 

PbTiO and PCT FC, respectively. In that way, in the 

case of both PbTiO and PCT, a transition of d 

through the zero value and C ~* °° are possible that 

correspond  sufficiently well to the experimental 

dependence d„ fE ) of PbTiO., - based FC [1]. 
31 p        3 

Thus it has been established by us that when 

decreasing V  (increasing E ) the d _t  value can pass 
p        31 

through a minimum and a maximum and reverse the sign 

that leads to the large piezoelectric anisotropy (C ~* 

-» co ). The possible reasons of such nonmonotonic 

behavior are connected with the features of the 

electrostrictive constants behavior and with the small 

anisotropy of single-domain dielectric permittivities. 

REFERENCES 

[1] D. Damjanovic,  T.R. Gururaja, S.J. Jang, and 

L.E. Cross,  "Possible  mechanisms  for  the 

electromechanical anisotropy in modified lead 

titanate ceramics," presented at IEEE Ultrason. 

Symp., Williamsburg, VA, November 17-19, 1986. 

[2] N. Ichinose, Y. Fuse, Y. Yamada, and R. Sato, 

"Piezoelectric anisotropy in the modified PbTiO 

ceramics," Jap. J. Appl. Phys., vol. 28, suppl. 

28-2, pp. 87-90, 1989. 

[3] L. Pardo, J. Mendiola, 

Frutos, "Role  of 

electromechanical  anisotropy  of  Ca-modified 

PbTiO ceramics," Ferroelectrics, vol. 94, pp. 

189-194, 1989. 

[4] M.J. Haun,  E. Furman,  S.J. Jang,   and L.E. 

Cross,  "Modeling  of  the  electrostrictive, 

dielectric and piezoelectric   properties  of 

ceramic PbTiO.."IEEE Trans. Ultrason., Ferroelec. 

A. Gonzalez, and J. de 

90   domains  in  the 

and Freq. Contr., vol. 36,pp. 393-401, 1989. 

[5] W. Wersing, K. Lubitz and J. Mohaupt, "Anisotro- 

pie piezoelectric effect in modified   PbTiO 

ceramics," ibid., pp. 424-433. 

[6] V.Yu. Topolov, E.I. Bondarenko, A.V Turik, and 

A.I.Chernobabov, "The effect of domain structure 

on electromechanical properties of PbTiO - ba- 

sed ferroelectrics," Ferroelectrics, vol.140, pp. 

175-181, 1993. 

[7] V.Yu. Topolov, A.V. Turik and A.I. Chernobabov, 

" On the piezoelectric anisotropy in  modified 

PbTiO  ceramics," in  Program  Summary  and 

Abstract Book IMF 8, Gaithersburg, MD,   p.161, 

1993, to be published in Ferroelectrics. 

[8] L.P. Kholodenko, Thermodynamic   Theory of 
Ferroelectrics of Barium Titanate Type. Riga: 

Zinatne Press, 1971, ch.7 (in Russian). 

[9] L.A. Shuvalov, "The dielectric and piezoelectric 

properties of polarized  BaTiO   ceramics in 

different ferroelectric phases,"Kristallografiya, 

vol.2, pp.119-129,  1957. 

[10] A.V. Turik, E.G. Fesenko, V.G. Gavrilyachenko, 

and G.I. Khasabova,  "Anisotropy  of the di- 

electric and piezoelectric propertiesof lead 

titanate," Sov. Phys. Crystallogr., vol. 19, pp. 

677-678, 1975. 

[11] A.V. Turik, "The elastic, piezoelectric and di- 

electric properties of BaTiO single crystals 

Fiz. Tverd. with the laminar domain structure, 

Tela, vol.12, pp. 892-899,  1970. 

[12] E.I. Bondarenko, V.Yu. Topolov and A.V. Turik, 

"The role of 90 domain wall displacements in 

forming physical properties of perovskite ferro- 

electric ceramics," Ferroelectics. Lett. Sec, 

vol. 13, pp. 13-19, 1991. 

145 



Electromechanical Properties of Rainbow Devices 
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Abstract — A stress-biased, domed, electromechanical 
bender called a Rainbow was recently developed. Displace- 
ment characteristics for Rainbow devices based on 
piezoelectric PLZT compositions were studied in the 
frequency range far below the fundamental resonant mode 
frequency. Experimentally obtained field-induced displace- 
ments were compared with those predicted by a finite element 
model. The model underestimated the observed displace- 
ments. Low frequency relaxation of the displacements was 
observed experimentally. 

INTRODUCTION 

There are a number of applications including pumps, 
speakers, laser deflectors, optical scanners, and relays for 
which displacements well above those obtained using linear 
actuators are desirable. For these applications, piezoelectric 
benders have traditionally been used [1-4]. Benders are based 
on a bimorph or unimorph structure. Bimorphs contain two 
electromechanically active layers, and unimorphs have an 
active and a constraining layer. In both cases, layers must 
have good bonding since bending occurs as a result of field- 
induced lateral strain being nonuniform in different parts of a 
structure. To accommodate this strain, the sample bends, 
producing vertical displacement. The key parameter for these 
devices is the piezoelectric d31 or electrostrictive Q12 

coefficient, which should be maximized. 
Recently, a new type of bender called a RAINBOW 

(Reduced And Internally Biased Oxide Wafer) was devel- 
oped with promising characteristics [5]. Rainbow devices 
with maximum displacements of 3 mm and sustaining point 
loads up to 10 kg were demonstrated [6]. The trade-off 
between the displacement and load-bearing capabilities was 
established. 

In this paper the electromechanical properties of Rainbow 
devices well below the fundamental resonance mode 
frequency will be described and compared to those predicted 
by a finite element model (FEM). 

RAINBOW ACTUATORS 

Rainbow actuators consist of an electromechanically 
active layer and a constraining layer, similar to conventional 
unimorphs. Unlike the unimorph, however, the Rainbow is a 
monolithic structure. The constraining layer is formed by 
exposing one side of a lead-containing ceramic to a reducing 
atmosphere at high temperature produced by placing a 
ceramic in contact with a carbon block. The reduction of lead 
lanthanum zirconate titanate (PLZT) ceramics occurs as a 
result of oxidation of the solid carbon block, first to carbon 
monoxide and then to carbon dioxide gases [7]. The reduced 
layer is no longer piezoelectric, and is, in fact, a good 
electrical conductor due to a presence of a large amount of 
lead. The reduced layer functions as the electrode and the 
constraining part of the bender. 

Rainbows also differ from unimorph benders by the 
presence of large internal stresses developed during the 
process of reduction and cooling to room temperature. 
Because of the volume decrease during the reduction step and 
the higher thermal expansion of the reduced layer compared 
to the oxide layer, the stress-free equilibrium dimensions of 
the reduced layer are smaller than for the oxide layer. To 
retain continuity at the interface between the oxide and the 
reduced layers and to minimize stored elastic energy, the 
sample develops curvature. For the Rainbows with a large 
reduced/oxide layer thickness ratio, the oxide layer is in 
compression throughout its volume. For a sufficiently small 
reduced/oxide layer thickness ratio, the neutral axis is in the 
oxide layer with the oxide material close to the interface 
being in compression and further away in tension. 

EXPERIMENTAL PROCEDURE 

Batches with various PLZT compositions were prepared 
using the mixed oxide method. The powders were calcined at 
925 °C for two hours in closed alumina crucibles. The 
samples were either sintered at 1250 °C for 6 hours in oxygen 
or hot pressed at 1200 °C for 6 hours at 14 MPa. For the 
reduction process, a lapped sample was placed on a graphite 
block and introduced into a preheated furnace held at 975 °C 
for approximately one hour, and then removed from the hot 
furnace. Silver electrodes were used throughout the testing 
[6]. 

Field-induced displacement was determined using LVDT- 
based apparatus. Displacements were determined for the 
forward-biased case and for the complete loop cycling. For 
the forward-biased case a Rainbow was poled at room temp- 
erature with approximately 900 volts applied until the 
displacement stabilized, and then the displacement was 
measured in the poling direction quasi-statically from zero 
volts to the poling voltage. The procedures for determinations 
of the thermal expansion coefficients and elastic constants 
will be published elsewhere [8]. 

MODELING 

Finite-element modeling of complicated piezoelectric 
structures has been used successfully [9]. For this study the 
ABAQUS commercial FEM package (Hibitt, Karlsson & 
Sorenson, Inc., version 5.2) was used to simulate thermo- 
mechanical and electromechanical properties for the Rainbow 
devices. The model uses linear piezoelectric, dielectric, and 
elastic properties of the oxide and reduced layers. 

The constituent equations for the piezoelectric media 
used in the modeling are: 

(1) 
(2) 

where Sj is the strain, Dj is the polarization, Tj is the stress, 
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Ej is the electric field, s? is the elastic compliance, e] is the 

dielectric permittivity, and dy is the piezoelectric compliance. 
Modeling of Rainbow devices includes three major parts: 

1) the definition of material properties and sample geometry, 
2) the modeling of the cool down from the reducing temp- 
erature to room temperature, and 3) the determination of the 
response to the specified set of boundary conditions. 

For the modeling of the cool down step nonlinear 
analyses were used to account for the considerable stiffening 
of the Rainbow structure during this step. The model permits 
linear analyses of the piezoelectric properties. Currently, 
nonlinear piezoelectric effects and electrostrictive properties 
cannot be modeled. For the calculation of the field-induced 
displacements a structure based on 60 elements gave 
satisfactory results for the modeling of the quasi-static field- 
induced displacements. 

RESULTS AND DISCUSSION 

In the case of piezoelectric ceramics there are three 
piezoelectric, two dielectric, and five elastic coefficients 
which are permitted by symmetry to be nonzero. The 
complete set of these values are known for only_a few 
ceramics. Fortunately, for PZT 5 all of the above properties 
have been characterized [10]. PZT 5 is a soft PZT, and it 
should have values similar to those of PLZT ceramics with 
low lanthanum content. Piezoelectric, dielectric, and elastic 
constants of PZT 5 were used in the model. In addition, 
Young's modulus, Poisson's ratio, densities, and thermal 
expansion coefficients for the reduced layer formed from 
PLZT 5.5/57/43 (La/Zr/Ti) ceramics have been experimen- 
tally determined [8]. The data used in the modeling work are 
shown in Table 1. A rate of formation of the reduced layer of 
127 |jm/hour was used in the model. 

To verify the model, a comparison was made between the 
predicted displacement from the FEM model and the 
analytical model of the cantilevered bimorph [3]. For one 
bimorph, the FEM predicted a field-induced displacement of 
61 microns compared to the 50 microns predicted by the 
analytical model. The FEM correctly predicted the field- 
induced displacement to be proportional to the length of the 
cantilever squared, again in good agreement with the 
analytical model. 

There was reasonable agreement between the experimen- 
tally determined spontaneous displacements measured at the 
center of a Rainbow after cool down and the modeling 
predictions as is shown in Table 2. Rainbow devices were 
found to be partially poled during the cool down which 
lowers their spontaneous displacement (Rainbow devices 
becomeflatter when poled). 

Table 1. (a) PZT 5 data used for the oxide layer modeling, 
and (b) experimental data for the reduced layer prepared from 
PLZT 5.5/57/43. 

Material Property Magnitude 

cf, 12.1*1010N/m2 

4 7.54*1010N/m2 

C?3 7.52*1010N/m2 

4 ll.l*1010N/m2 

(a) PZT 5 4 2.11*1010N/m2 

d33 374*10"12C/N 

d3i -171*10"12C/N 

dis 584*10"12C/N 

8„/8° 1730 

B^/S° 1700 
Density 8.00 gm/cm3 

(b) Reduced Young's modulus 6.86*1010N/m2 

Layer Poisson's ratio 0.381 
Thermal Expansion ~io*w6cc-1 

The experimentally obtained displacements are signifi- 
cantly higher than those predicted by the model (Table 2). 
There are appreciable variations from sample to sample in the 
ratio of total displacement to the forward biased displace- 
ment, the larger experimental displacement compared to the 
model may be accounted for by considering additional non- 
linear contributions from the non-180° domain walls and 
phase boundaries [11] and higher linear piezoelectric 
coefficients. 

The model was used to compare the effects of the 
reduced/oxide layer thickness ratio on a Rainbow's field- 
induced and cool down displacements. The magnitude of the 
displacement on cool down is determined by the difference in 
the effective thermal expansion coefficients between the 
oxide and reduced layers, the geometry of a sample, and the 
elastic constants. Figure 1 shows that the maximum predicted 
spontaneous displacement should occur for the reduced/oxide 
layer thickness ratio of approximately one. This result is in 
qualitative agreement with Timoshenko's model of the bi- 
metal thermostat [12], which also predicts maximum 
displacement near the layer thickness ratio of one for the two 
layers having properties of the oxide and reduced layers. As 
is also shown in Figure 1, the maximum field-induced and 
cool down displacements occur at the same Rainbow 
geometry. This result is applicable if the magnitude of the 
electric field is kept constant in the oxide layer as the 
geometry changes, which was done in the case described in 
Figure 1.   For the case of constant voltage across the oxide 

Table 2. Experimental results and FEM predictions of electromechanical properties. 

Oxide Layer 
Composition 

Reduction 
Temperature/ 

Time 
(°C / minutes) 

Total Rainbow 
Thickness 

(um) 

FuU Cycle 
Voltage 
(Volts) 

Experimental 
Full Cycle 

Displacement 
(um) 

Experimental 
Forward Bias 
Displacement 

(um) 

Calculated 
Forward Bias 
Displacement 

(um) 

Experimental 
Cool Down 

Displacement 
(um) 

Calculated 
Cool Down 

Displacement 
(um) 

1.0/53/47 975 /105 762 + 1026 301 116 40 547 789 
6.0/59.5/40.5 975/90 635 + 912 177 78 42 759 844 

6.0/59.5/40.5 975 /105 864 ±912 150 35 27 742 705 

6.0/57/43 975/60 508 ±1026 357 129 51 1067 828 
6.0/56/44 975/75 508 ±912 307 140 53 668 884 
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Figure 1.    Normalized  displacements  induced  by  cool 
down and application of voltage. 

layer the displacement continues to increase with the 
reduction of the oxide layer thickness. This is consistent with 
the electrical energy stored in the oxide layer being inversely 
proportional to its thickness, permitting greater field-induced 
lateral strain which increases the degree of bending of a 
Rainbow. 

The shapes of the Rainbow samples having different 
diameters before and after the electric field application are 
shown in Figure 2. The flatter samples have no applied 
voltage; the more curved Rainbows bend up as a result of 
voltage applied in the opposite direction to the poling 
direction (the magnitude of movement is exaggerated). For 
the thicker Rainbows, there is less flattening in the middle 
portions. The model predicts this shape as a result of the 
nonlinear cool down step.   Because FEM predicts that the 

curvature of a Rainbow is nonuniform, it is not compatible 
with the predictions of linear models, mentioned above, 
which ignore nonlinear effects. In particular, the model 
predicted smaller displacement than the diameter squared 
dependence of the field-induced displacement. 

Rainbow samples are capable of significant load-bearing 
capability. As is shown in Figure 3, there is excellent 
reproducibility in field-induced strain for a sample with up to 
500 grams point load applied to the center of the sample. 

1000 

100   -= 

PLZT 1.0/53/47; Reduced 975 C/60 min; 
Thickness = 483 microns; Diameter = 
31.7 mm; Frequency =1 Hz 

o 
o 
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111 
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r/ O _« M 
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gms/7 CO 1 _ 500 
CJ 1 a / 

r^ 100 gms 

10 100 1000 

Peak-to-peak voltage (Volts) 

Figure 3.    Field-induced displacements as a function of 
voltage for different loading conditions. 

After voltage is applied 

Before voltage is applied (after cool down) 

After voltaae is applied 

Before voltage is applied (after cool down) 

Figure 2. Shapes of Rainbows with diameter 6.35 cm 
(top) and 1.59 cm (bottom) before and after 
voltage is applied. Reduced/oxide layer thick- 
ness ratio: 1:3, thickness: 508 um, applied 
voltage: 500 V for both samples. 

Rainbow samples have pronounced low frequency 
relaxation of the field-induced strain. It usually is manifested 
strongly for only one polarity. The response is relatively fast 
for the other polarity. An example of the low frequency 
contribution to the Rainbow displacement is shown in Figure 
4. This sample was poled at 800 volts, and the field-induced 
displacements were measured at ±53 volts. It can be observed 
that the field-induced displacement fits a straight line on 
semilog paper, indicating that the displacement becomes 
especially large at low frequencies. 

The intriguing possibility to consider is whether the 
strong frequency-dependence of displacements and displace- 
ments exceeding the FEM's predictions are enhanced in 
Rainbow devices compared to conventional benders. Because 
Rainbows have large internal stresses it is reasonable to 
expect greater density of ferroelastic domain walls compared 
to ferroelectric devices without the macro-scale internal 
stresses, which could lead to enhanced displacements. 
Another possible contributing factor to the large displace- 
mentsj)bserved in Rainbow devices is unique to its structure. 
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Figure 4. Field-induced displacements as a function of 
frequency for different loading conditions. 

Because of the gradual change in the stress level in the oxide 
layer, different domain orientations are favored in different 
parts of the sample. Free charges may be trapped to compen- 
sate for polarization discontinuity at high temperature where 
conductivity is relatively high. As the sample is cooled down 
rapidly to room temperature it remains partially poled, and 
there may be net trapped charge in the bulk of the sample. 
Slow migration of charges during the domain switching may 
account for low frequency enhanced displacements. Finally, 
since a greater volume fraction of the oxide layer is in 
compression, higher switchable polarization should be 
available compared to the unstressed bender, as was shown 
for thin films in compression [13]. 

CONCLUSIONS 

Electromechanical properties of Rainbow devices were 
studied at low frequencies and the results were compared to 
the FEM. The distinguishing characteristic of Rainbow 
devices is large and nonuniform stress on a macroscopic 
scale. Possible reasons for larger than expected displace- 
ments and frequency-dependent properties were discussed, 
and are believed to be related to a unique Rainbow structure. 
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ABSTRACT 

In this study microstructureoproperty relationships were explored 
for piezoelectric ceramics with a composition of 
0.97[(Pb0.95Sro.05)(Zro.5i4Tio.484)03] - 0.03BiFeO3. Very minor 
changes in the sintering temperature (1290 - 1310°C) or soak time 
(1.5 - 3.5 h) resulted in large differences in the electromechanical 
properties. Specifically, higher sintering temperatures resulted in no 
residual grain boundary phases, but larger grain sizes and/or 
variations in the defect structure resulted in lower permittivities, 
piezoelectric coefficients, and lower mechanical Q's. The sintering 
time exhibited an optimal value; too short or too long resulted in 
poor performance. This study points clearly illustrates the difficulty 
in performing systematic compositional studies when the role of the 
microstructure can be dominant. 

INTRODUCTION 

In recent years numerous "high performance" applications for 
piezoelectric ceramics have emerged which require smaller 
geometries and features, and at the same time higher mechanical and 
electrical performance. Applications such as ultrasonic motors, 
smart structures, ink jets, multilayer actuators, and ultrasonic 
transducers all face performance or reliability limitations due to the 
piezoelectric ceramic. Microstructurally, in all cases the desire is 
have a fully dense ceramic with a fine grain size, typically <l-2 um. 
The specific application will dictate the requisite electrical properties, 
but in general it is desirable to have high (and anisotropic) 
piezoelectric coefficients, a variable dielectric constant for impedance 
matching, resistance to depoling through control over the coercive 
field and Curie temperature, and a low dielectric loss. 

In this study microstructure<->property relationships for 
0.97[(Pbo.95Sro.05)(Zro.5i4Tio.484)03] - 0.03BiFeO3 (PZT-BF) 
were evaluated. Strontium increases the dielectric constant [1], the 
Zr/Ti ratio is along the morphotropic phase boundary (MPB),'and 
Bi3+ and Fe3+ serve as donor and acceptor dopants, respectively 
[2,3]. The aliovalent dopants were added in the form of BiFe03 due 
to its melting temperature of =930°C [4], and hence we anticipated it 
may serve as a transient liquid phase to aid in densification 
Additionally, the Tc for BiFe03 is =850°C, and hence may increase 
Tc of the system [5]. 

EXPERIMENTAL PROCEDURE 

Figure 1 overviews in detail the processing steps used to 
prepare the PZT-BF ceramics used in this study. Compositional 
homogeneity was checked using X-ray diffraction (XRD - Scintag 
X-ray diffractometer). Dielectric measurements were performed on 
plane parallel disks approximately 1 to 2 mm thick. Gold electrodes 
were sputtered onto the surface in a vacuum through a mask. 
Dielectric properties were measured as a function of temperature and 
frequency using a General Radio GR1689 RLC Digibridge and a 
muffle tube furnace. Measurements were taken during heating at 
4°C/min from 25 to 450°C, at 1,10 and 100 kHz. 

After poling, a Berlincourt d33 meter was used to measure the 
d33 coefficient, and resonance measurements were performed with 
an impedance analyzer (Hewlett-Packard 4194A Impedance 
Analyzer with a 41941A Impedance Probe and   16092A Test 
Fixture). 

RESULTS AND DISCUSSION 

Studies focused on the influence of sintering temperature 
(1290, 1300, and 1310°C - 2.5 h), and soak time (1290°C - 1.5, 
2.0, 2.5, 3.0 and 3.5 h) on the microstructure and properties. 
Figures 2 and 3 exhibit the fracture surfaces. In all cases, the 
microstructures were uniform with equiaxed grains. Densities were 
all >97% theoretical. The influence of only a 20°C change in 
sintering temperature was pronounced; the grain size increased from 
1-2 um for the 1290°C, up to 3-5 um at 1310°C. Importantly, the 
fracture surface changed from a mixed mode of transgranular and 
intergranular crack propagation to strictly intergranular. A similar 
effect is seen in Figure 3 with soak time, although the grain size 
remains constant. 

The general form of the dielectric response for all 6 variations 
was similar; Figure 4 exhibits K and tan 8 vs. temperature for the 
1290°C - 2.5 h sample. The dielectric behavior exhibits a room 
temperature K«l 160, and a tan 5 = 0.49%. Minimal dispersion is 
exhibited at low temperatures, but all compositions exhibited 
distinctive relaxor behavior in K near Tc. In this case K decreased 
from =15,000 at 1 kHz down to 11,000 at 100 kHz. While the 
second order transition is not unusual for PZT-based systems at the 
MPB, the relaxor behavior at this low dopant concentration is. The 
loss decreases with increasing frequency for T<TC, which is unlike a 
relaxor, but the magnitude and dispersive behavior of tan 8 at Tc is 
insufficient to account for K. Perhaps chemical inhomogeneity has 
resulted from sintering with BiFe03, but the dispersive behavior did 
not change with increases in the sintering temperature or time, 

Experimental Procedure 

Raw * PbO      99%         ♦  Ti02     99% 

Materials: * SrC03   99.9%     ♦  ZrO,     99% 

♦ Bi203    99%         ♦   Fe203    99.8% 

Mixing ♦ Batch:Zr02 media:alcohol = 1:4:0.8 
♦ Polyethylene jar / 24 h 

Calcination: ♦ Bi203 and Fe203 pre-calcined @ 680°C 

-> BiFeO, 

♦ Remaining oxides calcined at 780°C-2 h 

Milling ♦ Aggregates broken up with an agate 
mortar & pestle 

♦ Milled again as above 

Pressing: ♦ 8 wt% of a %5 PVA solution 
♦ Granulation 
♦ Uniaxial pressing; 1000 kg/cm2 

Sintering: ♦ Covered alumina crucibles; Pb 
source of the same composition 

♦ 650°C-1 h (binder bumout) 
♦ 1290, 1300, 1310°C:2.5h 
♦ 1290°C: 1.5 - 3.5 h 

Poling: ♦ Ground / polished with SiC 
♦ Sputtered gold electrodes 
♦ T=100°C; E = 30kV/cm; t =10min 

Figure 1: Overview of the processing steps used to prepare the 
PZT-BF ceramics. 
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Figure 2:   SEM micrographs of the PZT-BF ceramics sintered at 
various temperatures for 2.5 h. 
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Figure 4:   Temperature dependence of the dielectric constant and 
loss of PZT-BF sintered at 1290°C for 2.5 h. 
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Figure 3:   SEM micrographs of the PZT-BF ceramics sintered at 
various times at 1290°C. 



suggesting an equilibrium state has been achieved within the grains. 
Ongoing TEM analyses will address this issue. 

The influence of sintering temperature on the electromechanical 
properties is shown in Figure 5, and summarized in Table I. Clearly 
the best properties are exhibited by the 1290°C sample. The 
dielectric constant is higher over the entire temperature range, and 
the tan 8 and conductivity are a minimum. The same is true of the 
piezoelectric properties, exhibiting the maximum value of the 033, 
kp, and Qm. Correlating this data with the microstructures of Figure 
3, we note that the minimum grain size exhibited the best properties. 
This is unusual, in that it is generally considered that the best 
piezoelectric properties are exhibited for a grain size on the order of 
3-5 |im. Certainly the state of the grain boundary is playing a 
dominant role, as the higher sintering temperatures resulted in 
intergranular fracture; i.e. a weaker grain boundary. Whether this is 
associated with a different defect chemistry of the grain boundary 
associated with Pb volatilization is unclear, although one would 
anticipate that the removal of a second phase in the grain boundaries 
would improve the properties, not degrade them. 

The influence of soak time on the properties of samples 
sintered at 1290°C are shown in Figure 6 and Table II. Since the 
grain size remained constant over this range, the effect of the grain 
boundary is most likely dominant. The trend is for the dielectric 
properties to be optimum at a given soak time, in this case coincident 
with 2.5 h. The dielectric constant is lower by 10-15% for shorter 
or longer times. Similar behavior is exhibited by the other 
properties, with the exception that the short soak time resulted in a 
higher Qm and lower tan S. At short soak times any residual grain 
boundary phase must result in a stronger grain boundary, albeit at 
the expense of the electrical properties. The shift in the peak 
dielectric constant is unusual, but was not further addressed in this 
study. 

It is well-recognized that Pb vaporizes with time [6], and that 
Pb losses from the bulk are detrimental to the overall properties [7]. 
Previous studies [8,9] have also shown the importance of sintering 
temperature, time and atmosphere (PbO activity) on the densification 
and grain growth behavior, but didn't correlate this behavior to the 
electrical properties. The results from this study do not conflict with 
these previous studies, but simply reinforce the concept that 
annealing is an important factor in optimizing properties, i.e. some 
volatilization of lead is necessary, but too much is detrimental. 
These results on the PZT-BF system clearly show the pronounced 
sensitivity, and point out the care which must be taken when 
investigating the influence of composition on properties. 

CONCLUSIONS 

Microstructure<->property relationships were explored for 
piezoelectric ceramics with a composition of 
0.97[(Pbo.95Sro.o5)(Zro.5i4Tio.484)03] - 0.03BiFeO3. Minor 
changes in the sintering temperature or soak time resulted in large 
differences in the electromechanical properties. Specifically, higher 
sintering temperatures resulted in no residual grain boundary 
phases, but larger grain sizes and/or variations in the defect structure 
resulted in lower permittivities, piezoelectric coefficients, and lower 
mechanical Q's. The sintering time exhibited an optimal value; too 
short or too long resulted in poor performance. This study clearly 
illustrates the difficulty in performing systematic compositional 
studies when the role of the microstructure can be dominant. 
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Table I 
Effect of Sintering Temperature on the Electromechanical Properties 

Property 

Sintering Temperature (°C) - 2.5 h 

1290 1300 1310 

£33'£o 1157 1068 979 

tan 8 (%) 0.49 0.85 0.99 

d33 (pC/N) 285 261 258 

kp (%) 54.1 53.0 52.5 

k,(%) 47.3 44.2 47.8 

Qm 128 98 98 

Density (g/cm3) 7.78 7.72 7.63 

lL(|iA-.4kV/mm;100°C) 1.2 7.2 18 

Table II 
Effect of Soak Time on the Electromechanical Properties 

Property 

Soak Time (hours) 

1.5 2.0 2.5 3.0 3.5 

f=33'Eo 920 930 1020 905 845 

tan 8 (%) 0.44 0.85 0.68 0.84 0.86 

d33 (pC/N) 238 285 285 274 270 
  

kp (%> 49.2 53.9 54.1 52.8 52.2 

kt (%) 45.5 47.8 47.3 48.2 48.9 

Qm 301 174 128 78 78 

Density (g/cm3) 7.86 7.80 7.78 7.76 7.73 

lL(uA;4kV/mm:lO0oC) 0.9 1.2 1.2 2.0 2.6 
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Figure 6:   Temperature dependence of the dielectric constant and loss at 100 kHz for PZT-BF sintered at 1290°C for 1.5, 2.0, 
2.5, 3.0 and 3.5 h. 
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Abstract : Ferroelectric and piezo - 
electric properties of barium doped 
PZT are investigated for various 
concentrations of barium. Planar coupling 
coefficient k^ of 0.5 was obtained. dri 
values are in the range of 300 - 500 pC/N. 
The results obtained show that the PZTs 
developed by us can be used for underwater 
hydrophones. 

INTRODUCTION 

An ideal hydrophone material shall 
possess a high dielectric permitivity 
along with high charge constant. The 
material should offer highest capacitance 
per unit volume. It should have higher 
coupling coefficients, curie temperature 
and time stability. Towards achieving the 
above objectives several researchers tried 
various dopants for PZTs [1-3]. In this 
study we investigated the effect of barium 
doping on PZTs. Hysteresis behaviour and 
variation of dielectric constant with 
temperature are studied. Another variable 
that was used during the study was the 
sintering temperature. X-ray diffraction 
results are also presented. 

EXPERIMENTAL PROCEDURE 

Material Preparation 

PZT ceramics with formula (Pb(_  Bax  Zry 
Ti<_y ) 03 were prepared by conventional 

sintering. High purity reagent grade 
oxides, weighed according to their 
stoichometric proportions were mixed in 
the presence of methanol. Calcination was 
done at 850°C for 2-3 hours. Some of the 
pellets were sintered at 1260CC and the 
others were sintered at 1320c C for 3-4 
hours. 

Poling 

The sintered samples were poled in 
silicon oil bath at a temperature of 100CC 
for 60 to 90 minutes under a DC field of 
15 - 20 kV/cm. [4]. 

Dielectric and Piezoelectric Measurements 

Variation of dielectric constant with 
temperature was measured using HP Low 
Impedance Analyser Model 4192 A. 
Dissipation factor was also noted. The 
same instrument is used for computing 
coupling coefficients by measuring 
resonance and anti-resonance frequencies. 

using computer aided 
Piezo d-meter model  CADT. 
was computed using standard 

formula [5]. 

Hysteresis Behaviour 

Hysteresis behaviour was  studied by 
using Hysteresis  Loop Tracer (HLT)  of 
Digital Systems.[6]. 

X-Ray Diffraction Studies 

The ceramic compositions were charact- 
erised by powder X-ray diffraction 
studies by using Philips X-ray Diffra- 
ctometer operating at 25-30 KV and 15- 
20 mA current with Cu K^ radiation and 
Ni filter. All the samples displayed 
tetragonal splitting.[7]. The XRD pattern 
for one of the samples is shown in the 
figure. 

RESULTS AND DISCUSSION 

Nine compositions are studied. They are 
shown in Table.1. The parameters measured 
and computed are shown in Tables.2,3 & 4. 
In the first set of measurements, by 
keeping Zr/Ti ratio constant, as Pb/Ba 
decreases, dielectric constant increases. 
But for a higher sintering temperature 

there is a decrease in dielectric const- 
ant probably due to loss of lead at high- 
er temperatures. Curie temperature decre- 
ases from 339°C to 210°C. There is not 
much change in d ^ value and k^, is sligh- 
tly decreased. As concentration of Ba 
increases Pr and Ec decrease. 
In the second set of measurements with 

Pb/Ba ratio equal to 0.9/0.1, as Zr/Ti 
ratio approaches the value of morphotro- 
phic phase boundary (MPB), both d„ and 
kt, are maximum. Dielectric constant is 
also maximum near MPB for sample F. k{_ 
is almost constant. For same Ba content 
as Zr increases, Ec decreases. Sample G 
which is rhombohedral has minimum Ec. 
Sample E which is tetragonal has high Ec 
value. For tetragonal systems, due to 
the increase in strain involved for rota- 
tion of 90c domains Ec is high. 
In the third set of measurements with 

Pb/Ba ratio equal to 0.85/0.15 as Zr/Ti 
increases d3^ increases dramatically from 
342 to 521 äs Zr/Ti ratio approaches MPB. 
The values of k[. 
constant also increase! 

CONCLUSIONS 

and dielectric 

dj^ was measured 
Berlincourt 
Value of g 

Samples B and F which exhibit high d33 
values also have low dissipation factors 
Hence these will be suitable for hydro- 
phones . 

.% 
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Table.1 

SAMPLE Pb Ba Zr Ti 

SET-1 : (Zr/Ti ratio A 0.950 0.050 0.525 0.475 
is kept constant at B 0.900 0.100 0.525 0.475 
0.525/0.475 and C 0.850 0.150 0.525 0.475 
Pb/Ba ratio is grad- D 0.800 0.200 0.525 0.475 
ually decreased) 

SET-2 : (Pb/Ba ratio E 0.900 0.100 0.515 0.485 
is 0.9/0.1 and Zr/Ti F 0.900 0.100 0.525 0.475 
ratio is gradually G 0.900 0.100 0.535 0.465 
increased) 

SET-3 : (Pb/Ba ratio H 0.850 0.150 0.515 0.485 
is 0.85/0.15 and I 0.850 0.150 0.535 0.465 
Zr/Ti ratio is increased) 

Table.2 : Piezoelectric Data 

Sintering Temp. 1260°C Sintering Temp. 1320°C 

Sample 
pC/N V-M/N 

kt> K d.v>. 
pC/N 

g4^.<? 
V-M/N H *b 

A 
B 
C 
D 

409 
436 
404 
367 

25.76 
23.47 
22.32 
19.08 

0.536 
0.535 
0.464 
0.388 

0.353 
0.367 
0.316 
0.234 

285 
406 
415 
430 

25.8 
24.4 
20.5 
19.1 

0.358 
0.512 
0.508 
0.489 

0.342 
0.342 
0.299 
0.233 

E 
F 
G 

333 
435 
401 

23.33 
27.79 
31.77 

0.450 
0.490 
0.510 

0.333 
0.316 
0.416 

305 
413 
453 

22.7 
25.1 
29.8 

0.43 
0.49 
0.52 

0.311 
0.339 
0.334 

H 
I 

325 
493 

23.92 
27.25 

0.410 
0.490 

0.311 
0.397 

342 
521 

21.6 
25.0 

0.44 
0.51 

0.331 
0.441 

Sintering Temp 1260CC Sintering Temp . 1320CC 

Sample Pr Ec Samp! .e Pr Ec 

C 23.86 12.0 A 
B 
C 
D 

27.80 
23.86 
21.90 
18.33 

15.4 
13.53 
12.66 
12.65 

E 
F 
G 

23.85 
18.33 
20.0 

16.9 
16.55 
11.53 

E 
F 
G 

13.33 
23.0 
21.66 

17.56 
11.3 
11.32 

H 21.0 10.0 H 
I 

11.66 
20.0 

16.21 
12.24 
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Table.4 Dielectric Data at 1 kHz. 

Sample 
^RT DRf ^CT 

Dcr CT°c 

A 
B 
C 
D 

1823 
1900 
1994 
2219 

0.023 
0.017 
0.0396 
0.0401 

28615 
21518 
21380 
16674 

0.034 
0.0255 
0.098 
0.078 

339 
280 
262 
210 

E 
F 

1611 
1769 

0.023 
0.022 

25661 
25156 

0.030 
0.0361 

290 
240 

H 1456 0.034 20309 0.058 240 

[ Note  : 
1. Samples A,C,D,E,F & H are sintered at 126o"c and 

samples B & G are sintered at 1320t'C. 
2- ^Rr^Kr      are dielectric constant and dissipation 

factor at room temperature. 
are dielectric constant and dissipation ~D,T 

factor at curie temperature 
CT is curie temperature ,~2 

FIG:   XRD PATTERN OF  Pb„ _   Ba_ Zr 
0-85   8Q0-,5    Zr0.525   "LTS   °3 
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Increased Operating Temperature Range In La-Modified Pb(Mgi/3Nb2/3)03-PbTi03 Relaxor Ferroelectric-Based 

Transducers 

J. T. Fielding, Jr., T. R. Shrout, and S. J. Jang 
Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802 

Abstract-The large E- field induced strains and electromechanical 
coupling in PMN-based relaxors have been utilized in actuator and 
transducer applications. The effect of La3+ modifications on the field- 
dependent dielectric and piezoelectric properties was investigated for 
several (l-x)PMN-(x)PT compositions with transition regions near 
room temperature. The effect of La3+ modifications, increasing the 
width of the micro-macro polar transition range (AT), defined as the 
difference between the temperature of maximum permittivity (Tmax) 
and the depolarization temperature(Td), results in a broader 
temperature range for obtaining large induced electromechanical 
coupling factors with negligible hysteresis. 

INTRODUCTION 

Electrostrictive materials have been extensively investigated for 
actuator applications. [1] There has been recent interest in utilizing the 
field-induced piezoelectric effect in electrostrictive materials for 
transducer applications such as biomedical imaging. [2] Several 
families of perovskite-based electrostrictors have been investigated as 
potential candidates for high frequency transducer applications. [3] 

One of the advantages of using certain classes of 
electrostrictors, such as relaxors, is the anhysteretic strain-field 
response. This behavior is observed in normal ferroelectrics at 
temperatures greater than Tc or in relaxors at greater than the 
depolarization temperature, Td. The breadth of the micro-macro 
transition region (AT), the difference between the temperatures of 
dielectric maxima (Tmax) and depolarization (Td), indicates a much 
broader operating temperature range for potential devices. 
Additionally, the field dependence of the dielectric, piezoelectric and 
elastic properties allows the tuning of the electromechanical coupling 
kjj and mechanical Q. Also, the induced electromechanical coupling 
vanishes upon removal of the electric field, reducing spurious noise, 
which is important in several transducer applications. 

The primary criteria, to induce a large piezoelectric effect, can 
be achieved by selecting materials in which a large polarization can be 
produced by the application of an external electric field. The 
piezoelectric charge coefficient dp is defined as follows: 

W eoQijmn pn (Eqn- U rJijk = 2 Xr 

where *mk>Qijmn> and Pn are the dielectric susceptibility, 
electrostrictive coefficient and total polarization, respectively. Other 
desirable performance criteria for selecting materials for transducer 
applications include reproducible piezoelectric coefficients, low losses, 
rapid response time and a wide operating temperature range. 

The relaxor ferroelectric lead magnesium niobate-lead titanate 
(l-x)Pb(Mg1/3Nb2/3)03-(x)PbTi03 (PMN-PT) is interesting due to 
the large polarizations and maximum permittivities, broad anomaly in 
the dielectric response, and anhysteretic strain-electric field behavior 
available over a broad range of temperatures reported. 

The effects of La203 and PbTi03 modifications on the 
dielectric properties have been previously reported. [4,5,6] The 
temperature of the dielectric maxima, Tmax, was reduced 
approximately 25°C/atom% La. The micro- to macro-polar transition 
region, AT, was observed to increase with increasing La3+ additions. 
The permittivity was also reduced. These effects were thought to be 
related to an increase in non-stoichiometric ordering of Mg and Nb 
cations. [4,5] 

Additions of PT resulted in a gradual disappearance of non- 
stoichiometric cation ordering near the morphotropic phase boundary 
(MPB).[6] The sharpness of the dielectric anomaly, transition 
temperature Tmax and depolarization temperature Td increase with 
increasing PT content. The maximum dielectric permittivity Kmax was 
observed to increase with increasing PT content up to values of 
x~0.30-0.33, achieving levels >30,000 (@ 1 kHz).[7] The maximum 
dielectric loss is -0.10 at 1 kHz and decreases rapidly to values < 
0.01 at temperatures >Tmax. AT were observed to decrease with 
increasing PT content, exhibiting a sharp dielectric transition for values 
of x>0.33 and indicating a change in the relaxor nature with increasing 
additions of anormal ferroelectric. 

In this study, several compositions in each of the families were 
processed. The field dependent dielectric, piezoelectric and elastic 
properties were evaluated at frequencies between 100 kHz and 5 MHz 
and at temperatures in the various polarization regimes of interest. 

EXPERIMENTAL 

(l-x)PMN-(x)PT powders with 0 and 1 atom% La 
modifications were prepared using reagent grade oxides. The 
columbite precursor method was utilized to maximize pyrochlore 
formation.9 Batches were formulated and mixed using vibratory 
milling using deionized H20 and ammonium polyelectrolyte 
dispersant. After drying, powders were crushed, using mortar and 
pestle, and calcined for 4 hours at 700°C. X-ray diffraction analysis 
was used to ensure proper phase formation. Pyrochlore content 
measured using XRD was less than 3%. To break up aggregates and 
reduce particle size, compositions were milled overnight in deionized 
H2O with dispersant and dried. 3 wt% acrylic binder (Rohm and Haas 
Acryloid B-7) was added and powder was sieved -80 mesh prior to 
uniaxial pressing. Disks with 1.27 and 2.54 cm diameters were 
pressed at 150 MPa. Binder was removed by heating at 3°C/min. to 
300°C and 5°C/min. to 550°C. 

Disks were sintered on Pt foil in high density AI2O3 crucibles 
for 2 hours at 1150-1200 °C using a PbZrÜ3 source powder for 
controlling PbO volatility. Weight loss and geometric densities were 
calculated. Specimens were precision lapped to 0.5 mm thickness to 
produce a dilatational thickness mode resonance -4.5-5 MHz. 

Dielectric property measurements included characterization of 
the field and temperature dependence of the relative dielectric 
permittivity and dielectric loss, performed over the frequency range 
from 0.1 kHz to 100 kHz using capacitance bridges (HP 4274 and 
4275) and from 1 to >5 MHz using complex impedance data obtained 
from an impedance analyzer (HP3577A). Additionally, the 
polarization versus electric field behavior was examined and compared 
between families, using P vs. E measurements at several temperatures 
performed using a Sawyer-Tower circuit. Measurements of the 
pyroelectric current as a function of temperature was performed using 
the static Byer-Roundy technique to determine the pyroelectric 
coefficient, remanent polarization levels and effects of external electric 
fields on the depolarization temperature Td in relaxor and normal 
ferroelectrics. 

High frequency field-induced electromechanical coupling 
factor were obtained from measurements of the series (fs) and parallel 
(£,) resonances, performed using a HP3577A network analyzer with 
HP35677A S-parameter test set configured for a one-port input 
reflection technique. Typical applied d.c. bias levels used for the 
measurements were between 1 and 15 kV/cm.   The radial coupling 
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factor kp was calculated using a polynomial curve fitting 
equation.[18]. The dilatational thickness mode coupling factor kt was 
calculated using the following equation: [18] 

k?    = 
n 

2 f 
TAN 

*(f.   -  fp) (Eqn. 2) 

Several temperature regions were selected for measurement, 
depending on the material family. For relaxor ferroelectrics, resonance 
measurements were made over a range from the micro-polar region 
(T>Tmax) to well below the depolarization temperature Td. 

RESULTS AND DISCUSSION 

Dielectric Properties 

Large small signal permittivities were observed in unmodified 
and La-modified PMN-PT compositions. The low frequency dielectric 
constant and polarization behavior is shown for a 0.90PMN-0.10PT 
composition in Figure la. The temperature dependence of the 
permittivity and loss for several 1 atom% La-modified compositions is 
shown in Figure lb. Values for Kmax (@ 1 kHz) were 27-36,000 for 
the PMN compositions investigated. At temperatures above Tmax, all 
the families exhibited low losses at 1 kHz. A summary of the dielectric 
properties for the various families investigated is presented in Table I. 

Large polarizations were measured for the Pb-based relaxor 
families. The micro-macro transition region, AT, was 25-45 °C for the 
PMN-PT relaxor families. The pyroelectric response for several 1 
atom% La-modified compositions is shown in Figure 2. The effect of 
La additions on P and AT for varying PT contents is shown in Figure 
3. La additions reduced the polarization and increased the micro- 
macro transition region for the PT contents evaluated. 
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-50 0 50 
Temperature (*C) 
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30000 

~ 25000 
CO 

'- "-■•'—•""ii*^v»>A» 

0.15 
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-75-50-25  0   25 50 75100125150 

Temperature (°C) 

Figure 1. a)Polarization and dielectric constant as function of 
temperature for 0.90PMN-0.10PT. b) Dielectric constant 
and loss factor for 1 atom% La-modified (l-x)PMN-(x)PT 
compositions with x=a) 0.125;b) 0.15;c) 0.175;d) 0.20;e) 
0.225. 

Table I. Summary of dielectric measurements for several PMN-PT and 1 mol% La compositions. 

1kHz 100 kHz 1MHz 5MHz 
x= 'max •^max D.F. ^max D.F. "max ^max D.F. ^max ^max D.F. 

(°C) max. (@ T>Tmax 0 kV/cm 10 kVcm T>T 'max OkV/crn 10 kV/cm T>Tmax 

w/ 0 mole% La->C>3 

0.10 40 32,800 0.092 28 28,280 <0.003 26,600 8,700 <0.004 25,200 8,500 <0.005 

0.125 52 32,100 0.073 35 28,230 <0.003 26,800 9,000 <0.003 25,600 8,650 <0.004 

0.15 68 36,530 0.063 50 32,890 <0.003 30,800 8,500 <0.003 29,600 8,300 <0.004 

w/1 mole% LaiC>3 

0.125 30 21,430 0.082 12 18,930 <0.006 17,650 8,750 <0.006 16,500 7,600 <0.008 

0.15 41 23520 0.078 27 20,760 <0.005 19,450 9,100 <0.005 18,300 8,400 <0.008 

0.175 55 26,670 0.074 40 23,430 <0.005 23,500 9,450 <0.005 21,700 8,900 O.008 

0.20 66 28,550 0.069 53 25,380 <0.004 24,600 9,800 <0.005 22,300 9,160 <0.007 

0.225 78 30,860 0.066 65 27,170 <0.004 26,400 10,100 <0.005 24,100 9,300 <0.007 

159 



E 

z o 
I- 

cc 
3 
o 
0. 

0.03 

E 
0; 

o.o2   n 

m 
O 
O 
o 
cc 

0.01 

-100    -75     -50     -25      0       25      50      75     100 

TEMPERATURE (*C) 

0.00 

O cc > 

Electromechanical Properties 
Large field-induced coupling factors were obtained for PMN- 

PT compositions evaluated. The field dependence of the coupling 
factor for a 0.85PMN-0.15PT-l%La specimen at two temperatures, 
50°C (T~Tmax), and 75°C(T>Tmax), is shown in Figure 4. There was 
no remanent kt observed after field removal for temperatures >Td. 
The E-field dependence of kt correlates fairly well with Pind behavior 
at the measurement temperatures. 

The temperature dependence of the field-induced thickness 
coupling factor kt is shown in Figure 5 for 0.875PMN-0.125PT and 
0.85PMN-0.15PT-l%La at several d.c. bias levels. The La-modified 
compositions were able to maintain larger electromechanical effect at 
higher temperatures for comparable E-field levels. The temperature 
range for inducing large kt's without remanence was increased due to 
the downward shift of Td with 1 atom% La additions. The induced kt 

values at 10 kV/cm field levels and remanent kt, normalized to T,^, 
for the x= 0.125 and 0.15-l%La compositions, shown in Figure 6, 
illustrate the effect of La additions. 

Figure 2. Pyroelectric coefficient and polarization for 1 atom% La- 
modified (l-x)PMN-(x)PT compositions with x=a) 0.125;b) 
0.15;c)0.175;d)0.20;e) 0.225. 
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Figure 3. Effect of PT on polarization and AT for 0 and 1 %La 
modified PMN-PT ceramics. 

Figure 4. Field-dependence of induced thickness coupling factor kt for 
temperatures a) 50°C and b) 75°C. 
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Figure 5 Temperature dependence of induced kt at several field levels 
for a) 0.875PMN-0.125PT and b) 0..85PMN-0.15PT-l%La 
specimen. 

CONCLUSIONS 
The effect of La additions to increase the width of the micro- 

macro transition region in PMN-PT relaxors was investigated. The 
range for achieving large induced polarizations and electromechanical 
coupling factors (kt's 0.47-0.50) increased with 1 atom% La3+ 

additions. The large, tunable kt values obtained were comparable to 
those of conventional poled piezoceramics such as PZT. 

PMN-PT relaxors offer large K's, low losses, and adjustable 
induced piezoelectric and elastic properties. However, the strong 
frequency dependence of the dielectric properties of relaxors may 
reduce the other advantages in some fixed frequency transducer 
applications. 
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SAMPLE ASPECT RATIO INFLUENCE ON THE SHEAR COEFFICIENTS 
MEASUREMENTS OF A PIEZOELECTRIC BAR 

N. Aurelle, D. Roche, C. Richard and P. Gonnard 
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INSA, Bat.504, 69621 VILLEURBANNE Cedex 

Abstract The   variation   of   the   shear   related   coefficient 
measurements of a piezoelectric bar with respect to the sample 
aspect ratio is investigated. This study is carried out with PZT PI88 
and PZT PI89 prismatic rods. The inter-electrodes distance is t and 
L is the length along the polar axis. Samples with aspect ratio t/L 
lying between 0.04 and 20 have been characterised using a resonance 
method. The k!5 coefficient is then derived with either a constant 
field model (high t/L) or a constant induction model (small t/L). The 

dependencies of kI5, d15 and ej'j on the aspect ratio are given. The 
derived d15 constants are compared with a direct measurement, 
made in a quasi-static mode using a Laser Doppler Vibrometry 
technique, and with ATILA F.E.M. simulations. For low t/L ratios, a 

clamping of the bar is shown. Moreover, ef j is strongly dependent 
on the aspect ratio. For high t/L ratios, no clamping is observed and 
the permittivity is roughly constant. Finally, the use of a constant 
field model is justified. The best agreement between the different 
analyses is obtained for t/L ratios higher than 8. 

The second part presents experimental measurements, based on the 
resonance method, that give the dependence of the coupling factor 

k15, piezoelectric constant d15 and permittivity £n on the aspect 
ratio t/L. These results are then compared with ATILA Finite 
Element Method (F.E.M.) simulations [3] and with a direct 
measurement of the d15 constant made by a Laser Doppler 
Vibrometry (L.D.V.) technique. 

Finally, some rules for the choice of a shear mode sample are 
proposed. 

Theoretical analysis 

The shear strain is defined by an angle a in the plane formed by the 
polarisation vector P and the electric field E (Fig.2). According to 

reference [4], S5 = tana 
3u3 

dx, 
du] 

äxT 

Introduction 

According to the different references found in the literature [1], a 
large disparity between the different approaches of the shear mode 
study of a piezoelectric element can be noticed. In fact, in order to 
determine the piezoelectric coefficient d15, different shapes of 
specimen are proposed. But, discrepancies on the dl5 values, that 
can reach up to 30% between two samples, have been 
experimentally found. That is why it is important to investigate this 
type of vibration so to choose the better test specimen and normalise 
it. 

The following notations will be used in this paper (Fig. 1): 

fL :  length along the polar axis, 
<t   : inter-electrodes distance, 

w :  third dimension. 

VXxWWWWI 

Fig. 1 : Sample dimension notations. 

This study is divided into two parts. The first one, theoretical, 
presents a constant field model (corresponding to samples with high 
t/L ratio) and a constant induction model (corresponding to samples 
with small t/L). Both these formulations are based on Mason's theory 
[2]. 

We can see, from this expression, that the shear motion has two 
components. In order to separate one shear wave from the other 
one, suitable dimensions of the piezoelectric sample have to be 
determined. 

xl 

->x3 

L 

Fig.2 : Shear strain definition. 

Constant induction model 

If L »t, then the shear motion is parallel to the polar axis and the 
shear wave propagates under constant induction. In this case, the 
shear strain S5 and the induction Dj are the independent variables in 
the piezoelectric equations: 

-4 Ss-h„.D 15-^1 

[E, =h15.Ss+/??,.D, 

where S5 = —- and c 

(1) 

D   _ „D 

3x, 

The Newton law is 

€>AA 

„D 
9%_    $    ^"3  - 
9t2 p dx,' dx,' 

(2) 

where v^ =^jcfs/p is the wave velocity . 
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The solution of equation (2) is assumed to be : 

A sin +Bcos 
Vvs ) 

(      \\ 

where A and B are constants. 

Assuming the boundary conditions : 

exp(jcot) 

at xj = 0 , T5 = 0 

at xj = t , T5 = 0 

the mechanical displacement u3 is : 

_ vs hisDi 
WC55 

sin 
WXi 

Vvs ) 
—tan cos 

WXi 

The sample admittance is then calculated according to : 
_  I  _ jwwLDj 

~ V Jfcdx 

Thus, Y =jcoC 

tan 

1-k, 

ut 

V2vs j 
wt 

2vk 

-1 

(3) 

(4), 

(5). 

(6) 

where C =ef, wL/t is the clamped capacitance, 

sJi =Cbf t/wL is the material permittivity derived 
from the sample capacitance measurement at 1 kHz, 
k15

2 = d15
2/e^ s^t is the shear coupling coefficient. 

The anti resonance frequency, fn, corresponding to Y = 0 is 
finite 

(7). 

f   =vf/2t while the resonance frequency, fm, calculated for infinite 

Y, is defined by k,/ =xfm/2fn.cotan(xfm/2fn) 

Experimental results and discussion 

Experiments have been realised on several piezoelectric ceramic 
compositions. In order to get results valid for a wide range of 
ceramic types, soft (PI88) and hard (PI89) PZT made by Quartz & 
Silice (Saint-Gobain, France) have been investigated. 

The study was carried out with prismatic rods. All the different 
samples have been cut in the same piece of ceramic so to avoid 
variations related to a change of composition. Similarly it is 
preferred to pole one ceramic block first and cut the specimens into 
it afterwards. The first measurements, performed with PZT PI 88 
rods individually poled showed a dispersion in the results that 
indicates a non homogeneous polarisation of the different samples 
(especially, the d33 coefficient was often varying). 

In this study, two series of measurements with samples 
corresponding to the constant field model or to the constant 
induction model, have been carried out. So, two sets of samples 
have been tested whose dimensions are : 

[   - 0.04 (t/L( 1 
land 
{  - 1 (t/L( 20 . 

For each specimen, the capacitance at low frequency (1 kHz), the 
maximum admittance frequency fm and the minimum admittance 
frequency fn have been measured using an impedance analyser HP 
4194 A. 

From these experimental results, e^, k15 and d15 are derived as 
functions of the aspect ratio t/L. 

Permittivity (en) 

Constant field model 

If t » L then the shear motion is parallel to the electric field : the 
shear wave propagates along an equipotential surface, under 
constant field . As we saw in the previous part, the piezoelectric 
equations and the equation of the shear motion for a shear 
displacement Ui are given as follows : 

T5 =cf5.S5 -e,5.E! 

D, =e15.S5 + e?,.E, (8) 

vsei5E, 

«cf5 
-tan 

Vvs ; 
-   E 

v2vsy vs 

where cf5 = cj, = -=- , S5 « —- and the wave velocity is 
S44 dx3 

The derived sample admittance is 

.    tan 

Y=juC 

wL 

1 + M5 V2vsy 

1-k 15 
2vs 

(9). 

Consequently, the resonance frequency is : f    =Vs/2L and the 

anti resonance frequency is calculated from : 

k15    - -tan(rfn/2fj/(rfn/2fn (10). 

Figure 3 shows the influence of the sample aspect ratio t/L on the 
permittivity e^. Both piezoceramics P188 and P189 present the 
same trends : on the low t/L ratios side (t/L<0.5), the permittivity 
fluctuates a lot and decreases as t/L approaches zero whereas on the 
large t/L ratios side, smoother variations are observed, saturating as 
t/L increases. 
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It is important to note that this permittivity fluctuation on the low 
t/L side is responsible for an important d15 piezoelectric coefficient 
variation. This shows how critical it is to choose a shear mode 
sample, to avoid disparities such as observed in the literature. 

Coupling coefficient kI5 and piezoelectric shear coefficient d15 

The impedance analyser shows an isolated pure mode, without any 
spurious mode, in the three following cases: t/L« 1, t/L lower than 
0.2 and t/L higher than 5. 

- The first case (t/L« 1) is quite complicated. A 2D plane strain 
F.E.M. simulation shows a two dimensional deformation (Fig.4). 
This means that there is a coupling of two shear waves, one 
longitudinal propagating along the polar axis and the other one 
transversal propagating parallely to the electric field. It is thus 
necessary to develop a two dimensional analytical model for this 
sample, which does not come within the scope of this paper. 

Fig.4 : 2D plane strain F.E.M. modelling for t/L = I. 

- For low aspect ratio, the unidimensional constant induction 
model defined previously is used. The dependencies of k15 and d15 

on the aspect ratio are given, respectively on figures 5 and 6. It is 
observed that, for t/L values where the constant induction model is 
valid (t/L < 0.2), d15 and k15 are constantly dependent on the aspect 
ratio. 

For a t/L ratio lying between 0.2 and 1, there is an interference of 
several modes, that are the fundamental of the longitudinal shear 
mode and harmonics of the transversal one. For t/L ratios lower than 

0.2, the continuous decrease of the permittivity eju shown in figure 
3, leads to an erroneous and constantly varying d]5. Moreover, 
F.E.M. simulations show a clamping effect at both ends of the 
sample, certainly affecting the coupling coefficient k]5 (Fig. 7). 

E^^^^^^^^S 
Fig. 7 : 2D plane strain F.E.M. modelling for t/L = 0.05. 

- For high t/L ratios, the unidimensional constant field model is 
used. Figures 8 and 9, representing the variations of k15 and d15 as a 
function of the aspect ratio, show a non monotonous region for t/L 
lower than 5 : there is an interference of the transversal shear mode 
and harmonics of the longitudinal one. For t/L ratios higher than 5, a 
large asymptotic plateau is observed. In contrast with the previous 
case, the permittivity, d15 and k15 are constant. 
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Fig. 8 and 9 : Shear coefficients evolution for constant 
field model. 

As shown in figure 10, no more clamping is observed, resulting in 
a quite pure shear mode with a higher k15 coupling. 
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Fig. 5 and 6 : Shear coefficients evolution for constant 
induction model. 

Fig. 10 : 2D plane strain F.E.M. modelling for t/L = 20. 

Direct d1? measurement 

The derived d15 constants have finally been compared with a direct 
measurement made in quasi-static mode using a Laser Doppler 
Vibrometry technique. Figure 11 shows the experimental set-up. A 
cubic PZT ceramic, with 5 mm sides, is fixed on a duralumin wall 
with a cyanoacrylate adhesive. It is driven by a 100 Vrms, 1 kHz 
sinusoidal signal. A lock-in amplifier allows the measurement of the 
small vibration speed obtained. 
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Fig. 11 : Experimental set-up for direct d15 measurement. 

Both the upper and vertical faces displacements are measured and 
plotted on figure 12. As expected, no horizontal motion is detected 
and the vertical face slips parallely to the wall. The slope of the 
vertical elongation of the upper face gives the shear angle and thus 
the d15 coefficient: 

d,, = ^.= — = 630pC/N forthePZTP188 
E,       V 

J15 
-l 

= 410pC/NforthePZTP189 

For high t/L ratios, the unidimensional constant field model can be 
applied. The permittivity stays constant with the aspect ratio, F.E.M. 
analysis show pure shear modes and experimental measurements 
show an asymptotic variation of shear coefficients as t/L increases. 
Moreover, these measurements corroborate results obtained in quasi 
static mode with the L.D. V. technique. 

Consequently, the appropriate sample used to characterise the 
shear mode must have an aspect ratio t/L greater than 8. 
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Fig. 12 : Shear strain measurements. 

A good agreement, better than 5%, between the resonance method 
and the quasi-static measurement is obtained for aspect ratios higher 
than 8. 

Conclusion 

The variations of the shear coefficients for PZT prismatic rods 
have been investigated as a function of the sample aspect ratio t/L. It 
is shown that two shear waves coexist that can be separated if 
appropriate dimensions t and L are chosen. Pure modes are achieved 
for t/L ratio higher than 5 and lower than 0.2. For t/L ratios lying 
between 0.2 and 5, two shear waves are strongly interconnected and 
a two dimensional model has to be used to derive the shear 
coefficient. 

For low t/L ratios, an unidimensional constant induction model can 
be used. Unfortunately, this sample size leads to results varying 
strongly with the aspect ratio. This is due to the continuous 
fluctuation of the permittivity with the aspect ratio and to a clamping 
effect at both ends of the bar. 

165 
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Abstract - It was established that in 
contrast to triaxial BaTi03-type 
ferroelectrics(FE) the unnormally large values 
of elastic compliance S^   (unnormally small 

C2 
u33 . ) are 

Li 
the 
of 
of 

values of elastic modulus 
characteristic for ceramic uhiaxial 
metaniobate (LMN) while retaining 
usual(corresponding to the averaged values 
single-domain crystal constants) values 
dielectric permittivity. It was suggested that 
the additional contribution to the strain and 
elastic compliances of the LMN ceramics is due 
to the existence of two-mimimum asymmetrical 
potential of Li ions in sonic mechanically 
strained unit cells inside crystallites that 
because of the interaction of Li ions with 
the surrounding lattice leads to the 
appearance of elastic dipole moments(elastic 
dipoles) distributed in random way and capable 
of reorientation in the field of mechanical 
stress of the acoustic wave . The conclusion 
that FE crystals with multi-minimum 
single-particle potential have the specific 
mechanism of redistribution of incompletely 
ordered Li ions, induced by mechanical 
stresses. Thess stresses lead to essential 
increase of elastic compliances in comparison 
with mean ones for corresponding monocrystals. 
This circumstance causes decrease of the 
speed of propagation of acoustic waves in 
ceramics in comparison with theoretically 
obtainable speeds. 

We continue our studying the physical 
properties of Li metaniobate ferroceramics 
LiNb03. This study was begun in papers [1,2], 
where dielectric and piezoelectric properties 
of this ceramics were studied. The specimens 
of LiNb03 ceramics had the shape of 
large-dimensioned blocks and they were made 
with using the technique, described in [2], 
The specimens to be tested represented 
polarized disks whose diameter and thickness 
were equal to 10-10"3m and l-10"m respectively. 
The longitudinal sonic speeds Vß

s and vf to be 

used for obtaining the magnitudes of elastic 
compliance Syf and of elastic modulus cf3 were 
measured by the standard technique, based upon 
resonance frequency of radial oscillations and 
upon antyresonance one of thickness 
oscillations. 

The summary of measured (mean for 4-6 
specimens) and of calculated by Marutake 
method ceramics constants is given in table. 
The calculations by Marutake method used the 
constants of single-domain LiNb03 crystals. In 
this calculations the density of ceramics was 
assumed to be equal to roentgen one p=4.63 
lO^kg/m3. 

The significant scatter (up to 30-40%) of 
elastic constants was observed both for 
specimens of thoroughly purified ceramics and 
for specimens of alloyed by small(up to 
lmol.%) quantity of copper and titanium ions 
at practically unchanged permittivities e 

It follows from Tab. 1 that the large 
difference obtained from experiment and 
calculated elastic constants S and C is a 
characteristics of LiNb03 ceramics. The 
magnitudes of S, obtained from experiment are 
greater than calculated ones. The magnitudes 
of C, obtained from experiment, are less than 
calculated ones. This situation is typical for 
BaTi03 ceramics [4], but the magnitudes of 
permittivities, obtained by experiment are 
greater than calculated magnitudes for BaTi03, 
whereas the corresponding e^are very close in 
fact for LiNb03 ceramics. The several 
differance is caused by incomplete 
polarization of LiNb03 ceramics (see [2]). 

Two reasons may be responsible for so 
unusual behaviour of elastic constants of 
LiNb03 ceramics. 

1st. There is a contribution into elastic 
constants at the expence of reversible 
reorientations of mechanical (not being 180 
out of phase) doubles. These doubles may 
appear because of one of one of the numerous 
low-temperature phase transitions, observed in 
LiNbOs [6]. 

Table 1. 

The density p 
compliance Sii, 
mechanically free 

the spee 
elastic 
and of c 

ds of longitudinal sonic waves vf and 
modulus C33,   permettivities  s£z/z 
lamped ceramics LiNb03 at 25 C. 

v3
B 

o 
, elast 
of  t 

Ceramics  p-10" 
kg/m3 m/sec m/sec 

Sn-lC 
m2/N 

12 
C?3 • 10~ 
N/m2 

H 

efj/e„ e1 /e„ 

LiNb03   4.38 4500 4760 11.70 0.99 47.0 40.0 

LiNbOs   4.56 
(alloyed) 

. 4900 5100 9.40 1.19 53.3 48.5 

Theor.    4.63 
values 

6440 7000 5.51 2.27 50.4 45.5 
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This contribution should significantly fall 
and even vanish when applying sufficiently 
high mechanical stress to specimen, conjugate 
to the corresponding mode of oscillation, i.e. 
radial compression of specimen when measuring 
Sii. But measurements, conducted with usage of 
special type holder of specimen to permit 
loading specimen with radial stress a ~10 Pas 
revealed no changes of Si 1. That's why the 
orientational^ mechanism of increasing Sii 
(decreasing C33) is unlikely to be possible. 

2nd. The contribution into elastic 
constants is due to incomplete ordering Li 
ions in crystallytes, being constitutives of 
ceramics. As for our opinion, this mechanism 
is the most probable reason of abnormally 
large magnitutes of elastic compliance of 
ceramics. Let us consider it detail. 

According to [7], the disposition on Li 
ions in paraelectric phase of crystals of 
LiTa03 and LiNb03 is out of order. The ions 
have two-minimum single-particle potential in 
the direction of C axis. They occupy the 
positions at the distance of ±(0.04-0.05) nms 
from the centresymmetric position in the 
centre of common side of two oxygen 
octahedrons with equal probability. 

The transition into ferroelectric phase is 
caused by the displacement of heavy ions of 
Nb(Ta) and of 0. It is due to elastic response 
of matrix. In this matrix the 
anisotropic growth of 
ferroelectric phase 
para-ferroelectric phase transition (Curie 
temperature is equal to 1210 "C, the symmetry 
of ferroelectric phase is R3c). The phenomena 
referred to are followed by posterior cooling 
the LiNb03 ceramics down to room temperature. 
It is observable, that such a response is 
reduced to uniaxial compression of crystallite 
along C axis accompanied by biaxial tension in 
directions, perpendicular to C axis. It would 
lead to increase of elastic energy of 
crystal-matrix system (see [8]). 

The incomplete ordering the disposition of 
Li ions is one of ways of decreasing elastic 
energy. In crystallites, where Li ions are 
displaced in directions, contraverse to one of 
spontaneous polarization Ps, the values of Ps 
and spontaneous electrostriction Cs ~ ?s are 

decreased, i.e. the reason of elastic 
crystallity-matrix interaction is partially 
removed. 

Thus, the Li ions have two states of 
equilibrium  in   elementary   cell.    The 

appearance and 
crystals    of 
occur      at 

probability of occupying one of them is 
defined by correlation between internal 
electric field, depending upon Ps, and 
stresses, implied by matrix. The periodic 
changes of stresses, acting upon crystallite 
(especially acting along polar axis) cause 
change of probability of Li ions occupying 
different positions. These changes of stresses 
of occur at acoustic wave propagation and, 
thus, cause redistribution of local minimums 
of single-particle potential. It is also a 
reason of the additional electrostrictional 
contribution to strains and to elastic 
complians of ceramics. 

Thus, ferroelectric crystals with 
multi-minimum single-particle ion potential 
have especial mechanism of redistribution of 
incompletely orderedions, exited by stressed. 
This mechanism would lead to essential 
increase of elastic compliances of ceramics 
compared with the mean ones of crystallites' 
constitutives. This circumstance causes the 
fall of sonic speed for waves, propagating in 
ceramics in comparison with theoretically 
predicted speeds. 
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Abstract — The influence of the various 
techniques on the character of microstructure 
and temperature stability of resonance 
frequency for piezoelectric 
materials PCR-62 and PCR-63 has been 
considered. It is noted that temperature 
•stability has high magnitudes at transition 
from hot pressing to traditional sintering. It 
is connected with an increase of field of bulk 
charge when the density of ceramics decreases. 

The problem of controlling the mechanism of 
stabilization of ferroelectric solid solutions 
is of great importance. The main factors, 
influencing the temperature stability of 
resonance frequency (fr) in solid solutions of 
PbTiOs-PbZrOa-PbB'^ B^ Os-PbB'^ B^' 03 - type 
are the character of chemical bond (see [1]), 
the character of domain tie and microstructure 
(see [2]). The influence of various techniques 
of sintering on microstructure and temperature 
stability is investigated in this paper. The 
solid solutions, sintered by traditional 
ceramic technology (TT), by hot pressing (HP), 
in oxygen atmosphere (O2) are investigated. 
The piezoelectric materials PCR-62 and PCR-63 
are chosen as objects for investigation. These 
materials, obtained in the Institute of 
Physics at RGU are intented for applications 
in stepwise filters of medium frequency. The 
parameters of PCR-62 and PCR-63 materials, 
sintered by various techniques are given in 
Tables 1 and 2. 

The sintering temperature range 
Ts=1110°C-1150°C is optimum for hot pressed 
PCR-62. The sintering temperature range 
Ts=1100 °C- 1140 °C is optimum for PCR-62, 
sintered by traditional ceramic technique. The 
sintering temperature range Ts=1120 "C-1150 °C 
is optimum for PCR-62 sintered in O2 
atmosphere. The certain decrease of 
electromechanical coupling factor KP is a 
distinctive feature of sintering in O2 

Thus , the PCR-62 is well 
by all three sintering methods 

an evidence of its 
The behaviour of 

some   details.    It 

atmosphere 
reproduced 
It    is 
hightechnologicalness 
PCR-63  differs  by 
well-sintered by HP in wide temperature range 
Ts=1130-1180 °C. But is incompletely reproduced 
by magnitude of 63/eo when sintered by TT and 
in O2 atmosphere. It follows from tables that 
high values of QM and of temperature stability 
of fr remain both in high-densed finegrained 
ceramics and in low-densed coarsegrained 
ceramics. It is shown in [3] that the increase 
of grain size is accompanied by increase of 
doubling. This doubling is followed by 
decrease of internal stresses. This results 
the decrease of switching field and also the 
decrease of mechanical quality, because 
mechanical losses increase as number of domain 
walls increases. In addition, according to [2] 
the increase of number of domain walls leads 
to fall of stability of fr. One may explain 
these regularities by influence of bulk charge 

Table 1. 
The parameters of PCR-62 material sintered by different methods 

Method To, 'C e/eo GT3 3/Co KP QM Sfr/fr,% 
-25T85 °C 

D,mcm p. 10'* , 
kg/m* 

1070 610 660 0.30 1800 0.27   8.00 
1090 620 670 0.32 2200 0.25 1-2 8.00 

HP 1110 590 660 0.32 1200 0.21 2-3.6 8.00 
1130 590 660 0.32 2700 0.13 3.6-5 8.00 
1150 580 670 0.32 2900 0.15 3.6-5 8.00 

1060 610 650 0.29 2000 0.39 2.0 7.59 
1060 610 670 0.31 2500 0.20 2-3.6 7.77 
1100 570 650 0.29 2800 0.14 5.7 7.78 

TT 1120 560 620 0.31 3100 0.15 5.0 7.76 
1140 540 600 0.30 2900 0.17 5.0 7.72 
1160 530 590 0.28 2800 0.16 8.7 7.69 
1180 480 550 0.26 2600 0.15 9.2 7.64 
1200 490 540 0:25 1500 0.17 16.4 7.50 

1120 510 580 0.29 2000 0.08 15.5 7.78 
1130 530 600 0.28 2800 0.18 8.5 7.94 

O2 1140 500 560 0.26 2500 0.14 10.0 7.98 
1150 490 560 0.26 2300 0.15 10.2 7.94 
1160 470 520 0.21 1700 0.27 12.6 7.67 
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Table 2. 
The parameters of PCR-63 material sintered by different methods 

Method Tc, °C e/Eo £33/Eo KP QM 8fr/fr,% 
-25*85 "C 

D.mcm P-10"3, 
kg/m3 

1120 800 1010 0.31 1100 - - 8.0 

1130 950 1140 0.36 1300 0.10 7.1 8.0 

HP 1140 990 1170 0.37 1100 0.13 7.6 8.0 

1150 860 1110 0.34 1100 0.10 5.0 8.0 

1160 960 1140 0.35 1000 0.10 5.0 8.0 

1180 950 1140 0.35 1100 0.10 5.0 8.0 

1120 750 830 0.23 400 0.46 - 6.03 

1140 760 830 0.27 800 0.22 5-7 6.86 

1160 770 830 0.26 600 0.30 13.5 7.04 

TT 1180 810 870 0.25 600 0.17 15.0 7.07 

1200 850 880 0.20 1100 0.28 16.0 7.29 

1220 700 750 0.18 900 0.21 >20 7.11 

1240 700 760 0.24 800 0.17 >20 7.15 

1120 810 870 0.21 500 0.51 16.0 6.84 

1130 820 870 0.22 700 0.34 15.0 7.00 

02 1140 680 750 0.18 800 0.34 14.6 7.82 

1150 800 900 0.22 1000 0.17 14.5 7.33 

1160 800 900 0.24 1400 0.25 15.8 7.06 

field, appearing at the bounds of crystals 
(see [4]). According to the proposed model the 
ferroceramics consists of the set of 
ferroelectric grains and layers of the 
frontier material. The lattice's vacancies, 
dashing atoms, held in intergranular bounds 
are one of sources of bulk charge, influencing 
on the state of domain structure in ceramics. 
In the finegrained ceramics (particle size < 5 
mem) the surface effects become significant. 
The ferroelectric polarization is screened by 
the layer of bulk charge at these effects. 
These effects influence the switching domains 
in ceramics. 

The size of crystals increases whereas the 
stability of fr keeps high values for ceramics 
sintered by TT. In this case the field of bulk 
charge increases at the expence of decreasing 
ceramics' density. It fits the conclusions, 
made in paper [4]: it is expected that the 
increase of ceramics' density would be 
accompanied by decrease of the field of bulk 
charge, because this field is depressed by 
bulk charges of neighbouring grains easier 
than in "porous" ceramics. 

Thus it may be concluded that the 
temperature stability of fr increases as the 
grain size and ceramics' density decrease due 
to increase of the field of bulk charge.  This 

increase causes decreasing mobility of domain 
bounds. 
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Abstract - The works on the formation of 
the data bank on FPCM developed at the 
Institute of Physics (Rostov State 
University)are under way. The bank contains 
electrophysical, elastic , structural 
parameters of materials, their chemical 
composition and technological characteristics 
and the fields of applications. FPCM of 
different groups possess various parameters: 
very high and extremely low values of 
permittivity and mechanical quality,low 
dielectric losses; high values of piezoelecric 
response; temperature stability of resonance 
frequency and Curie point. There is a wide 
spectrum of FPCM applications: low - and 
high-frequency devices, high sensitive and 
high-tempereture transducers,devices with high 
specific power,filter devices and others. The 
use of above mentioned data bank will make it 
possible to proceed to a new step of analyzing 
and generalizing the results of investigations 
of FPCM . The analytical dependences relating 
the composition of materials with their 
properties will allow one to predict and to 
design the materials with prescribed 
properties. 

The large volume of data on properties 
of materials and on technologies of making 
them in the field of creating 
ferro-piezoelectric materials has been 
accumulated for many years in the Institute of 
Physics at Rostov State University. But part 
of data sometimes is lost and becomes 
unavailable. That's why the problem of 
creating the informational software for 
inqueries on the basis of the contemporary 
informational technology is of great 
importance. 

The data bank on high-efficiency 
ferro-piezoelectric materials has been 
composed in the Institute of Physics. This 
data bank contains the main electrophysical 
parameters ( for several compositions), the 
structural and technological characteristics, 
chemical contents and fields of application of 
these materials 

The materials presented in data bank have 
been obtained by investigation of 
multicomponent systems of complex oxides, 
based upon lead zirconate-titanate, binary 
and ternary component solid solutions, based 
upon niobated oxides,the substances with 
with structure of tetragonal bronze of 
kalium-tungsten, the bismuth - containing 
substances of layered structure,lead titanate. 
The ferro-piezoceramics of different groups 
have the various parameters: very high and 
ultimately low magnitudes of permittivity and 
of mechanical quality respectively, of 
temperature stability of resonance frequency 
and of Curie point. The wide variety of 
fields of applications is presented in this 

data bank, e.g. LF and RF transducers, 
ultrasonic emitters, piezoengines, 
piezotransformers, accelerometers, 
defectoscopes, the medical diagnostic devices, 
high-temperature transducers. 

Using the database available allows one to 
proceed to the new stage of analyzing and 
generalizing the results of investigations of 
ferro-piezoelectric materials. The 
correlations between the electrophysical 
( £33/ £0 , Kys , d3, ) , crystallochemical and 
structural parameters of solid solutions of 
multicomponent systems: 

PbTi03- PbZr03- PbM^M« 03 (n=2) 

where M' is one of Nb,Ta,Sb,W; M" is one of 
Li,Mg,Zn,Ni,Co,Mn;and oc=l/3 or <x=l/2 depend on 
elements' valencies. The summary 
electronegativity of M* and M" elements with 
an account of their degrees of oxidation and 
concentrations in solid solutions is chosen as 
a main crystallochemical parameter describing 
the state of chemical bond M-0 . The mean 
values of electronegativity for the 
elements, possessing the variable valency are 
taken for degrees of oxidation , possible 
at material making conditions . The data 
for calculating dependances have been obtained 
from data bank by conditional queries and are 
passed to the programs for calculating the 
summary electronegativity. The results of 
computation are analyzed by the use of graphic 
subroutines package by approximation of 
experimatnal points with polynomials using the 
least squares method. The graphic 
dependences of ej3 / £0  , KP    and d31 versus 
summary electronegativity of M' and M" at 
fixed ratio of atomic portions Ti/Zr=l.04-1.11 
which defines the relative to morphotropic 
area position of solid solutions are 
presented on Figs. 1-3. It is observed that 
the increase of electronegativity is 
accompanied by parameters' decrease with their 
passing through maximum point. Their initial 
ascent may be associated with the increase of 
orientational polarization's contribution, and 
posterior fall may be associated with the 
increase of ferrohardness of solid 
solutions, which impedes orientational 
processes. The direct dependence of 
spontaneous strain characterized by the 
uniform strain parameter 5 (see [1]) upon 
electronegativity of M and the dependances 
referred to may allow one to estimate the 
structure and electrophysical properties of 
solid solutions on the basis of their contents 
and also to define their contents on the basis 
of their properties. 
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Figure  1.   The dependance of permittivity upon 
the summary electronegativity of W   and    M" 
elements at ratio Ti/Zr=l.04-1.11(at.portions) 
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Figure  3.The dependance of   dö1 upon      summary 
electronegativity    of    W     and    M" elements at 
ratio Ti/Zr=l.04-l.ll(at.   portions) 
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Figure 2 The dependance of electromechanical 
coupling factor   upon summary electronegativity 
of    W     and    M"     elements   at ratio Ti/Zr- 
1.04-1.ll(at.   portions) 
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High - Efficiency Transducers for Acoustic Diagnostics on the 

Basis of Novel Anisotropie Piezoelectric Materials 
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Abstract - A major source of the 
improvement in acoustic means of technical 
diagnostics is the use of high-efficiency 
piezoelectric materials in primary 
information pickups (transducers) . The most 
optimum relation of characteristics is 
ensured by a new group of so called 
anisotropic piezoelecric materials possessing 
a high anisotropy of piezoelectric 
properties. The PbTiOs - based PCR - 70 and 
PCR - 72 piezoceramics developed by our 
Institute belong to this group : they are 
characterized by the high Kt . the high 
piezoelectric response(g33 >50mV • m/N),the 
very low mechanical quality (QM<t> <10 ) 
and a practically zero value of KP . The 
transducer characteristics were studied in a 
receiving mode during the operation on 
a massive plate surface. Special steps were 
taken to remove reverberations. The above 
properties of piezoelectric materials ensure 
the high response (1...4-lO'V/N) , a small 
duration of transient processes and a high 
selectivity to longitudinal (normal to the 
operating surface) vibrations for 
transducers. A combination of the obtained 
characteristics makes the developed 
transducers competitive with the best known 
analogues. 

Introduction. 

The one of the most important directions for 
improvement and development of the acoustic 
methods for diagnosing the constructive 
materials and products is working up 
high-efficiency specialized receiving 
transducers. The methods mentioned above are 
such as : acoustic emission, acoustic 
spectroscopy etc. These transducers must 
give an adequate and sufficient information 
about the wavefield parameters, needed to 
adopt the decision whether the defects is 
available. The general requrements to the 
transducers for'acoustic diagnostics  are  : 

PCR-72   (see 
planar 

than of 1st 
one  is  a 

high sensitivity , the  least   distorsion 
of  the  wavefield  characteristics,   the 
selectivity to certain types of oscillations. 

The Novel Materials'Characteristics. 

'The conformity to the above mentioned 
requirements and the ways of improving the 
transducers are significantly dependant 
upon the active element piezomaterial's 
parameters . The unique characteristics 
and the most optimum correlation of 
transducer's parameters are provided by 
novel piezomaterials PCR-67... 
[1,2]) . The fact that 
piezomodulus of them is more 
order less than longitudinal 
characteristic feature of these materials. 
This planar piezomodulus is almost equal to 
zero for several modifications of materials 
referred to. The Tab. 1 presents the 
characteristics of some anisotropic ceramics. 

The characteristics of the industrial-made 
ceramics PZT-19 are given in this table for 
comparison. The KP and Kt are planar and 
thickness electromechanical coupling factors 
respectively, d33 and d3i are piezomuduli,g33 
is a piezoconstant , QMct) is a mechanical 
quality of the thickness oscillation mode, Tc 
is '. a Curie tempetature. Besides the high 
degree of anisotropy of piezoelectric 
parameters, the novel materials are featured 
by extremely high magnitudes of g33and also 
extremely low QMct). Such a combination of 
parameters implies wide transmission band 
and shortened pulse characteristics whereas 
high sensitivity remains . The almost 
complete absense of radial resonance and 
selectivity to the longitudinal (normal to 
working surface) oscillations is due to 
planar piezomodulu's being equal to zero. 
The anisitropic piezoceramics is sintered by 
the use of the traditional ceramic technique 
in oxygen atmosphere .The strong dependance 
of  materials'     physical     properties 
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Table  1. 
The characteristics    of    the    most    perspective    anisotropic 

materials. 

Material To,* C £33/Co, Kt  Kp  Q M(t ) d33 
pC./N 

£33 
mV-m/N 

FCR-68 288 157 0.59 ~0 12 135 97 
PCR-70 324 120 0.64 ~0 5 130 122 
PCR-71 337 140 0.59 ~0 7 140 112 
PCR-72 277 153 0.67 ~0 4 100 73 
PZT-19 290 1725 0.50 0.47 67 200 13 

Table  2. 
The  dependance of physical  parameters  of  PCR-70    piezoceramics 

on piezoelement's  thickness. 

h, f r C t> £33 /£o Kt KP d33 , g33 QMC t) 
mm MHz pC./N mV-m/N 

0.55 2.25 110 0.6 -0 80 90 4 
1.1 0.95 136 0.57 -0 114 94 7 
2 0.56 125 0.51 -0 90 80 15 
3.2 0.42 160 0.55 -0 85 60 20 
4 0.4 170 0.49 0 05 115 76 30 
5 0.34 180 0.43 0 05 105 65 40 

I.5I1O9 7/m 

0.1 0.2 0.3 0.4 0.5 
Frequency 

0.7 MHz 

FIGTJBE 1.    Gain-frequency characteristics of the transducer, made of the 
PCR-70 piezoceramics for the frequency band 0.1  ... 0.7 MHz 
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FIGURE 2. 

1.2       1.4       1.6 
Frequency 

Gain-frequency characteristics of the transducer, made of the 
PCE-70 piezoceramics for the frequency band 1.0 ... 1.8 MHz 

upon the magnitude of polarizing field is an 
important feature of these materials. 

There  is  a non-linear  character  of 
X-ray  structural 
polarizing field. 

dependance of  several 
parameters on increasing 
These parameters are : the degree of residual 
90 domain reorientation ,  microstrains 
coherent     dissipation    areas.     The' 
parameters (Kt,KP,d33 ,QM(t) )  and strength 
non-linearly depend upon polarizing field 
too.  It  is   due to non-stationarity of 
forming and growing microcracks  'cause of 
their  interaction with rebuilding  domain 
structure and with the defects(see  [1,2]) 
The investigation of dependance of physical 
parameters  on piezoelement's thickness(see 
Tab.2) is interest too. The values of C33 and 
QMCt)  increase when thickness  increases. 

The  Transducers'  Characteristics 

The method of calibration on the massive 
steel block with damped bounds was used for 
investigation of the gain-frequency 
characteristics(GFC) of transducer's 
sensitivity. The displacement field of set 
amplitude was obtained in the working zone on 
the block's surface by the use of wide-band 
piezoelectric emitter. The transducer to be 
investigated was moved into the working zone 
onto the layer of lubricant . The 
frequency-scanning voltage of the constant 
amplitude was input to the emitter. The 
output registered voltage was proportional to 
the gain-frequency characteristics of 
transducer's sensitivity. The fact that 
transducer was loaded to the the 
was an advantage of the 
technique. This body may be 
corresponding to the controlled 
material and geometry. The Fig. 1 
present  the   GFC   of two 

solid body 
calibration 
chosen as 
product by 
and Fig. 2 

variants of 
transducers,based upon PCR-70 piezoceramics. 
The operating frequency bands of these 
transducers are : 0.1...0.7 MHz and 
1.2...1.8 MHz .The working temperature range 
for them is up to 150*C. 

Summary 

Thus, having created the novel class of 
the anisotropic low-quality piezomaterials 
helped to solve a series of problems in 
working 'up acoustic diagnostic transducers, 
i.e. the achievement of high sensitivity, the 
improvement of the gain-frequency 
characterists, the achievement of selectivity 
to certain types of oscillations 
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High-Efficiency Ferro-Piezoceramic PCR-Type 

Various Applications . 

Materials  for 
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Abstract — The piezoceramic materials, 
possessing the wide variety of properties, 
have been designed. They may be used 
effectively in the various fields of science 
and of technics . 

High-efficiency piezoelectric materials 
with various combinations of parameters are 
divided into several groups depend on their 
properties and purposes. These groups are 
such: 

- materials,that are stable to electric and 
mechanical influences for devices,working in 
power modes, e.g. ultrasonic emitters, 
piezoengines,piezotrasformers etc; 

- materials.having high,medium and low 
magnitudes of permittivity,applicable for LF, 
MF and RF transducers correspondingly; 

- high-sensitive    materials,including 
anisotropic    ones,     applicable     for 
accelerometers,defectoscopes.medical 
diagnostic devices; 

- materials, characterized by high 
stability of resonance frequency, applicable 
for filter devices; 

- materials, characterized by high 
pyroelectric coefficient, applicable for 
pyroelectric receivers of radiant(heat) 
energy; 

- materials, characterized by high Curie 
point, applicable for high-temperature 
transducers, which are used in atomic 
energetics and in cosmic technics etc; 

The properties of some of groups above 
listed are described in paper [1] 
Nevertheless, the new materials, featured by 
parameters, close to limit ones, have been 
obtained recently. These materials promote to 
improve the characteristics of the 
corresponding devices . 

The hot pressing technique, as well as the 
traditional ceramic technique are used in 
making PCR-type materials. The abbreviation 
PCR means Piezoelectric Ceramics of Rostov . 

The most characteristic  parameters  of 

listed materials are presented in Tables 1-6. 
The assessment of these parameters is given 
too. The ceramics, obtained in last years 
and not listed in [1] , are given essential 
consideration. 

The materials, shown in Tab. 1, are divided 
into ferrohard, e.g. PCR-8,PCR-77,PCR-78 and 
midferrohard, e.g. PCR-22,PCR-86. The 
advantages of PCR-8 and of PCR-22 over 
industrial-made materials are shown in [lj. 
Materials, obtained recently, have greater 
advantages. For example, the PCR-77 and PCR-78 
materials have higher piezoelectric parameters 
and lower dielectric losses in comparison with 
PCR-88 (see Tab. 1) . The advantages of PCR-86 
over PCR-22 are of same character. Moreover, 
PCR-77 and PCR-78 have the top values of Curie 
point'in this group. 

It calls forth a fair temperature stability 
of their piezomoduli. All these advantages 
promote an opportunity to improve the 
operating characteristics of power mode 
devices. 

The materials, shown in Tab. 2 ,are related 
to two groups. The first one includes the 
materials with high permittivity, namely , 
PCR-7M, PCR-73. The second one includes the 
materials with medium permittivity, namely, 
PCR-66, PCR-88,PCR-89. They are applicable for 
LF and MF transducers respectively. The PCR-88 
and PCR-89 materials are well-sintered when 
the traditional ceramic technique is in use. 

The materials of 1st group are featured 
with high magnitudes of piezomoduli,. 
especially PCR-73, which has no 
industrial-made analogues. Using it in 
vibroexiting devices of displacement is very 
efficient. 

All the materials of these groups possess 
very high magnitudes of di j/v/er33/co' which are 
proportional to specific sensitivity of 
of ultrasonic receiver, and excel well-known, 
indusrial - made analogues , such as PZT-5H 
(see [2]), ZTSNW-l,PZT-19(see  [3]) . 

High-sensitive (see Tab. 3) materials are 
characterized,first of all, by higher 
sensitivity to mechanical stress.characterized 
by g-f actor. They may be used with an 
efficiency in accelerometers, ultrasonic 
defectsc'opes, medical, diagnostic devices etc. 
PCR-1 material combines high Kw- (0.7) with 
enough low magnitude of sJi /S0 ■ It's applied 
in serially made ultrasonic delay lines for 
coloured TV sets . 

The PCR-40, PCR-69 and PCR-70 materials are 
well-sintered by the hot pressing, as well as 
by using the traditional ceramic technology 
They are featured by high anisotropy of 
piezoelectric parameters in combination with 
low permittivity, especially two late, having 
very low mechanical quality.The given 
advantages promote improving operational 
characteristics of indestructive control RF 
devices and of medical equipment,i.e. they 
increase sensitivity and resolution. 

The materials, shown in Tab. 4, are 
intended for using them in filters. They are 
listed in decreasing order of 
electromechanical coupling factor KP, i.e. in 
order of decreasing the corresponding filter 
pass band. All these materials have high 
stability of resonance frequency, excelling 
native-made analogues . Moreover, most of them 
have essentially higher mechanical quality, 
than well-known analogues have . PCR-84 has 
the highest Qm(12000),that, perhaps, will 
permit to use it instead of quartz for 
frequency stabilizing. 

The PCR-74 material has high degree of 
anisotropy of elastic constants(C^/C^, =6) and 
may be used on thickness oscillations with 
"energy capture. 
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Table 1. 
The parameters of piezoceramic materials, stable to electric 

and mechanical ones. 
influences 

Material  tc, "C  EM/EO KF |d3i|,pC/N tgS -100, 
50V/cm I lkV/cm 

Qm 

PCR-8 
PCR-77 
PCR-78 
PCR-22 
PCR-86 

325 
345 
350 
240 
235 

1400 
1350 
1250 
2100 
2300 

0.58 
0.62 
0.60 
0.57 
0.60 

130 
140 
130 
155 
170 

0.35 
0.30 
0.30 
0.35 
0.35 

0.70 
0.40 
0.60 
0.90 
0.60 

2000 
1200 
1000 
1800 
1250 

Table 2..* 
The parameters of piezoceramic materials, with high and medium permittivity 

Material tc,  ° C    £33/Eo KP |d3l| ,pC/N d33 ,pC/N tg5-100, 
50V/cm 

Qm 

PCR-7M 175 5000 0.71 350 760 2.0 60 
PCR-73 155 6000 0.70 380 860 2.9 ^ 
PCR-66 280 2800 0.68 245 535 1.2 70 
PCR-88 315 2200 0.65 210 470 1.4 70 
PCR-89 320 1900 0.67 205 460 1.6 75 

Table 3. 
The parameters of high sensitive,  including anisotropic,  piezoceramic 

materials 

Material tc,  o C    E33/EO KP Kt |d3l|, d33 , |g3l|, g33, Qm 
pC/N pC/N mV-m N_< mV-m N" 

PCR-1 355 650 0.62 0.50 95 220 16.5 38 90 
PCR-37 345 1400 0.68 0.46 170 375 13.7 30.3 105 
PCR-40 440 180 0.07 0.44 5.0 52 3.2 33 2000 
PCR-69 350 170 0.04 0.57 3.5 90 2.3 60 50 
PCR-70 324 120 0 0.64 0 114 0 108 8 

"      Table 4. 
The parameters of piezoceramic materials with high stability of resonance 

frequency 

Material tc,  ° C    E33/EO KP Kt sfe/fr, 

%(-60-r85 °C) 

tgö-100, 

50V/cm 

Qn> 

PCR-21 310 1400 0.53 0.45 s 0.25 0.7 300 
PCR-74 365 850 0.52 0.47 s 0.20 1.6 400 
PCR-63 235 1170 0.37 0.38 £  0.15 2.0 1100 
PCR-80 310 800 0.36 - ^0.25 0.6 4000 
PCR-62 300 660 0.32 0.35 £  0.15 1.4 2700 
PCR-28 325 600 0.28 - rs 0.25 0.5 2000 
PCR-83 360 400 0.26 - £  0.15 0.6 4000 
PCR-84 360 180 0.10 0.25 £  0.15 0.2 12000 

The measures were carrieed out by thickness mode 
Table 5. 

The parameters of piezoceramic materials with low permittivity 

Material tc,    °C    E3 3/£o KP K1s(Ks) |d3i|, Qm VR,km/sec 

pC/N 

PCR-53 240 260 0.20 (0.16) 16 4500 4.20 
PCR-3 280 350 0.38 - 37 2000 3.95 
PCR-20 315 510 0.54 0.72 70 700 3.6 
PCR-35 370 120 0.22 0.31 12 1000 5.90 
PCR-34 420 460 0.42 0.60 45 150 5.40 
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Table 6. 
The parameters of high temperature piezoceramic materials 

Material tc,    C   twork, 
r  . 
G33/eo KP Kt d33 , Qm 

°C pC/N 

PCR-26 400 300 455 0.32 - 90 200 
PCR-45 420 350 380 0.26 0.46 100 3000 
PCR-40 440 350 180 0.07 0.44 52 2000 
PCR-50 670 500 150 0.04 0.32 25 4000 
PCR-61 1200 950 48 0.015 0.29 12 100 

?t  nf  t.h Refe rences 
sintered: by the traditional ceramic 
technology. 

The group of ceramics represented in Tab. 5 
is intended for use in RF acoustic-electric 
transducers. The value of sonic speed for 
PCR-35 and for PCR-34 is 1.5 times greater 
than for other ones. It allows one to simplify 
RF element making technology. Besides that, 
the low values of their densities promote 
using them in devices, strongly dependant on 
vreight characteristics. 

When using materials in ultrasonic delay 
lines on bulk waves the high K,5 factor is of 
great importance at relatively low c* /c0 and 
Qm . The PCR-20 and PCR-34 possess mentioned' 
combination of parameters. The PCR-53 has the 
best combination of parameters for devices on 

surface acoustic waves(SAW), 'cause it has 
low temperature dependence factor (50 -10"6K-') 
and high Ks. The most of materials , belonging 
to the group under consideration have high 
pyrocoefficients f and Te ° / £33 factors, 
proportional to the Volt-Watt sensitivity of 
pyroreceiver. The use of one of them(PCR-3) 
instead of the industrial-made material has 
increased the sensitivity and fast response of 
pyroreceiver two times . 

High temperature materials (see Tab. 6) are 
featured by high magnitudes of Curie points 
and of working temperatures. They may be used 
with an efficiency for indestructive control 
of heated bodies, for control indicators of 
processes, occuring in various indusrial 
energetics plants, and in other high 
temperature devices. The materials are listed 
in increasing order of their Curie 
temperatures. They all have fallen or low 
magnitudes of permittivity, that makes them 
fit for use in RF devices. The PCR-40,PCR-50 
and PCR-61 possess high anisotropy of 
piesoelectric parameters, which promotes 
depressing undesirable oscillations. The 
material,named PCR-61 (T =1200 t) has the top 
working temperature and extremely low 
permittivity . It excels the native-made 
analogues TNW-1 by all the parameters. PCR-61 
may be used as a base of high-precision 
generator type piezoindicators of rapidly 
changing presuure for systems, controlling 
objects at extreme external 
influences(t^950cC,p>200 MPa) . 

[1] E.G. Fesenko ,  A.Ya.   Dantsiger 
O.N.Razumovskaja, New        Piezoceramic 

materials   .   Rostov-on-Don:  Izd. RGU , 
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[2] G. Jaffe     ,  D.A.   Berlincourt  , 
"Piezoelectric     materials      for 
transducers," TIIER  , vol. 53, No.  10, 
pp. 1552-1567, 1965. 

[3]  "Piezoceramic materials  .  Technical 
conditions," OST  11 0444-87,   group E10, 
January 1,1988. 
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Piezoceramic Materials for Filters With Large Guaranteed Decay 

A.Ya.  Dantsiger, S.V. Gavrilyatchenko 

Rostov State University,Institute of Physics, 

Stachki St.,194,Rostov-on-Don,344104,Russia . 

Abstract - The ferroelectric materials 
PCR-62, PCR-63 for narrow-band and midband 
filters with large guaranteed decay have been 
obtained. 

The high ratio of static capacities 
C2/Ci«20 of piezoelements for arms of stepwise 
filter scheme is required for making filters 
with large guaranteed decay. 

The C2/C1 ratio may vary at the expence of 
changing both dimensions of _piezoelements as 
permittivities (033)1 and (€33)2. 

The significant difference between 
permittivities must permit to obtain the 
needed ratio at lower differences of element's 
dimensions. It would simplify the filters 
construction, i.e. would decrease dimensions 
and the number of piezoelements. Besides that, 
the material with less (033)1 should possess 
greater factor of electromechanical coupling 
factor (Kp)i. This requirement is dictated by 
the fact that the element of material with 
less C33/eo must have significantly less 
diameter of one of electrodes to  obtain 

minimum capacity. It causes the fall of 
relative resonance range Afr/fr, i.e. causes 
lessening Kp. But the combination of less 
C33/£o of filter material with greater Kp is 
hardly attainable. 

It was shown (see [1]) that solid solutions 
(SS) on the Pb zirconate-titanate (PZT) with 
high temperature stability of resonance 
frequency (fr) belonged to tetragonal phase on 
phase diagram. The analysis of concentrational 
depandance of relative change of resonance 
frequency of radial oscillations in operating 
temperature interval, which characterizes the 
stability of fr showed that in T-phase the 
region of SS reffered to was at distance of 
5-10 mol.% of PbTi03 from the morphotropic 
region (MR). 

The decrease of permittivity is accompained 
by the fall of KP as the distance from MR 
increases. It is also confirmed by 
thermodynamic correlation KP~/£

T33-Pr . 
The parameters of worked up materials are 

presented in Table 1. 

Table 1. 
The parameters of piezoceramic materials PCR-62, PCR-63, PCR-13M 

Material e3
T

3 /ea KP QM Sfa /fr , % 

PCR-62 
TT,   Ts=1120°C 

600 0.30 2000 0.13 

PCR-63 
TT,   Ts=1200°C 

900 0.22 1000 0.17 

PCR-63 
HP,   Ts=1260 "C 

1170 0.37 1100 0.13 

PCR-13M 
TT,   TS=1140"C 

800 0.40 1900 0.25 

The optimum magnitudes for pair of 
materials PCR-62 and PCR-63 are obtained by 
according to traditional ceramic technology 
(TT). The sintering temperatures are 1120 °C 
and 1200°C respectively for each material. 

The mentioned^materials have the 1.5 times 
distinction in c33/eo magnitude. The greater 
magnitudes of KP correspond to less ew/eo. 
These materials are applicable for narrow-band 
filters. 

The couple of materials PCR-63 / PCR-13M 
possesses the optimum parameters combination 
when sintering PCR-13 by TT (T=1260°C) and 
when sintering PCR-64 by hot pressing (HP) 
(T=1140°C). The fall of KP down to 0.2-0.25 
for PCR-62 is attained by polarization 
conditions:the field falls down to ~lkV/mm, 
the polarizing time  id equal  to 25 min, 

whereas optimum mode is of following kind: 
I\~^-5 ky/mm> tPoi=40min. It schould be 

™hed
th

that «3/co of specimens, polarized at 
such the regimes is less by about 10% than 
ess/Go at maximum polarization 

The materials obtained have  also  hish 

vaffetv of °f mechaniSal qUality and a Ä variety of resonance frequency values in the 
temperature range of -20 °c+85 °C 
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On the Specific Features of Anisotropy in  Piezoelectric 
Properties of High-Temperature Ferroelectric Ceramics . 
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Abstract - The most known representatives 
of ferroelectric ceramics(FC) with very 
different values of piezoelectric coefficients 
for different types of vibrations .i.e., with 
a high degree of their anisotropy are the 
compositions based on lead titanate(PT) 
Recently, it has been found that other FC 
compounds and their solid solutions belonging 
to the structural families other then PT: Ba- 
and Pb niobates(tetragonal-tungsten-bronze 
type), Bi titanates and . niobates(layered 
perovskite-like),Li niobate and tantalate 
(pseudoilmenites) also possess a pronounced 
anisotropy in piezoelectric properties (PPA) . 
All of these compounds have the same high 
value of the Curie point temperature(Tc): with 
increasing the latter there is a tendency of 
PPA to increase, especially at T>TC=400°C. It 
was shown that such a variation in PPA is due 
to the absence of low-temperature phase 
transitions in the FE region in corresponding 
compositions and, as a result,the decreased 
anisotropy in dielectric properties(DPA). 
Using the thermodynamic approach to the 
connection between PPA and DPA and the phase 
state of FC was considered. 

The  most  known   representatives of 

ferroelectric ceramics(FC) with very different 
values of piezoelectric coefficients for 
different types of vibrations ,i.e., with a 
high degree of their anisotropy are the 
compositions based on lead titanate(PT) 
Recently, it has been found that other FC 
compounds and their solid solutions (SS) 
belonging to the structural families other 
then PT:Ba- and Pb niobates(tetragonal - 
tungsten - bronze-type),Bi titanates and 
niobates( layered perovskite-like), Li niobate 
and tantalate (pseudoilmenites)) also possess 
a pronounced anisotropy in piezoelectric 
properties (PPA). All of these compounds have 
the same high value of the Curie point 
temperature(Tc): with 
there is a tendency 
especially at T>TC=400 
ratio d=d„ /&& i-s 

characterizing this behaviour. The rare (by 
the 1st order) increasing PPA near 400"C is 
observed too . These tendencies 
must reflect an obvious correlation between 
the structure of compounds(and their SS) and 
Tc. The analysis of structural types (see 
Table ) has shown that decrease of symmetry of 
paraelectric(PE) phase is observed as Tc 
falls. The  absence of phase transitions in 

Table 1 

increasing the latter 
of PPA to increase, 

°C. The piezomoduli 
a   main   criterion 

The change of spatial symmetry at phase transitions in compounds 
to be studied. 

FE-phase 

LiNb03 

PE-phase 

Li niobate(LN) 

Trigonal 

R3c(=C3v) 

1210 "C 
Trigonal 

R3c(=D3d) 

Bi4Ti30i2 Bi titanate(BT) 

Rhombic 

Fmm2(=C2v) 

675 CC 
Tetragonal 

4/romm(—Dnn) 

PbNbaOe Lead mataniobate(PMN) 

Rhombic 
■H 

Cmm2(=C2v) 

570 "C 
Tetragonal 

P4/rabm 

PbTiOs Lead titanate(PT) 

Tetragonal 

P4mm(=C4v) 

490 C 
Cubic 

Pm3m(=0n) 
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the range from Tc down to room temperature 
follows from this correlation. The last fact 
is confirmed by dependance of permittivity e^/s, 
of ceramics upon Tc : at Tc i 400 °C ( the 
region of faint PPA)the values of ej3 /e0 are 
greater by the 1st order than ones at T 5 400 
C. Initially the increase of Tc implies sharp 
fall of ejj /ec then this increase leads to its 
smooth small(from -200 down to 50) decrease in 
the high-temperature(h.t.) region . This 
behaviour of e*3 /z0 is in concordance to 
thermodynamic principles, in assumption that 
there are no phase transitions in FE-phase 
at temperatures 400°C. The large value of 
ej/ec at Tc S 400 'C is probably due to 
low-temperature phase transitions, namely , 
rhombic(R), rhombohedric(RH) in lead 
zirconate-titanate(PZT) and tetragonal(T) in 
Ba-Pb-titanate(BT) . As it is noted in [1] 
when investigating the BT monocrystals 
such transitions are accompanied by 
orientation of spontaneous polarization vector 
Ps and by abrupt growth of en -component of 
permittivity, perpendicular to polar axis at 
relatively small change of c33 , directed 
along the polar axis, i.e by observable 
anisotropy of dielectric properties sjc33 
(DPA). The absence of low-temperature 
phase transitions in compounds with Tc £ 400 °C 
probably causes the small vaues of cj3 / cc and 
of DPA that conforms to the conclusion of 
authors of paper[2] on the reasons 
of the small permittivity in the PT-crystals. 
That's why one may suppose that in FC with 
TcM00°C the faint DPA, caused by the absence 
of phase transition in FE region may cause the 
large PPA. 

To consider the contribution of DPA in 
forming PPA let us express the ceramics' 
piezomoduli dikk in the terms ofmonocrystal's 
piezomoduli djin . The simpliest way to do it 
is using the method of averaging by all 
possible orientations of crvstals• 

d*kk  = J I   f    ded^d(p sin<pi(<p)o<ijo(keo(tn d-g 
0      C       jf ' J 

f(ip) here is a difference of distribution 
of polar axes of crystals ,acj are direction 
cosines. If we consider only 180° 
reorientations of domains induced by 
polarizing field then it will be possible to 
obtain the distribution function as being of 
such kind: 

f(<p)=2 if 0<<p&<po; f(<p)=l if Oiipm-ipo; f(ip)=0 
if n-<po±<p&n . It is valid both for uniaxial FC 
having no 90°reorientations and for multiaxial 
ones in which the portion of these 
reorientations is small. In this case we 
have 

d3,=d5,P(i-aP). 
d^=d33P(l-bP) 

(1) 

In  (1)  a=(d^j  -d3/  -d/,-  )/(-2d^    ); 
b=a(-2d3//d 33) ; P=P*/PS where 

2ic 2K  x 

P* = Ps / / J   dedYdfsiwf(.<f)d33 = 
0.5PS (l-cos*«y0 ' ); ps       is a  spontaneous 
polarization , P characterizes the degree of 
polarizability of specimen and is minimum when 
P^ 0.5PS and P=0.5 that corresponds to  100% 

non-monotonous: when P increases the values of 
d% and of d.% increase achiving the maximum 
values at P=0.5/a and 0.5/b then decrease and 
become equal to zero at P=l/a and P=l/b . The 
existing difference between the values of a 
and b defines the specifics of the behaviour 
of the piezomoduli in any case. In TB a and b 
are negative (a=-3,9,b=-3.2) and this leads 
only to increase of dj, and of d%3 as the 
degree of polarization of specimen increases. 
In PT both these values are positive 
(a=2.5,b=0.8). That's why dp and d* fall 
after initial growth until the maximums at 
P=0.5/a=0.2 and P=0.5/b=0.625 down to zero at 
P=0.4 and P=1.25.  So. far as P cannot be 
greater than 0.5 d 33 will  increase as 
polarization increases whereas d3i having 
achived maximum at realization of 40% of all 
180"reorientations becomes equal to zero in 
the region of enough strong polarizing fields 
, providing 80% of all 180° switchings, i.e. 
when almost all possible switchings have been 
finished(the portion of 90c of them is faint 
in the PT) [3] . Such a dependence of d3i 
upon the degree of specimen's polarization 
completely fits the experimental data on 
PT-based ceramics.  On  assigning  d33 
2Q33PsC33eO, d31    =   20.31    Ps    C33    eo , 
dis=Q5s Ps eiieo,G33=(e33+2en)/3/2)in (1) where 
Qik are elecrostrictional constants,C33 is an 
averaged ceramics' permittivity we obtain 

a = (Q33-Q31-0.5Q55Cll/E33)/(-2Q3l) 
if. 
d3i/d3i 

(3) 
0.75e33PQs5-C33[P(Q33-Ql3+ 
0.25Q55) + 2Q31 

reorientation 
piezomoduli's 

According  to  (1)   the 
dependance   on    P    is 

Since E33 changes faintly at transitions from 
one type of ceramics to another one, i.e. 
at changing Tc in comparison with C33 , for 
example, in the monocrystals of BT e33=160, 
in PT G33=115, in lead metaniobate (PMN) 
£33 is equal to 130, in Li niobate C33 » 30 
then, according #to (2) it is expectable 
that dependence d3i(Tc) will be defined in the 
whole by the dependence C33(Tc). Indeed, there 
is a correlation between dependences referred 
to, which leads to linear dependence dSi~ £33 
in the complete accordance with (3). 
Consequently, it is necessary to decrease S33 
in order to attain faint, close to zero 
magnitudes of d"3i . The magnitude of latter is 
defined,first of all, by the DPA:the greater 
en in comparison with C33(the stronger DPA ) 
the greater e%3 in comparison with C33 (see 
(2)) and the greater d3? (see (3)) and, thus, 
the less DPA. That's why in the region 
Tc2;400öC, where the values of e"$3 are small, 
one may expect the small values of d*i , and 
as a^result the large DPA. The threshold value 
of E3r3 exists and is equal to 250. It means 
that the faint difference between £33 and £33 
would be available for appearance of PPA 
observable, i.e. as it follows from (2) the 
small DPA is needed. The analysis of 
expression (3) with an account of (1) has 
shown that it's necessary to conform to 
condition a>l, possible at small value of 
en/c33 . When increasing the DPA the value of 
a becomes negative(as for BT), that is 
followed by increase of d3i and decrease of 
PPA. Thus, the low DPA, being usual for 
materials with high Tc may lead to high PPA 
because of absence of phase transitions for 
these materials in FE region of states. 
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Abstract — Electric-field-induced strains of polyurethane elastomers 
have been measured. The mechanical constrains and flexure motion of 
the samples which can cause large experimental error were excluded 
from the measured strain signals. The longitudinal and transverse 
strain coefficients are evaluated as functions of frequency. The 
dielectric and elastic properties and their temperature and frequency 
dependencies have also been studied. The experimental results show 
that strain larger than 2% can be obtained and that the sample 
processing conditions can affect the strain level. The contributions 
from Maxwell stress effect and electrostriction to the strain responses 
are examined. The results suggest that Maxwell stress effect plays an 
important role in electromechanical response of the materials. 

INTRODUCTION 

Piezoelectric polymers such as polyvinylidene fluoride (PVDF) 
and its copolymers with trifluoroethylene (TrFE) have been widely 
utilized in transducers and electromechanical devices [1-3]. These 
polymers possess several merits over inorganic ceramics. For 
example, they have high piezoelectric voltage constants (g) and low 
density, and they are flexible and easy to be made. However, the low 
piezoelectric strain coefficients (d) [4] and low electromechanical 
coupling constants [5] of these piezoelectric polymers are undesirable 
in some applications. Recently, it has been found that large electric 
field induced strain and a large d constant can be obtained in 
polyurethane elastomers. The quadratic relationship between induced 
strain and applied field indicates that the effect may originates from 
electrostriction and/or Maxwell stress effect. In this paper, the 
dielectric and elastic properties and electric-field-induced strain 
responses of polyurethane elastomers will be presented. Using 
thermodynamic relationships relating the strain to dielectric constant, 
elastic constant, and the electrostrictive coefficients, the contributions 
from Maxwell stress effect and electrostriction are examined. The 
results suggest that Maxwell stress effect plays an important role in 
electromechanical response of the materials. 

EXPERIMENTAL DETAILS 

Sample Preparation 

Two different polyurethanes, 2103-80AE and PE193, were 
employed for this study. The 2103-80AE samples were prepared by 
casting and injection molding, and the PE193 samples were prepared 
by casting and calendering. Both 2103-80AE and PE193 are 
polyurethane block copolymers consisting of soft segment and hard 
segment. All samples together with processing methods and sample 
thicknesses are tabulated in Table I. 

Table I Processing conditions and sample thickness of polyurethanes 

Sample Processing Condition Thickness 
(mm) 

Symbol 

Casting 
(filtered) 

0.153 
0.65 

80CF-1 
80CF-2 

2103-80AE Casting 
(nonfiltered) 

0.184 
1.30 

80CN-1 
80CN-2 

Injection Molding 1.70 80IM-1 
PE193 Calendering 

Casting 
0.69 
0.93 

193CD-1 
193CT-1 

Samples were cut into different sizes for various measurements. 
For longitudinal strain measurement, the area of the samples was 
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limited to less than 3x5 mm2 to avoid flexure motions, and for 
transverse strain measurement, the length to width ratio of the samples 
was greater than 6. 

Strain Measurement 

A laser interferometer was used to measure electric-field -induced 
strains of the polyurethanes. Because polyurethane elastomers were 
elastically much softer than PVDF and ceramics and some samples 
were made into very thin films to achieve a high electric field level, 
great care must be taken in the strain measurements of polyurethanes 
to ensure the accuracy of the data. For such soft film-like materials 
flexure motion and mechanical clamping of a sample are two major 
causes of the errors in the strain measurements by a laser 
interferometer. To exclude bending motions from measured 
displacements, we used the interferometer in double-beam form. By 
adjusting two probing spots of the laser beams at the same position on 
two opposite surfaces of a sample, the error caused by flexure motion 
can be eliminated. All strain measurements were repeated at different 
positions of a sample to further assure no bending effect was included 
in the results. To avoid mechanical clamping, a careful sample 
mounting is needed. Sample mountings for longitudinal and 
transverse displacement measurements are shown in Figs. 1 (a) and 
(b), respectively. For longitudinal measurement, the bonding length 
on the bottom edge of a sample was limited to less than one seventh of 
the whole length of the edge, while for the transverse measurement, 
the bonding area was limited to less than one tenth of the whole area 
of a sample. In this way, samples were considered almost mechanical 
free in response to a driving field. 

Epoxy 

(b) 
Sample Holder 

Fig. 1 Sample mounting for strain measurement, 
(a) longitudinal; (b) transverse. 

The data of strain measurements can also be affected by 
resonance of the sample. The occurrence of resonance in a sample 
strongly depends on sample dimension, sample mounting (boundary 
condition) and driving frequency. Near resonance frequencies, the 
amplitude of the displacement increases rapidly, forming a peak, while 
the phase angle shifts 180°. By a proper sample-mounting, most of 
the resonance peaks were eliminated. In all measurements of the 
strain coefficients, a frequency scan was first carried out to ensure the 
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measuring frequencies were far away from sample resonance peaks to 
avoid this error. 

Dielectric Property Measurement 

Dielectric constant (K) and loss tangent (D) of the polyurethane 
elastomers were measured by a Multi-Frequency LCR Meter (Hewlett 
Packard 4274A) (1-100 kHz) and an Impedance Analyzer (Hewlett 
Packard 4194A) (100 Hz-10MHz). The change of sample capacitance 
under hydrostatic pressure were measured by a high precision 
capacitance bridge (General Radio, Model 1616) while the samples 
were placed in a high pressure chamber. 

RESULTS 

Dielectric and Elastic Properties 

Room temperature dielectric constants and loss tangents of all 
polyurethane samples measured at 1 kHz are summarized in Table II. 
Polyurethanes are polar in nature and are, to certain degree, 
hydrophilic which results in the absorption of moisture when exposed 
to the atmosphere. The moisture content of a sample strongly affects 
its dielectric properties, including both dielectric constant and loss 
tangent, and this effect becomes more significant with the decrease of 
frequency. The results presented in Table II were acquired on samples 
dried in a desiccator for more than 48 hours. 

Table II Room temperature dielectric and elastic properties 

Sample K D Y 
(x 107 Pa) 

tan 6 Sll 
(xlO"8 m2/N) 

80CF-1 5.9 0.0300 
80CF-2 6.58 0.0383 2.97 0.10 3.37 
80CN-1 6.5 0.0322 
80CN-2 6.17 0.0339 
80IM-1 6.30 0.0307 1.74 0.10 5.75 

193CD-1 5.63 0.0335 0.98 0.114 10.2 
193CT-1 5.63 0.0315 

f(Hz) 

Fig. 3 Room temperature frequency spectra of the 
dielectric properties of 80CF-1 

Fig. 4 Temperature spectra of the Young's modulus of 80IM-1 

Shown in Fig. 2 are dielectric constants and losses of 80CF-1 as 
functions of temperature at frequency 1, 10, and 100 kHz. Similar 
results were obtained for 80CN-1. From the results, it can be seen 
that the glass transition is around -15°C for both filtered and non 
filtered samples. The room temperature dielectric properties of 80CF-1 
as functions of freaue.ncv are de.nicted in Fig. 3. 

8 
7 

6 
5 

* 4 
3 

1 KHz 
f 10 KHz 

100 KHz 

2 i- 
1 
Q 
100 -50 

- 0.1 

■QO KHz   : 

0.15 

Q 

0.05 

50   100  150  20 8 

Fig. 2 Temperature spectra of the dielectric properties of 80CF-1 

The temperature and frequency dependencies of Young's 
modulus of 80IM-1 are presented in Figs. 4 and 5, respectively. 
Listed in Table II are also Young's modulus Y, loss tangent tan5 and 
elastic compliance sn (= 1/Y) of these samples measured at room 
temperature (25°C). 

Strain Coefficients 

Using the double-beam laser interferometer,  strain-field 

10"210°  102  104  106  1081010 

f(Hz) 

Fig. 5 Frequency spectra of Young's modulus of 80DVI-1 

relationship was explored on all samples listed in Table I including 
both longitudinal and transverse effects. Typical quadratic curves were 
obtained. Illustrated in Figs. 6 (a) and (b) are longitudinal and 
transverse strain responses to the driving fields of 80CN-1 and 
193CD-1, respectively. As seen from the results, strains are 
proportional to the square of the driving electric field as follows: 

x3 = R33 E3 

xi = R13 Ei 

(la) 

(lb) 

where direction 3 is perpendicular to the sample surface and direction 
1 is parallel with the sample surface. 

Longitudinal and transverse strain coefficients R33 and R13 of all 
samples determined by Eqs. (la) and (lb) are tabulated in Table HI. 
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Table El Longitudinal and transverse strain coefficients of 
polyurethanes measured at room temperature and 50 Hz 

Sample Thickness R33 Rl3 
(mm) (xlO-^/v2) (xlO-^ir^/V2) 

80CF-1 0.153 -1.16 (83 Hz) 
80CF-2 0.65 -0.90 0.43 
80CN-1 0.184 -3.78 
80CN-2 1.30 -0.90 0.44 
80BV1-1 1.70 -1.96 0.52 

193CD-1 0.69 -4.5 0.95 
193CT-1 0.93 -2.64 1.20 

5-0.01 

'SP-0.02 - 
o 

-0.03 
-600-400-200    0     200 400   600 
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(73 

QC     2 

0 
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>    12 
CM 

E 

R33 R13 

0 
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12 
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10u 
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.2.0  10"°  - 

'1.5  10"D  - 

I1.0 10"6 

5.0  10"'   - 

0.0 10 
4 6 

E(KV/cm) 

Fig. 6 Strain response to a driving field, 
(a) longitudinal; (b) transverse. 

AD coefficients were measured at room temperature and a frequency of 
50 Hz unless otherwise noted. For the convenience of discussion, the 
sample thicknesses are also listed. As seen from the table, the strain 
coefficients of polyurethanes depend upon the composition, the 
processing condition, and sample thickness. For 80CF and 80CN 
samples, longitudinal coefficient R33 increases remarkably when 
sample thickness decreases. 

Frequency Dependence ofR.33 andRjs 

Coefficients R33 and R!3 as functions of frequency are depicted 
in Fig. 7 for cast samples and in Fig. 8 for injection-molded and 
calendered samples, respectively. As can be seen from the diagrams, 
both longitudinal and transverse R constants are strongly frequency 
dependent. Over the corresponding frequency range, transverse 
coefficients R13 are approximately half of the longitudinal coefficients 
for all cast samples, while for injection-molded and calendered 
samples they are significantly less than half of the corresponding 
longitudinal coefficients. 

Fig.7 Frequency dependence of strain 
coefficients of three cast samples 

Hydrostatic Properties 

Under hydrostatic pressure, the capacitance (C) of a parallel-plate 
capacitor varies due to the converse effect of electrostriction and the 
change of its dimensions. For soft materials like polyurethanes, the 
change of capacitance caused by the sample dimension change under 
hydrostatic pressure can be quite significant. This capacitance change 
is related to electrostriction coefficient and elastic constants as follows: 

1 3C 

dp 
= =- 260X330^ - (s„ + 2s12) 

(   2   ) 

where p is hydrostatic pressure, Qh is the hydrostatic electrostriction 
constant of the material. For polyurethane elastomers studied here it is 

reasonable to assume that the Poisson's ratio O12 = - — is 0.5 for 

isotropic materials. Under this condition, Eq. (2) can be further 
simplified into: 

I dC 
— — _ - 2e0K330j, 
*- dp (3) 

For a material with symmetry of point group 422, the expression of 
the relative change of the capacitance is: 

! ac 
r~~~ 2e<>K33Qh + (S33 - 2sn 
^ op 

2si2) (4) 

The change of capacitance with hydrostatic pressure were 
measured for 80CF-1 and 193CD at 100 Hz. The values of relative 
change of capacitance with hydrostatic pressure of 80CF-1 and 
193CD-1 are l^SxlO'JO m/N2and 2.48xl0-9 m/N2, respectively. 
80CF-1 was made by casting, while 193CD was made by 
calendering. Therefore, 80CF-1 is mechanically isotropic, while 
193CD may possess, to certain degree, mechanical anisotropy in the 
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f(Hz 

Fig. 8 Frequency dependence of strain coefficients 
of injection molded and calendered samples 

direction normal to the sample surface, or the symmetry 422. Using 
Eq. (3), the hydrostatic electrostriction coefficient (Qh) of 80CF-1 is 
-1.64 m4/C2. Assuming the same electrostriction constant for 193CD, 
it is concluded that mechanical anisotropy (s33-2sn-2si2) strongly 
affects hydrostatic dependence of the capacitance of a sample. 

DISCUSSION 

The field-induced strain of polyurethane elastomers can originate 
from two contributions, i.e. electrostriction and Maxwell stress. The 
expressions of the strains of these two effects as functions of the 
applied field are: 

xf = e2Kl3Qi3E? 

VM. -ie0K33Si3Ei 

(5a) 

(5b) 

where xf and x^4 are electrostrictive strain and Maxwell stress induced 
strain, respectively; i = 1 and 3 for transverse and longitudinal strains, 
respectively. Oj3 is the electrostriction constant. Strain coefficients of 
a polyurethane elastomer, therefore, include two contributions: 

R33 = elK§3Q33 - i e0K33s33 

Ri3 = elKl3Q13 -1 e0K33si3 

(6a) 

(6b) 

Contribution from Electrostriction 

In the previous section, from experimental data, the hydrostatic 
electrostriction constant of 80CF-1 is estimated by using Eq. (4). 
Compared with the electrostriction coefficients of other polymers, e.g. 
Q_33=-2.1 m4/C2for PVDF [6], it is assume that, for polyurethane 
elastomers, Q33 is, at most, ten times of Qh, or, Q33 =10Qh = -16.4 
m4/C2. Using this data, for 193CD, the electrostriction contribution 

(^Kl3Q33) to R33 is - 0.06X10"18 m2/V2 (at 50 Hz). Compared with 
the measured R33 (-4.5X10"18 m2/V2) of this material, this 
contribution is only about 1.5% of the total R constant. 

Contribution from Maxwell Stress Effect 

Electrostrictive strain is independent of elastic properties, while 
Maxwell stress induced strain is proportional to the elastic compliance 
of the sample. For isotropic elastomer studied, the Poisson's ratio is 
about 0.5. The fact that the transverse strain constants are nearly half 
of the longitudinal constants for all cast sample suggests the major 
contribution to the field induced strain is more likely from the Maxwell 
stress effect. The smaller transverse coefficients of injection-molded 
samples and calendered samples are attributed to the mechanical 
anisotropy introduced by material processing. 

Since the dielectric constant K33 of all samples and the elastic 
compliance s,, of 80CF-1, 80IM-1, and 193CT-1 have been 
measured, the contribution from the Maxwell stress can also be 
estimated if the materials are assumed to be isotropic (S33 = sn) and 
uniform. Table V presents the results of the estimations for the three 
samples. For each sample, material parameters involved in 
calculations were of the same frequency since all these parameters 
were frequency dependent. Low frequency R constants were obtained 
by extrapolating their frequency dependence curves. From the table, it 

appears that the term -^-E0K33s33 accounts for less than 50% of 

coefficient R33 for all three samples. 

Table V Estimation of Maxwell stress contribution to strain coefficient 

Sample    f(Hz) (xlO-8 

m2/N) 
K33 

-i-EoK^sn 

(xl0-18m2/V2) 

R33 
(xlO"18 

irl/V2) 
80CF-2 
80IM-1 
193CD 

1 
10 
10 

3.37 
5.75 
10.2 

8.94 
7.73 
7.13 

-1.33 
-1.96 
-3.22 

-3.2 
-4.3 
-6.8 

Enhancement of Strain Response by Sample Non-uniformity 

The estimation of the contributions from electrostriction and 
Maxwell stress effect is based on the condition that the materials are 
uniform. The fact that the estimation only accounts about half of the 
measured R constants may be explained by the non-uniformity of the 
samples. Examination of the strain coefficients of the polyurethanes 
presented in Table III indicates that R33 is strongly sample-thickness 
dependent. For both 80CF and 80CD samples, R33 increases 
significantly when the thickness of a sample decreases which indicates 
that the materials are not uniform. That is, the surface region of a 
sample is different from the interior region in the response to a driving 
field. When the total thickness of a sample decreases, this effect 
becomes more significant. Since the Maxwell stress induced strain 
depends on the dielectric and elastic properties of a sample, this strain 
can be significantly enhanced if the dielectric constant of the surface 
region is smaller than that of the interior region while the elastic 
compliance of the surface is greater than that of the interior region. 
Even if the dielectric and elastic properties are uniform through a 
sample a interface can exist between the electrodes and the polymer 
due to the space charge [7], and the electric field induced strain can 
also be enhanced. 
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Abstract 

Theoretical equations for dielectric, elastic and 
piezoelectric constants of diphasic composite changing 
its connectivity from 3-0 (or 0-3) to 3-3 are obtained 
based on a model combining cubes ( 3-0 or 0-3) and 3-3 
models. This theory is applied to the experimental 
results for dielectric constant of Pb(Mgi/3 Nba/3 )03 - 
pyrochlore phase mixture and for dielectric, elastic and 
piezoelectric constants of porous PZT ceramics, where a 
good agreement between experimental and theoretical 
results is observed. 

Introduction 

Variation of dielectric constant in PMN ( Pb(Mgi ,-> Nb 
2/3)03 )-pyrochlore diphasic mixture has been 
experimentally investigated as a function of volume 
fraction of pyrochlore phase by J.Chen et al. and also 
has been explained by the Lichtenecker and Wiener's 
rules for mixture.[l]-[3] 

K-I.Huh et al. have investigated the variation of 
dielectric constant in PMN ( Pb(Mgi/3 Nbz/3 )03 )- 
pyrochlore diphasic mixture as functions of grain size 
and volume fraction of pyrochlore phase and have 
suggested that the experimental results could be 
explained by microstructural changes in the PMN- 
pyrochlore diphasic mixture (i.e. connectivity[4] of 
the diphasic mixture changes from 3-0 to 0-3 via 3-3 ), 
which have not yet been theoretically discussed.[5] 

Effects of pore structure and porosity on dielectric, 
elastic and piezoelectric constants of porous ceramics 
with closed and open pores have been theoretically 

discussed based on 3-0 (modified cubes) and 3-3 models 
by the author.[6][7] As to a structure of porous 
ceramics, he has also proposed a model combining cubes 
(3-0) and 3-3 models, which changes connectivity of two- 
phase from 3-0 to 3-3. Based on this model, theoretical 
equations for dielectric, elastic and piezoelectric 
constants of porous ceramics have been obtained.[8] 

As to properties of two-phase composite, theoretical 
equations for dielectric, elastic and piezoelectric 
constants of 3-0 (or 0-3) composite have been obtained 
based on modified cubes model [10][11], but those of 
composite changing its connectivity from 3-0 (or 0-3) 
to 3-3 have not yet been obtained based on the model 
combining cubes (3-0) and 3-3 models. 

In this paper, a new model for diphasic composite 
changing its connectivity from 3-0 to 0-3 via 3-3 are 

proposed, which combined 3-0 (0-3) and 3-3 models. 
Dielectric, elastic and piezoelectric constants of 
diphasic composite changing its connectivity from 3-0 
to 0-3 via 3-3 are derived as a function of volume 
fraction of phase 1 based on the model. These results 
are compared with the experimental data on PMN- 
pyrochlore mixture and highly porous PZT ceramics. 

Theory 

Modified 3-3 model 
Figure 1 shows schematically a new model for diphasic 

composite changing its connectivity from cubes (3-0 or 
0-3) to 3-3, which is cited as modified 3-3 model, 
where a and c are assumed. The composite stracture, from 
cubes to 3-3, can be treated with the selection of a 
ratio r (=c/a). That is, r = 0 and 1 correspond to 
simple cube and 3-3 models, respectively, and the 
intermediate state stands for the modified 3-3 model. 

Diphasic composite changing its connectivity from 3-0 to 
3-3 

Assuming that the unit cell of the model is divided 
into seven parts, as shown in Fig.2(a) for the Z-axis 
direction and in Fig.2(b) for the X-(or Y-) axis 
direction, one can derive the theoretical equations for 
dielectric, elastic and piezoelectric constants, as a 
function of volume fraction of phase 1, based on this 
geometry and by combining the theoretical equations 
from series and parallel models.[4][6][9] ( Errata were 
found in the equations for dielectric loss tangent (tan 
ö ), which were reported in the previous paper.[6] The 
corrected equations are shown in Appendix A.)  The 

Pig.l. A model combining cubes (3-0 or 0-3) and 3-3 
models for dibasic composite changing its cormeetiuity 
from 3-0 (or 0-3) to 3-3. 
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notation used in this paper is similar to Newnham's [4] 
and the previous papers.[6] 

Theoretical  equations  for  the constants of  the 
diphasic composite are obtained as follows. 

For dielectric properties 
T33   = A*  + B,  + C.  + Da (1) 

where 
A* = a2 (1-r2)/[a/1 £33   + (1-a)/2 £33]        (1-1) 
B. = 2ar(l-a)/[ar/1 £33+ (1-ar)/2 £33]        (1-2) 
C> = (l-a)(l+a-2ar)-2 £33 (1-3) 

and    D, = (ar)2-1 £33. _ (1-4) 
tan<5 3 3   =  ( Ab  + Bb  + Cb   + Db   )/ £ 3 3 (2) 

where 
Ab  = a2 (1-r2 )[a-1tan533/' £ 33   + (1-a)-2 tan5 33 

I2 £33]/[a/ ' £33   +  (1-a)/2 £ 33 ]2 (2-1) 
Bb  = 2ar(l-a)[ar-1 tan5 33/1 £ 33   +  (l-ar)-2tan 

<533/
2 £33]/[ar/1 £33   +  (1-ar)/2 £33? (2-2) 
Cb = (l-a)(l+a-2ar)-2tan5 33-2 £33 (2-3) 

and_Db  = (ar)2 ^taniS 33 •' £ 33 ■      (2-4) 
£11 (or  £22)    and    tan<5 11 ( or tan<5 22 )    can    be 

obtained   by substituting  £ ! 1 (or  £22) and tan<5 11 (or 
tan<522) for   £33   and tan533   ineqs.(l) and (2), 
respectively. 

For elastic properties 
I/S33   ( or 1/sTi  and l/s22   ) and tano~„3 3   ( or tan 

T„n  and tan6~m2 2 ) can be obtained by substituting 
I/S33   ( or 1/sn   and l/s2 2 ) for  £33   and tan533   in 
eqs.(l) and (2), respectively. 

(a) 

Fig. 2 Schematic representation of a model, combining 
cites and 3-3 models, which is divided into seven parts 
for (a) Z-axis direction and (b) X- (or Y-) axis 
direction as an assumption to derive theoretical 
equations. 

a 31   = Ac  + Be  + Cc  + Dc (3) 

where 
Ac   = a2 (1-r2 )[a-1 S3 3-1 cr 31   +  (l-a)-2s33- 

2<T3l ]/[a-lS33   +  (1-a)-2 S3 3 ] (3-1) 
Be = 2ar(l-a)[ar-1S3 3 •'a 3l + (l-ar)-2s33- 

2cr3l ]/[ar-1S33   +  (l-ar)-2s33 ] (3-2) 
Cc = (l-a)(l+a-2ar)-2a3i (3-3) 

and_Dc = (ar)2-La3i. (3-4) 
a 12 can be obtained by substituting S! i and a. 2 for 

S33  and CT31, respectively. 

For piezoelectric properties 
T33   =  ( Ad  + Ba  + Cd   + Da   )-Tiz (4) 

where 
Ad = a2(l-r2)[a-ld33/

1 £ 3 3+(l-a)-2 d3 3/2 £33 ]/ 
{[a/1 £33+(l-a)/2 £33][a-lS3 3+(l-a)-2S33] }     (4-1) 

Bd  = 2ar(l-a)[ar-ld33/
1 £ 33 +(l-ar)-2 d33I

2 £33 ]/ 
{[ar/1 £ 3 3 +(l-ar)/2 £ 3 3 ] [ar-1 s3 3 +(l-ar)-2 s3 3 ]} 

(4-2) 
Cd = (l-a)(l+a-2ar)-2d3 3/2S3 3 (4-3) 

and   D_d = (ar)2 -1 d3 311 S33 . _     (4-4) 
d3 t   =   (  A.+B.+C.+D.+E.+F.+G.   )-Sn        (5) 

where 
A, = a2 (1-r2) U-(ld3i/1 £ 33)/[a-1sn + (1- 

a)-2
Sll ] + (l-a)-(2d3i/

2 £ 33 )/2Snt / [a/1 £ 33 + 
(1-a)/2 £33] (5-1) 

B. = ar(l-a) {ar-(1d3l/
1 £ 33 )/[ar-1Sn +(1- 

ar)-2sn] + (l-ar)-(2d3i/
2 £ 33 )/!snl / [ar/1£33 

+ (1-ar)/2 £33] (5-2) 
Ce = a(l-a)(l-r)-2d3i   (a/[a-'sn  + (1-a) 

•2sn] + (l-a)/2sn  } (5-3) 
D. = (l-a)(l-ar)-2d3i {ar/[ar-lsn + (1-ar) 

•2si,] + (l-ar)/2sn  } (5-4) 
E. = (ar)2 {(l-a)(2d3i/

2 £3j)/[ar-1sil + (1- 
ar)-2sn ] + a(l-r)(2d3i/

2 fnl/k's,, + (1-a)- 
2sn] + ar(1d3i/

1 £33)/1Sii}   /[ar/1 £33+(l-ar)/2 £33] 
(5-5) 

F. = ar(l-a) { (l-a)(2 d31/
2 £ 33 )/[ar'sn + 

(l-ar)-2sn ]  + a(l-r)(2d31/
2 £ 33 )/[a-1s11   +  (1-a) 

•2sn ]  + arOdsi/1 £33)/1sn)   /[a/2 fjs+d-a)/1 £33 ] 
(5-6) 

and Ge = (ar)2-1d3l { (l-a)/[ar-l Si 1 + (1-ar)- 
2Sn]  + a(l-r)/[a-1Sn+(l-a)-2sn ]  + ar/1 Sn   }   . 

(5-7) 
Volume fraction of phase 1 is expressed as 

lv = a!  + 3a2 (l-a)r2 , 0 < a < 1, (6) 
where r is expressed as 

r = c/a . (7) 

Diphasic composite changing its connectivity from 0-3 to 
3-3 

As phases 1 and 2 of 0-3 composite correspond to 
phases 2 and 1 of 3-0 composite respectively, 
theoretical equations for the constants of 0-3 
composite can be obtained by substituting constants of 
phases 1 and 2 for those of phases 2 and 1 in eqs. (1)- 
(7), respectively. 

Equations (1) and (7), for example, become as follows; 

£ 33   = Ar  + Bf   + Cr   + Dr 

where 
Ar = a2 (1-r2 )/[a/2 £ 33 + (1-a)/1 £ 33 
Br = 2ar(l-a)/[ar/2 £33 + (1-ar)/1 £3 
Cr  = (l-a)(l+a-2ar)-1 £33 

and    Dr (ar)2 

(8) 

(8-1) 
(8-2) 
(8-3) 
(8-4) 
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2v = a3 + ßa^l-a)^, 0 < a < 1, 
and 'v = 1 - 2v = 1 - a3 - 3a2 (l-a)r2 . 

Results and Discussion 

(9) 
(10) 

In the case where [r = 0] and [r = 1], the model is 
reduced to cubes (3-0 or 0-3) and 3-3 models, 
respectively. 

Theoretical equations for dielectric, elastic and 
piezoelectric constants of diphasic composite based on 
cubes model are obtained as a special case of [£ = m = 
n = 1] in the equations reported in the previous 
paper.[10][11] The theoretical equations for the 
constants of porous ceramics have been obtained in the 
previous paper.[7][8] 

The above-mentioned equations should be involved in 
the equations (l)-(7). 

To verify the equations (l)-(7) for a general solution, 
those were applied to a special case such as [r = 0],  [r 
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Fig. 3. Comparison between the experimsntal[l] and 
theoretical valves for PM-pyrochlore phase mixture, 
assuming that   e (pyrochlore phase)/e „= 180 and   s 
(PMN)/s0 =20,000. 
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Fig. 4. Comparison between the experimental[5] and 
theoretical values for PMN-pyrochlore phase mixture, 
assuming that   e (pyrochlore phase)/s „= 180 and   e 
(FW)/e o = 19,000. (O : agglomerated pyrochlore powder 
• : Dispersed pyrochlore powder [5] ) ' 

= 1, 2 £ » l e = e o, l/ls = 0, 'tand = 'tano. = 
0 and l a = 0] and [2 £ » ' e = e „ , l/1 s = 0, ' tan<S 
= 1tanö"m = 0 and 1 a = 0].[10][7][8] 

Thus, we achieved the same theoretical expressions as 
the above-mentioned equations except the equations for 
dielectric loss tangent based on cubes model.[10][11] 
This is due to the errata in the equations for 
dielectric loss tangent based on series and parallel 
models. The corrected equations are shown in Appendix B 
which become at [£ = m = n = 1] the same expressions as 
the equation (2) at [r = 0]. 

Now,   let us discuss the variation of dielectric 

K.Hikitaetal.(1983) 
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Fig.5. Comparison between the experimental values for 
the porous FIT ceramics prepared by Hikita et al.[12] 
and theoretical ones based on a model earbining 0-3 and 
3-3 models, assuming that s }z(pores)/£ „ = 1, s zz(FZT)/ 
so = 2100, g„(pores) = 0, g3Z(PZT) = 14 x.l0r3m/V, Y3Z 

D(pores) = 1/szz* (pores) = 0 and I3Z
a(PZT) = l/s3S 

0 (PZF) = 13.5 xlOuN/m. 
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constant in PMN-pyrochlore diphasic mixture. 
Figures 3 and 4 show comparisons between the 

experimental results [1][5] and theoretical ones 
calculated according to the equations (1)(7)(8) and (10) 
as functions of volume fraction of pyrochlore phase 
(phase 1) and r-value (0 £  r Si   1). 

Assuming that the PMN-pyrochlore diphasic mixture 
changes its connectivity from 3-0 to 3-3 and then 3-3 to 
0-3 with the increase of volume fraction of pyrochlore 
phase as suggested by K-I.Huh et al.[4], good agreements 
between theoretical and experimental results were 
observed. Next, let us discuss porosity dependences of 
dielectric, elastic and piezoelectric constants of 
porous PZT ceramics prepared by Hikita et al.[12] at 

porosities of 0.5-0.7. 
Calculated values based on 3-3 model fitted the 

experimental values well at porosities of 0.2-0.45, but 
not at porosities of 0.5-0.7.[7] The previous paper has 
reported that this discrepancy may be explained if 
porous 3-3 PZT ceramics with low connectivity were 
formed in high-porosity region (0.5-0.7) rather than in 
the low-porosity region (0.2-0.45).[7] 

Figure 5 shows comparisons between the experimental 
values and calculated ones based on the modified 3-3 
model, assuming that the porous ceramics with low 
connectivity correspond to diphasic (ceramic bulk-open 
pore) composite changing its connectivity from 3-3 to 0- 

3. A good agreement between theoretical and experimental 
results was observed. 

Summary and Conclusions 

(1) Theoretical equations for dielectric, elastic and 
piezoelectric constants of diphasic composite changing 
its connectivity from 3-0 (or 0-3) to 3-3 were obtained 
based on a model combining cubes and 3-3 models. 
(2) This theory was applied to the experimental results 
for variations of dielectric constant in PMN-pyrochlore 
phase mixture and for the properties of highly porous 
PZT ceramics. Assuming that diphasic composite such as 
PMN-pyrochlore phase and PZT ceramic bulk-pores changed 
its connectivity from 3-0 to 3-3 and then 3-3 to 0-3 
with the increase of a phase, good agreements between 
experimental and theoretical results were observed. 

Appendix A. Theoretical Equations for Dielectric Loss 
Tangent (tanö ) Based on Series and Parallel Models. 

The theoretical equations for tanö   of series and 
parallel models are obtained as follows. 

For tanö ii   from series models and tanö33   from 
parallel model, 

tanö j tanö j 

(A-3) 

tanö    + tanö ) tanö    =   (l v l £ 
/('v1 £_+_2v2 £ )  (A-l) 
and for tanö 33   from series models and tanö n   from 
parallel model when 0 tanö )2   « 1 and (2 tan S )2   « 

tanö    =   (L v 2 £ 
/(lv2 £   + 2v' £ ) 

tan ö    + £  -2 tanö ) 
(A-2) 

(l-a)n- 
(A-4) 
(A-5) 

+  (l-a)n/2 £ 33 ]  + 
(A-6) 

Dielectric loss tangent tanö : 

tanö 3 3 = ( A« + B« )/ £ 33 
where 

A,   = a2 [a+(l-a)n]2 [a-'tan  ö 3 3 I1 £ 3 3 
2 tanö 3 3 /2 £ 3 3 ] [a/1 £33+  (l-a)n/2 £ 3 3 ; 

B«  =    {1-a2 [a+(l-a)n]}   -2    £n-!tan  ä 
~E 33   = a2 [a+(l-a)n]2/[a/1 £ 
{l-a2[a+(l-a)n]}  -2 £33 

and volume fraction of phase 1'T; 
1v = a3.             (A-7) 
Equations for tanön and tanö 2 2 can be obtained by 

substituting tanön and tanö22 for tanö33, £11 and 
£22 for £33 , &  and m for n,[10] respectively, in eqs. 

(A-3)(A-4) and (A-5).   
( Equations for mechanical loss tangent tanö m can be 
obtained by substituting 1/s for £ and tanö«, for tan 

ö in eqs.(A-3)(A-4) and (A-5).) 
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Piezoelectric Composites : Thermal Stabilization and Improvement of Properties 

L. N, SYRK3N. N. N. FEOKTISTOVA, and E. T. KANCHEROVA 
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Abstract - Piezoelectric composites containing modified crystals SbSJ as 
an active phase have veiy high volume (" hydrostatic ") sensitivity and an 
acoustic impedance close to that of water. But the dependence of 
piezoelectric voltage coefficient g h on temperature T is rather strong. 
Composites based on the PZT - ceramics, on the other hand, have high 
tiiennal stability but comparatively low values of g h . The aim of this 
research is improvement of piezoelectric transducers made of both types of 
composites. 

THE SHORTCOMING of SbSJ - base piezoelectric materials results 
from low Curie temperature of SbSJ|j],[2]. A large body of research made 
possible to rise Tj. of doped crystals SbSJ (e.g. COS -2 [l]) and of 
composites containing such crystals (e. g, CMB -2 [3] ) to values of 
55 - 65°C but not higher. The upper limit Tmax of operating temperature 
range A T went up correspondingly to 35 - 40°C. The temperature range 
would be quite sufficient for some applications, such as certain of the 
medical apparatus and hydroacoustic transducers (hydrophones). But the 
strong reversible temperature dependence of g K within this range (a 
twofold decrease of g ^ ) binders the use of these new piezoelectric 
materials. In the same way g    drops while hydrostatic pressure increases 
up to 60 - 80 MPa, 

The proposed method of thermal -and pressure-stabilization of 
CMB - type piezoelectric elements is based on the peculiarities of 
ferroelectrics nearby the Curie point 

Let us consider the influence of the input capacity C on tiie real sensitivity 
of hydrophone }f' 

f=-      TC 
c + c' 

(1) 

where f is idle sensitivity of transducer, C - its capacity; c'includes the 
input capacity of the head amplifier and, if necessary, capacity of the special 
connected capacitor. The active component of input impedance is 
disregarded here. Piezoelectric transducers made of SbSJ - base materials are 
characterized by an increasing C and decreasing }f within an operating 
range of T or p, i.e. near Tc . These changes are dire to corresponding 
variations of the dielectric permeability and piezoelectric coefficient 
SK^K. /££„• where d^ is volume piczomodulus and £0 is free space 
permeability. 

At the same time the product of Tand C, which is proportional to d, , 
increases with T or p except very narrow ranges of T or p close to phase 
transition point Therefore, as it is seen from (1). V'approaches f with 
C'< < C, i.c.fincreascs with T or p. On the other hand, V approaches 
Jf C/ C' with C>>C, i.e. decreases wim T   or p. Thus, it is possible to 

chose a certain value of c' = C* such that the variation of Tin the operating 
ranges of T or p would be minimum. This value is deduced from the 
equations: 
r(p=r(xl)orjrb,)=irfe). 

Using (1) we have 

r,c2 
C, + c*     Ct+c* 

(2 ) 

wherc$J - T^ , C4, Ca arc values of i and C at the certain chosen T or p 
(T4 and TÄ or p, and p^) in the range that has to be stabilized, extreme 
values T or p in particular. 

Further we shall consider only thermal stabilization, the conclusion for 
pressure stabilization being quite analogous. 

From the solution of Eq. (2 ) one can find C*in relative units. 

(3) 
C3      C3        A        TA 

1 ft 

\_   cl, 
1     d, 

Here wc have intiodiiccd C3 and£3- the values of C and £ with T = T0 

where T0is the certain temperature of support, for example T0=20° C. 
Substituting C' = C*into (1) from (3), with regard to the experimental 
temperature dependencies of £ and g^, we obtain the sensitivity f of 
stabilized piezoelectric transducer as a function of T. in relative units 

r'fr) 
g(T) KW,      £, ft \ 

£3   % v     K%) 
,<*> 

m^ :(>- 

where £=f(T0), ^^,£,=1^,^%^),%^^). 
Under these conditions the equivalent capacitance Ce,and the 

specific sensitivity ( or efficiency ) of hydrophone are given by 

It is easy to see that the qualitative characteristic of thermal 
stabilization is determined by the choice of T. and T (i.e. by C*) 

c*=or 
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and by the character of dependencies £(T); g K ( T ). Particularly the 
positions (Tmin, T„,„) of tower and upper limits of operating temperature 
range AT, the average value f and temperature variation (& tr)mOt,across 
mis range are adjustable within the capability of the method. These positions 
(Tm'in,Tmaac) may be different from Ti andTj. . In this case, as a rule, 
me greater is A T and the lower is (A ^Wx •mc lcss is V- ^^ ^ 
thermal stabilization is obtained at the cost of a certain decrease of 
transducer sensitivity,   

The choice of AT, t'  ,and (AY"')max should be carried out from 
operational considerations, according to the general requirements for 
piezoelements or transducers. The next step is setting the values of T4 , T2 
and calculations C*. f\ T ). 

CM 

iO 20 3D MO 

Fig.l. Normalized voltage sensitivity versus temperature T for unstabilized 
(1) and stabilized (2-4) transducers, with T.=20°C and various T„,C O: 
2 - 25, 3 - 35, 4 - 45. 

Q8r 

o 
Q 

0*- 

0% iO 20 30 HO 
T2(°C) 

Fig.2. Normalized voltage sensitivity y of CMB-2 transducer versus Tawith 
11=20° C and various TA° C) indicated by the curves. Operating temperature 

range: 0-35°C . 

40 20 30 

Fig.3. Capacitance of the additional capacitor C*versus temperature T2 with 
various values of Tf (° C) indicated by the curves. Capacitance C of the 
CMB-2 transducer at 20° C is 650pF; y    (20° C)=450mkV/Pa. 

aas 

J  
10 20 30 

T(.°C) 
ko 50 60 

Fig.4. Calculated (solid lines) and observed (dots) normalized temperature 
dependences    of sensitivity for unstabilized  (1) and    stabilized  (2-4) 
piezoelectric elements made of modified crystals SbSJ (CGS-2) with various 

T,,TzandC* 
T,('C):2-0, 3-10, 4-35; 
TZC 0:2-20, 3-50, 4-50; 
C^pF): 2-20,3-45,4-49.3. 
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As is evident from Figs 1 - 4,the chief disadvantage of piczocrystals 
COS - 2 and of composite CMB - 2 (strong temperature dependence of g ^ 
and t) may be eliminated by the developed method. An agreement between 
theory and experiment is quite satisfactory (Fig 4 ), It is significant that the 
sensitivity f' remains very high if not identical to its initial value Jf( less by 
25 = 50 % than JT with T = 20°C). Temperature variation öf fin the 
region upto45-50 C may be reduced to a very small quantity - from ± 
1,5 % to +3 %. i.e. no more than that with high stable piezoccramic 
transducers, the sensitivity Jf'being considerably greater. Thereby the field 
of application of SbSJ - based piezoelectric materials is greatly increased. 

Consider next the composites containing piczoccramics as an active 
phase. These materials arc characterized by higher limiting values of an 
operating temperature (Tmax» 50° C ). But the main problem here is to 
increase the hydrostatic voltage coefficient g, or sensitivity ]f . In this 
connection we have investigated the influence of polymeric phase Poisson 
ratio y- on the sensitivity f for various composite elements and transducers. 
Samples of composite with 1-3-0 connectivity patterns for middle layer 
of sandwich - type transducer were formed using the " dice - and - fill" 
technique [4], two solid surface layers of transducer made from 
PZT - ceramics and titanium. The perforated PZT - polymer composite 
samples with 3-1-0 connectivity patterns were similar to that investigated 
in [5] . 

Mixtures of polyurethane and glass microballoons (MB ) have been used 
as a polymeric phase in both types of composite elements. The Poisson ratio 
was regulated by varying the concentration of MB in potyurelhane. 

We have applicated the finite element method to calculate g ^ and Tot 
samples in an analogous way to [6 ] . It was found for 3 -1 - 0 composite 
that the change in Young modulus of polymer by a factor of five holding 
JU. = constant has no effect on g ^. But the reduction of J-L from 0,48 to 0,3 
causes the increase of g K    by the factor 3,5. For sandwich- type 
composite elements there is a double rise of Jf" with the decrease of ju. 
from 0.48 to 03 and a 10 % rise of f with the decrease of U from 03 to 
0,15. ' 

Fig.5. The normalized fl -dependence of the longitudinal   0- and 
transverse (a     ~ ' 0y )   stress components in the central element   of (1-3) 
piezoceramic-polymer composite structure. Here p is acoustic pressure. 

Fig.6. Photograph of the framework for  sandwich-type 1-3 PZT-polymer 
macrocomposite. 
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The results of calculations correlate with experimental data, the 
measurements being canied out on piezoelectric elements and hydrophones 
of both mentioned types made of PZT- polymer composites. Thus, it was 
shown that the optimal Poisson ratio of polymeric phase in these composites 
must be close to 0,3- 

Fig.7. The calculated (solid lines) and   experimental (dot)   sensitivity  y 
versus ft for PZT-polymer 1-3 composite transducer . 
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Piezoelectric Properties of 1-3 Composites of PZT in P(VDF-TrFE) Copolymer 
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ABSTRACT 

PZT/P(VDF-TrFE) 1-3 composites were 
fabricated by embedding pre-sintered PZT rods in a 
pre-poled copolymer matrix. The rods were then 
poled using an electric field much lower than the 
coercive     field     of     the     copolymer. The 
electromechanical coupling factor k„ and the 
resonance characteristics of the composites were 
measured. The resonance characteristics of the 
composites were found to be dominated by the 
individual PZT rods. Poling of the copolymer matrix 
results in broadening of the main resonance peak. For 
transducer applications, it is advisable to pole the 
copolymer and the PZT rods in the same direction as 
this gives a higher k, value. 

INTRODUCTION 

1-3 composite piezoelectric materials have 
attracted considerable interest recently because of 
their relatively high electromechanical coupling factor 
and low impedance as compared with the constituent 
materials. However, most of the composites were 
made of piezoelectrically active ceramic and 
piezoelectrically      passive      polymer. Since 
piezoelectricity can be activated in bulk unstretched 
samples of P( VDF-TrFE), it is now feasible to prepare 
composites with both phases piezoelectrically active. 
Moreover, the piezoelectric constants of PZT and 
P(VDF-TrFE) have opposite sign, so it is of interest to 
investigate how the piezoelectricity as well as the 
direction of dipole alignment of each phase affect the 
resultant piezoelectric properties of the composites. 

In this work, 1-3 composite samples were 
fabricated by embedding PZT ceramic rods in a pre- 
poled P(VDF-TrFE) copolymer matrix. Previous 
experimental results [1] showed that electrical 
breakdown occurred across the PZT phase when trying 
to pole the copolymer matrix insitu, thereby making it 
impossible to pole both phases simultaneously. The 
impedance characteristics of the composites were 
investigated    by    using    an    impedance    analyzer 

(HP4194A), and their k, values were calculated by the 
method of Sherrit et al [2]. Stopband structures of 
these composites were found and also discussed. 

SAMPLE PREPARATION 

PZT powder of grain size between 1 and 3 u 
m was used in this work to make rods of 1 mm 
diameter. The powder was supplied by the Shanghai 
Institute of Ceramics, and has properties similar to the 
Veraitron (Morgan Matroc Ltd) PZT-4 composition. 
The rods were extruded through a home-made die and 
sintered at 1300°C for about 6 hours. To measure the 
piezoelectric properties of the ceramic component, a 
rod sample of length 0.78 mm was cut from a long 
fired rod (sample A). 

An extruded unpoled vinylidene fluoride- 
trifluoroethylene (80/20) copolymer sheet supplied by 
Atochem North America Inc. was used as the 
composite matrix. The sheet was 0.8 mm thick, and 
its Curie transition temperature for the first heating 
(Tct) and melting temperature were 124.4°C and 
149.0°C respectively, indicating a TrFE content of 
slightly higher than 20% [3], In order to optimize the 
piezoelectric properties of the thick sheet samples, 
they were poled by using a two-step poling process at 
115°C under an electric field of 30 MV/m [4]. A 
disked-shaped sample (Sample B) was then made from 
the poled copolymer. 

A series of holes of 1 mm diameter were 
drilled in the pre-poled copolymer sheets, in a square 
pattern with 3 mm center-to-center periodicity, and the 
fired PZT rods were inserted into these holes. To glue 
the PZT rods to the copolymer. the composites were 
immersed into epoxy (Shell 815 + hardener C), and 
then degassed for 15 minutes. After curing of the 
epoxy. the composites were cut into disks about 0.7 
mm thick and 12 mm in diameter. The ceramic 
volume percentage was about 8%. The composite was 
re-poled again at 85°C under an electric field of 3 
MV/m for half an hour in order to align the PZT 
dipoles.  Sample E was re-poled in a direction parallel 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 
194 



to the poling direction of the matrix, while sample F 
was re-poled in an anti-parallel direction. As the 
poling temperature was well below the matrix Curie 
temperature, and 3 MV/m was too low to disrupt the 
polarization in the copolymer. the pre-existed 
piezoelectric properties of the matrix was retained. 
Sample C was a composite sample without re-poling. 
Sample D was prepared by using a similar method, but 
the copolymer matrix was not pre-poled. All the 
samples used in this work are summarized in Table 1. 

To confirm the assumption that repoling the 
composite at 85°C under an electric field of 3 MV/m 
for half an hour will not lead to any piezoelectric 
activity in the copolymer, a copolymer sample was 
poled using the above conditions and no resonance 
was observed. 

TABLE 1 
Description of the samples. 

Sample Constitutes 

A poled PZT rod 
B poled copolymer 
C pre-poled copolymer. 

unpoled PZT 
D unpoled copolymei. 

poled PZT 
E copolymer and PZT poled 

in the same direction 
F copolymer and PZT poled 

in the opposite direction 

EXPERIMENTAL RESULTS 

An impedance analyzer (HP4194A) was used 
to measure the impedance characteristics of the 
samples. The electromechanical coupling factor kt 

was determined by the method of Sherrit et al [2] 
which took into account the mechanical and dielectric 
loss in the copolymer matrix. The k, value was 
evaluated from the strongest resonance of each 
sample. Since the second harmonic for the radial 
mode resonance was very weak for most of the 
samples, the electromagnetic coupling factor kp were 
not determined. 

/. Thickness mode resonance 

The impedance vs frequency plots of the 
samples are shown in Figs. 1 to 6. and the values of k, 
are given in Table 2. The poled PZT rod (sample A, 
Fig.l) has a strong resonance at 2 MHz and two weak 
resonances at 2.7 MHz and 3.9 MHz. These three 
resonances, although weaker, can still be found in 

sample D (Fig.2). i.e. after the ceramic rods have been 
inserted into the unpoled copolymer matrix, showing 
that the soft copolymer matrix does not greatly modify 
the resonances of the individual rods. 

D. a 
TO 

Fig 
A. 

Frequency (MHz) 

1 Impedance (--) and phase (—) plot for sample 

O 

re 

12 3 4 5 

Frequency (MHz) 

Fig.2 Impedance (--) and phase (- 
D. 

-) plot for sample 

The thickness resonance of the poled 
copolymer sample B (Fig.3) is observed at 1.4 MHz. 
After inserting the unpoled PZT rods (sample C), the 
thickness resonance of the matrix becomes weaker and 
occurs at a slightly higher frequency of 1.5 MHz 
(Fig.4). This is because sample C is thinner. The kt 

value of sample C is lower than that of sample B 
(Table 2). 
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Fig. 3  Impedance (-) and phase (—) plot for sample 
B. 

it is advisable to pole the copolymer and PZT in the 
same direction to give a high kt. 
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Fig. 5 Impedance (-) and phase (—) plot for sample 

12 3 4 5 

Frequency (MHz) 

Fig.4 Impedance (--) and phase (—) plot for sample 
C. 

Comparing samples E and F (Figs 5 & 6). the 
weak copolymer resonance is still observable in both 
samples. The PZT rod resonances can also be seen. 
Due to the fact that the diameter of the rod is verv 
close to its thickness, the different resonance modes of 
the rods and the copolymer merge together to form a 
resonance with a broad shoulder. Whether this 
material is suitable for fabricating wide band 
transducer is worth pursuing and will be left for future 
study. It is important to note that poling of the matrix 
in a direction parallel or anti-parallel to the PZT rods 
does not give rise to distinct difference in the thickness 
resonance characteristics. This is because the PZT rod 
is much stiffer than the copolymer and thus dominates 
the composites resonances. However, k, of sample E 
(PZT and copolymer poled in the same direction) is 
higher than that of sample F (with the two phases 
poled oppositely).   Hence, in transducer applications. 

O 

-o 

12 3 4 5 

Frequency (MHz) 

Fig.6 Impedance (--) and phase (—) plot for sample 
F. 

TABLE 2 
The thickness and electromechanical coupling factor 

for the samDles. 

Samples Thickness (mm) k, 

B 0.78 0.22 
C 0.71 0.13 
D 0.70 0.36 
E 0.71 0.45 
F 0.68 0.30 
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2. Planar mode resonance 

The fundamental planar mode resonance was 
found at 85 kHz. The resonance frequency depends 
only on the diameter of the sample and is the same for 
samples B to F. The second harmonic of the radial 
mode is verv weak and can hardlv be observed. 

5. Stopband resonances are observed; and when the 
two piezoelectric phases are poled oppositely, they 
shifted to higher frequencies. 
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ABSTRACT 

PZT4/VF2/VF3 0-3 composites with different volume 
percent of ceramic have been fabricated. The dielectric 
constants and electrical resistivities of the composites were 
measured as functions of temperature in order to find the 
optimum poling conditions. The electromechanical 
properties of the piezoelectric composites were also 
measured and compared to model calculations. 

evaporation of the solvent, the mixture was triturated. Then 
the composite was moulded into disc shape by hot pressing at 
37.7 kg/mm2 and 200°C in a compression machine. 
Composite discs with different volume percent of ceramic 
formed using the method described above have a diameter of 
12.5 mm and thickness ranging from 0.5 to 0.9 mm. 

RESISTIVITY MEASUREMENTS 

INTRODUCTION 

Piezoelectric ceramic/piezoelectric polymer 0-3 
composites represent a class of piezoelectric materials having 
potential to replace conventional piezoceramics and 
piezopolymers. After combining the two phases in a 0-3 
connectivity, the composite must be poled in a high electric 
field in order to elicit piezoelectric response. One important 
parameter we need to consider in the poling of a composite 
is the ratio of the resistivities p of the constituent phases 
since it governs the effective poling field across each phase. 
(Maxwell-Wagner effect [1]). Another parameter is the 
relaxation time x of the composite, which determines the 
poling time. Both p and x are functions of temperature. In 
order to find the optimum poling temperature and poling 
time, the dielectric constants and resistivities of the PZT-4 
ceramic, VF2/VF3 copolymer and 0-3 composites with 
different volume fraction of ceramic were measured as 
functions of temperature. 

Polymers tend to have higher resistivities while 
ceramics have somewhat lower resistivities. The resistivities 
of both the ceramic and polymer decrease as the temperature 
increases but usually the gradient is higher for the polymer. 
Experimental measurements of the ceramic and the 
copolymer resistivities pc and p were carried out in order to 
find a suitable poling temperature for the composite. 

The constant voltage method [3] was used to measure 
the resistance of the unpoled samples, a 100V d.c voltage 
was applied to the sample using the built-in voltage source of 
Keithley 617 Electrometer, and the resistance of the sample 
was measured using the same electrometer. Resistivities of 
the samples are shown in Fig. 1. A sharp decrease of the 
copolymer resistivity was observed at about the Curie 
temperature (105°C). This indicated that if the composites 
were poled above 100°C, the resistivity ratio p /pc would be 
about 10, which is close to the ratio of the coercive field of 
the copolymer and ceramic at high temperature. 

COMPOSITE PREPERATION 

The VF2/VF3 copolymer supplied by Atochem North 
America Inc. has a nominal VF3 content of 30%. The DSC 
(Differential Scanning Calorimetry) endotherms of the as- 
supplied pellets was measured at a heating rate of 10°C/min 
using a Perkin Elmer DSC7 Thermal Analyzer. The Curie 
transition temperature for the first heating (TTc) of the 
copolymer was 105°C and the melting temperature Tm was 
155°C. This indicated that the VF3 content of the copolymer 
was several percent higher than 30. [2] 

The PZT powder supplied by the Shanghai Institute 
of Ceramics has a grain size between 1 and 3 urn and has 
properties similar to the Vernitron (Morgan Matroc Ltd.) 
PZT-4 composition. The copolymer pellets were first 
dissolved in Methyl-Ethyl-Ketone (MEK), and then a suitable 
amount of ceramic powder was blended into the solution. 
The mixture was then poured onto a petri-dish and after 

10" 

Ceramicwlume 
percent 

160 

Temperature, T(°C) 

Fig.l Resistivities of the 0-3 composites vs temperature. 
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DIELECTRIC CONSTANT MEASUREMENTS 

The capacitance of the unpoled disc samples at 1 kHz 
was measured using an HP4194A Impedance Analyzer and 
the resulting dielectric constants at different temperatures are 
shown in Fig. 2. A relaxation peak was observed near the 
Curie temperature of the copolymer [4]. This peak is 
prominent for the pure copolymer but becomes broader as 
the volume percent of ceramic increased. 

which is different from the previously reported value of 8.5 
for the PZT-PVDF 0-3 composites [5], the Furukawa model 
gave values slightly lower than the experimental 
measurements. However, as the temperature increased, for 
high volume percent of ceramic, the Furukawa model agreed 
better with the experimental results (Fig. 3b) than the 
Yamada model with n=4.3. If n=3 was used in eqn. (1), the 
predicted values from the Yamada model and Furukawa 
model were identical. 

40 60 80        100       120 

Temperature, T( C) 

Fig.2 Dielectric constants of the composites vs temperature. 

Values of the measured dielectric constants were 
compared to various models, namely, the Voigt (parallel) 
model, Reuss (series) model, Yamada model [eqn. (1)] and 
Furukawa model [eqn. (2)] for 0-3 composites [5-7]. In the 
Yamada model: 
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s = sp{l + [n4.(sc-sp)]/[nsp+(£c-sp)(l-(t.)]} (1) 

where s, sc and s are the dielectric constants of the 
composite, ceramic and copolymer respectively, $ is the 
volume fraction of the ceramic and n is a parameter 
describing the shape of the ellipsoidal particles [5]. In the 
Furukawa model for dispersed spherical particles, the 
dielectric constant of a composite was given as: 

s = sp[2sp + sc - 2<Ksp - ec)]/[2ep + sc + 4>(sp-sc)] (2) 

It was noted that at a lower temperature (e.g. 30°C, 
as shown in Fig. 3a), the experimental results agreed very 
well with the Yamada model with a shape parameter n of 4.3, 

Fig. 3 Dielectric constant of the composites as a function of 
volume percent of ceramics, (a) at 30°C, (b) at 120°C. 

In previous reports [5-8], 0-3 composites were 
prepared by mixing the copolymer and ceramic powder in a 
hot rolling mill. As the copolymer was still highly viscous in 
its molten state, clustering of the ceramic powder might 
become a problem. In the present work, since the ceramic 
powder was dispersed in a very dilute copolymer solution, it 
is very likely that each ceramic particle would be coated with 
a layer of copolymer. This is consistent with the assumptions 
of the Yamada and Furukawa models [5,6] and hence a close 
agreement can be obtained even for high volume percent of 
ceramic. 
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RELAXATON TIME OF THE 0-3 COMPOSITES 

If the composite disc samples were modeled as a 
parallel plate capacitor having the measured values of 
resistivity p and dielectric constant s, the RC constant and 
hence the relaxation time x = 1/(RC) = ps can be evaluated. 
It is seen from Fig. 4 that the relaxation time x dropped from 
several hundred seconds to several seconds as the 
temperature increased from 30 to 120°C. However, during 
poling, a very high d.c. electric field was applied to the 
sample. Since the resistivity of a dielectric increases in an 
electric field [9], the value of p (and hence x.) during poling 
may be much higher than p (and x.) measured under normal 
condition. Hence much longer poling time tp (typically two 
hours) was used to ensure that tp » x. 

TABLE I 
THE PROPERTIES OF PZT-4/P(VDF/TFFE) 0-3 COMPOSITES. 

Ceramic 
volume 
fraction 

P 
(kg/m3) 

Dielectric 
constant 

E 

kt d33 

(pC/N) 

Poling 
condition 

(120°C) 

0 1878.5 9.81 0.27 -38.4 3h, 
26kv/mm 

0.11 2515.1 14.75 0.23 -30.9 2h, 
24kv/mm 

0.21 3033.8 22.57 0.21 -26.5 2h, 
22kv/mm 

0.32 3635.9 31.29 0.16 -23.2 2h, 
19kv/mm 

0.42 4237.4 35.21 0.19 -22.8 2h, 
16kv/mm 

0.52 4775.5 63.72 — -14.9 2h, 
14kv/mm 

0.61 5273.9 94.11 — 13.2 2h, 
12kv/mm 

0.72 5907.6 101.5 0.13 26.2 2h, 
1 Ikv/mm 

0.77 6193.6 134.12 0.19 33.4 2h, 
12kv/mm 

1.00 7452.0 910.05 0.47 177.3 lh, 
lkv/mm 

40       60       80      100 
Temperature, T(°C) 

120 

From Table 1, it can be seen that the d33 constants of 
the composites decreased from -30.9 pC/N at <j> = 0.11 to a 
small value of-14.9 pC/N at <j> = 0.52, then changed sign to 
+13.2 pC/N at <)> = 0.61, and remain positive for higher value 
of (j). This strongly suggested that the copolymer phase also 
contributed to the d33 value of the composite. As a first 
estimate of the contribution of both phases to the d33 

constant, assume 

Fig.4 Relaxation time of the composites vs temperature. 

POLING AND PIEZOELECTRIC PROPERTIES OF THE SAMPLES 

DC thermal poling was used to pole the samples in an 
oil bath at 120°C, and the typical poling conditions were 
tabulated    in    Table     1. Values    of   the    thickness 
electromechanical coupling coefficient k, were evaluated 
using the method proposed by Sherrit et al [10] taking into 
account the high loss in the copolymer. The charge constants 
d33 was measured using a Pennebaker model 8000 piezo d33 

tester from American Piezo-Ceramics, Inc.. The volume 
fraction of ceramic (j> was calculated using the measured 
density. 

d33 = a(()Gd33c+(l-(f>)d 33p ■ (3) 

and d33p are the where a is the ceramic poling ratio, d33c 

charge constants of the ceramic and  copolymer respectively 
and G represents the local field coefficient [5], 

G = ns/[ns+(sc-3)].. (4) 

Using n = 4.3 and a = 0.6, d33 of the composites were 
calculated and shown in Fig. 5 together with the measured 
values. It is clear that equations (3) and (4) give the right 
trend indicating that the d33 contribution of the copolymer 
tended to cancel the contribution of the ceramic. 

The thickness electromechanical coupling coefficient 
k, of the composites was smaller than that of the ceramic or 
the copolymer,  especially around cj) = 0.5 to 0.66.  The 
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thickness mode resonance peaks, although visible, were very 
weak. 
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Fig. 5 Measured d3s values compared to the theoretical values 
calculated using eqn. (3). 

CONCLUSION AND DISCUSSION 

0-3 composites of PZT4/VF2/VF3 copolymer with 
different volume percent of ceramic were fabricated using 
solution cast and hot-press method. The dielectric strength 
of these composites is lower than that prepared using hot 
two-roll mill and hence breaks down more easily under high 
poling field. However, using a dilute solution of the 
copolymer can help to circumvent powder clustering problem 
and the ceramic particles are likely to be surrounded by 
copolymer layers as modeled by previous workers, hence the 
dielectric constants of the composites agreed very well to the 
model predictions even for high volume percent of ceramic. 

The poling temperature was chosen to be 120°C, at 
which the copolymer resistivity was rather low, hence the 
resisitivity ratio of the two phases was about 10, which is 
close to the ratio of their coercive fields. However, since the 
Curie temperature of the copolymer used in this experiment 
was 105°C, in order to pole the copolymer, the electric field 
must be kept on when the composite was cooled through its 
Curie temperature Tc (Tc for the composites was also around 
100°C). 

The contribution to the piezoelectric activities by the 
two piezoelectric phases seemed to cancel each other 
resulting in a variation of d33 from negative to positive as the 
ceramic content increased, k, was also fairly small. In 
transducer applications, it is not desirable to have a 
cancellation effect , hence, we are trying to pole the two 
phases oppositely so that reinforcement will occur. Details of 
this poling study will be reported later [11]. 
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CHARACTERIZATION OF PZT HOLLOW-SPHERE TRANSDUCERS 

J. T. Fielding, Jr., D. Smith, R. Meyer, Jr., S. Trolier-McKinstry, and R. E. Newnham 
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The Pennsylvania State University, University Park, PA 16802 

A&sfracr-Millimeter size, hollow spheres of lead zirconate titanate have 
been fabricated by blowing gas through a fine-grained slurry of PZT- 
5. Techniques were developed for the classification of defects in 
green and sintered spheres. The spheres were poled radially between 
inner and outer electrodes. The dielectric and piezoelectric properties 
were characterized for poled spheres. The two principal resonances 
were a breathing mode near 700 KHz and a wall thickness mode near 
10 MHz. Hydrostatic dn coefficients -1,000 pC/N were measured. 
Pulse-echo measurements were also performed to characterize 
transducer performance. Potential applications for these miniature 
omnidirectional transducers include biomedical imaging, flow noise 
sensors and hydrophones. 

INTRODUCTION 

Piezoceramics based on the lead-zirconate lead-titanate (PZT) 
solid solution system have been widely employed for transducer and 
actuators since their discovery in the 1950's.[l] PZT-based materials 
offer several advantages including large piezoelectric coefficients, 
moderate operating temperature range, and resistance to mechanical 
and electrical stress-induced depolarization. Development programs 
have been initiated in areas such as ceramic-polymer composites, 
multilayer and flextensional transducer/actuators to address the 
electrical/mechanical impedance matching and strain limitations 
inherent in bulk materials. 

Another area which has received significant interest recently is 
the miniaturization of piezoelectric sensors and actuators. Improved 
resolution and smaller size are required for potential applications such 
as probes for in vivo biomedical imaging, flow noise sensors and as 
embedded sensors for nondestructive evaluation. Transducers 
produced from hollow spheres may satisfy size and performance 
requirements. 

The spheres utilized in this study were fabricated using a 
process developed at the Georgia Institute of Technology based on the 
Torobin patent. [2,3] The process is discussed in detail elsewhere. 
The process has been utilized to produce large quantities of monosized 
spheres from many ceramic compositions with relatively uniform wall 
thicknesses. A variety of diameters, and wall thicknesses, ranging 
from 1 to 6 mm and 30 to 100 um, respectively, have been produced 
with alumina and mullite powders by modifying the slurry properties 
and processing conditions. [4,5] 

In general, a slurry containing PZT powder (UPI 501 A, 
Ultrasonic Powders, Inc.) is injected through a coaxial nozzle with air 
passing through the center, exiting in a hollow cylindrical form. 
Upon exiting, surface tension and hydrostatic forces close the end of 
the cylinder. The internal gas pressure inflates the bubble until the 
pressure equalizes to that of the cylinder. At this pressure, the bubble 
breaks free, forming a sphere. The binder is then removed from the 
spheres in a burn-out step and sintering at elevated temperatures is 
performed to achieve densification. 

Preliminary studies have been performed on hollow sphere 
transducers developed by Meyer et al. at the Materials Research 
Laboratory of the Pennsylvania State University. [6] 

CH3416-5 0-7803-1847-l/95/$4.00O1995IEEE 

The dielectric properties and resonance behavior of -2.5 mm diameter 
PZT spheres was characterized. The two principal resonances 
observed were a breathing mode near 700 KHz and a wall thickness 
mode near 12 MHz. The electrode configuration for the radially poled 
mode is shown in Fig. 1 

/ Inner Electrode 
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Sealing 

  Epoxy 

Conductive 
/fir          —" 
(Pi 
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■ Polyurethane 
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Wire 

Figure 1. Electrode configuration of radially poled PZT hollow sphere 
transducer. 

In this paper, the physical characteristics of and sources of 
mechanical defects in PZT hollow spheres are investigated. The 
measured dielectric and electromechanical behavior is presented. 
Discrepancies between measured and theoretical capacitance are 
discussed with relation to defects and nonuniformities in the wall 
thickness and internal electrode. Results of hydrostatic piezoelectric 
d-coefficient measurements are presented. As a possible explanation, 
the calculated stress distribution within the hollow sphere is 
discussed. 

PHYSICAL CHARACTERIZATION OF PZT HOLLOW SPHERES 

A main objective of the study was to evaluate the feasibility of 
economically fabricating transducers from PZT hollow spheres 
produced using the Torobin process. Important mechanical criteria, 
measured in both green and sintered spheres, are uniformity and lack 
of defects in the diameter and wall thickness. With respect to electrical 
properties, important criteria are the capacitance, center frequency and 
bandwidth for the two resonance modes. A limiting factor to the 
maximum yield achievable was determined to be the quality of as- 
received green PZT hollow spheres. 

The green PZT spheres were evaluated using a visual 
inspection along with a 'sink-float' test to identify major defects. In 
the sink-float test, spheres were placed in a beaker of deionized H2O, 
set in a vacuum chamber, and a vacuum was drawn. Air is drawn 
from the interiors of spheres with small cracks, which fill with H2O 
and settle after the vacuum is removed. From visual examinations, 
-50% of the as-received spheres exhibited visual flaws such as holes, 
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dimples and cracks. Approximately 20% of the as-received spheres 
passed the sink-float test, indicating a significant fraction of the 
spheres had latent defects not observable using visual inspection 
techniques. [7] 

Physical properties were measured for 100 green spheres that 
passed the sink-float test. The measured green sphere diameter was 
3.31 mm + 2%. The average aspherodicity was calculated to be 
1.88%, with a maximum of 6%. 

To evaluate defects in sintered spheres, material lots that 
passed the sink-float test were processed. A binder bum-out step of 
550 °C for 30 minutes was followed by a sintering step at 1285 °C for 
90 minutes. Sintering was performed on Ft foil in AI2O3 crucibles 
using PbO+ZrC>2 source powder to minimize lead volatilization from 
the spheres. 

To characterize the PZT microstracture and uniformity of the 
wall thickness, cross-sections of spheres were examined using 
environmental scanning electron microscopy (ESEM). The average 
grain size was -2.5 |j.m, but as shown in Figs. 2a and 2b, there was 
significant porosity along with microcracking observed in all spheres 
evaluated. [7] The wall thickness variation was larger than expected, 
varying from -80 fim in thick areas to 25-30 jxm in thinner wall 
sections. Improvements in the fabrication procedure have been 
proposed to minimize this variation. These defects coupled with the 
wall thickness variation may partially explain the lower than expected 
dielectric properties. 

Figure 2. ESEM photomicrographs of the wall cross-sectrion in 
sintered PZT hollow spheres, illustrating a) microcracking 

and b) porosity. 

FABRICATION OF PZT HOLLOW SPHERE TRANSDUCERS 

The first step in transducer fabrication was the drilling of a 
small hole through the thin wall to allow for electroding and 
electrically contacting the inside wall. Several (-30) spheres were 
mounted in a thermoplastic embedding compound to minimize chip 
out and cracking during drilling. A 1.02 mm diameter (#60) bit was 
used with a small drill press to create the holes. After drilling the 
thermoplastic/ceramic mount was reheated above Tm , the spheres 
were remove and any residue was cleaned off using acetone. 

The internal electrode was generated by injecting an air dry Ag 
paint solution (#200, Demetron, Inc.). The interior surface of the 
sphere was completely coated and dried for several hours. Incomplete 
coverage resulted when air was trapped in the some of the spheres 
during electrode injection, resulting in degraded dielectric properties. 
Prior to depositing the outher electrode,a masking ring was created 
around the hole using a thin layer of rubber cement. The outer 
electrode was applied by sputtering Au for 1 minute, resulting in a 
thickness -1500 A. The mask layer was then removed leaving an 
insulation band to prevent shorting between the internal and external 
electrodes. 

Electrical lead wires, consisting of 0.76 mm Ag, were attached 
to the inner and outer electrodes using a conductive Ag epoxy (#, 
Epoxy Technology, Inc.) and cured at 250 °C for 1 hour. The hole 
was then sealed using Ecobond 45 epoxy (Emerson and Cuming). 
The entire sphere was dip-coated with polyurethane (Dexter Hysol 
us-0089) to permit submerged hydrostatic and near-field sensitivity 
measurements. Finally, the hollow spheres were polarized in a 
dielectric fluid (Fluorinert FC40,3M Co.) at room temperature using a 
field of 30 KV/cm for 1 minute. 

ELECTRICAL CHARACTERIZATION OF SPHERES 

The dielectric and electromechanical properties of PZT hollow 
spheres were measured and compared to calculated values for the 
capacitance and resonance frequency. Additionally, hydrostatic and 
pulse-echo measurements were performed to further characterize the 
response of the hollow sphere transducers. 

Capacitance values and admittance spectra were measured 
using an HP 4194 impedance / gain-phase analyzer. The average 1 
KHz capacitance and dielectric loss of the PZT spheres were 1,440 pF 
and 0.037, respectively. The average dielectric constant was 675, 
significantly lower than the typical value of 1,850 reported for UPI- 
501A ceramics. Again, the deviation in calculated K is due to wall 
thickness variation, electrode issues, microcracks and porosity 
observed in the sphere walls. 

Polarization versus electric field behavior was evaluated. 
Using a calculated equivalent electrode area, the remanent polarization 
Pr and coercive field Ec at room temperature were found to be 32 
|iC/cm2 and 21 KV/cm, respectively. [7] 

Admittance spectra were utilized to observe the resonance 
behavior of the hollow spheres. The fundamental vibration mode is 
the breathing mode, consisting of a volumetric expansion and 
contraction. Typical admittance and phase spectra from 200 KHz to 2 
MHz for the breathing mode in hollow spheres are shown in Fig. 3a. 
The planar coupling coefficient kp was calculated using the following 
equation: [8] 

4=1- (Eqn. 1) 

The average kp value for the spheres was 0.35, lower than 0.60 for 
the bulk material due to aspherodicity, electrode imperfections, and 
clamping due to the polyurethane coating. 
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Admittance spectra were also used to observe the thickness 
mode resonance. In Fig. 3b, a resonance is observed -12.1 MHz. 
Thickness mode resonances were not observed in all spheres 
evaluated and the weak response may be due to large variations in wall 
thickness, higher order harmonics of the breathing mode and 
impedance matching issues. 

Hydrostatic measurements were made on spherical transducers 
for comparison with other current and potential hydrophone materials. 
Measurements were made in an oil bath at pressures from 100 to 1000 
pounds with a 40 Hz stimulus. Values of dh for several spheres, both 
sealed and unsealed, are shown in Fig. 4. For the sealed spheres, dj, 
values ranging from 600 to 1,000 pC/N were measured. This can be 
compared to the theoretical value of 2,910 pC/N, calculated assuming 
a uniform stress distribution of a perfect PZT hollow sphere. [7] 
Variation in dh values may be attributed to the quality of the seal 
combined with the previously identified issues and indicates additional 
development is required. 

Preliminary pulse-echo measurements were performed to 
determine the sensitivity of the hollow sphere transducers. A typical 
time and frequency response for a hollow sphere transducer for the 
breathing mode is shown in Fig. 5a,b. The center frequency and 
bandwidth were 710 KHz and 79%, respectively. A large bandwidth 
is desirable in commercial transducer applications. Spurious modes 
observed in the response result from imperfections in the spherodicity 
and lack of 1/4 wavelength matching layers in the transducer. Further 
development of a matching layer material is required. 

It was not possible to resolve the thickness mode frequency 
response. This is due to nonuniform wall thickness and higher order 
harmonics from the breathing mode. A significant improvement in 
wall thickness uniformity will be required to produce a sharp 
thickness mode response. 
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SUMMARY 

Analyses of defects and physical characteristics in PZT hollow 
spheres, in the as-received materials and introduced during 
processing, was performed. Several areas of opportunity were 
identified. Significant visual and latent defects were found in the 
green spheres along with wall thickness variations within a sphere 
between 50 and 150 um. The dielectric and electromechanical 
properties were characterized for hollow spheres with a radially poled 
electrode configuration. Capacitance values were lower than expected 
due to electrode issues, nonuniform wall thickness, and microcracking 
observed in the walls. Large hydrostatic piezoelectric coefficients, 
with dn's~ 1,100 pC/N were measured. With improvements to the 
fabrication procedure, this processing technique may be able to yield 
large quantities of inexpensive piezoelectric hollow spheres. The 
piezoelectric properties may be utilized in several biomedical, flow 
noise and non-destructive evaluation applications. 
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ABSTRACT 

An alternate approach for fabricating PZT/polymer composites 
with 2-2 connectivity with fine scales is described. Thin (<20nm) 
sintered PZT plates and sheets of a thermoplastic polymer film 
(<10u.m) were bonded together via thermal processing. Stack 
sintering of tape cast PZT generated the necessary PZT plates, while 
tape cast polymers were used to control the thermoplastic thickness. 
Composite blocks were cut to required dimensions for linear arrays, 
electroded, and poled. Electromechanical properties were measured 
to evaluate the composites. The significance of this fabrication 
technique is that it is able to generate 2-2 structures at a scale level 
unachievable by conventional dice-and-fill fabrication methods. 

INTRODUCTION 

Piezoelectric composites are now widely used for many 
ultrasonic transducer applications. Reviews by Guraraja et. al [1], 
Smith [2-5] and Oakley [6] clearly illustrate the influence of scale, 
connectivity and symmetry on the properties of composite 
piezoelectrics, and lend guidance to the transducer engineer for their 
application. In essence, the biggest advantage of using a 
piezoelectric composite compared to its monolithic counterpart is its 
higher electromechanical coupling coefficient, which in turn leads to 
higher sensitivities and broader bandwidths. 

An ongoing trend in medical ultrasonics is to increase the 
frequency of imaging systems (>10 MHz), for applications such as 
phased linear array transducers used for laproscopy and, in the 
future, intravascular imaging. However, these transducers must 
have a very fine spacing of the piezoelectric elements (<50 ixm) in 
order to minimize acoustic clutter associated with grating lobes. In 
addition, subdivision of the piezoelectric into smaller elements 
would minimize coupling to unwanted lateral vibrational modes, 
with concurrent improvements in the thickness coupling coefficient. 
Currently, the synthesis techniques needed to achieve the requisite 
scale and periodicity of the composite have become the effective 
limitation for their exploitation at higher frequencies. 

For instance, Figure 1 shows a typical process for fabricating 
a phased linear array, a modified "dice-and-fill technique" [7]. The 
finest interelement spacing is controlled by the kerf width of the saw 
blade, which is currently =25-40 um. The Pb(Zr,Ti)03 (PZT) can 
be reliably diced into structures =50 urn in size. This scale is 
sufficient for 10 MHz transducers, but higher frequencies will 
dictate a further reduction. Considerations of dicing technologies 
coupled with grain size and strength limitations of the ceramic dictate 
that new fabrication technologies be developed, which is the subject 
of this paper. 

Phased Linear Array 
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Dense Piezoelectric 
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Figure 1.   Schematic illustration of the dice and fill technique used 
to fabricate phased linear arrays. 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 206 



i 
Stacking of 

Piezoelectric 
and Polymer Sheets 

Lamination Dicing Step #1 Dicing Step #2 

Figure 2.   Overview of the process used to synthesize the 2-2 composites. 

The process is simple; pre-sintered PZT plates are joined 
together using a thermoplastic adhesive polymer film to yield a 
composite with 2-2 connectivity. Dicing is only used to achieve the 
final transducer geometry. This technique allows for the fabrication 
of finer scale composites, and is described below. 

EXPERIMENTAL PROCEDURE 

Sintering of tape cast PZT was used to produce the 
piezoelectric elements. Slurries were prepared by dispersing a pre- 
calcined soft PZT powder in a solution containing 17 ml ethanol, 8 
ml toluene, 0.5 g Menhaden fish oil, and 3 g polyvinyl butyral. The 
slurries were de-aired, cast on glass substrates with a single knife 
doctor blade, and dried at room temperature in air. The PZT tapes 
were cast at various thicknesses ranging from 30 to 250 (im to 
obtain sintered thicknesses ranging from 10 to 55 |im. Square 
sections (2 cm x 2 cm) of the tapes were stack-sintered using 
polished PZT setters (85 |xm thickness), PDZ1O3 powder as the lead 
source, and covered with an AI2O3 crucible. Binders were burned 
out in air at 450°C, followed by sintering at 1250°C for 30 minutes. 
The PZT setters maintain a high PbO activity around the tapes and 
result in flat elements. 

Polyvinyl formal (PVE) was chosen as the thermoplastic due 
to its excellent adhesive strength to PZT. A PVF solution was 
prepared for tape casting by dissolving it in ethanol and toluene. 
After being cast on glass substrates with the doctor blade at varying 
thicknesses, PVF films were dried at room temperature in air. The 
thickness of the films was adjusted between 9 and 20 \im by varying 
the casting thickness. 

Figure 2 exhibits the procedure for preparing the composites. 
Sintered PZT plates and PVF films were alternately stacked and then 
laminated by heating (210°C) the stacks in a vacuum oven under 
uniaxial compression (O.lMPa). Transducers were sliced out of the 
composite block using a dicing saw (Kulicke & Soffa Industries, 
Model 775 Wafer Saw), electroded with sputtered gold, then poled 
at room temperature at 25 kV/cm for 30 minutes. Resonance and 
dielectric measurements were performed with an impedance analyzer 
(Hewlett-Packard 4194A Impedance Analyzer with a 41941A 
Impedance Probe and 16092A Test Fixture). 

RESULTS AND DISCUSSION 

This fabrication technique dictates that the sintered PZT plates 
are thin and flat, and that the thermoplastic polymer has good 
adhesion to the PZT. Using stack sintering, PZT plates with 
thicknesses between 10 and 55 u.m were easily achieved, in all 
instances for substrates 1.5 x 1.5 cm. Larger area plates were 
difficult to handle, but considerations of the final transducer size 
make it unnecessary to make larger composite blocks. Densities 
were >98% theoretical, and grain sizes were =3-5 (im. During 
initial studies the piezoelectric properties of individual plates were 
evaluated to make sure the sintering process did not result in inactive 
surfaces. Poling was easily achieved without breakdown, with d33 
coefficients >500 pC/N, and a kp =60% (thickness mode resonance 
too high to measure). Hence this process allows for the synthesis of 
thin PZT elements as well as independent control over the grain size. 
Other strategies for fabricating structures at this scale level also 
result in smaller grain sizes, which is detrimental to the piezoelectric 
properties of PZT ceramics [8]. 

Figure 3 shows a series of SEM micrographs of lapped 
composites with differing PZT and PVF thicknesses. Clearly the 
PVF provided excellent adhesion to the PZT plates; bonding at the 
PZT/polymer interfaces was uniform with only a few noticeable 
voids or delaminations. The PZT elements were not fractured. 
Note the smallest thickness of the PVF is ~9 |im; this results in an 
interelement spacing that is three times closer than can be achieved 
using dicing. 

The electrical performance of the composites of Figure 3 are 
contained in Table I. Values of the thickness electromechanical 
coupling coefficients of the composites, kt, were calculated from the 
impedance measurements using [9]: 

j- 2_ JL fmin {^ j JL fmax 
2 fmax        '2       Ii 

-frr (1) 

where fm;n and fmax are the frequencies of minimum and maximum 
impedance corresponding to the thickness resonant mode. The 
mechanical quality factor, Qm, was calculated using [9]: 
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Figure 3.   SEM micrographs of several PZT/PVF composites with varying PZT and PVF thicknesses. 

Qm = [47t-Af-|Zm|-C]- (2) 

IZnJ is the magnitude of the electrical where Af = fmax - fn 

impedance at fmjn, and C is the capacitance measured at 1 kHz 

Figure 4 exhibits the thickness mode impedance and phase 
angle plot, for the third composite shown in Figure 3. This 
composite was 250 urn thick, with 105 elements composed of 15 
urn thick PZT elements separated by 9 urn thick layers of PVF. The 
thickness mode resonance is sharp, with lq=0.68. The lower 
frequency harmonics are due to the planar mode resonance of the 
PZT bars (= 400 kHz). For an actual transducer the overall 
dimensions would move the planar resonance closer to the thickness 
mode, and hence could be a problem. Materials with a high kt/kp 

ratio such as a modified lead titanate compositions would minimize 
this problem, albeit at the expense of sensitivity. 

As shown in Table I, values of kt for the composites ranged 
between 0.63-0.68. These high values of kt, are similar to values of 
kt reported for PZT/epoxy composites prepared by the dice-and-fill 
technique [10] and approach the k33 value for soft PZT 
compositions. The high electromechanical coupling shown by these 
composites make them excellent candidates for linear array 
transducer applications operating at frequencies > 10 MHz. 

5   50 

a    o 

r\ n 1 
^ 
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Figure 4. Thickness mode resonance results for a 250 pirn thick, 
composite with 105 elements composed of 15 |im thick 
PZT elements separated by 9 |im thick layers of PVF. 
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TABLE I 

ELECTROMECHANICAL PROPERTIES OF PZT/PVF COMPOSITES 

#ofPZT 
Elements 

PZT 
thickness 

(Urn) 

PVF 
thickness 

(|xm) 

kt Qm 

60 55 20 0.63 5.5 

105 15 9 0.64 5.1 

105 18 9 0.68 5.1 

[7] H.P. Savakus, K.A. Klicker, and R.E. Newnham, "PZT-Epoxy 
Piezoelectric Transducers: A Simplified Fabrication 
Procedure," Mat. Res. Bull., 16, 677-680, 1981. 

[8] A.H. Webster and T.B. Weston, "The Grain-Size Dependence of 
the Electromechanical Properties in Lead Zirconate-Titanate 
Ceramics," J. Can. Cer. Soc, 37, 41-44, 1968. 

[9] IRE Standards on Piezoelectric Crystals: Measurements of 
Piezoelectric Ceramics, 1961. 

[10] H. Takeuchi and C. Nakaya, "PZT/Polymer Composites for 
Medical Ultrasonic Probes,"  Ferroelectrics, 68, 53-61, 1986. 

CONCLUSIONS 

A simple technique for fabricating PZT/polymer composites 
was developed which allows for the fabrication of 2-2 composites 
on a finer scale than allowed by dice-and-fill techniques. PZT plates 
with sintered thicknesses as low as 10 |im were produced. The 
thickness of the polymer could be reduced down to 9 urn, which 
yields an interelement spacing three times smaller than that attainable 
with the dice-and-fill technique. This technique offers the additional 
advantage of being able to build aperiodic structures by simply 
changing the thickness of the polymer film. By adding filler 
materials to the polymer, one would also expect the attenuation of 
the intervening polymer could be increased, which would decrease 
crosstalk between elements. 
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Rochelle Salt Nanocrystals Embedded in Porous Glass 

E. K. Jang, J. W. Woo and I. Yu 
Department of Physics, Seoul National University, Seoul 151-742, Korea 

Abstract   Rochelle salt nanocrystals are grown in the small 
pores of a porous glass (Corning porous VYCOR glass, average 
pore diameter 6 nm) and silica-gels with two different pore sizes, 20 
nm and 100 nm. Crystallization characteristics of Rochelle salt 
nanocrystals are studied by X-ray diffraction method. We also 
measure dielectric property, JH NMR relaxation, and IR reflectance 
of the nanometer sized Rochelle salt crystals embedded in porous 
glass. Results of nanocrystals are compared with bulk Rochelle salt 
and differences in the observed properties are explained in the light 
of size effects of the ferroelectric material. A possible application 
of the new material form is found. 

INTRODUCTION 

Physical properties of materials sometimes depend on the size of 
sample. Typical examples can be found in critical phenomena and 
phase transition properties such as lowering of melting temperature 
of small particles [1], disappearance of magnetism in ultrafine 
particles of magnetic materials [2], and increase in the critical field 
of "zero-dimensional" superconductors which are again ultrafine 
particles of superconducting materials [3]. However, for the finite 
size effect to be manifested one need to constrain the particle size 
smaller than the correlation length of the interacting species relevant 
to the transitions. 

For ferroelectricity which is due to the coupling of electric dipole 
moments formed by ionic displacements the critical size is not well 
known and may depend on materials and specific measurement 
conditions. Nevertheless, it is on the order of a few tens nm [4]. 
For smaller samples than the critical size one cannot expect the bulk 
ferroelectricity anymore, however, properties of the small size 
particles can be interesting and may be useful in applications due to 
the residual interactions between the dipoles [5]. Properties of 
small sized ferroelectric material have been studied experimentally 
and theoretically [6]. 

There have been appeared different approaches to the generation 
of small size ferroelectric particles to facilitate the study of size 
dependent properties. Examples are coprecipitation technique, 
noble gas condensation or coevaporation methods [7], and alkoxide 
process [8]. Each method has its own advantages and drawbacks. 
We develop a new method by which one can control the size of 
nanocrystalline particles easily, and furthermore, without 
introducing strain to the crystals.    The method has been applied 

already [6] to fabricate KiyO^KDP), NH4H2P04 (ADP) and 

NH4H2As04 (ADA) nanocrystals and we present here some of our 

results on the NaKC4H4064H20(Rochelle salt) nanocrystals. 

Rochelle salt (RS) is the first ferroelectric crystal discovered [9], 
however, it is unusal that the ferroelectric phase appears between 
two nonferroelectric phases separated by the two Curie points 
Td> = 24 °C and Tcl = - 18 °C.    Even though there have been a 

number of studies on the structures of the two nonferroelectric 
phases, identification of the structures is still an intriguing problem 
[10]. Antipolar ordering of dipoles into two sublattices was 
claimed for the low temperature nonferroelectric phase [11]. 
Particle size dependent dielectric constant was studied down to 20 ~ 
50 )im sizes as a function of temperature and showed smearing of 
the prominent peak structures at the two Curie temperatures as the 
particle size was decreased [12]. We believe further study on the 
smaller size RS will shed some light on the nature of ferroelectric 
phase transition and the nonferroelectric phases. This report is an 
initial step of our efforts in that direction. 

EXPERIMENTAL PROCEDURES AND RESULTS 

We first examine the pore size distribution of the porous glass and 
then decribe the fabrication method of nanocrystalline Rochelle salt 
embedded in the porous glass together with experimental results. 
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Pore Size Distribution 

Porous materials possess many small pores. Sizes of the pores 
are frequenüy broadly distributed. There are a number of methods 
to examine the pore size distribution including the gas adsorption/ 
desorption technique, mercury intrusion method and nuclear magne- 
tic resonance relaxation analysis(MRRA) methods [13]. Recently 
an interesting method was developed [14] to facilitate the pore size 
distribution measurements. It utilizes the size dependent reduction 
in melting temperatures of liquids confined in the pores. 

The difference in melting temperatures of bulk, Tmbulk, and small 

size particles with size x, Tm(x), is given by the Gibbs-Thompson 
relation [1], 

■ Tra(x) = k/x . (1) 

In the above the proportionality constant k is a characteristic of the 
liquid material and is given by 

k = 4oTm,talt/(xAH£ps), (2) 

where a is the surface energy of the solid-liquid interface, AHf is the 
bulk enthalpy of fusion, and ps is the density of the solid. 

By choosing the proper liquid material(cyclohexane was used in 
Ref. [14]) to be filled in the pores, one can get the pore size 
distribution f(x) from the temperature variation of NMR signal 
intensity I(T), which is a measure of the volume fraction of material 
in liquid phase at temperatue T, by 

f(x) = k/x2 (dl/dT). (3) 

We use the method to investigate the size distribution of Corning 
porous VYCOR glass 7930 and the result in Fig. 1 is confirming 
both the mean size and relatively narrow size distribution of pores 
as inferred by the manufacturer. 

30        60        90        120 

PORE SIZE (A) 
150 

Fig. 1: Pore size distribution of Corning VYCOR glass. It is 
obtained from the 'H NMR spin-echo intensity measurement as a 
function of temperature after the pores are filled with cyclohexane 
following the method of Ref. [14]. 



Nanocrystalline RS Sample Preparation 

The nanocrystals of RS are grown in the pores of porous glass by 
following two steps. First, aqueous solution of RS is impregnated 
into the glass plate upto an incipient wetting condition where all the 
pores of the glass are filled. Then, the impregnated glass is dried in 
an oven to allow crystallization of RS inside the pores. 

The idea of this impregnation technique of ferroelectric nano- 
crystals is borrowed from the well known preparation method of 
supported platinum catalysts. We intend to take advantage of the 
method, i.e. relatively uniform size and shape of the crystals formed 
with minimal strain introduced. Furthermore, the crystal sizes can 
be controlled very easily by changing the concentration of the 
solution but are remained below a limit naturally given by the pore 
size. The average size of crystals, dav = 4.8 nm, is estimated from 
the amount of material impregnated and using the known pore size 
and porosity (relative pore volume = 28 %) of the glass. 

The same sample preparation method is also applied to two 
different sillica-gels with pore sizes 20 nm and 100 nm to obtain 
larger RS nanocrystals, dlv = 15 nm and 75 nm, respectively, for the 
purpose of comparison. 

X-ray Diffraction Study 

X-ray diffraction peaks can be used to verify the crystallization 
into minute RS crystals as well as to confirm the size of crystals 
from the extra broadening due to small size of particles using the 
Scherrer method. 

For X-ray'diffraction measurements a powder diffractometer 
(Rigaku Model D/Max-3C) is used.   The X-ray diffraction patterns 
shown in Fig. 2 are measured by Cu Ka line using Ni filter at room 
temperature and indicate the impregnated samples in the largest 
pores (Fig. 2b) are RS crystals with the same lattice parameters as 
bulk (Fig. 2a). One can notice the broad background of the gel 
matrix together with a broadening of diffraction peaks which is a 
characteristic of small-sized samples. The estimated particle size 
from the peak broadening is 40 nm, however, due to the large : 

instrumental linewidth the difference is not considered seriously. 
For smaller size RS particles embedded in smaller pores of silica- 

gel (Fig. 2c) and Corning glass (Fig. 2d) the peaks are not seen 
possibley due to extensive line broadening. 
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Fig. 2: X-ray diffraction pattern of RS samples. Data are for (a) 10 
urn powder representing bulk RS, (b) 75 nm particles embedded in 
100 nm pores of silica-gel, (c) 15 nm particles in 20 nm pores of 
silica-gel, and (d) 4.8 nm particles in 6 nm pores of Corning 
VYCOR glass. The intensity of sample (a) is divided by 100 and 
spectra are shifted vertically to be more discernible. 

Dielectric Measurements 

Dielectric properties of RS nanocrystals embedded in Coming 
porous VYCOR glass are studied and compared with single crystal- 
line and powder pellet form RS samples. For dielectric measure- 
ments the RS powders of 10 |J.m particle size are pelletized in a 
compression unit with pressure up to 30 MPa. 

All the samples are of thickness 1.2 ~ 1.5 mm. Both faces of 
each sample are coated with silver paint(Western Gold & Platinum, 
Type 1570 Screen Silver Paint) to form electrodes with 8 mm 
diameters. The real and imaginary parts of electrical impedance of 
the samples are measured by using a LCR meter (HP 4275A) at ten 
different frequencies ranging from 10 kHz to 10 MHz. 

Data shown in Fig. 3 are examples of temperature dependent 
dielectric constants measured at 1 MHz. As the particle size is 
decreased the well known peaks in dielectric constant of RS at two 
Curie temperatures (Fig. 3a) are decreased (Fig. 3b) and then 
disappeared (Fig. 3c). The decrease in peak heights of the powder 
pellet sample is due to inhomogeneous nature of the sample [12]. 
Characteristic features of the three different samples are die same 
when these are measured at different frequencies, but the 
magnitudes of the dielectric constant depend on the measurement 
frequency. Particularly, the rise of dielectric constant with 
increasing temperature for the RS nanocrystal sample embedded in 
the porous glass becomes steeper when it is measured at lower 
frequencies. It even exceeds 1000 when measured at 10 kHz and 
temperatures above room temperature. 
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Fig. 3: Temperature dependent dielectric constant of (a) the RS 
single crystal with electric field in the direction of a-axis, (b) 
powder pellet, and (c) nanocrystals embedded in porous glass 
measured at 1 MHz. Scales on the left vertical axis are for curve 
(a) and the ones on the right axis are for curves (b) and (c). 

Measurements of imaginary part, i.e. the dielectric loss, show the 
similar behavior.   The ratio between the imaginary and real parts of 
complex dielectric constants is loss tanS and that of the porous glass 
sample embedded with RS nanocrystals increases with rising temper- 
ature as shown in Fig. 4. The loss tanS measured at 10 kHz shows 
a broad peak at around 295 K. The warming and cooling experi- 
ments show no significant difference. 

To convert the measured apparent dielectric constants of the glass 
plate embedded with RS nanocrystals into those of RS nanocrystals 
one need to use a form of approximations, i.e. the Boucher's 
effective medium formula for an example [12]. 
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Fig. 4: tan5 of porous glass sample embedded with RS nanocrystals 
measured at frequencies (a) 10 kHz, (b) 100 kHz, (c) 1 MHz, and 
(d) 10 MHz. 

'H Nuclear Magnetic Resonance(NMR) Relaxation 

'H NMR studies are made with a homebuilt pulse NMR spectro- 
meter operating at 15 MHz and an electromagnet with magnetic 
field B = 3.5 kOe. Typical characteristics of the spectrometer are 
2.5 (as 90° pulse width, 10 |0.s receiver deadtime, and rf phase 
coherent. Add-and-subtract phase alternating signal average 
technique is used to be able to discern the echo signal from 
ringdown noise formed after strong rf pulses. Usual Hahn-echo 
sequence is used to measure the spin-spin relaxation time. For 
convenience a simple repetitive saturation method is used for the 
spin-lattice relaxation measurements. In the method the spin-echo 
signal intensity after repetition of a 90°-x-90° pulse sequence is 

measured with a fixed pulse separation time x and repetition time t. 
The spin-lattice relaxation time T: is found from the intensity by 

E(t) =E0(T){l-exp(-t/T])}. (4) 

In the above E0(T) is the equlibrium echo signal height of a sample 
at an absolute temperature T and can be obtained by choosing a long 
enough repetition time, i.e. t» T1# 

The spin-lattice relaxation time measurements shown in Fig. 5 
indicate difference of T, at low temperatures between the bulk RS 

and nanocrystals embedded in porous glass.   The Ti of bulk sample 

shows an increase as temperature is lowered.    A slight dip in Tj 

below the monotonic temperature dependence at the two Curie 
temperatures is due to slowing down of spin dynamics near the 
phase transitions. Only a part of protons in the molecules are 
involved in the ferroelectric transitions and the effect on Tj is not 
large. 

The spin-lattice relaxation time of RS nanocrystals embedded in 
porous glass, on the other hand, shows very different behavior than 
the bulk sample. The temperature dependence becomes greatly 
reduced and only a slight increase in Tx is noticed when it is cooled 
down to 200 K. 

The spin-spin relaxation times T2 of the both samples are less 

temperature dependent. The T2 of RS embedded in porous glass 
drops from 500 |J.s at 310 K to about 70 (J-S at 190 K. In contrast, 

the T2 of bulk RS is about 40 us and, furthermore, independent of 

temperature. 
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Fig. 5: Temperature dependence of spin-lattice relaxation time of 
(a) bulk RS sample (powders of 10 um size particles) and (b) the RS 
nanocrystals embedded in porous glass. 

IR Reflectance 

Infrared reflectivity is measured for the RS nanocrystals 
embedded in porous glass. The refelctivity shown in Fig. 6 is 
measured by using a Fourier transform spectrometer(BOMEM Inc.) 
with Globar source and MCT detector at room temperature. The 
spectrum from the sample (Fig. 6a) shows the characteristic peak 

structures of bulk RS (Fig. 6b), in particular at 700 cm1, 1300 cm'1, 

1600 cm"1, and 3300 cm"1, in addition to the two prominent peaks 
from the porous glass matrix (Fig. 6c). We need more work to 
analyze the spectra due to inhomogeneous nature of the sample. 
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Fig. 6: IR reflectance of (a) RS nanocrystals embedded in porous 
glass, (b) bulk RS crystal, and (c) porous glass without RS nano- 
crystals.   Spectra are shifted vertically to be more discernible. 



DISCUSSIONS 

The Coming's porous VYCOR glass 7930 is shown to have a 
narrow pore size distribution peaked at 6 nm by using a new NMR 
method of pore size determination [14]. The porous glass has 
advantages over the other forms of porous matrix, such as silica- 
gels, in that it is readily available in a plate form and transparent. 
The porous glass is used to prepare the nanometer sized RS particles 
by confining the aqueous solution of RS to its small pores before 
crystallization is proceeded by drying the solution. 

X-ray diffraction measurements confirm the crystallization into 
RS particles of 75 nm size in the 100 nm pores of silica-gel. 
However, no diffraction peak can be identified for samples prepared 
in smaller pores of silica-gel or the porous glass. This can be due to 
either extensive broadening related to the smaller size of particles or 
the formation of glass phase instead of single crystallites. The 
expected X-ray line breadth from the small size effect is about 5 and 
16 times larger for the spectra (c) and (d) of Fig. 2, respectively, 
than that of (b). 

Dielectric properties of the small sized samples of RS are 
interesting not only to figure out the critical size for phase 
transitions but also to find out a new possibility in applications. 
The dielectric measurements shown in Fig. 3 indicate the critical 
size for RS is larger than 4.8 nm. We need to increase the pore size 
to locate the critical size and this is our next plan. 

On the other hand the high dielectric constant of the porous glass 
sample embedded with nanometer sized RS can be of some use. 
However, the high loss tan8 and its large temperature and frequency 
dependences must be improved to be useful in application. The 
frequency and temperature dependences of real and imaginary parts 
of dielectric constant of the sample may due to ionic motions, 
possibly near the surface of nanometer sized particles or in glass 
phase. In any case, as temperature is lowered slowing down of the 
motion is evident from the frequency dependent shift of the peak 
temperature of tan8 as in Fig. 4. 

In contrast to the difficulties in analyzing dielectric data of an 
inhomogeneous system, such as the porous glass embedded with RS 
particles, NMR is a valuable tool of studying the inhomogeneous 
system since it probes nuclear spins with a simple weighting factor, 

the spin density. 'H NMR can be considered as an important tool 
for RS since some of the protons of RS are involved in the 
ferroelectric phase transition. However, the spin-spin or spin-lattice 
relaxation time of RS does not reflect the transition largely and this 
is due to the irrelevance of the majority protons to the transition 
dynamics [16]. The exponential increase in Fig. 5 of the spin- 
lattice relaxation time of bulk RS when temperature is lowered 
reflects freezing of lattice vibrations. The much less temperature 
dependence of T, in RS embedded in porous glass is an indication 

that the protons in the sample are as mobile(or rotatory), irrespective 
of temperature, as in the paraelectric phase of bulk. This is another 
evidence for the absence of phase transition in the 4.8 nm sized RS. 

The IR data in Fig. 6 can also be used to envisage the nature of 
nanometer sized RS in porous glass, however, we need further study 
due to the complexity in analyzing the reflectivity data of the 
inhomogeneous system. 

SUMMARY 

A new fabrication method of nanometer sized RS crystals utilizing 
porous materials, such as porous glass and silica-gel, is developed. 
Three different sizes, 4.8 nm, 15 nm and 75 nm, of particles are 
made and X-ray diffraction peaks, at least of the largest particles, 
confirm the formation of RS crystals in the pores.   Dielectric and 

'H NMR spin relaxation measurements on the smallest particle 
samples indicate big difference from the bulk RS. We interprete 
the difference as due to absence of phase transitions in the 
nanometer sized RS. Hence the critical size for the ferroelectric 
phase transition of RS should be larger than 4.8 nm. We also find 
the nanometer sized RS particles possess interesting dielectric and 
NMR properties which can be considered as due to the presence of 
highly mobile protons down to low temperatures. The high 
dielectric constant of the sample can be useful in applications after 
the temperature and frequency dependent characteristic is improved. 
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Abstract - Piezoelectric glass-ceramics consisting of lead zirconate 
titanate in a lead silicate matrix have been developed. A small region 
of compositions in this system yield the desired combination of glass 
formability, densification and crystallization behavior, and 
piezoelectric properties. Si02 is required for glass formability, while 
excess PbO allows low temperature processing. The amounts of these 
constitutes are limited by the optimization of piezoelectric properties. 
Selected compositions were melted and roller quenched to form 
amorphous ribbon. The glass ribbon was processed using two 
methods, either by directly heat treating to crystallize the PZT phase, 
or by ball milling into a glass powder. Pressed glass powders of 
selected compositions in this system densify to closed porosity at 
850°C with piezoelectric d33 and g33 coefficients of 38 pC/N and 
33xl0-3 Vm/N. This research demonstrates the feasibility of 
developing piezoelectric glass-ceramics with low processing 
temperatures that utilize powder processing techniques, such as 
pressing, screen printing, or tape casting, and indicates the potential 
incorporation of these materials into low-fire multilayer packages as 
sensors or actuators. 

INTRODUCTION 

Glass-ceramics are utilized in a wide variety of applications, and 
many useful techniques are established to control the crystallization 
behavior, microstructural development, and resulting properties[l]. 
The development of ferroelectric glass-ceramic compositions with 
useful piezoelectric properties will allow the advantages of glass- 
ceramic processing, such as forming methods and lower heat 
treatment temperatures, to be utilized. Glass powders of these 
compositions can- be prepared into pastes for screen printing onto 
thick-film circuits or into slurries for tape casting and integration into 
multilayer packages. The low firing temperatures inherent in glass- 
ceramic materials allow for potential compatibility with existing thick 
film conductors,.dielectrics, and resistors. 

Ferroelectric phases, such as PbTi03, BaTi03 and NaNb03[2- 
4], have been crystallized from glass since the 1960's for dielectric 
and electxooptic applications, but useful piezoelectric properties were 
achieved only recently by Wu and Zhu[5,6]. These lead titanate based 
glass-ceramics were found to not densify well in powder form at low 
temperatures (< 1000°C) [7]. However, with addition of excess PbO 
compositions in this system will densify to closed porosity at 850°C, 
and can be electrically poled to produce piezoelectric and pyroelectric 
activity[7], Very little research has investigated the crystallization of 
PZT from a glass[7-ll]. Brandmayr and DiVita[8] mentioned the 
processing of PZT glass-ceramics, but very little details and no 
electrical properties were provided. Park and Yamane[9] studied the 
crystallization behavior and dielectric properties of PZT glass- 
ceramics in the Fb0-Ti02-Zr02-Ge02 system. But no piezoelectric or 

pyroelectric properties were reported. Cornejo and Haun[10,ll] 
investigated the crystallization and densification behavior and 
resulting ferroelectric properties in the Pb5Ge3OirPbTiOrPbZr03 

glass-ceramic system. Multiple ferroelectric phases of Pb5Ge3Ou and 
PZT crystallized in these compositions, and the pyroelectric properties 
were investigatedfll]. The first piezoelectric properties of PZT glass- 
ceramics were reported by Houng and Haun[7]. This research is 
continuing, and additional results on PZT based glass-ceramics are 
presented in this paper. 

EXPERIMENTAL PROCEDURE 

A wide range of compositions were studied in the xPb(ZryTi!. 

y)03-zPbO'wSi02'uB203 system, where x=0.33-0.74, y=0-0.52, z=0- 
0.44, w=0-0.57, and u=0-0.57. This paper focuses on two glass 
compositions: 59.95(PbZr052Ti0.48)O3.13.35PbO-26.7SiO2 and 
60(Pb0.85Sr015) (Z10.49Ti0.45Nb0.MMn0.02)O3-6.4PbO'25.6SiO2.8Al2O3. 
The second composition illustrates the effect of various additives (SrO, 
Mn02, Nb205, and A1203), which were previously investigated by Wu 
and Zhu[5,6] in lead titanate based glass ceramics to improve the 
electrical properties. These compositions have a higher PZT content 
than the compositions reported by the authors in reference 7. A 
mistake was made in the formula of the compositions previously 
reported. In reference 7 compositions 60(PbZr0.52Ti0.48)O3' 
20PbO-20SiO2 and 85(Pb0.85Sr0.15)(Ti0.94Nb0.04Mn0.02)O3.10SiO2. 
5A1203 were actually 42.8(PbZr0.52Ti0.48)O3«28.6PbO«28.6SiO2 and 
73.9(Pb0.85Sr0.15)(Ti0.94Nb0.04Mn0.02)O3.17.4SiO2'8.7Al2O3 

respectively. 

The starting materials were reagent grade Pb304, Ti02, Zr02, 
SrC03, Mn02, Nb205, A1203 and Si02. Pb304 was chosen as a starting 
material instead of PbO to reduce the possibility of reduction to 
metallic lead and subsequent reaction with the platinum crucible. The 
batches were mixed by ball milling with zirconia media in methanol 
for 12 hours, dried at 50°C, and transferred to a platinum crucible for 
melting. The batches were placed into a furnace and melted for 15 
minutes at 1100-1300°C depending on the composition. The molten 
liquid was then quenched by pouring into a twin-roller quencher to 
form glass ribbon. Glass powder was prepared from the ribbon by 
ball milling in methanol with zirconia media for twenty-four hours. 
The glass powder was pressed into pellets without binder at a pressure 
of 10,000 psi. The pressed pellets (10 mm in diameter and 1-2 mm 
thick) were heated on a platinum sheet to various temperatures 
ranging from 450 to 1200°C at a rate of 10°C/min and held for 1 
hour. 
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The resulting glass-ceramic samples were ground into powder 
for x-ray diffraction, and polished and electroded with sputtered gold 
followed by a layer of air-dried silver paint for electrical property 
measurements. The dielectric constant was measured at 10 KHz on a 
Hewlett Packard HP4284A LCR meter. Ferroelectric hysteresis loops 
were measured with a Radiant Technologies RT66A Test System. The 
samples were then poled for 30 minutes to 1 hour at 180°C. The 
microstructures were also analyzed with SEM. 

RESULTS AND DISCUSSIONS 

X-rav Diffraction 

The 59.95(PbZr052Ti0.48)O3«13.35PbO-26.7SiO2 and 
60(Pb0.gJSr0.15) (Zr0.49Ti0.45Nb0.MMn0.02)O3-6.4PbO-25.6SiO2'8Al2O3 
compositions are referred to as compositions 1 and 2, respectively, in 
the following discussion. X-ray diffraction patterns of compositions 1 
and 2 as-quenched and after firing at various temperatures for one 
hour are shown in Figure 1. After firing at 450°C, pyrochlore and 
perovskite PZT crystallized. The intensity ratio of the pyrochlore to 
perovskite decreased as A1203 was added. Metastable pyrochlore lead 
titanate was observed by Martin[12] in the PbO-Ti02-Si02-B203 glass- 
ceramic system. Kokubo et al.[13] also found that metastable 
pyrochlore lead titanate occurred in PbO-Ti02-Si02-Al203 system. 
Their research also found that the addition of A1203 promoted the 
formation of perovskite. 

•   Perovskite PZT 
■  Pb,SiO, 
D  Pyrochlore PZT 

950°C 

850°C 

750°C 

950°C 

.       650°C 

550°C 

450°C 

As-quenched 

35 40 45 

TwoTheta 

Figure 1    X-ray diffraction patterns for 
«59.95(PbZrU3TiM)0)'13.35PbO26.7SiQ!and 
0>)60(Pbo.u Srcu XZWTiwj Nbo.o.Mno.oOQr 
6.4PbO25.6Si0J'8At0j heat treated at 
various temperatures. 
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Figure 1 shows that as the heat treatment temperature was 
increased to 650°C, the metastable pyrochlore PZT phase disappeared 
in both compositions and perovskite PZT became the dominant phase 
with a minor amount of Pb2Si04. The tetragonal splitting of the 
perovskite peaks for composition 1 were not observed in composition 
2, indicating that the additives in composition 2 decreased the c/a ratio 
of the tetragonal phase, and/or promoted more rhombohedral phase. 
The effect of these additives and the Zr/Ti ratio on the crystallization 
behavior and properties is currently being further investigated. 
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Figure 2 Densification behavior of compositions 
with (1 and 2) and without (3) excess PbO 
addition. 
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Densification Behavior 

Figure 2 shows the densification behavior of compositions 1 
and 2 compared to that of a composition without excess PbO. In the 
figure the diameter shrinkage of pellet samples is plotted versus 
temperature. Closed porosity corresponds to about 15% shrinkage. 
At a temperature of 450°C the samples start to soften and densify due 
to presence of the glass phase. At higher temperatures the Pb2Si04 

phase (see Figure 1) which has melting temperature of about 
747°C[14], may also contribute to densification of the samples. The 
73.9(Pb0.85Sr0.15)(Zr0.49Ti0.45Nb0.04Mn0.02)O3-17.4SiO2.8.7Al2O3 

composition without excess PbO did not densify until significantly 
higher temperatures at = 1100°C. 

Figure 3 shows SEM photographs of fractured surfaces of 
pellets of composition 1 fired at 850 and 950°C for 1 hour. These 
photos indicate that the samples densified to closed porosity. Figure 4 
shows SEM photographs of polished and etched (in 50% HF solution 
for 30 seconds) surfaces of pellets of composition 1. This etching 
procedure removed the residual glass phase leaving the crystalline 
PZT and Pb2Si04 phases. Figure 4 shows that by firing at 850°C the 
sample densified with 2-3 urn sized grains. Increasing the firing 
temperature to 950°C resulted in grain sizes increasing to around 5-10 
urn. The microstructures of composition 2 have very similar to those 
shown in Figures 3 and 4 for composition 1. 
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Figure 3   SEM photographs of the fractured surface of the 
59.95(PbZr032Tio«)0,' 13.35PbO-26.7SiQ composition 
heat treated at (a) 850 and (b) 950°C. 
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Figure 4 SEM photographs of the polished and etched 
surface of the 59.95(PbZr0;nTio^)03-13.35Pb026.7SiQ 
composition heat treated at (a) 850 and (b) 950°C. 
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Figure 5    Ferroelectric hysteresis loops for 
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Electrical Properties 

The addition of strontium and niobium oxides in PT or PZT 
lowers the curie temperature and improves the ability to electrically 
pole the samples[15]. The addition of manganese dioxide increases 
the electrical resistivity, and lowers the dissipation factor[16]. The 
hysteresis loops of compositions 1 and 2 fired at various temperatures 
are shown in Figure 5. The applied AC electric fields were increased 
on both compositions until breakdown occurred. Composition 1 
without any additives showed more rounded and unsaturated loops 
with higher coercive fields, and electrical breakdown at relatively low 
electric Fields (= 45-80 KV/cm depending on the sample firing 
temperature). Composition 2 with niobium and manganese oxides 
additions resulted in more square hysteresis loops, higher spontaneous 
polarization, lower coercive fields, and higher breakdown fields (~ 70- 
140 KV/cm). 

The electrical properties of these two compositions are 
summarized in Table 1. The dielectric constant of both compositions 
were similar. The addition of strontium and niobium oxides will 
normally increase the dielectric constant, but alumina addition from 
the glass phase may also diffuse into PZT, which will reduce the 
dielectric constant. The d33 coefficients of the glass-ceramic samples 
fired at 850 and 950°C are significantly less than that of pure PZT, 
but the g33 coefficients are similar in value. 
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1100°C. Samples processed at 850°C resulted in piezoelectric d33 and 
g33 coefficients of 38 pC/N and 33 xlO3 Vm/N. This research 
demonstrates the feasibility of developing piezoelectric glass-ceramics 
with low processing temperatures that utilize powder processing 
techniques, such as pressing, screen printing, or tape casting. 
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Abstract- The Ba(Ti,Sn)03 ceramics are known as relaxor 
materials and they show very small hysteresis of field induced strains 
and filed induced polarizations. Optical study was attempted to 
explain these dielectric properties. Domain structures and motions in 
BaCTij.j Snx)03 (x=0, 0.05, 0.1, 0.13) ceramics were observed 
under an electric field at various temperatures using a high resolution 
CCD microscope system. Electrical properties such as field induced 
strains, dielectric properties and field induced polarization 
characteristics were also measured. The Ba(Ti!.x Snj)03 ceramics 
showed a significant difference in domain structures and motions 
with changing in the composition. The domain structure became tiny 
and complex with increasing x. Changes of domain structures due to 
the phase transitions were also observed with varying temperature. 
The domain reorientation was easily induced with rising and falling 
an electric field. The results of domain observations can explain the 
electrical properties well. 

1. Introduction 

Observation of domain structures and domain motion is very 
useful for understanding the physical properties of ferroelectric 
materials because domains are fundamentally associated with 
ferroelectricity. For the past few years we have been reporting on the 
dynamic domain motion in single crystals such as barium titanate and 
lead zinc niobate based compositions1'2). 

This paper concerns the domains in Ba(Ti, Sn)03 ceramics. 
Ba(Ti, Sn)Ö3 solid solutions are known as typical relaxor 
ferroelectric materials, and they exhibit dielectric and 
electromechanical characteristics associated with relaxor ferroelectrics 
such as very small hysteresis in the field induced polarization and 
strain3'4^. These materials may provide a new category of useful 
actuator ceramics. Our investigation is focused on the domain 
motion in these materials as a means of analyzing the electrical 
characteristics. 

2. Experimental Procedure 

Samples of BaTi03(BT), Ba(Ti0 95Sn0 05)O3(BTS-5), 
Ba(Tio.9Sno.i)03(BTS-10) and Ba(Tiq.87 Sn0.i3)O3(BTS-13) were 
prepared by a conventional mixed oxide method. Mixed powders 
were calcined at 1100 °C for 2 hours. Disksl3 mm in diameter were 

pressed and sintered at 1350 °C for 10-50 hours in air. Sintered 

disks were sliced and polished 100 |im in thickness. One side of 

each sample was finished with 0.25 ]im diamond paste and attached 
on to a glass plate using resin; then the other side was polished and 
finished with 0.25 ^im diamond paste so that the sample thickness 

was less than 30 (im. Gold electrodes were sputtered on the sample 
surfacewith a gap of 800 ixm, and then silver wires were attached to 
the electrode as shown in Figure 1. 

Domain motions of samples were observed with a high- 
resolution(480,000 pixels) CCD microscope(Japan Hightech Co.) at 
various temperatures with an electric field applied parallel to the 
surface. Figure 2 shows the CCD microscope system. The reasons 
of using this CCD microscope are; l)a SEM or TEM has higher 
magnification but it is difficult to apply electric field to sample and 
2)an ordinary optical microscope can not record the quick domain 
motion. 

The dielectric constant versus temperature curve was measured 

in the temperature range from -100 to 200 °C using an automated 
Hewlett Packard system. Polarization versus electric field(P-E) 
curves were measured with a Sawyer-Tower circuit. Strain-field 
characteristics were measured using a linear differential transformer. 

Specimen 
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Electrode 

Fig. 1 Configuration of Sample. 

Optical Camera 

o o o na 

Sample Stage 
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Temperature 
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Cooling System 

B       B —c 
v4'M Amplifier 

Fig. 2 Configuration of CCD Microscope system. 

3. Results and Discussions 

Figure 3 shows the temperature dependence of permittivity for 
BT, BTS-5, BTS-10 and BTS-13. The Curie temperature shifts to 
the lower side, and the shape of the peak becomes remarkably 
broader with increasing Sn content. The Curie temperatures of BT, 
BTS-5, BTS-10 and BTS-13 are 121.4, 85.7, 46.1 and 25.3 °C, 
respectively. 

Electrical and electromechanical properties such as the P-E and 
field-induced strain characteristics were measured at room 
temperature, and the results are shown in Figs. 4 and 5. Compared 
with the BT sample, the BTS samples show smaller remanent 
polarization and less hysteresis. This is due to the Curie temperature 
shift to lower temperatures and the change of the phase transition 
characteristic from sharp to diffuse with increasing Sn content. The 
crystal structure of both BTS-10 and BTS-13 at room temperature 
was found to be pseudo-cubic. The field induced strain curves show 
a trend similar to the P-E curves(Fig. 5). With increasing Sn 
content, the hysteresis becomes smaller. 
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Fig. 3 Permittivity vs. temperature characteristics of BTS samples. 
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Fig. 4 Field induced polarization characteristics of BTS samples. 
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Fig. 5 Field induced strain characteristics of BTS samples. 

Figure 6 shows the typical domain structures of BT, BTS-5, 
BTS-10 and BTS-13 samples at room temperature. The domain 
walls of BT are very clear straight lines, and the width of domain is 
rather thick. On the contrary, the domains of BTS-5 are tiny and less 
well defined. With increasing Sn content, these domain walls became 
more tiny and less well defined and finally, could not even be found 
in large grains(BTS-13). Variation of the domain structure with 

";'<,;;:r,:\':v-: Ü 

(b) BTS-5 

(c) BTS-10 (d) BTS-13 

Fig. 6 Domain structures of BTS samples at room temperatue. 

temperature was also observed, and the results are shown in Figs. 
7,and 8. With increasing temperature, the domain walls became 
unclear and disappeared completely above the Curie temperature. 
BTS-5 showed clear and simple domain structure at 55 °C because it 
shows tetragonal phase at this temperature. When the temperature 

(b)  BTS-5(55  °C) 

(c) BTS-10(70 °C) (d) BTS-13(45 °C) 

Fig. 7 Domain structures of BTS samples at high temperature. 

was decreased, the BT and BTS samples showed different results. 
For the BT samples, the domain structures became difficult to define 
and some part of the large domains were divided into small spindle 
shape domains suddenly at 0 °C. We attribute this to the phase 
transition from tetragonal to orthorhombic at this temperature. The 
difference between the domain shapes in the tetragonal and 
orthorhombic phases is very clear, however the difference between 
domain shapes in the orthorhombic and rhombohedral phases is not 
significant. BTS-5 sample showed clear phase transitions from 
tetragonal to orthorhombic as shown in Fig.3 but it didn't show any 
sudden change of domain shape due to the phase transition like BT 
samples. The BTS-10, BTS-13 samples showed a gradual change 
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of domain structures with decreasing temperature. The domain walls 
became clear, in general, at a lower temperatures. It is noteworthy 
that the BTS-13, which does not show any domain walls at room 
temperature, shows obvious domain walls at low 
temperature(Fig.8). The domain size at this temperature is tiny and 
the domain walls are rather difficult to distinguish. 

(a) BT(0 °C) (b) BTS-5(-50 °C) 

(c) BTS-10(-90 °C) (d) BTS-13(-60 °C) 

Fig. 8 Domain structures of BTS samples at low temperature. 

Figures 9 and 10 show domain motion of the BT and BTS 
samples as a function of electric field at room temperature. A field of 
±10 kV/cm was applied to the samples. The BT samples showed 90° 
and 180° domain switching with application of the electric field. 
When +10 kV/cm was applied to the BT sample, the domain walls 
were reoriented by 90° (Fig.9(b)). The reoriented domain walls 
remained even after removing the electric field(Fig.9(c)). The 
reoriented domain walls returned to their initial orientation when a 
small negative bias was applied(Fig.9(d)). The hysteresis of the 
domain motion is associated with the hysteresis in the P-E and field 
induced strain characteristics. BTS-5 sample also showed small 
hysteresis of domain motion. Poled domain shape is different from 
both of initial state and with field state. On the contrary, the BTS- 

& ■Jfi'*'* 

(a) Initial State (b) 10 kV/cm 

,|%» 
*L*# 

& §.     W     ^ * *      . 

(c) 0 kV/cm (d) -6 kV/cm 

Fig. 9 Variation of domain structures of BT sample under an electric 
field. 

10,13 samples did not show any hysteresis of domain motion as 
shown in Fig. 10,11. Applying an electric field up to +10 kV/cm to 
the BTS-10 sample induces domain growth from tiny and complex 
domains to large and simple domains, and the domain structure 
returns to its initial state as the electric field is removed. In the case 
of the BTS-13 sample, the domain walls were observed only when 
an electric field of ±5 kV/cm was applied, and these domain walls 
disappeared above ±5 kV/cm as well as zero field. The domain 
dynamics of the BTS-13 sample is associated with the small 
hysteresis of P-E and field induced strain characteristics. 

(a) Initial State 

iilPlfll 

(c) 0 kV/cm 

Fig. 10 Variation of domain structures of BTS-10 sample under an 
electric field. 

(a) Initial State 

:   .\«. 

(b) 5 kV/cm 

(c) 10 kV/cm 
W-"~». 

(d) 0 kV/cm 

Fig. 11 Variation of domain structures of BTS-13 sample under an 
electric field. 

4.Conclusions 

Domain structures of Ba(Sn,Ti)C>3 become drastically smaller, 
less well-defined and more complex with increasing Sn content. 
These micro domain configurations are rather similar to those of the 
relaxor ferroelectric PbCZnj^Nb^X^l). 

The domain motion of the BaTiC>3 and Ba(Tio.95Sno.05)03 
ceramic show hysteresis under an electric field, while the 
Ba(Ti0.9Sno.l)03 and Ba(Tio.87 Sno. 13)03 samples do not exhibit 
hysteresis; this explains reasonably the superior nonhysteretic 
characteristic in the induced strain curve of Ba(Ti,Sn)03- 
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Influence of Proton-Exchange Conditions on Ferroelectric 
Domain Inversion Caused in LiTa03 Crystals 

Abstract 

Ailie Tourlog and Kiyoshi Nakamura 
Faculty of Engineering, Tohoku University 

Sendai 980, Japan 

Proton exchange followed by heat    clarified yet. 

In this paper, the dependence of the inversion layer 
thickness upon the proton-exchange time and temper- 
ature are reported, and the relation between the thick- 

treatment of LiTa03 crystals causes domain inver- 
sion at the negative surface. The dependence of the 
ferroelectric inversion layer thickness on the proton-  _.„„.„„„ ^>„^L „ilc 

exchange time and temperature is experiment ally in-    nesses of the inversion layer and the protra-exchanged 
vestigated. The results show that there exists a thresh-   layer is discussed, 
old in proton-exchange time and temperature for form- 
ing the inversion layer, and that the inversion layer 
thickness can be approximately expressed by a unique 
function of the proton-exchanged layer thickness. 

INTRODUCTION 

The domain inversion phenomenon [l]-[4] caused in 
LiTa03 crystals by proton exchange[5] and heat treat- 
ment has received much attention. In the inverted do- 
mains, the odd rank tensors, such as piezoelectric, py- 
roelectric and nonlinear optic constants are opposite 
in sign to the original ones. This character^ of the in- 
Verted domains of LiTa03 is useful for surface acous- 
tic wave devices [6],[7], quasi-phase-matched second- 
harmonic generation (QPM SHG) devices [8],[9], and 
pyroelectric IR detectors [10].   It is important both 
for understanding of the domain inversion mechanism 
and for practical use of inverted domains to exam- 
ine the dependence of the thickness of the inverted 
domains on the proton-exchange and heat treatment 
processes.   So far, the dependence has been partly 
investigated[l]-[4],[ll]. It has been shown that the in- 
version layer thickens with increasing the heat treat- 
ment time to a certain extent, but it remains almost 
constant for a long heat treatment, and that the in- 
version layer could hardly be formed for the case of 
very slow temperature elevation. For precise control 
of the inversion layer thickness, the proton-exchange 
temperature and time are more convenient parame- 
ters. However, the data published so far on the depen- 
dence of the inversion layer thickness on the proton- 
exchange conditions are insufficient. Although the re- 
lationship between the inversion layer and the proton- 
exchanged layer is very basic and important for bet- 
ter understanding of the phenomenon, it has not been 

EXPERIMENTAL 

The samples used in the experiments for investigat- 
ing the influence of the proton-exchange conditions 
on the domain inversion were 0.5-mm-thick single- 
domain Z-cut LiTa03 plates. The plates were pro- 
ton exchanged in a melt of benzoic acid for 10 min to 
20 h at temperatures ranging from 160°C to 250°C. 
After cleaning in methanol, samples were cut along 
the crystallographic X axis. To measure the thick- 
ness of the proton-exchanged layer, the cross section 
of the samples was polished and etched in a mixture 
of HF and HN03, and then observed with a polar- 
izing microscope. Figure 1 is a photomicrograph of 
the cross section of a sample proton-exchanged for 
20 h at 243°C. The proton-exchanged layer about 3.2 
^m-thick can be seen.  Then, the samples were heat 

Proton-Exchanged Layer! 

Fig.l Photomicrograph of cross section of a sample 
proton-exchanged for 20 h at 243° C. The proton- 
exchanged layer about 3.2 /jm-thick can be seen. 
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treated for 1 h at 590° C which is a little below the 
Curie temperature, and the period of temperature el- 
evation was kept constant (1 h) for all samples. After 
heat treatment, the sample was cut again, polished, 
and etched for measuring the inversion-layer thickness 
with an optical microscope. 

The measured thicknesses of the proton-exchanged 
layer and inversion layer of the plates proton exchanged 
at 243°C are shown in Fig.2 as functions of the proton- 
exchange time tfpE- A threshold of the proton-exchange 
time to cause a domain inversion exists at about 20 
min. Figure 3 shows the dependence of the proton- 
exchanged layer and inversion layer thicknesses upon 
the proton-exchange temperature TPE under constant 
proton-exchange time. The proton-exchange was car- 

ried out at several temperatures ranging from 180°C 
to 250°C for 6 and 20 h. A threshold of the proton- 
exchange temperature also exists, as no inversion layer 
was formed at about 190°C for proton exchange time 
of 6h. 

DISCUSSION 

To explain the mechanism of the domain inversion 
phenomenon the following model has been proposed 
by the authors[3],[4]: During proton exchange process, 
excess protons may be diffused into LiTaOß plate, 
thereby yielding positive space charges; Consequently, 
an internal electric field directed outward from the 
plate builds up by the space charges near the surface; 
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ness and (b)inversion layer thickness on proton- 
exchange time. Samples were proton-exchanged at 
243° C and heat treated for 1 h at 590°C. 
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Fig.4 Relation between inversion layer thickness and 
proton-exchanged layer thickness. 

The electric field in the proton-exchanged layer may 
cansed a local domain reversal only at the negative 
surface when the plate is heated to a high tempera- 
ture where the coercive field of LiTa03 is sufficiently 
low. Some experimental results have been shown to 
support the space-charge field model[l2],[l3]. A simi- 
lar model for explaining the mechanism has been pre- 
sented by Mizuuchi et al[l4]. 

According to the model, the existence of the thresh- 
olds in proton exchange time and temperature to cause 
a domain inversion may be explained as follows: Be- 
low the threshold, the internal electric field built up by 
space charges may not reach the coercive field at the 
heat treatment temperature, and therefore the spon- 
taneous polarization may not be inverted. 

From Figs.2 and 3, the relations between the thick- 
ness of the proton-exchanged layer and that of the in- 
version layer can be obtained. Figure 4 represents the 
relations both for constant proton-exchange tempera- 
ture of 234°C and for constant proton-exchange time 
of 20 h. As seen from this figure, the inversion layer 
thickness di has a strong correlation with the thick- 
ness of the proton-exchanged layer <fpE. The inversion 
layer thickness d\ can be approximately expressed by 
a unique function of dpE- 

di = V-517 + 2170dPE  [ßm] (1) 

This function is shown in Fig.4 with a solid curve. 
The inversion-layer thickness is much thicker than 

that of the proton-exchanged layer. Based on the 
space-chage filed model, this may be explained as fol- 
lows: The protons in the proton-exchanged layer dif- 
fuse deep into the substrate during the heat treatment 

process, and therefore the proton-exchanged layer thick- 
ens. 

CONCLUSIONS 

The dependence of the inversion-layer thickness on 
the proton-exchange conditions has been experimen- 
tally investigated. It has been shown that there ex- 
ists a threshold in proton-exchange time and temper- 
ature to cause a domain inversion, and that the inver- 
sion layer thickness can be approximately expressed 
by a unique function of the thickness of the proton- 
exchanged layer. These experimental results are use- 
ful for precise control of the inversion layer thickness 
for practical use. 
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HREM Studies of Ordered Superstructure in PMN and PLMN Ceramics 
Liu Yinmei, Song Chengyu, Wen Baosong 

Shanghai Institute of Ceramics, Chinese Academy of Sciences 
1295 Dingxi Road, Shanghai 200050, China 

Abstract Pure and La-doped lead magnesium niobate have 
been studied by high resolution electron microscopy combining with 
computer simulation. There show nanosize superstructural 
microdomains in the [110] HREM image of Pb(Mg1/3Nb2/3)03, and 
the domains grow up to an extent of about 40nm~over 150nm by 
10-20% La-doping. Through the computer simulation and 
processing, the superstructure is confirmed relating to the ordering 
on the B-sites, and explicit description and explanation of the 
ordered structure, the microdomains' form and growth are given. 

INTRODUCTION 

Structural order-disorder on the B-sites of a large group complex 
perovskite oxides A(B'B")03 has been widely considered 
responsible for the diffuse phase transition and dielectric relaxation, 
and has more or less influences on many other properties as wellfl- 
2]. There is discovered and demonstrated existing some 
nonstoichiometric 1:1 ordering on the B-sites of the perovskite lead 
magnesium niobate Pb(MgI/3Nb2/3)03[3-4]. Because of the short- 
range character of the ordering, the selected area electron 
diffraction (SAED) pattern and centered-dark-field (CDF) image 
just show weak superlattice spots {h + 1/2, k+1/2, 1+1/2} and a 
nanosize of ordered microdomains. By the method of La3+ cations 
substitution on the A-sites which can effectively promote the B- 
sites' ordering and enlarge the microdomains[5-7], the TEM 
observations still reveal not much of the superstructural characters 
and details as a result of the instrumental detective limitation. In 
this paper, we use high resolution electron microscopy (HREM), 
under the help of computer simulation and processing, to study 
three kinds of ceramics Pb(Mg1/3Nb2/3)03 (PMN), 
Pbo.9La0.1(Mg1.1/3Nb1.9/3)03 (PLMN10) and Pb0.8La0.2(Mg0.4Nb0.6)O3 

(PLMN20), and realize the ordered superstructure and it's 
microdomains directly and comprehensively. 

EXPERIMENTAL 

PMN and PLMN are prepared according to the fabrication 
process developed by Swarts and Shrout[8], first the columbite 
phase MgNbA is calcined at 1000°C for 6 hours, then the 
powders of Pb304, La203 and MgNb206 are mixed for the second 
calcination at 850 °C for 2 hours. The sintering temperatures of the 
pressed pellet samples are between 1200°C ~1300°C inside a 
covered alumina crucible. Analyzed by X-ray diffraction, only 
PLMN contain a little pyrochlore phase, and SEM certifies the 
grain growth of all are quite well. 

Samples for electron microscope observation are made by both 
ion-beam thinning and crushing, the high resolution images in 
addition to the electron diffraction patterns are obtained with a 
JEM-200CX high resolution electron microscope at room 
temperature. In the computer simulation and processing, AST386 
microcomputer, HP Laserjet printer and Scanjet scanner with a 
resolution of 300DPI are involved. 

RESULTS AND DISCUSSION 

Computer Simulation of HREM Image 
As the contrast of a HREM image is a function of specimen 

thickness, objective lens defocus and many other factors, computer 
simulation is usually employed to aid interpreting the HREM image 
and identifying the crystal structure. By calculating through the 
computer program the datum of supposed crystal structure with 
varied experimental conditions of image-forming such as different 
specimen thickness and defocus values, a series of simulated images 
will be given out, and later be compared with the HREM images so 
as to confirm the supposed crystal structure if they match well. 

Fig.l is the typical perovskite structure of PMN, in (a) fully 
disordered B-site cations form a simple cubic structure and in (b) 
fully 1:1 ordered B-site cations form a face-centred cubic structure. 
The unit cell parameter of the later is twice that of the former. 

Fig.2 are twelve computer simulated images of different 
specimen thickness. and defocus values for PMN disordered 
structure and ordered structure respectively. The [110] zone are 
selected common for both simulated images and HREM images 
because only along that direction can the 1:1 ordering on the B-sites 
be clearly observed. From Fig.2, it is obvious that the contrasts of 
the simulated images for the ordered structure are dissimilar to 
those for the disordered structure, which implies a twice long 
periodicity in the former. 

Ordered Structure and Microdomains in HREM Images 
The HREM images with corresponding SAED patterns attached 

of PMN and PLMN along the [110] direction are shown in Fig.3-5. 
From the patterns, all have the expected cubic symmetry with 
additional (1/2,1/2,1/2) superlattice spots, which indicate that twice 
periodic superlattice appears along the < 111 > directions, i.e. there 
yields a superstructure of face-centered cell with parameter a=2ao. 
As the analysis conditions are kept same, the brightness of PLMN 
superlattice spots being stronger than that of PMN's gives the 
evidence that La-doping in PMN facilitates the formation of 
superstructure. 

© Mg2+/Nb5+    m Mg2+       • Nb
5+ 

Pb2+ o O2- 

Fig. 1 Structure models of perovskite PMN for (a) disordering on B- 

sites and (b) 1:1 ordering on B-sites. 
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Fig.2 Through-focal/through-thickness series of simulated images for ordered and disordered structures. 
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Fig.3 (a) HREM image and corresponding SAED pattern of PMN. 
(b) Computer processed image of (a), showing the nano-sized domains with a network form. 
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Fig.4 (a) HREM image and corresponding SAED pattern of PLMN10. 
(b) A low magnified image of (a), showing curved domain boundaries. 
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Fig.5 HREM image and corresponding SAED pattern of PLMN20. 

In the pure PMN, there are ordered microdomains about 
l~5nm well-distributed in the disordered matrix in a form of 
imperfect network, rather than a form of isolated islets as they seem 
to be according to the CDF image[9], and Fig. 3b shows the 
network form more clearly through the computer processing of the 
HREM image. In the 10% La-doped PMN, the microdomains 
grow up to 20~40nm and are separated by long narrow wavy 
disordered areas as Fig.4b shows, which are called antiphase 
domain boundaries in some papers[5,6]. The ordered regions in the 
20% La-doped PMN are much larger, which is hard to estimated 
from the HREM image. 

CONCLUSION 

(1) By HREM, 1:1 ordering on the B-sites of PMN is discovered, 
and its ordered microdomains are recognized. 
(2) La-doping on the A-sites could promote the ordering degree and 
enlarge the microdomains. 
(3) Relevant computer simulation and processing greatly help to 
confirm the ordered or disordered structure and reveal the forms of 
ordered microdomains. 

In the HREM image of PMN(Fig.3a), there show regular- 
distributed bright dots spaced by about 4A(aJ on the [001] direction 
and 2.83Ä(acA/2) on the [110] direction, forming a rectangle 
lattice. Most of the dots are as bright as each other and give out an 
even contrast. Comparing the HREM image with the 
simulated(Fig.2), disordered structure of B-sitecations' arrangement 
is confirmed to be the main feature of the pure PMN. 
Nevertheless, in a few areas about nanosize, some dots become less 
bright or almost fade one over two along the [001] and [110] 
directions. And such phenomenon could be more clearly observed 
in the images of PLMN, that is, bright dots alternate with weak 
dots spreading over the great part of the HREM image of 
PLMN10(Fig.4a) and the whole of the HREM image of 
PLMN20(Fig.5), forming a rhombic lattice. This result like what 
the patterns have shown, just illustrates the presence of a 
superstructure with double unit cell parameter. After the 
comparison between the HREM images and the simulated(Fig.2), 
the superstructure could be found in good agreement with the 
ordered structure of 1:1 arrangement on the B-sites, which means 
Mg2+ cations and Nb5+ cations occupy the B-sites of the perovskite 
alternatively, exhibiting a face-centered structure with double 
period as Fig. lb shows. So it is concluded that an ordered 
superstructure of Mg2+:Nb5+ = l:l emerges in PMN, and the 
ordered regions (named microdomains formally) would grow up to 
much larger size in the La-doped specimens and become their 
important microstructural features. 

The Effect of La-doping and the Form of Ordered Microdomains 
The 1:1 ordering on the B-sites in PMN is nonstoichiometric 

which deviates from the proportion of 1:2 of the overall chemical 
composition. This will certainly cause the compositional fluctuation 
of rich niobium outside the domains and rich magnesium inside the 
domains, and further lead to the generation of space charges at the 
domain boundaries, which will reversely inhibit the domains' 
growth and make them just about nanosize. By introducing high 
valence dopants such as La3+ to replace some Pb2+ cations and 
adjusting the Mg2+:Nb5+ ratio closer to 1:1 for charge balance, it 
would counteract the effect of the space charges, reduce the 
compositional fluctuation and benefit long range ordering on the B- 
sites, so the ordering is promoted and the domains are enlarged[5- 
7]. The HREM analysis results of the pure and La-doped PMN 
specimens precisely speak for the fact. 
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The value of nonlinear coefficients in ferroelectric crystals 
grows near the phase transition. Therefore a series 
resonance circuit consisting of a linear coil and a nonlinear 
capacitor that is made of ferroelectric material can show all 
features of nonlinear dynamical systems: period-doubling, 
hysteresis and chaotic behavior. In periodic windows we can 
fit experimental data-sets to a model equation. In the 
chaotic region it is necessary to use a method of controlling 
chaotic systems to switch into periodic behavior. This 
method perturbates the system only in a very small range. 
The advantage of the control method introduced by Ott, 
Grebogy and Yorke is that one can get all needed 
parameters of control only by system measurements without 
using any kind of model. In a real physical system it is very 
difficult to determine these perturbations as fast as needed. 
That's why we achieve control of chaos using an universal 
electronic unit. 

INTRODUCTION 

In many fields of nature, science and engineering we can 
find nonlinear phenomena. Most of them are very complex 
and difficult to understand like processes in the atmosphere, 
some of them seem simple like a nonlinear resonance 
circuit, the system of our investigation. 
In periodic states we use a model which describes the system 
and fit the data to this model. In the chaotic regions it's 
impossible to fit the data. So we stabilize the system with 
very small perturbations to a period one without changing 
the system characteristics. We developed an electronic unit 
with special features to do this. 
The nonlinearity of the resonance circuit is given by a 
capacitor with a nonlinear dielectric material. The capacitor 
is a thin crystal (0.1-1.0 mm) of the investigated material 
with thin metallic surface films. We use crystals of triglycine 
sulfate (TGS) and betaine arsenate (BA) at a temperature 
below the phase transition. 
This capacitor is connected in a series resonance circuit, 
which is shown in fig. 1. 
There is L the linear inductance, C^ the nonlinear 
capacitor, Q^ and R a linear capacitor and a linear resistor 
for measure the dielectric displacement D and their 
derivation j (current density) in the system. The series 
resonance circuit is driven by a sinusoidal voltage. 
The model we use to describe the dynamics of the nonlinear 
series resonance circuit is based on a substitution of the 
ferroelectric capacitor with a parallel-circuit that consists of 
an ideal nonlinear capacitance and a linear resistor. The 
former one models the nonlinear ferroelectric properties, 
whereas the latter one stands for the dielectric losses. 

U. ext 

c 
XJ~D 

U-T)=j 

Fig. 1: Nonlinear series resonance circuit 

Analyzing the new circuit with Kirchhoff s laws yields 

Lb j^(V3«4D^...)*F^ dD 
dt 

* bi^Lhot^*...) 

where a^ and a4 are the coefficients of a generalized 
Landau-Potential 

v<-%*    ' 4 

This model equation can be fitted to periodical experimental 
data sets by a numerical method [14]. 

METHODS OF NONLINEAR DYNAMICS 

A system can be characterized by the motion in the phase 
space, but if the system is chaotic, then the quantity of data 
is very large. To reduce this quantity without loss of 
interesting information we use a method introduced by 
Poincare. Fig. 2 shows this method in the case of a 2- 
dimensional phase space. In consideration of time we have 
a 3-dimensional space. If the system is driven periodically, 
these 3 coordinates can be transformed into cylindrical 
coordinates. The angle is represented by time. Let P be an 
2-dimensional hyperplane transversal to the trajectory at a 
point XQ. Then this hyperplane is crossed by the trajectory 
every T seconds, where T is the period length. So a 
sequence of points on the so called poincare section can be 
described. 
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phase space 

Poincare section P 
trajectory 

Fig. 2: Construction of an poincare section 

If the system is periodic with period p, then p Points x(t) 
exist on the hyperplane and these points satisfy the condition 
x(tx)=x(tI+p*T). On chaotic motion an infinit number of 
different points exist on the poincare section and a strange 
attractor can be obtained. The fig. 3 shows a strange 
attractor of the nonlinear series resonance circuit with 
betaine arsenate. 

For the dielectric nonlinear circuit this situation is illustrated 
in fig. 4. In this figure the D-coordinate of the poincare 
section is recorded experimentally versus the value of the 
external parameter. Note that there is no higher periodicity 
than 4T due to the limited resolution of the A/D-converter. 
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Fig. 3: Attractor of betaine arsenate 

Using the poincare section the local dynamics of the system 
at a given point can be determined by a linearization in a 
small neighborhood of this point. It isn't necessary to know 
the dynamical equations describing the system. 
A typical route to chaos of a dynamical system is the 
well-known Feigenbaum scenario. This scenario starts from 
a stable state of the system. This state is IT periodic and 
corresponds with one point in the poincare-section that is 
observed at a certain value of an external parameter (e. g. 
frequency). If this external parameter is increased (or 
decreased) the system switches suddenly at a so called 
bifurcation point to a 2T periodic state that corresponds to 
two points in the poincare section. Further increasing or 
decreasing respectively of the external control parameter 
yields more bifurcation points, each doubling the periodicity 
of the system. Finally, when the number of points in the 
poincare section goes to infinity, the system has reached a 
chaotic region. 

CONTROLLING METHOD 

We want to use the method proposed by Ott, Grebogy and 
Yorke (OGY) [1]. This method is using the specific 
properties of the unstable periodic saddle orbits embedded 
in the chaotic attractor. These saddle points have stable and 
unstable directions of motion. The basic idea of the control 
method is to change a parameter (which can vary from 
outside of the system) in a small range and to force the 
system to the stable direction. We achieved control of the 
chaos-region only with very small perturbations of the 
system. The value of this perturbation should be selected in 
such way, that the system approachs that orbit in the next 
time if it is found next of this unstable periodic orbit. The 
system meets the requirements, if it depends on a 
parameter, which is variable in a small interval and we have 
an iterative map (poincare section) with unstable periodic 
orbits. The formula introduced by OGY is the following 
equation 

f*w 

There the vector fu is the unstable contravariant basis vector. 
This vector gives the direction of the unstable manifold of 
the fixed point. The parameter Au is the corresponding 
eigenvalue, the vector w comes from the linearisation and 
Sla is the difference between the fixed point £F and the 
momentary system state £n. 
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In our case we have an 2-dimensional poincare section of 
the nonlinear series resonance circuit, so one can write down 
the perturbation after some equivalent transformations 

EXPERIMENTAL SETUP 

Figure 5 shows our experimental setup. 

da = a - (b*D + c*j). 

There are D and j the system state and a,b and c are 
parameters which are constant. 
The parameter da is multiplied by us with a factor v (v is 
approximately 1.0). In practice we have found, that the 
perturbation can be decreased without loosing control for a 
smaller influence of the system. We had also found, that in 
case of noisy systems it's possible to reach control by 
increasing the perturbation, the used formula looks like 

L 

C., 

da = v * [a - (b*D +c*/)]. 

This equation shows, that the formula confines to two 
multiplications   and   two   additions/subtractions,   if  the 
parameters are adequate summarized. 
We chose the driving amplitude of the series resonance 
circuit as an external parameter of perturbation. 
The advantages of this method are listed as follows: 

* One can get all needed parameters of control only by 
measuring of the system without using any kind of model. 

* It needs only very small perturbations. 

These features are the main reasons for universal usability of 
this method. 
The sum of calculating and IEEE-bus transfer time effects 
an noneglectable phase shift in the used frequency range of 
the series resonance circuit. We investigate a quick system 
for controlling chaos, the frequency is 1-5 kHz. For this 
reason we chose a technique with an electronic unit. This 
control system calculates the perturbation with the formula 
given by Ott, Grebogy and Yorke on a hardware based way 
like an analog-computer and has some additional features 
for system requirements. 
The electronic unit calculates the perturbation parameter 
continuously, but we need only the value in the very moment 
of getting a point in the poincare section (until we get the 
next point). Thats why we need a Sample&Hold circuit 
triggered by the driving generator. 
We demand a very small value for perturbation, but it may 
be that this parameter is not small. That happens every time 
the state of the system is far from the fixed point. In this 
case, the system can't be perturbated. So we need a window- 
discriminator to prevent the unit from perturbating. The 
output of this discriminator modulates the driving voltage, 
that comes from the generator. 
No modulation takes place, if the calculated perturbation is 
zero or too high. 

Fig. 5: Experimental setup 

On_the left-hand side one can see the nonlinear series 
resonance circuit with the linear inductance L, the nonlinear 
capacitor C^, the linear deriving capacitor C^ and the 
resistor R, wich are used to get the signals of the system. 
These signals are digitized by the digitizer and transmitted 
via IEEE-bus to the controlling computer. We can watch the 
phase space by an analog device, too. The time of 
measurement is locked to the driving frequency by the 
trigger signal of the generator. So we get a poincare section 
of the phase space. All parameters are calculated by the 
controlling computer from this map. This computer adjusts 
the electronic unit, too. 
The parameters a,b and c are generated by a D/A-converter 
and are brought into the electronic unit. They are constantly, 
if the environment of the system (temperature, driving 
frequency, etc.) is not changed. The controlling computer 
can calculate other problems like determining other unstable 
orbits of the chaotic attractor after adjusting the controlling 
unit. The electronic unit realize the real control process on 
a hardware based system by perturbating the nonlinear 
series resonance circuit with small modulation of the driving 
voltage. 

RESULTS 

The results of the control are shown in fig. 6. There are 
shown the  control perturbation in percent of driving 
amplitude and the dielectric displacement vs. the control 
step. 
In the left hand side the control is switched off and then is 
switched on. One can see, that the perturbation is smaller 
than 1% for success of chaos control. 
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Fig. 6: Results of control process 

In first time after the control is switched on, the 
perturbation is large - the system is forced to a stable orbit. 
A smaller perturbation is needed to hold the system in a 
periodic window, if this orbit is reached. 

SUMMARY 

Ferroelectric materials within a series resonance circuit show 
interesting effects like period doubling and chaos (e.g. fig. 
4). To fit the data obtained from a measurement to our 
model a periodic non-chaotic state is needed for success. In 
chaotic regions we control the resonance circuit with very 
small perturbations of driving amplitude by a method 
introduced by Ott, Grebogy and Yorke. The formula is 
modified for a 2-dimensional system. To do the control as 
fast as needed at higher frequencies we use a universal 
electronic unit to reduce the phase shift. The control- 
parameter needed for this unit are obtained only from a 
measurement using a time series at the poincare section 
without any kind of model. In the next time we will control 
higher periodic orbits in order to improve our model and to 
use the infinite collection of unstable periodic orbits in the 
nonlinear dynamical system. 

[I] E. Ott, C. Grebogy, J.A. Yorke, Phys. Rev. Lett., p. 
1196, 1990. 

[2] H. Beige, M. Diestelhorst, R. Forster, T. Krietsch, 
"Chaos near structural Phase Transitions", Phase 
Transitions, 37 (1992), pp. 213-238 

[3] E. Brauer, H. Beige, L. Flepp, M. Klee, "Series 
Resonance Circuit with ferroelectric Capacitor", Phase 
Transitions, 42 (1993), pp. 169-187 

[4] E. Brauer, S. Blochwitz, H. Beige, "Chaos and 
Regularity in a Ferroelectric Duffing-like Oscillator", in 
Proceedings of the Conference Nonlinear Dynamics of 
electronic Systems NDES '93, Dresden (Germany), 1993 

[5] A. Hübler: Helvetica Physica Acta, 62, 343, 1989 
[6] B. Hübinger, R. Doerner, W. Martienssen, Zeitschrift 

für Physik B [Condensed Matter], 90, 103, 1993 
[7] U. Dressier, G. Nitsche, Phys. Rev. Lett., 68, 1, 1992 
[8] W. L. Ditto, S. N. Rauseo, M.L. Spano, 'Experimental 

control of chaos", Phys. Rev. Lett., 65 (1990), pp. 3211- 
3214 

[9] E. R. Hunt, "Stabilizing high-period orbits in a chaotic 
system - The diode resonator", Phys. Rev. Lett., 67, 15, 
1991, pp. 1953-1955 

[10] K. Pyragas, A. Tamasevicius, "Experimental control of 
chaos by delayed self-controlling feedback", 
Phys. Lett. A, 180, 1993, pp. 99-102 

[II] M. Diestelhorst, R. Hoffmann, H. Beige, "Nonlinear 
Properties of TGS- and BaTi03-Crystals with Defects", 
Jpn. J. Appl. Phys., 24 (1985), Supl. 24-2, p. 1019 

[12] E. Brauer, S. Blochwitz, H. Beige, Bifurcation and 
Chaos, vol. 4, no. 2, 1994 

[13] H. Beige, M. Diestelhorst, R. Forster, J. Albers, J. 
Petersson, Z. Naturf. 45a, 958 (1990) 

[14] S. Blochwitz, PhD Thesis, Martin-Luther-University 
Halle-Wittenberg, (in German) 

ACKNOWLEDGEMENT 

This work has been supported by the Sonderforschungs- 
bereich 185 der Deutschen Forschungsgemeinschaft and the 
Ministerium für Wissenschaft und Forschung des Landes 
Sachsen-Anhalt. One of us (S. B.) is supported by the 
Studienstiftung des Deutschen Volkes. 

232 



THINNED FERROELECTRIC CRYSTALS AND CERAMICS 
Susan Trolier - McKinstry 

Intercollege Materials Research Laboratory 
Pennsylvania State University 

Abstract — In interpreting the properties of thin film 
ferroelectrics, it is useful to have baseline electrical property 
data on thinned single crystals and ceramics over the same 
thickness range. In this study, the properties of thinned 
BaTi03 have been investigated. To examine the quality of the 
surfaces produced, spectroscopic ellipsometry (SE) was used. 
This technique is capable of depth profiling the optical 
properties of dielectric materials with a resolution in the 
Ängstrom range. It was found that both polishing and 
chemical etching lead to disturbed regions on the sample 
surface due to mechanical damage, residual roughness, and 
chemically inhomogeneous layers. As expected in the case of 
mechanical polishing, the depth of the damaged layer 
increased with grit size. For both polishing and etching it is 
possible to prepare surfaces with less than ~ 200A of optically 
- detectable damage. It was shown that for unelectroded c- 
domain BaTiC>3, irreversible changes in the SE spectra as a 
function of temperature occur if measurements are made 
immediately after poling. It was also shown that if a gradient 
in the polarization exists at the surface of the sample, it 
appears to be confined to a layer on the order of 100 A thick. 

INTRODUCTION 

Many techniques have been utilized over the years to 
investigate the properties of ferroelectric surfaces. As most of 
these were indirect, however, information on the thickness and 
electrical properties of the anomalous region near the surface 
is limited. SE, while still indirect, permits depth profiling of the 
optical properties of a sample in the near surface region, and so 
should be useful in re-examining the question of surface layers 
on ferroelectrics. 

EXPERIMENTAL PROCEDURE 

Depth profiling of the ferroelectric surfaces was 
performed using a rotating analyzer spectroscopic ellipsometer 
adapted for measurements of transparent materials. Details on 
the configuration and calibration of the instrument and the 
achromatic compensator have been given elsewhere [1] In 
most cases, data were acquired and modeled over the 
wavelength range of 400 - 800 nm. 

A top-seeded melt-grown BaTi03 crystal was polished 
to a final grit size of 0.05 um v- AbCh usine kerosene as a 
solvent. The crystal was then poled to eliminate 90° twins. 
To check for contamination of the surface with organic 
phases, the sample was exposed to a 60eV Ar ion beam. The 
same crystal was also etched in a 1:1:3 mixture of H2O2, HC1, 
and deionized H2O to remove the polishing damage. 

SE measurements were made at room temperature with 
and without an achromatic compensator. Measurements on 
single crystal BaTiC>3 were collected at incidence angles of 
56°, 60°, 75°, and 80° at each temperature. The chamber was 
then heated to the next temperature and the cycle was 
repeated. To prevent cracking the crystal, the ramp rates on 
both heating and cooling were maintained at < 0.1°C/min. All 
four data sets at each temperature were modeled 
simultaneously using computer code which accounted for the 
optical anisotropy of the sample. Since the design of the 
heating chamber did not permit measurements to be made in 
the straight-through position with the sample in place, all data 
at elevated temperatures were collected without the 
compensator. Data taken without a compensator were 
modeled using the *P data only, whereas data taken with the 
compensator were modeled using tan*P and cosA spectra. 

A mechanically polished 9.5/65/35 PLZT ceramic 
sample was examined.   One face was polished with 1 urn 
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diamond paste, cleaned in acetone, and measured at an angle 
of incidence of 80° with the compensator. The process was 
then repeated after repolishing with 0.25um diamond and 0.05 
umy-AI2O3. 

MECHANICALLY POLISHED SINGLE CRYSTAL BaTi03 

The SE data for mechanically polished BaTi03 at all 
temperatures were shifted in a manner consistent with the 
formation of a low dielectric constant layer on the crystal 
surface. On "cleaning" the surface with the low voltage 
bombardment, the SE spectra shifted slightly towards 
calculated values for an "ideal" BaTi03 surface. As the 
sputtering voltage used is below the threshold at which any of 
the cations should be dislodged, these changes are probably 
associated with the removal of embedded organic species. 
Although the SE results can be modeled well with the addition 
of a layer of either surface roughness or an oscillator with 
unknown properties at the crystal surface, it is unlikely that 
the low energy bombardment utilized could significantly alter 
the degree of surface roughness. Consequently, the oscillator 
model is probably more realistic. Under this assumption, the 
defective layer was found to be -165A thick (140 - 180Ä in 
different spots on the crystal), and the refractive index was 
depressed considerably below either value for bulk BaTi03 
(see Fig. 1). These results are consistent with Jyomura et al.'s 
conclusion that mechanically polished ceramic ferroelectric 
specimens possessed a non-ferroelectric, non-crystalline 
surface layer which leads to lowered measured remanent 
polarization and dielectric constant values, and a decrease in 
the squareness of the hysteresis loops in thin samples [2], 

It is probable that the interface between the surface 
layer and the unperturbed BaTi03 is not atomically abrupt. 
Attempts were made to model the SE data for mechanically 
polished BaTi03 with two or more surface layers, but this was 
found to produce unacceptable correlation between 
parameters, and large 90% confidence limits. 

Using the single oscillator model, data for high 
temperatures were also fitted, allowing the strength, position, 
and damping of the oscillator as well as the layer thickness to 
vary in each case. Results for the surface layer thickness and 
dispersion curves as a function of temperature are shown in 
Fig. 1. Following sputter cleaning of the surface with 60eV Ar 
ions in an oxygen ambient, the refractive index increased by 
0.04 while the layer thickness remained approximately 
constant. At the same time, the imaginary component of the 
refractive index of the surface layer decreased, suggesting that 
the surface cations were not reduced during the sputtering. 

In Fig. 1 it is clear that both the surface layer thickness 
of mechanically polished BaTi03 and its refractive index are 
nearly temperature independent between 20 and 100°C, 
confirming that the surface layer is not dependent entirely on 
the bulk polarization. Moreover, the significant depression of 
the surface layer refractive index below either na or nc for 
bulk BaTi03 suggests that the surface is not a dense 
perovskite. This was supported by ion surface scattering 
measurements, where contamination from carbon (probably as 
an organic compound) and Al (probably as residue from the 
polishing) was detected in the top few Ängstroms of the 
sample. However, no evidence for long range changes in the 
cation stoichiometry or organic content was determined by 
SIMS for mechanicallv polished crystals. 

These results suggest that the observed depression in 
the refractive index of the surface is not due to an intrinsic 
change in the ferroelectric properties at the surface. It is likely 
that the low refractive index for the observed surface layer of 
a mechanically polished (001) BaTi03 crystal is due to a 
combination of damage to the crystal (i.e. amorphization), 
contamination from second phases embedded during 
polishing, and residual roughness. While the depth of this 
layer will vary with the quality of the polished surface, it is 
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Fig. 1: Refractive index and thickness of the surface layer on 
a mechanically polished BaTi03 crystal as a function of 
temperature. 

possible to produce damaged layers which are optically less 
than a couple hundred Ängstroms thick. 

CHEMICALLY ETCHED SINGLE CRYSTAL BaTi03 

Following etching, the increased roughness led to 
further deviation of the SE data from the values expected for 
perfectly terminated BaTi03. 

Three classes of behavior were observed on heating an 
etched crystal depending on how the crystal had been poled 
following mechanical poling to eliminate 90° twins the A and 
Y spectra showed modest variations with temperature up to 
115°C. Similarly, the effective refractive index determined by 
direct inversion is only slightly temperature dependent In 
contrast, after electrical poling, the A and ¥ spectra and the 
effective n changed considerably on heating (Fig. 2) On 
cooling, the spectra usually remained near the highest 
temperature values. When hysteretic behavior was observed 
the high temperature values were then stable with time. 

If a sample which demonstrated hysteretic behavior as a 
function of temperature was reheated without re-poling, the 
initial large changes in A and Y on heating were not repeated. 
The hysteresis could be restored by re-poling the sample. The 
magnitude of the shift in the curves with temperature was 
considerably larger than that the known temperature 
dependence of the refractive indices of (001) BaTi03. It was 
also independent of whether the polarization was directed 
towards or away from the measured surface. No evidence was 
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Fig. 2: A and *F as a function of temperature for a chemically 
etched poled BaTi03 crystal 

found for the generation of macroscopic 90° twins during 
heating runs, although some 180° domain reversal occurred 
(as determined in d33 measurements before and after heating). 

If the data were modeled as a layer of roughened 
BaTi03 on (001) BaTi03, these changes were accommodated 
by allowing the thickness and the volume fraction of air in the 
roughened layer to increase with temperature and (most often) 
saturate near the highest temperature values.  This is clearly 
unphysical. Attempts were made to eliminate the temperature 
dependence of the physical parameters defining the roughness 
by incorporating additional phenomena into the modeling. 
Among the possibilities considered were the presence of space 
charge or high electric fields in the sample and a-domains at 
the sample surface. It was found that first two possibilities did 
not eliminate the temperature dependence of the apparent 
roughness.   Thus, while the poled BaTi03 surface may be 
influenced by the presence of a space charge or an internal 
electric fields, these factors do not control the hysteresis in the 
SE data. Due to the larger changes in the extraordinary index 
with temperature, however, allowing a-domains to form on the 
surface  mitigated  the  temperature  dependence  of the 
roughness layer somewhat. 

It  is  believed   that  the   substantial  temperature 
dependence of A and W spectra for the poled BaTi03 single 
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crystal was associated with either the presence of bulk defect 
dipoles or the existence of 90° domains near the sample 
surface. Defect dipoles would tend to align under the 
influence of a strong electric field, but would not be expected 
to disorder thermally in exactly the same way as the 
spontaneous polarization. Consequently, on heating the 
sample, a progressive disordering of the dipoles could lead to 
the substantial temperature dependence of A and *F. Once 
thermal randomization occurred, the defect dipoles would not 
reorder unless re-exposed to a high electric field. This would 
account for the observed hysteresis in the SE data on 
temperature cycling of the sample. 

As suggested previously, the presence of a-domains 
also partially eliminates the temperature dependence of the 
apparent roughness. It is not clear, however, why poling 
would result in a layer of reversed domains at the surface. 

To avoid complications due to the large temperature 
dependence of A and *F of well-poled samples, more extensive 
modeling was performed primarily on samples which did not 
show anomalously large variations in the spectra with 
temperature. Among the possibilities considered in these 
models were the presence of a-domains in the surface region, 
the existence of a gradient in the spontaneous polarization, 
and the existence of space charge at the sample surface. 

Modeling with a-Domains at the Surface 

Several investigators [3,4] have suggested that the 
domain structure of BaTi03 crystals and ceramics can differ in 
the surface and the bulk of the material. To account for the 
possibility of partial switching to a-domains at the surface, 
additional modeling was performed by superimposing a layer 
of "polycrystalline" material over the layer of surface 
roughness for the etched BaTi03 crystal. 

An example of the best fit model of this type is shown 
in Fig. 3 alongside the one and two-layer roughness model 
without a-domains. While modeling the data with a-domains 
resulted in approximately the same a value as the two-layer 
roughness model, the volume fraction of air in the layer of 
surface roughness is strongly temperature dependent. This is 
not physically reasonable. Consequently, the presence of a- 
domains at the surface of etched, un-electroded top-seeded 
melt-grown BaTiC>3 was not confirmed by the optical data. 

[001] 

Air 

(001) BaTi03 + (0.57 ± 0.06) Air 

(0.039 ± 0.002) Air 

"777777777/ 
/// (001)   BaTi03 

VY////////A 
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4 

t = 85 ± 1 A 

t = 260 ± 11 A 

a = 0.0028 
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p.c. BaTi03 + (0.73 ± 0.01) Air 
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(001)  BaTi03 

V////////A 

t = 109 ± 2 A 

t . 407 ± 4 A 

c = 0.0024 

Fig. 3:   Modeling of chemically etched BaTi03 with and 
without a-domains at the surface 

Polarization Gradient Modeling 

In order to investigate the possibility of a decay in the 
spontaneous polarization at the surface of an etched crystal, 
the near surface region was modeled with an exponentially 
decaying polarization superimposed over the surface 
roughness. For the models tried, the best fit parameters 
yielded decay lengths on the order of 150 ± 90Ä. This is close 
to the dimension at which SE becomes insensitive to the 
presence of a polarization gradient in (001) BaTiC<3. The 
calculated values for the surface polarization were typically 
negative, again implying that if a polarization gradient exists in 
the crystal, either the assumptions utilized in the modeling are 
a poor description, or the scale is sufficiently small that SE 
cannot properly characterize it. In any event, mere is no proof 
on the basis of the current modeling for supposing a 
polarization gradient within an unelectroded crystal exists 
with a scale extending beyond -100Ä. 

The SE-obtained value for the polarization decay 
length is on the same order as other estimates of the 
correlation length for ferroelectricity in the paraelectric phase 
of BaTi03. Yamada et al. [5] and Comes et al. [6,7] for 
example, have estimated the correlation length at ~20 and 40 - 
100Ä, on the basis of inelastic neutron scattering and X-ray 
data. As discussed by Kretschmer and Binder [8], the decay in 
the polarization at a ferroelectric surface should be on the 
order of the correlation length for ferroelectricity in insulating 
materials in which space charge effects can be neglected. 

Space Charge Modeling 

The data was also modeled by adding a layer of space charge 
to the rough BaTiC>3 surface. It was found that when this was 
done, a dropped by approximately one half from the value 
modeled with one layer of roughness alone. Moreover, the 
parameters describing the surface roughness became roughly 
temperature independent (see Fig. 4). It can also be seen in 
that figure that as the temperature is increased, Ep, which is 
related to the concentration of charge carriers, decreases. This 
is a realistic possibility if the charge is, in fact, localized near 
the surface to compensate the spontaneous polarization. 

In light of this modeling, it is believed that the surface 
of chemically etched BaTiÖ3 which did not show large 
hysteresis in the SE data with temperature is-best described as 
a roughened material which may have an accumulation of free 
carriers concentrated at the surface.   There is no definitive 
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optical evidence for the presence of a gradient in the 
polarization as the surface is approached. Consequently, if 
there is a polarization gradient, it is probably contained within 
a very thin surface layer. 

POLISHED 9.5/65/35 PRISM 

Fig. 5 shows both the experimental data for the prism 
and reference spectra. It is clear from the figure that as the 
surface finish is improved, deviation of the measured SE data 
from the bulk data decreases. Thacher has reported that direct 
inversion of SE data for PLZT prisms yields poor agreement 
with minimum deviation data [9]. This depends strongly on 
the quality of the surface finish. Thus, the effective refractive 
index following the l(jm polish is, in agreement with Thacher's 
conclusions, both low and too dispersive relative to the 
transmission data. In contrast, the dispersion curves for the 
sample following the 0.25(im and especially the 0.05|im 
polishing steps match the bulk data reasonably well. 

The finite values for A in each case, however, confirm 
the existence of a surface layer for all of the surface treatments 
examined. Modeling the system with a layer of roughness 
over the reference data for the bulk of the prism resulted in 
negative thicknesses for the surface roughness when the 
sample was polished with 0.25|Xm or 0.05p.m grit. 
Consequently, this type of model was abandoned. 
Reasonable fits could be obtained in all cases, however, by 
describing the optical properties of the surface layer with an 
oscillator and permitting the layer thickness to vary. It was 
found that for grit sizes of lu.m, 0.25^m and 0.05p.m, the 
surface layer thickness decreased from 397±27Ä to 115140Ä 
to 33±8A. This agrees with Jyomura et al. [2] conclusion that 
the depth of the damaged layer scales with the polishing 
powder grit size. At the same time, the refractive index of the 
surface layer progressively decreased. The strong link 
between the surface layer properties and the polishing 
procedure suggests that mechanical damage is dominant in 
lapped or polished materials. 

CONCLUSION 

In conclusion, it was shown that mechanically polished 
and chemically etched ferroelectrics show the presence of an 
optically detectable surface layer with properties considerably 
different from the bulk material. With careful surface 
preparation, the thickness of these layers can be reduced to a 
couple of hundred Ängstroms in thickness. The major 
contributor to the defective surface layers is damage 
introduced during the processing rather than fundamental 
changes in the ferroelectric properties at the surface. The 
existence of a surface layer of some type can often be 
confirmed immediately by the presence of substantial A values. 
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Abstract-The LA[100] (a-axis) Brillouin backscattering phonon 
spectra have been measured as a function of temperature (20-370 K) in 
the mixed deuterated ferroelectric (FE)-antiferroelectric (AFE) system 
Rb, x(ND4)xD2As04 (DRADA-x) for ammonium concentrations x=0, 
0.10* and 0.28. The Brillouin frequency shift with decreasing 
temperature shows hardening (positive coupling) whose steepness 
decreases with higher ND4 content. For RbD2As04 (DRDA), a 
Landau-Khalatnikov-like maximum (which persists in weaker form for 
x=0.10) was observed and the polarization relaxation time is estimated 
to be T-3.8xl0-,2/(Tc-T) sec, where Tc is the ferroelectric transition 
temperature. For both x=0.10 and 0.28, a broad damping peak anomaly 
which is stronger in x=0.28 was observed and can be connected with the 
dynamic order parameter fluctuations. Taking into account earlier 
NMR and dielectric results, we conclude that the local structure 
competition between FE ordering and AFE ordering is the origin of these 
broad damping anomalies. 

I. INTRODUCTION 

Since the discovery that the deuteratedfl] family with the 
formula A,.x(ND4)xD2B04 [A=Rb (or K) and B=P (or As)] exhibits a 
deuteron glass state for certain values of x, similar to the proton glass 
state observed in the undeuterated family,[2-5] many experimental 
techniques have been used in order to understand the nature of this 
deuterated family. In these systems, there is competition between the 
ferroelectric (FE) ordering and the antiferroelectric (AFE) ordering, each 
characterized by specific configurations of the acid protons or deuterons. 
The random distribution of the Rb and NH4 (or ND^ ions produces 
frustration which suppresses the long-range electric order. Spontaneous 
polarization revealed that RbD2As04 (DRDA) has a first-order FE 
transition at Tc-165 K.[6] Dielectric results indicated that at Tm=146 
K DRADA-0.10 goes from the PE (paraelectric) to a PE/FE phase 
coexistence region, and then to another frequency dependent coexistence 
(FE/deuteron glass) region at Tg~60 K (f=0.05 MHz). Here Tm is the 
temperature which corresponds to the dielectric maximum. DRADA- 
0.28 has no FE phase but has a frequency-dependent transition from the 
PE to the deuteron glass phase at Tg~65 K (f=0.1 MHz).[6] Held- 
heated, field-cooled and zero-field-heated static permittivity also 
revealed that below Te-38 K (nonergodic temperature) the system enters 
a nonergodic state in which on practical time scales the acid deuterons of 
the O-D-0 bonds cannot rearrange sufficiently to reach all 
energetically allowed configurations.^] 

Earlier results of Brillouin transverse phonon spectra on mixed 
proton glass crystals, Rb0 65(NH4)0 35H2P04 (RADP-35),[8,9] showed 
that the polarization couples linearly to the strain. In addition, Courtens 
et al. investigated the longitudinal sound waves with q//[100] for RADP- 
35 and found that the phonon modes were coupled quadratically 
(electrostrictively) with the linear coupling forbidden by symmetry .[10] 

The temperature dependence of the half-width in RADP-35 exhibited a 
strong broad peak near 50 K that is much higher than the Vogel-Fulcher 
temperature Typ-9 K. These experimental data[8-10] were analyzed 
assuming two contributions to the sound velocity, namely dynamic and 
static (space-dependent only) polarization fluctuation. This analysis led 
to the conclusion that a static Edward-Anderson-like order 
parameter[10] must already exist in RADP-35 far above Typ. Such a 
parameter is used as an indication of a system forming slow, long-range 
polarization fluctuations while it progresses to a glass-like state. 

In principle, the acoustic coupling contributions include both 
static and dynamic effects.[ll] Although the dynamic coupling always 
produces a negative contribution (softening) to the real part of the 
complex elastic stiffness change Ac*,[ll] the static effect can have 
either sign contribution, depending on whether the phase transition is of 
first or second order.[9.11.12] According to the Landau free energy 
expansion with a single order parameter, the second-order transition 
gives a negative contribution in elastic stiffness change but the first- 
order can give either positive (hardening) or negative contribution for 
both linear and quadratic couplings.fi 1,12] Several first-order 
examples that showed different elastic coupling behaviors can be found 
in Refs. 11-13. 

We report here the temperature and concentration dependences 
of frequency shift and half-width (damping) for LA[100] phonons in 
mixed crystals Rb,_x(ND4)xD2As04 with x=0,0.10, and 0.28 from 370 
to 20 K upon cooling. In particular, these results will be compared with 
the earlier NMR and dielectric measurements. 

II. EXPERIMENTAL PROCEDURE 

Single crystals of Rb,.x(ND4)xD2As04 (x=0, 0.10, and 0.28) 
were grown from aqueous solutions with certain ratios of RbD2As04 

(DRDA) and ND4D2As04 (DADA). These crystals were carefully 
polished to be rectangular with average size of 1.2x0.4x0.2 cm3. In our 
experiments the Brillouin spectra were obtained from back-scattering 
geometry with scattering geometry x(z,u)x. Here, "u" means that the 
collection was not polarization discriminated. In order to reduce the 
low-lying frequency mode of the Raman spectra, we used a narrow-band 
(1 A) interference filter. All samples were illuminated along the [100] 
phonon direction (a-axis), by a Lexel Model 95-2 argon laser with X 
=514.5 nm, so the longitudinal phonons with wave vector along [100] 
were studied. Scattered light was analyzed by a Burleigh five-pass 
Fabry-Perot interferometer. To acquire more accurate data of frequency 
shift and half-width, the Brillouin doublets were adjusted to appear in 
the third order with respect to the Rayleigh line. The laser line 
broadening due to the jittering was claimed by the manufacturer to be 
about 10 MHz (half-width).[12] The laser power was kept below 100 
mW. A Leybold RGD-210 closed-cycle refrigerator was used with a 
LakeShore DRC-91C temperature controller. The error of temperature 
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reading was controlled to better than ±0.1 K and measured to ±0.01 K 
by a calibrated silicon diode thermal sensor placed on the optical sample 
holder. The sample was cooled from 370 down to 20 K by steps and the 
data were collected automatically through an analog-digital converter. 
Results were found to be reproducible for all three compounds. 

For determination of natural-phonon half-width, the natural- 
phonon spectrum and the instrumental function were assumed to have 
Lorentz distribution, and the broadening due to collection optics was 
assumed to have rectangular distribution. In this case, the natural- 
phonon half-width Wph is given by[14] 

wp*=(Kl-KX2- ■w:_. (i) 

where Wobs, Wjnst, and W^ represent the observed, instrumental, and 
collection optical half-widths, respectively. For back-scattering (6 
=180°), the Wgj,™ is negligible.[15] In our experiments, Winst-0.02 
FSR where FSR is the free spectrum range obtained by measuring fused 
quartz. 

III. RESULTS AND DISCUSSION 

Actual LA[100] phonon spectra of the anti-Stokes Brillouin 
component are shown in Figs, la-lc for x=0, 0.10 and 0.28, 
respectively. The data shown here are for several temperatures near the 
maximum value of half-width. The solid lines are fits of the Lorentz 
profile, from which the half-width Wobs and frequency shift can be 
obtained. The frequency shift temperature dependence indicates a 
positive coupling contribution with decreasing temperature for each 
compound. Comparing the half-width for different x values, we notice 
that the average damping value increases as ammonium concentration 
increases. This dependence may result from the stronger local structural 
FE/AFE competition that can induce larger fluctuations, especially for 
intermediate x values such as 0.3<x<0.7 in RADP.[l-5] 
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In order to estimate the coupling effect, we calculate the bare 
(uncoupled) phonon frequency coa, by fitting the frequency shift at high 
temperature where coupling is assumed to be negligible. The bare 
phonon frequency is defined as the phonon frequency in the absence of 
FE or AFE transition effects. The temperature dependence of coa can be 
described by a Debye anharmonic approximation as follows:[8-10] 

CO. (r.,) = CO, (T - o.i{l - A(X)Q{X)F{<¥)] (2) 

where 0(x) is the Debye temperature, x is the ammonium concentration, 
A(x) presents the amount of anharmonicity, coa(0,x) is the zero- 
temperature bare phonon frequency and F is the Debye function for 
internal energy,[16] 

e 

(?)•«"-! 
(3) 

as tabulated, for example, by Abramowitz and Stegun.f 17] 
The temperature dependences of the Brillouin shift and half- 

width for x=0, 0.10 and 0.28 are shown in Figs. 2-4, respectively. The 
solid lines in frequency shift are the calculations of Eq. (2) with 
parameters of Table I. Those parameters A, coa(T=0) and 0 of Table I 
are from the fits of Eq. (2) to the high temperature (>270 K) measured 
values of the Brillouin shift. Here we assume that temperatures above 
270 K are far above the coupled region since all phase transitions occur 
below 200 K. One finds that © and coa(0,x) tend to increase from the 
DRDA side to the DADA side, as expected in view of the higher 
frequency of the modes on the DADA-rich side.[16] Also, the 
anharmonic factor A increases with considerably higher ND4 content. 

Fig. 2 for x=0 (pure DRDA) shows a sharp damping peak at 
164.8 K associated with an upward step in frequency which is expected, 
since the KH2P04 (KDP) family has linear T|u.-type piezoelectric 
coupling.[ll,14] Here T) is the order parameter and p. is the strain. 
Such a sharp damping maximum for longitudinal acoustic phonons can 
be connected with the Landau-Khalatnikov relaxation-type 
mechanism.fi 1,14]    The dashed line in half-width of Fig. 2  is a 
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is the Debye anharmonic calculation with parameters from Table I. 
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qualitative estimate for this relaxation portion. We also try to estimate 
the pure lattice-anharmonic contribution by solid circles, which is the 
typical anharmonic half-width observed in Brillouin scattering for 
dielectrics.[10,18] For linear coupling with the assumption of a single 
relaxation time, the sound velocity and the attenuation a in the FE phase 
can be given by [14] 
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TABLE I: Parameters from the fits of Eq. (2) to high temperature 
measured values of frequency shift: 

<oa(T=0) 
(GHz) 

ACK"1) 6(K) 

DRDA 26.08 2.70X10"4 400 
DRADA-0.10 26.37 2.76X10-4 480 
DRADA-0.28 27.20 2.84x10"4 520 

a = vi-v. 
2V3    l + (o2x2J- 

(4) 

(5) 

where t is the reduced temperature (Tc-T)/Tc, and x0 is the elementary 

individual-dipole relaxation time in the expression x=x0t*1 for the 
relaxation time x.   The velocities V^ and V0 designate the high- and 

low-frequency limit velocities, respectively. From Eqs. (4) and (5) we 
can obtain the relation [14] 

<üT 
T -T 

_   c      m (6) 

By this relation we can calculate the elementary relaxation time 
x0. Here, Tm=164.8 K is the temperature at which the half-width is 
maximum and the FE transition temperature Tc is defined as the point at 
which the frequency shift curve is steepest. For the LA[100] phonons of 
DRDA, we obtain the following result: 

Tc-Tm~0.1 K;    xo-2.3xl0"14sec;    T-3.8xlO~12/(Tc-T) sec 

broad damping peak centered at -146 K. Also, the rapid growth of FE 
ordering near 130 K is the origin of the Landau-Khalatnikov-like 
maximum in DRADA-0.10. 

A even stronger damping temperature dependence which shows 
a growth from -300 down to -120 K (see Fig. 4) is observed for 
x=0.28, associated with a smoothly rising frequency shift. This strong 
broad damping reveals that fluctuations are the dominant dynamic 
mechanism. As one knows,[l 1] the dynamic fluctuation contribution for 
longitudinal acoustic phonons is a characteristic of a T|2u-type coupling, 
squared in order parameter and linear in strain.[11,14] However, it is 
difficult to see a Landau-Khalatnikov maximum (associated with the 
Edwards-Anderson order parameter in this case)[10] above such a 
strong fluctuation background. Taking into account earlier dielectric 
permittivity E,i(T) results which showed a deviation from the Curie- 
Weiss law below 140 K,[6] we conclude that neither FE nor AFE 
ordering but rather the local structural competition mechanism (between 
FE and AFE orderings) is the origin of this strong broad damping 
anomaly centered near 120 K. Since the fluctuations usually indicate a 
random force resulting from the substitutiona! disorder,[ll] the 
difference of damping behavior between DRADA-0.28 and DRADA- 
0.10 also implies that this random force is stronger in the x=0.28 
crystal. 

In summary, a main feature of the acoustic phonon spectra in 
DRADA (x=0, 0.10, and 0.28) for LA[100] phonons is that the 
frequency shift shows a positive (hardening) instead of a negative 
coupling contribution (softening) at the phase transition. The sign of the 
coupling contribution may be related to the temperature responses of 
lattice parameters a(T) and c(T). However, the measurements we 
performed on pure DRDA for LA[001] (c-axis) phonons, not reported 
here, revealed a negative contribution at the FE transition temperature. 
This work was supported in part by NSF Grant DMR-9017429 and 
DOE Equipment Grant FG05-91ER79046. 

The elementary dipole relaxation time x0 obtained from the 
LA[100] phonons of DRDA is short compared to that of other order- 
disorder ferroelectrics. For instance, t0 is 1.2xl0"13 sec for potassium 
dihydrogen phosphate (KDP) and 1.3xl0"12 sec for deuterated 
potassium dihydrogen phosphate (DKDP).[14] 

Instead of a sharp peak, the damping data of Fig. 3 for x=0.10 
exhibits a smooth growth from -200 down to -130 K, associated with a 
slowly rising anomaly in frequency shift above the Debye curve of Eq. 
(2). Such an increasing of damping which begins far above Tm=146 K 
must be associated with the order parameter fluctuations.[ll] A 
qualitative estimate of this fluctuation contribution is given by the solid 
curve in Fig. 3 with maximum near 146 K. Beside this broad damping 
background, one can note that there is an additional peak appearing near 
130 K and can be connected with the Landau-Khalatnikov maximum. 

What are the origins of these two damping maximums in 
DRADA-0.10? The ND4

+ deuteron NMR spectraf 19] of DRADA-0.10 
showed a gradual disappearance of the doublet near 131 K where the 
single broad linewidth grows to its full size, from which it was 
concluded that below 131 K the FE phase portion is greater than PE in 
the crystal and becomes the dominant ordering. This result is consistent 
with the presence of PE/FE phase coexistence as evidenced by dielectric 
results which show that an gradual ferroelectric transition begins at 
Tm=146 K and is mostly completed at -120 K.[6] Furthermore, the real 
part of dielectric permittivity £n(T) shows deviation from the Curie- 
Weiss law below 160 K.[6] This high-temperature dielectric anomaly 
below 160 K can be associated with the onset of short-range 
antiferroelectric order due to the freezing-in of the ND4 reorientations 
and implies a growth of local structural competition (between FE and 
AFE ordering). On the whole, one can expect that such FE/AFE 
ordering competition, which can suppress, a long-range-order 
ferroelectric transition and generate the order parameter fluctuations, is 
responsible for both FE/PE phase coexistence and development of the 
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Abstract—Ferroelectric transition of ceramics in 
the ternary system of (l-x-y)Pb(Mgi/3Nb2/3)03 - 
xLa(Mg2/3Nbi/3)03 - yPbTi03 with x = 0.05 ~ 0.13 
and y=0.275 ~ 0.575 were investigated by the mea- 
surements of X-ray diffraction, dielectric properties 
and P-E hysteresis. Three morphotropic phases of 
perovskite structure, i.e. cubic, tetragonal and rhom- 
bohedral, were involved in the study. An increase 
of PbTi03 content would cause the structure evolve 
to the tetragonal phase; Pb(Mgi/3Nb2/3)03, the 
rhombohedral phase; and, La(Mg2/3Nbi/3)03, the 
cubic phase. A triple point was found at the com- 
position of x=0.11 and y=0.425. For the composi- 
tion in the tetragonal phase field, a normal ferro- 
electric transition and hysteresis characteristic of 
high coercive field, Ec, over remanent polarization, 
Pr, were observed. However, for that in the rhom- 
bohedral or cubic phase field, a diffuse phase tran- 
sition and hysteresis characteristic of low Ec over 
Pr were found. Moreover, the composition at t- 
riple point has shown the most significant diffuse- 
ness of phase transition, and excellent dielectric 
properties of k ^ 16000 with high frequency and 
temperature stability result. 

INTRODUCTION 

Perovskite lead magnesium niobat, Pb(Mgi/3 
Nb2/3)03 (abbreviated PMN), is a well-known ferro- 
electric relaxor for its broad dielectric maximum at 
the transition temperature (Tc ~ -15 °C ).[l-3] The 
magnitude of this maximum decreases and the tran- 
sition temperature increases with increaring frequen- 
cy.[4-6] Such a dielectric behavior characterizes 
the diffuse phase transition from a cubic paraelec- 
tric to a rhombohedral ferroelectric phase for the 
PMN.[7] Although the Tc is below room tempera- 
ture, it can be easily shifted upward by adding the 
PbTi03 (abbreviated PT) in PMN, which (PT) is a 
normal ferroelectric material having a transition 
from cubic to tetragonal near 490 °C . Composi- 
tions in the PMN-PT solid solution exhibit a mor- 
photropic phase boundary (MPB) separating the 
rhombohedral and tetragonal phases at about 32.5 
mol% PT, and anomalous ferroelectric properties 
-were observed for compositions lying near the MPB. 
[8] Another MPB separating the cubic and rhombo- 
hedral phases at about 10 mol% PT in the PMN- 
PT solid solution also attracts attention for its supe- 
rior dielectric and electrostrictive properties.[3,9] 

The lanthanum magnesium niobate, La(Mg2/3 
Nbi/3)03 (abbreviated LMN), is also a rhombohe- 
dral perovskite.[10] It forms solid solution with 
PMN and PT.[11] The addition of LMN was found 
to enhance an ordering of Mg2+  and Nb5+  cations, 

[12,13] but the ordering would be repressed by the 
incorporation of Ti4+ions.[ll] In the ternary sys- 
tem of PMN-LMN-PT (abbreviated PLMNT), both 
of the tetragonal/rhombohedral (T/R) and rhombo- 
hedral/cubic (R/C) phase boundaries has an inter- 
section at a triple point separating the three phase 
fields.[11] In this work, the ferroelectric transition 
of the compositions around the triple point was in- 
vestigated. 

EXPERIMENTAL^ 

Five PLMNT series having the composition (1- 
x-y)PMN + xLMN + yPT with x = 0.05,0.07,0.09,0. 
11 and 0.13, respectively, and different y values, 
(0.275 ~ 0.575) were selected in this study. 
Reagent grade powders of PbO, MgO, Nb20s and 
TiÜ2 were used for the preparation of all composi- 
tions with a method proposed by Swartz and Shrout. 
[14] The MgO and Nb20s powders were first mixed 
in a proper ratio, calcined at 1000 °C for 6 hours, 
then mixed with suitable amount of PbO, T1O2 and 
La203 powders and calcined again at 800 °C for 4 
hours. The final powders were pressed into pellets 
of 13mm in diameter and 2.5mm in thickness. Fol- 
lowing binder burn-out at 500 °C , the pellets were 
sintered at 1250 °C for 2"hours. 

The crystalline- structure of sintered pellets was 
investigated by X-ray powder diffractometry 
(XRD) with Cu Ka radiation. The microstructure 
was observed by scanning electron microscopy 
(SEM). The polarization vs. electric field (P-E) 
characteristics was measured with a modified 
Sawyer-Tower circuit. The dielectric properties were 
also measured in a temperature range from -20 ° 
to 140 °C with an impedence analyzer. 

RESULTS AND DISCUSSION 

All sintered specimens ha-d a density larger 
than 95% theoretical value and a uniform mi- 

■ crostructure with grain size gradually increased 
from 2 to 8 am with increasing the LMN content 
from 5 to 13 mol%. The specimens were found to 
be pure perovskite by XRD. Figure 1 shows the 
Ka2-separated profiles of 200 and 222 peaks, of the 
5 mol% LMN series of specimens. In accordance 
with the structural evolution from rhombohedral 
(pseudo-cubic) to tetragonal, the 200 peak gradual- 
ly broadened with a shoulder appearing at low 2 0 
angle side of the peak, and finally splitted into 
two separative peaks, with increasing the PT con- 
tent of the specimens. However, a single 222 peak 
was always observed irrespective of the PT content. 
The   inability   to   resolve   the   rhombohedral   phase 
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from cubic by XRD indicated the low rhombohe- 
drality of the structure. Similar results were also 
found for other series of PLMNT. As the appear- 
ance of a shouldered or doublet 200 peak denotes 
a coexistence of both rhombohedral (or cubic) and 
tetragonal phases in the specimen, the' exact compo- 
sition of phase boundary is difficult to determine. 
For convience, the last composition having a shoul- 
dered or doublet 200 peak was considered as the 
location of MPB, and the compositions above the 
boundary would be purely tetragonal, for which two 
clearly separative peaks of 200 diffraition were ob- 
served.    The result was shown in Fig.2. 

PT = 27.5molV. 

PT = 30.0molV. 

PT = 32.5mol7. 

PT = 35.0mol7. 

83.0 83.2 83.4 83.5 83.8 

2 9 ( degrees) 

84.0 

Fig.l PeaK profiles   (K«2-separated)  of (a) 200 and 
(b) 222 diffractions of 5 mol% LMN series. 

Although it was unable to distinguish the rhom- 
bohedral from the cubic by XRD, the phase bound- 
ary separating these two phases could be defined at 
the compositions having the Tc near room tempera- 
ture through the measurement of dielectric constant 
(k) against temperature (T). The k-T relationships 
of the five PLMNT series are shown in Fig.3, and 
the R/C phase boundary determined - by this 
method was also indicated in Fig.2. This phase 
boundary intersected with the T/R phase boundary 
at a composition around ■ PT=42.5 mol% and LMN 
= 11 mol%, at which a triple point separating the 
three phare fields was defined. 

57.5 - • 
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T                       / 
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o   ,/   o 

0 c      o 
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5 7             9           11 

LMN  Content (molV.) 

13 

Fig.2 The tetragonal/rhombohedral (solid line] and 
rhombohedral/cubic (broken line) phase 
boundaries of PLMNT system; compositions 
having tetragonal structure are marked by the 
solid .circles, rhombohedral or cubic structure 
the open circles, and mixed phases the half- 
solid circles. 

It was noticed from Fig.3 that higher dielectric 
maxima appeared at compositions around the T/R 
or the T/C phase boundary in each PLMNT series, 
but the magnitude was gradually decreased with in- 
creasing the LMN content. Moreover, a diffuse 
phase transition (characterized by a broad dielectric 
peak) was found for the compositions lying below 
the T/R phase boundary, but a relatively normal 
phase transition (i.e. a relatively sharper dielectric 
peak) occurred for above the boundary. It denoted 
that the diffuse phase transition preferred to occur 
in the structural trazisition from cubic to rhombohe- 
dral rather than from cubic |o tetragonal. The dif- 
fuse phase transition implies an equilibrium of at 
least two coexisted phases within a certain tempera- 
ture range.[15] As the rhombohedral phase had a 
structure very close to the cubic one,' the two 
would have a much better crysta41ographic compati- 
bility than that between the tetragonal and cubic. 
Therefore, the coexistence of rhombohedral and cu- 
bic phases would be favorable during the transition. 

Figure 4 shows the remanent polarization (Pr) 
and coercive field (Ec), of the five series of speci- 
mens measured from the P-E hysteresis loop. The 
Pr and Ec values gradually increased with increas- 
ing the PT content in each PLMNT series. In gen- 
eral, a. relatively "hard" ferroelectric characteristic, 
i.e. a high Ec over Pr ratio, was observed for com- 
positions having a pure tetragonal phase, but a rela- 
tively "soft" characteristic, i.e. a low Ec/Pr, for 
compositions having the rhombohedral structure. 

Five   compositions   having   the   Tc   near  room 
temperature had attracted special attention for their 
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potential applications in capacitors and electrostric- 
tive actuators. The freguency dispersion (from 100 
to 100K Hz) of dielectric constant of these five 
compositions was shown in Fig.5. Among them, the 
three lying near the R/C phase boundary were 
found to have similar relaxor characteristic, i.e. a 
broad dielectric peak with the maximum decreased 
for a value of AKmax ~ -3000 and the temperature 
of this maximum increased of ATC ~ 15 °C . Con- 
trarily, the one near the T/C phase boundary had 
shown a relatively normal ferroelectric characteristic, 
i.e. a sharper ^dielectric peak with AKmax ~-1500 
and ATc ~ 5 °C ■ However, the composition at the 
triple point revealed a quite abnormal characteristic; 
there were a lowest reduction of dielectric maxi- 
mum, ^AKmax --1000, and a largest shift of Tc, ATC 

~ 20 °C , in the frequency dispersion of the broad 
dielectric peak. Such an abnormal characteristic is 
probably due to the coexistence of all of the three 
phases, i.e. cubic, rhombohedrol and tetragonal, at 
the transition temperature for this composition. As 
a consequence, it possessed an optimum combina- 
tion of high dielectric constant (Kmax ~ 16000 at 
lKHz) and superior stability against the change of 
temperature and frequency, as compared to the 
other four compositions. 

CONCLUSIONS 

The ferroelectric phase transition of five series 
of PLMNT ceramics containing LMN from 5 to 13 
mol%, respectively, was investigated. A T/R phase 
boundary was determined from the change of 200 
peak profile of XRD and a R/C phase boundary 
was also determined at compositions having the 
Curie temperature near room temperature. The 
two phase boundaries intersected at a composition 
around PT=42.5 mol% and LMN = 11 mol%, at 
which a triple point separating the three phase 
fields was defined. A diffuse phase transition oc- 
curred for the compositions located below the T/R 
phase boundary, but a relatively normal ferroelec- 
tric transition appeared for those above the bound- 
ary. The former also showed a "soft" ferroelectric 
characteristic, i.e. a low Ec/Pr, and the latter a rel- 
atively "hard" characteristic, i.e. a high Ec/Pr. More- 
over, the composition at the triple point had a di- 
electric characteristic showing an optimum combina- 
tion of high dielectric constant and superior stabili- 
ty against the change of temperature and frequency. 
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ABSTRACT 

The dielectric and piezoelectric properties of the 
solid solution: (x> Pban%Nbi/i)03-(l-x)-Pb(Sc^Tai/4)03 
[PIN/PST(x)] have been investigated. The two 
compositions that have been studied are x=0.025 and 
0.975. The degree of long range ordering in 
PIN/PST(92.5) was found to be 0.73 (i.e., 73% ordered.) 
Dielectric maximum was found to be at 10°C and the 
pyroelectric maximum was found to be at 0°C. The 
average dielectric constant from heating and cooling cycles 
was found to have a maximum of 1470, and corresponds to 
a dielectric loss of 3%. The maximum pyroelectric 
response was found to be and 0.002 C/°K-m2. At room 
temperature d33 and d3i were found to be 0 pC/N with 
poling fields of up to 45 kV/cm. Upon cooling to -30°C a 
ferroelectric hysteresis loop appears with Ec = 9.86 kV/cm 
and Pr = 4.5 mC/cm2. 

INTRODUCTION 

Earlier studies have shown that both PbCIm^Nbi^Oß 
[PIN] and Pb(Sc^Ta^)03 [PST] are relaxor ferroics in 
which the degree of B-site cation ordering can be thermally 
controlled. Previous studies have mainly focused on solid 
solutions involving the normal ferroelectric PbTiC>3 [PT] 
with either PIN or PST. Recently, however, the system 
PIN-PST [PIN/PST(x)] has begun to be studied due to the 
unique combination both order-disorder behavior and 
antiferroelectric-ferroelectric phase transformations. 

PIN has been found to have the rhombohedrally 
distorted perovskite structure (that is, either the space 
group R3m or R3). Disordered PIN crystals are relaxor 
ferroelectrics and undergo a cell doubling phase 
transformation into an ordered antiferroelectric phase. PST 
has also been shown to be rhombohedral. However, 
Disordered PST crystals are relaxor ferroelectrics and 
undergo a cell doubling phase transformation into an 

ordered ferroelectric phase. This combination of first-order 
(anti)ferroelectric behavior, relaxor behavior and the 
presents of variable order-disorder regions may prove to be 
interesting on both a theoretical and practical levels. 

In this paper we will focus on the composition 
PIN/PST(0.025) and PESf/PST (0.975). The dielectric and 
piezoelectric properties of this as-fired PIN/PST ceramics 
will be described. 

RESULTS 

The degree of ordering in the as-fired ceramics has 
been determined by superstructure reflections in x-ray 
diffraction patterns. The long-range order parameter, S, 
has been determined by referring the intensity ratios of the 
superstructure/fundamental reflection pairs (111 and 200 in 
this case) and comparing them to those determined for an 
ordered structure. This relation is given as follows: 

S2 = 
Superlattice x 

_ iBaselattice Jobs      L    Baselamce Js=\ 

Superlattice 
[1] 

Stenger and Burggraaf have determined the ratio 
Pi 11^200] under perfect order (S=l) to be 1.33. Before 
any electrical measurements were made the degree of 
ordering for as-fired PIN/PST(0.025) was determined to be 
73%. 

The temperature dependence of the dielectric 
constant was determined in the temperature range -100°C 
to 100°C. K was found to reach a maximum at 10°C of 
1500 during heating of 4°C/min and 1440 during cooling at 
4°C/min. The dielectric loss at temperatures less than 10°C 
was found to be approximately 4%. The inverse dielectric 
constant follows the "Curie-Weiss Squared" law for both 
heating and cooling. 
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Figure 1. Dielectric Constant and Loss at 100 Hz, 1 kHz, 10 kHz, and 100 kHz for: 
(a) PIN/PST(0.025) and (b) PIN/PST (0.975). 
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Figure 3. Dielectric hysteresis loops for PIN/PST(0.025) at: (a) 25°C and 
(b) -30°C (Pr=4.52 nC/cm2 and Ec=9.86 kV/cm). 

Using the Byer-Roundy technique the pyroelectric 
coefficient, p3, was determined for the temperature range 
of -100°C to 100°C. The polarization was then calculated 
from the pyroelectric coefficient. The polarization 
behavior showed a relatively long tail between 10°C and 
150°C. At room temperature the polarization was found to 
be 7 |j.C/cm2. The polarization continues to increase with 
decreasing temperature to a saturated maximum value of 
64 H-C/cm2 at 100°C. The pyroelectric response was found 
to reach a maximum value of 0.002 C/°K-m2 at 0°C. 

Hysteresis measurements were also conducted in the 
temperature range -100°C to 100°C using a modified 
Sawyer-Tower circuit. Initially, at room temperature, the 
unpoled ceramics displayed "antiferroelectric" hysteresis 
loop. After cooling to -100°C and slowly heating to 
-30°C the samples showed typical ferroelectric behavior 
with Pr=4.52 \iC/cm2 and Ec=9.86 kV/cm. Further heating 
to room temperature causes the loop to shrink. At room 
temperature the remnant polarization had decreased to 
1.13 (j.C/cm2 and the coercive field had decreased to 
5.03 kV/cm. Upon further heating (to 45°C for example) 
the hysteresis loop slims dramatically and the remnant 
polarization slowly disappears. In addition, as illustrated 
in the pyroelectric measurement, the polarization curve has 
a tail extending to slightly over 150°C. 

Following these experiments d.33 was found to be 
0 pC/N as determined by a Berlincourt dß3 meter. Poling 
at or above room temperature with fields up to 45 kV/cm 
was found to have no effect on d3ß. In addition, no d3i 
was detected even with applied electrical biases of up to 
±23 kV/cm. No attempt has yet been made to pole and/or 
measure the piezoelectric coefficients at lower 
temperatures. 
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Figure 4. Dielectric hysteresis loop for PIN/PST(0.975) 
at room temperature. 
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Figure 5. Pr and Ec as a function of temperture for PIN/PST(0.025). 
Determined from dielectric hysteresis loops. 

CONCLUSIONS 

To summarize the dielectric properties of 
PIN/PST(0.025) have been determined. The degree of 
long range ordering in these samples was found to be 0.73 
(i.e., 73% ordered.) Dielectric maximum was found to be 
at 10°C and the pyroelectric maximum was found to be at 
0°C. At their maximum temperatures, the average 
dielectric constant, loss, and pyroelectric coefficient were 
determined to be 1470, 3%, and 0.002 C/°K-m2, 
respectively. Finally, at or above room temperature d.33 
and d3j was found to be 0 pC/N with poling fields of up to 
45 kV/cm. 
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AN EVALUATION OF LEAD-ZIRCONATE BASED CERAMICS FOR USE IN 

NON-VOLATILE FERROELECTRIC MEMORY DEVICES. 

E.F. Alberta and A.S. Bhalla 
Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802, U.S.A. 

ABSTRACT 

This paper will present an initial evaluation of the lead 

zirconate - lead zinc niobate solid solution for use in non- 
volatile ferroelectric memory devices. Previous work has 
shown that the (x)PbZr03 - (l-x)-Pb(Zni/3Nb2/3)03 [PZZN] 
system has "square" hysteresis loops accompanied by large 
remnent polarizations. In particular, compositions near the 
room temperature antiferroelectric to ferroelectric phase 
boundary will be investigated. 

INTRODUCTION 

Previous work within the PZZN system has shown that a 

pseudomorphotropic phase boundary exists at x=93.0 mol%PZ. 
This boundary separates the rhombohedral ferroelectric phase 

from the antiferroelectric orthorhombic phase at room 
temperature. Based on these works an investigation into the 
hysteresis behavior of PZZN has been undertaken. For the 
initial work hot pressed ceramic samples have been used. It is 
generally known that bulk and thin film properties can vary; 
however, this work is an indication that the thin film form of 
this material may be intresting from an applications point of 
view. 

shown that the dielectric constant of the ferroelectric phases are 

decreased with increasing bias fields and are decreased in the 
antiferroelectric phases. The typical effect of bias applied to a 

poled ferroelectric is shown in figure 1. 
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RESULTS 

Compositions with less than 93.0 mol% PZ are found to 
be ferroelectric with bias independant piezoelectric coefficients. 
As an example of the ferroelectric phase, PZZN(92.5) will be 
used. The antiferroelectric phase will be represented by the 
composition PZZN(93.5). From dielectric data one can find 
two phase transformations in PZZN(92.5), one near -50°C 
(from cooling runs) and the second at 218°C. These anomalies 
correspond to the low- to high-temperature rhombohedral phase 
change and the the high-temperature rhombohedral to cubic 

phase change, respectively. In PZZN(93.5), however, the 
phase transformations are from orthorhombic to high- 

temperature rhombohedral to cubic. At room temperature the 

dielectric constant is between 150 to 450 with losses of about 

4% at 1kHz. Other work has also 

Figure 1. The effect of electrical bias on the dielectric constant 
of PZZN(92.5) at room temperature. 

Hysteresis behavior can be found in the next few figures. 
Typical room temperature hysteresis curves can be found in 
Figure 3. PZZN(93.5) displays an intresting behavior. The 
antiferroelectric phase cannot be field-forced with field up to 
70 kV/cm; however, the composition is easily poled near the 
antifeiToelectric-ferroelectric phase transformation. Saturated 

values of d^ and Ps can be obtained after poling at 100°C with 

8 kV/cm for 1 to 2 minutes. The effect of temperature on this 

field-and-temperature forced ferroelectric phase can be found in 

figure 4. This plot indicates the antiferroelectric phase 

becomes 
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Figurel. The dielectric constant and loss as a function of temperature for: (a) PZZN(92.5) heating and 
cooling and (b) PZZN(93.5) at 1 kHz, 10 kHz and 100 kHz. 

Figurel. Typical hysteresis loops at room temperature for: (a) PZZN(92.5), Ec=15.25 kV/cm and P,=32.2 pC/cm2 
and (b) PZZN(93.5) (poled at 100°C), Ec=16.36 kV/cm and Pr=29.1 pC/cm2. 
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Figure 4. Polarization as a function of temperature (from hysteresis measurements) for: (a) PZZN(92.5) and (b) PZZN(93.5). 
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Figure 5. Pyroelectric response of PZZN ceramics (data taken during heating) for: (a) PZZN(92.5) and (b) PZZN(93.5). 
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stable at slightly less than room temperature which is 
approximately 50°C higher than indicated by the dielectric 
constant data. The ferroelectric composition, PZZN(92.5), 
displays a remnant polarization of 32.2 |j.C/cm2 which is 
approximately equal to that for PZZN(93.5). However, this 
composition does not depole below room temperature and is 
easily poled at room temperature with 20 kV/cm for 1 to 2 
minutes. 

Typical pyroelectric responses of these materials are 
shown in figure 5. One can easily see the ferroelectric to 
ferroelectric phase change at -5°C for PZZN(92.5) and the 
resulting change in the polarization. For PZZN(93.5) the 
situation is slightly more complicated. Even when poled at 
100°C the sample depoled in the process of cooling to the start 
temperature. Even with this loss of polarization, the plot is 
useful in determining the location of the antiferroelectric to 
ferroelectric phase transition which is at 83°C. 

CONCLUSIONS 

Using ceramic specimens, some important information 
has been obtained towards the use of PZZN in non-volatile 
memory applications. Most noteable are the ease of poling, the 
large remnant polarizations, and the existence of square 
hysteresis loops. Clearly more work needs to be done with this 
material, especially in the area of thin films. 
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Ferroelectric Ceramics in the Nao.5Bio.5TiC>3 - Ko.5Bio.5Ti03, 
Nao.5Bi0.5Ti03 - PbTi03 and K0.5Bi0.5TiO3 - PbTi03 Systems 
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123, Avenue Albert-Thomas 
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Abstract -The study of the Nao.5Bio.5Ti03 - Ko.5Bio.5Ti03, 
Nao.5Bio.5Ti03 - PbTi03 and Ko.5Bi0.5Ti03 - PbTi03 
systems was carried out using X-ray diffraction, DSC and 
dielectric measurements. The limits of the rhombohedral 
(Nao5Bio.5Ti03-rich side) and orthorhombic 
(Ko.5Bio.5Ti03, and PbTi03-rich side) solid solutions were 
determined, as well as the evolutions of their lattice 
parameters as a function of composition. 
Ceramic materials have been prepared by natural sintering 
(1090-1220°C / 0.5 h) of powders obtained by solid state 
reaction (900-1000°C / 20 h) of the corresponding oxides and 
carbonates. The dielectric permittivities of these materials 
have been measured in a wide frequency range between 20 
and 800°C. The results showed that they all are ferroelectric 
at room temperature and some of them exhibit a relaxor-type 
behaviour. Several pecular compositions showed the best 
piezoelectric characteristics for this type of ceramic 
materials. 

INTRODUCTION 

Lead titanozirconate ceramics (PZT) are the most currently 
used ferroelectric materials in the field of piezoelectric 
applications. A noticeable feature of these materials is the 
occurence in the phase diagram of morphotropic phase 
boundary (MPB) which separate tetragonal and 
rhombohedral ferroelectric regions. Solid solutions with 
compositions close to the MPB present the best 
electromechanical properties. 

In the research of new complex systems able to show 
interesting piezoelectric characteristics, care should be taken 
that thermal and time stability of the properties is connected 
with the value of the Curie temperature of the components. 
Moreover, previous works had shown that the more 
favourable situation corresponds to the case where the MPB 
is located between tetragonal and rhombohedral phases[l]. 

With this point of view, a study was started on the 
following systems Nao.5Bi().5Ti03 - Ko.5Bi0.5Ti03 (NBT- 
KBT), Nao5Bi0 5Ti03 - PbTi03 (NBT-PT) and 
Ko.5Bio.5Ti03 - PbTi03 (KBT-PT) which fulfil the above 
mentioned criteria. Actually NBT is rhombohedral with a 
Curie temperature close to 320°C, and KBT and PT are 
tetragonal with Curie temperatures of 380 and 490°C 
respectively[2]. This paper presents the results of crystal 
chemistry, dielectric and piezoelectric properties of some 
materials belonging to this family. 

EXPERIMENTAL 

Polycrystalline compounds were prepared by solid state 
reaction of the corresponding oxides or carbonates. 
Stoichiomerric mixtures of reagent grade Ti02, Bi203, 
Na2C03, K2CO3 and PbO (or PbC03) were thoroughly 
mixed and calcined in alumina crucibles between 900 and 
1000°C for 20 hours. Further calcinations were necessary to 
achieve complete reaction. 

Phase characterization and morphotropic phase boundary 
limits were determined by X-ray diffraction with a Siemens 
D5000 diffractometer (graphite monochromator, CuKa 
radiation). The lattice parameters were refined by a least- 
squares method. The structural evolution of the compounds 
with temperature was observed using a high temperature X- 
ray attachment (Anton Parr HTK) working between room 
temperature and 1000°C. Differential scanning calonmetry 
analyses were performed in air atmosphere using a Netzsch 
STA 409 DSC device. 

Disk-shaped ceramics with 10 mm diameter and 1 mm 
thick were sintered in air at 1090-1220°C according to the 
composition.The thermal cycle consisted of heating at 
5°Cmin"1 up to the highest temperature (dwelling time 30 
min) followed by natural cooling to room temperature in the 
oven. Samples with 90-95% of the theoretical density were 
obtained. After polishing, they were coated with a low 
temperature silver or gold paste fired at 600°C for 10 min, 
aged overnight at 100°C and left for 24 hours at room 
temperature before measurements. 

Low frequency dielectric measurements were carried out 
between room temperature and 1000°C (at increasing and 
dereasing temperature) at chosen frequencies in the range 10 
kHz - 5 MHz using a HP 4194A impedance analyser. 
Piezoelectric characteristics of poled ceramics (3 kVmirr1, 
2h, 140°C, silicone oil) were obtained either using a 
Be'rlincourt-type piezometer or by calculation from the 
resonance-antiresonance spectra according to IRE 
standards [3]. 

RESULTS AND DISCUSSION 

Structural and dielectric properties 

At room temperature, NBT is rhombohedral (a = 0.3891 
nm, a = 89.6°) whereas KBT and PT are tetragonal with the 
following lattice parameters, KBT : a = 0.3918 nm, c - 
0.3996 nm and PT : a = 0.3900 nm, c = 0.4154 nm. 
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NBT-KBT system :X-ray diffraction data showed two 
Nao.5-xKxBio.5Ti03 solid solution ranges, rhombohedral on 
the sodium-rich side and tetragonal on the potassium- rich 
side, separated by a biphasic region for 0.08 < x < 0.3. Figure 
1 gives the evolutions of the lattice parameters as a function 
of the system composition. They logically increase with x 
according to the increase of the mean ionic radius which 
change  from  0.134 nm  (Na,Bi)  to 0.147  nm  (K,Bi). 
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Fig. 1. Nao.5-xKxBio.5TiC>3 : Lattice parameters vs x 

Nevertheless the tetragonality of the K-rich solid solutions 
does not change with composition (c/a = 1.02). 
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Fig. 3. Ko.5Bio.5Ti03 : Permittivity vs temperature 

The variations of the dielectric permittivity of NBT and 
KBT with temperature at several frequencies (from 10 kHz to 
3 MHz) are shown in Fig. 2 and 3. The curves clearly show a 
relaxor-type behaviour : the maximum of the permittivity 
decreases and is strongly shifted towards high temperatures 
when the measuring frequency increases. A very slight 
endothermal signal in the DSC curve of NBT (AH= -0.3 Jg"1) 
at about 308°C seems to correspond to this diffuse phase 
transition (Tm = 320°C at 10 kHz). The thermal variations of 
the permittivities have been measured only for compositions 
belonging to single phase regions. In both rhombohedral (0 < 
x < 0.08) and tetragonal (0.30 < x < 1) ranges, the relaxor 
behaviour is still present without any significant change of 
Tm with composition and frequency (Fig. 4). 
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Fig. 2. Nao.5Bio.5Ti03 : Permittivity vs temperature Fig. 4. Nao.45Ko.05Bio.5Ti03 : Permittivity vs temperature 
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NBT-PT system : In the (Nao.5)l-x(Bi0.5)l-xPbxTiC>3 
system a narrower biphasic range has been found for 0.09 < x 
< 0.20 (Fig. 5). The lattice parameter of the rhombohedral 
solid solution increases vey slightly with increasing x. In the 
tetragonal domain, the lattice parameters a and c increase 
almost linearly as x increases from 0.20 to 1, and the c/a ratio 
changes from 1.02 to 1.06 (PbTiC>3). 
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Fig. 5. (Nao.5Bio.5)l-xPbxTi03 : Lattice parameters vs x 
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Fig.6. (Narj.5Bio.5)0.92Pb0.08Ti03 : Permittivity vs temperature 

The thermal and frequency evolutions of the dielectric 
permittivities are strongly dependent on the nature of the 
solid solutions. For the rhombohedral compositions, a 
frequency dispersion was observed related to a relaxor-type 
behaviour as shown in Fig. 6 for x = 0.08. The associated Tm 
decreases as x increases in agreement with previous data and 
confirmed by DSC measurements. For tetragonal 
compositions, the behaviour was rather different. The 
dielectric anomaly presents a very steep increase on the low 
temperature side and the permittivity peak becomes narrower 
as the lead content increases. For low lead rate, there is a 
little frequency dispersion which vanishes as x increases from 
0.2 to 1 as shown in Fig. 7 for x = 0.4. The Curie 
temperatures - determined by both permittivity and DSC - 
present a maximum (500°C) around x = 0.8 with a thermal 
hysteresis between heating and cooling estimated to 15-20°C. 
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Fig.7. (Nao.5Bio.5)0.6Pb0.4Ti03 : Permittivity vs temperature 

KBT-PT system: Ko.5Bio.5TiC>3 and PbTi03 can form a 
complete series of tetragonal soild solutions. The lattice 
parameters vary almost linearly with x : as x increases, a 
slightly decreases and c increases so as the teragonality c/a 
change from 1.02 to 1.06 (Fig. 8). Preliminary dielectric 
experiments have shown that the overall behaviour of the 
KBT-PT system is similar to NBT-PT. As an example, the 
thermal variation of the dielectric permittivity of a low lead 
content ceramics (x = 0.03) is almost the same as that 
observed for pure KBT(Fig. 9). 

Piezoelectric properties 

The piezoelectric properties were carried out only on 
NBT-KBT and NBT-PT ceramics with compositions 
corresponding to the rhombohedral range, i.e. ceramics with 
low lead content.. Some electromechanical characteristics are 
given in Tables 1 and 2. As for PZT ceramics, the 
piezoelectric constant d33 and the electromechanical 
coupling factors are enhanced for compositions close to the 
highest limit of the rhombohedral range. 
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X 
d33 

(pCN-1) rf) 
Np 

(Hz m) 
0 70 12 3220 

0.03 45 11 2900 
0.05 73 14 2780 
0.06 31 10 2680 
0.07 59 16 2750 
0.08 96 21 2800 

TABLE 1   Nao.5-xKxBio.5Ti03 : Piezoelectric data 

X 
d33 

(PCN-1) d) Np 
(Hz m) 

0 70 12 3220 
0.05 51 11 2900 
0.08 52 21 2660 
0.10 110 27 2980 

TABLE 2.       (Nao.5)l-x(Bio.5)l-xPbxTi03 
Piezoelectric data 

CONCLUSION 

This study has shown that piezoelectric ceramics with 
improved characteristics can be obtained within the NBT- 
KBT, NBT-PT and KBT-PT systems. Further experiments 
are in progress in order to investigate more deeply the nature 
of the phase transitions in these systems. 
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Ceramics with compositions Nao.42Ko.08Bi0.5Ti03 and 
Na0.45Bi0.45Pb0.1 O 3 show the best piezoelectric 
characteristics (d33 and kp) for materials without lead or with 
very low lead content. 
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Abstract - Room and high temperature X-ray diffraction, 
DSC, dilatometric and dielectric measurements have shown 
that the mixed Aurivillius phase Bi7Ti4Nb02l presents two 
characteristic temperatures. The first one - close to 675°C - 
seems to be attributed to a ferroelectric -paraelectric transtion 
connected with a structural change from orthorhombic to 
tetragonal. The second one, strongly obseved by dielectric 
measurements would concern a possible ferroelastic - 
paraelastic phase transition. 

INTRODUCTION 

Bismuth titanate niobate Bi7Ti4Nb02i, a mixed layer 
bismuth oxide compound of the "Aurivillius phases" family, 
is known to present two dielectric anomalies at about 675 and 
830°C [1,2]. In a previous work, strongly oriented dense 
ceramics obtained by hot forging showed a large anisotropy 
of the dielectric constants with respect to the forging direction 
[3]. A thorough study of this particular behaviour cannot be 
undertaken on ceramics only. So, this paper deals with a 
comparison of some dielectric characteristics obtained on 
both sintered ceramics and flux-grown single crystals. 

EXPERIMENTAL 

Bi7Ti4Nb021 powders were prepared by solid state 
reaction of the corresponding oxides. Stoichiometric mixtures 
of reagent grade Bi203, Ti02 and Nb205 were thoroughly 
mixed and calcined at 850°C for 15 hours in alumina or 
platinum crucibles. After crushing, the powders were heated 
at higher temperatures in order to assure complete reaction. 
Dense ceramics were obtained by natural sintering of 
uniaxially pressed pellets at 1100-1150°C for 4h in flowing 
oxygen. Oriented ceramics were elaborated by a hot-forging 
technique described elsewhere [3]. 

Single crystals were grown using a flux technique : a 
mixture of Bi7Ti4Nb021 powder with excess Bi203(l:4 
mole ratio) was heated in closed platinum crucibles at 
50Cmin"1 up to 1200°C, kept at this temperature for 5h and 
cooled down to 700°C at 50Ch"1. After some dwell at 700°C, 
the crucibles were allowed to cooled down to room 
temperature. Translucent greyish plate-like single crystals 20 
to 100 mm thick and up to 4 mm^ area were extracted from 
the solidified batch by lapping with HC1 IM. 

X-ray diffraction patterns and their evolution with 
temperature were performed using a Siemens D5000 powder 
diffractometer fitted with a Anton Parr high temperature 
attachment. DSC experiments were carried out on a Netzsch 
STA 409 device. Piezoelectric coupling factors were 
determined from resonance-antiresonance measurements with 
a HP 4194A impedance analyser. 

RESULTS AND DISCUSSION 

Ceramic materials 

In order to get more information on the dielectric 
behaviour of this phase, X-ray powder diffraction patterns 
were performed between room temperature and 1000 C. 1 he 
thermal variations of the lattice parameters with temperature 
are given in Fig. 1. Assuming an orthorhombic symmetry at 
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room temperature, the observed evolution of both a and b 
lattice parameters would correspond to a change towards a 
tetragonal symmetry at about 670°C. This result was 
confirmed by comparison of the calculated volume variation 
and the thermal expansion - determined by dilatometry - 
which showed the same changes at the same temperatures 
(Fig. 2 and 3). 
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As mostly Aurivillius phases, Bi7Ti4Nb021 is ferroelectric 
at room temperature. Actually, it can be poled in the same 
way as Bi4Ti30i2,thus giving a piezoelectric effect. 

Should this phase transition at 630°C correspond to a 
ferroelectric to paraelectric transition? A first answer to this 
question should be given by studying the electromechanical 
coupling factor of a poled ceramic as a function of 
temperature. Fig. 4 shows a typical resonance signal obtained 
for the planar vibration mode. Within the accuracy of the 
experiment, the resonance-antiresonance signal, which is 
almost constant as the temperature rises, can no longer be 
measured above 500°C (Fig. 5). 

This set of results is consistent with a structural change at 
about 630°C. So, the first characteristic temperature would be 
attributed to a ferroelectric-paraelectric transition. This 
assumption was supported by the observation of an 
endothermal anomaly (AH = -5.4 Jg-1) at 636 °C in the DSC 
scans performed on sintered samples (Fig. 6a). This value is 
similar to that found for Bi4Ti30i2, but the transition occurs 
within a much larger temperature range (Fig. 6b) which could 
explain the temperature scattering observed according to the 
different techniques used in this study. 
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Single crystals 

After separation from the solidified flux, the single crystals 
were individually checked by X-ray diffraction. A typical 
diffraction pattern obtained from the major crystal face, is 
shown in Fig. 7 : as only reflections from (001) planes were 
observed, the crystal face was defined as normal to the c axis. 

The c parameter computed from the above reflections is 
2,900 nm, in close agreement with the powder results. These 
observations are coherent with similar studies carried out on 
Bi4Ti30i2[4]. 
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When observed through a polarized light microscope, the 
crystal surface reveals a texture made of mainly 180 and 90° 
domains with 1-3 mm width (Fig. 8). Such a texture has 
already been observed in ferroelectric B14T13O12 and 
NaBi4Ti3FeOi5 single crystals [5]. 
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For dielectric measurements, gold electrodes were painted 
on major faces or on the edges of single crystals in order to 
separate the different contributions to the permittivity 
(respectively 8c and £ab)- The dielectric constant in the c- 
direction is about 145 at room temperature (the value 
obtained for eab is not accurate because of the difficulty of 
measuring the actual dimensions of the electrode areas). The 
temperature dependence of the dielectric constants are given 
in Fig. 9. As expected from measurements on sintered 
ceramics, 8ab presents two anomalies at about 680 and 
850°C, the first one surely connected with the ferroelectric - 
paraelectric transition. A reasonnable assumption would be 
that the highest one correspond to a ferroelastic-paraelastic 
phase transition [6]. The £c behaviour is striking. The 
presence of shoulders at temperature close to the 
characteristic temperatures found for Sc would mean that, at 
least for the first one, there would be a component of the 
polarization along the c-axis (as in Bi4Ti30i2)- Further 
experiments are currently in progress in order to support such 
a hypothesis. 

CONCLUSION 

This study has shown that the mixed Aurivillius phase 
Bi7Ti4NbC"21 seems to present independant ferroelectric and 
ferroelastic behaviours. The strong anisotrpy of the dielectric 
constants has been establish on single crystals. A more 
thorough study by high temperature optical microscopy and 
transmission electron microscopy is now in progress. 
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Abstract 

The densification of SrTi03 materials has been enhanced 
by using the novel sintering techniques. The hipping and 
microwave sintering, on the other hand, can enhance the 
diffusion of the ions markedly such that the undesired 
feature of the mixed oxide powders is easily overcome and 
the materials are well sintered. The densification of the 
materials has already started when microwave sintered at 
1220°C, but the growth of the grains can occur only when 
microwave sintered at 1250°C. The migration of grain 
boundaries can be effectively triggered by applying a short 
temperature pulse at the onset of densification process. 

I. Introduction 

SrTi03 (STO) materials are one of the family of the 
ferroelectric perovskites, which possess paraelectic 
characteristics with dielectric constant around sr=285 ~ 320 

at room temperature, since the tetragonal to cubic phase 

transformation of these materials occurs at Tc= -168°C (1-2>. 
They are widely used as materials for high voltage 
capacitors (3), grain boundary barrier capacitors (GBBL) 
(4>5), low voltage non-ohmic thermistors (Varistor) (6-7) and 
voltage controlled microwave dielectrics(8,9). 

Preparation of STO ceramics via conventional mixed 
oxide (MO) route is difficult due to high sintering 

temperature ( >1400°C) needed to densify the materials. 
The low sinterability of the powders can be ascribed to (i) 
the large and non-uniform particle size resulted from 
mechanical pulverization process and (ii) low activity 
caused by the high calcination temperature adopted to 
convert the raw materials into perovskite phase. Synthesis 
of STO powders via chemical routes, such as sol-gel 00,10 
hydrothermal (12\ coprecipitation (>3> and spray pyrolysis 
(14), have been widely utilized for improving the activity 
and purity of the STO powders. The sinterability of the 
powders has been improved significantly, but the control of 
microstructure is not completely successful. The purpose of 

this research is to investigate the possibility of enhancing 
the densification rate of the STO materials using non- 
conventional densification technique, such as microwave 
sintering (MS), so as to circumvent the difficulty 
encountered in chemical route of preparing STO powders. 

II. Experiments 

In the mixed oxide (MO) process, the reagent grade 
SrC03 and Ti02 powders +, of 1:1 molar ratio, were mixed 

with deionized water and using zirconia grinding media in a 
plastic jar. The mixture, after drying, was calcined in air at 

1100°C for 4 hrs, followed by pulverization using ball 

milling process. 
Two non-conventional densification processes were 

used to investigate the sintering behavior of the samples 
made of MO powders. They were hot isostatic processing 
(HIP) and microwave sintering (MS) processes. In hipping 
process, the pellets were hermetically sealed in a stainless 

steel capsule, slowly heated to 1200°C, pressurized to 1800 
Kg/cm2 and soaking at the hipping conditions for 1 hr. In 
the microwave sintering process, a 2.45 GHz microwave 
from a commercial generator (Gerling GL107 magnetron) 
was introduced into an applicator. The temperature was 
measured using a thermocouple placed near the surface of 
the samples. The sintering temperature was increased fastly 

to around 1200°C, 1220°C or 1250°C as soon as the 
microwave power was fed into the applicator. The samples 
were soaked at that temperature for 10-30 minutes and then 
rapidly cooled by shutting off the microwave power. The 
crystal structure and microstructure of the powders and 
ceramic samples were examined using Rigaku D/max-IIB 
X- ray diffractometer (XRD) and Joel 840A scanning 
electron microscope (SEM), respectively. 
+ SrC03. Merck Co. . 99.5%: Ti02. Merck Co. , 99% 
* Ti(OEt)4. Merck Co.. 95%: Sr(CH3COO)2«l/2H,0. Strem Chemicals, 98% 

III. Results and Discussions 

The microstructures of these samples sintered by 
conventional process are shown in Fig. 1. The sintering of 
MO powders is very difficult. Figure la reveals that large 
proportion of voids still remained even when the samples 

were sintered at 1400°C (2 hrs). The grain size distribution 
is very non-uniform. Grains of submicron size are observed 
distributing among the abnormally big grains all over the 

samples. 
It has been demonstrated that using the high activity 

powders prepared via chemical routes can effectively 
circumvent the undesired feature of the mixed oxide (MO) 
powders, such as low activity and non-uniformity in 
particle size distribution. However, the chemical processes 
are cumbersome and the control of cationic segregation is 
very difficult. The other alternatives to promote the 
densification process of the materials is to enhance the 
diffusion of species so as to overcome the above mentioned 
shortcomings of the MO powders. A non-conventional 
sintering   process,   viz.   the   microwave   sintering   (MS) 
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technique, is, thereafter, employed for this purpose. 
Before discussing the effect of parameters in 

microwave sintering process on the microstructural 
evolution of the STO materials, the characteristics of the 
materials densified by the hot isostatic pressing (HIP) 
technique is firstly examined. This process is chosen to 
facilitate the comparasion of the densification techniques, 
since the hipping process is the most effective process 
available for densifying the ceramic materials. Figure 7a 
shows that the materials have developed dense and uniform 
microstructure, with the grains of 5 urn in size, when 
hipped directly from the green compact of powders at only 
1200°C for 1 hr, under 1800 Kg/cm2. The beneficial effect 
of high pressure on promoting diffusion process is clearly 
demonstrated. 

Figures 2b~2d, on the other hand, indicate that the 
microwave sintering process can density the MO materials 
as effective as the hipping process. The necking between 
the adjacent grains is clearly observed in Fig.2b, suggesting 
that the sintering process has already started at 1200°C. But 
large number of voids shown in the figure indicates that 
higher sintering temperature is apparently needed to density 
the materials. Figure 2c shows that the materials are 
effectively sintered at 1220°C for 10 minutes ( ~ 94.3 % 
true density). This sintering temperature is more than 200° 
C lower than that needed to density STO materials by 
conventional process. The grain size is around 1-2 um. 

Increasing the microwave sintering temperature to 
1250°C (Fig.2d) results in the samples of nearly the same 
density ( a 94 % true density) but with the grains grown to 
larger than 10 urn. Figures 3a~3c indicate that the grains 
grow only moderately, from 1 jxm to 4 urn and the density 
increases from 94.3 % to 95 % true density, when the 
soaking period at 1220°C extends from 10 minutes to 30 
minutes. These figures reveal that although the 
densification process already starts at 1200°C, the growth 
of grains occurs only at higher temperature. The activation 
energy for grain boundary migration is, therefore, 
concluded to be higher than that for the diffusion of cations 
and anions required for densification. To further examine 
such phenomena, the microstructural evolution of the 
samples densified by the microwave sintering process with 
slightly different temperature profile was studied. 

As shown in Fig.4, the temperature profile A is to 
slowly increase the temperature to 1220°C, maintaining at 
that temperature for 10 minutes and then fastiy cooled ( > 
170 °C/min). The temperature profile B, on the other hand, 
is veiy similiar to the temperature profile A except that a 
short pulse of microwave power was fed into the sample as 
the temperature reach 1220°C such that the temperature 
ramps up from 1220°C to around 1260°C for very short 
period ( ~2 min.). The corresponding micrographs are 
shown in Figs.4a and 4b, respectively, which demonstrate 
that the granular structure of the samples microwave 
sintered via the two temperature profiles are tremendously 
different from each other. Huge grains of the size around 
tens of microns are obtained for samples sintered via profile 
B, compared to the 1 urn grain size for samples sintered via 

profile A.  The  short temperature pulse has effectively 
trigger the growth of the grains. 

The mechanism which markedly enhance the 
densification of the materials in the microwave sintering 
process is, however, not really understood. It has been 
explained either by the lowering of activation energy (Q) 
for diffusion ('5) or the promotion of the pre-exponential 
factor (DQ) of interdiffusivity (16> through the altering of 
correlation factor in the relationship 

D=D0exp(-Q/kT) 
The electric field effect on crystal latice has also been 

proposed to enhance the flux of ionic diffusivity (]7\ that is, 

J = -Bn( ■NZeE) 

where B is the mobility, n is ion concentration , G and N 
are free energy and Avogadro constant, Ze is effective 
charge and E is the applied electric field. The Lorentz force 
exerted onto the species (of charge q) by the electric (E) 
and magnetic (B) field of the microwave. 

F: <j(E + ±VxB)e 
jot 

is yet another factor need to be considered, since it will 
force the charged species to vibrate with the same 
frequency as microwave (co). Such kind of forced vibration 
may increase the jump frequency and provide the charged 
species an additional energy to overcome the diffusion 
barrier. In other words, both the pre-exponential factor and 
the effective activation energy will be altered due to the 
interaction of charged species with the field in microwave. 
Besides the above mentioned mechanisms, the special 
feature of the microwave sintering process, which is the 
uniform and rapid heating, may also result in the 
enhancement of densification. Since the heating of 
materials in this process is caused by the absorption of the 
microwave energy (through dissipation factor), the 
materials in the core region of the samples can be heated up 
as efficient as the materials surrounding the core region. 
There is no need for heat to transport. The temperature of 
the samples is, thereby, increasing homogeneously and 
rapidly such that the densification process (e.g. necking) 
proceeds simultaneously all over the samples. The sintering 
rate is thus increased. Moreover, rapid heating, which can 
be as fast as ~150°C/min, has also been observed to 
markedly enhance the sintering of materials. All these 
characteristics can account for the increase of the 
densification kinetics in the microwave sintering process. 

IV. Conclusions 

(1) In the mixed oxide process, high density and uniform 
grain size distribution materials have been obtained when 
hipped or microwave sintered at 200°C lower than that 
needed to density the samples via conventional sintering 
process. 
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(2) The densification of the samples has already started 
when microwave sintered at 1220°C, but the growth of the 
grains can occur only when microwave sintered at 1250°C. 

(3) The migration of grain boundaries can also be 
effectively triggered by applying a short temperature pulse 
at the onset of densification process. 
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Fig. 1. The microstructure of SrTi03 samples made of the 
powders prepared by mixed oxide (MO) method and 
sintered at (a)1300°C, (b)1350°C and (c)1400°C for 2 hrs, 
respectively. 
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Fig.2. The microstructure of SrTi03 samples densified by 
(a) hipping at 1200°C for I hr (1800 Kg/cm2) and 
microwave sintering at (b) 1200°C (10 min.), (c) 1220°C 
(10 min.), and (d) 1250°C (10 min.). 

(a). 

(c). 

IP all; ^^MlB;^BilÄ^Ä 

■IP 

Fig. 3. The microstructure of 
SrTi03 samples microwave 
sintered at 1220°C for (a) 10 
min. (b) 20 min. and (c) 30 
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Fig.4. The temperature profile (A & B) in the microwave 
sintering process and micro structure of the samples sintered 
by the corresponding profiles. 
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Abstract - Crystals of (Na1/2Bi]/2)Ti03 were grown by 
flux technique as well as Czochralski method. It has been 
found that non-stoichiometry which was induced during the 
crystal growing by the Czochralski method owing to the 
volatilization of Bi-rich phase resulted in a less lattice 
distortion from cubic symmetry. A long-range cationic 
ordering was also found in both crystals but the degree of 
ordering was very low. It could be confirmed that the 
tetragonal phase should be nonpolar. On the base of these 
results, the phase transition behaviors of two NBT crystals 
have been investigated with the observation of twin 
configuration. 

INTRODUCTION 

After Smolensk» et al. [1] found ferroelectric 
(Na1/2Bi1/2)Ti03 (abbreviated to NBT) many investigations 
on the phase transitions of NBT have been followed. It has 
been generally accepted that NBT has two phase transitions 
with decreasing temperature, i.e., one from cubic to tetragonal 

at about 540°C and another from tetragonal to rhombohedral 

at 270°C [2,3]. But there has been almost no effort to 
investigate the phase transition of NBT from the 
crystallographic point of view. Because NBT is of simple 
structure of perovskite it would be possible to suggest the 
space group of each phases if the ordering configuration of A- 
site cations and the dielectric properties were confirmed. 
However, only short-range ordering has been observed by 
neutron diffraction [4] or Raman study [5] and the dielectric 
property of intermediate tetragonal phase is not clear yet. 

Besides, although the control of stoichiometry of NBT is 
much easier than that of lead containing piezoelectric 
materials, it is expected that the volatilization of Na and Bi 
during heat treatments will bring unwanted effects on the 
properties and the phase transition behaviors. In this study 
crystals of NBT have been prepared by the flux technique and 
the Czochralski method. The purposes of the crystal growing 
are not only to investigate the long-range cation ordering of 
NBT but also to find out the effects of volatilization of Na 
and Bi on the stoichiometry for a guideline of future works. 
Phase transition behaviors for the two crystals have been 
investigated and the transition sequence of NBT has been 
discussed based on the super-subgroup relationship. 

EXPERIMENTAL PROCEDURE 

Crystals grown by flux technique (abbreviated to fx 
crystal) were obtained by slow cooling technique with 20 
wt.% excess of Bi203 and of Na2C03 as self flux. Yellowish 
brown NBT crystals (abbreviated to Cz crystal) of 1.5 cm 
diameter weighing 70g were also grown by the Czochralski 
method from the melt whose starting composition was 
stoichiomerric. The crystal was pulled and rotated at the rate 
of 6 mm/h and 20 rpm, respectively. 
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XRD patterns, single crystal rotating and Weissenberg 
photographs, and powder diffraction using high temperature 
Guinier-Lenne camera were employed to observe the 
structure and its change for the two crystals. The differential 
scanning calorimetry (DSC) analysis was also carried out on 
heating. Twin configurations were observed under cross-nicol 

condition at the temperature range of 25°C to 400°C. 

Dielectric constant variations on temperature of 25°C to 500° 
C and on measuring frequencies of 1 kHz to 100 kHz for both 
crystals were measured on heating and cooling using 
HP4194A. Pt paste for ion blocking as well as Ag pastes were 
used as electrode. 

RESULTS and DISCUSSION 

Crystal Growing and Nonstoichiometry 

We found that the melting temperature of NBT would be 

about 1290°C from the DTA/TG curve but the volatilization 
was increased sharply at the melting point. As crystal 

growing generally needs a very slow cooling rate (1 ~ 5°C/hr) 
at high temperature flux growing was employed using 20 
wt.% of excess Na20 and Bi203 as a self-flux for 
compensating the composition change. The crystals with dark 
brown color and cuboidal shape were obtained by flux 
growing. In crystal growing by Czochralski method, however, 
it could be easily expected that the growing should not be 
straight forward because of the volatile constituents. Owing 
to the lack of preceding works about crystal growing of NBT, 
the melt of the stoichiomerric composition was prepared. It 
took 16 hr to grow Cz crystal and the volatilization of Bi-rich 
phase resulted in the deposition of yellowish powders inside 
the furnace. The XRD patterns of fx crystal and Cz crystal of 
NBT is shown in Fig. 1. The pattern of fx crystal in Fig. 1 
clearly shows rhombohedral splits. This confirms the 
previous report [6] on NBT, i.e., NBT have a rhombohedral 

symmetry at room temperature with a = 3.886A and a = 89.6° 
. However, the pattern of Cz crystal in Fig. 1 does not show 
any split. The difference in the XRD patterns of two crystals 
can be ascribed to the volatilization of Bi-rich phase during 
the growing of Cz crystal. In order to investigate the 
composition of Cz crystal more precisely, quantitative EPMA 
analysis was employed using the fx crystal as the standard. 
As shown in table 1, it is obvious that Cz crystal is Bi- 
deficient. Therefore it can be concluded that the non- 
stoichiometry has been induced in Cz crystal due to the 
volatilization thus resulted in the difference in the XRD 
patterns. 

The ferroelectricity of two crystals has been checked by 
the Sawyer-Tower circuit. Both crystals show a similar 
hysteresis loop in the p = f(E) curve with a saturation at about 
70 kV/cm. From the precise X-ray diffraction patterns with an 
enhanced resolution, it could be found that Cz crystal is 
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Table 1   Composition analyses of Cz crystal by EPMA 
using the Fx crystal as Standard (at.%) 

26 
Fig. 1 X-ray diffraction patterns of (Na1/2Bi1/2)Ti03 crystals 

grown by (a) flux technique and (b) Czochralski method. 

pseudo-cubic with slight lattice distortion from ideal cubic. 
Thus it can be concluded that non-stoichiometry in Cz crystal 
decreases the lattice distortion. 

Long-range Ordering ofA-site Cations 

The NBT crystals in this study have a long-range ordering 
but the degree of ordering identified with the intensities of 
superlattice reflections were very low. Very faint superlattice 
spots with (h+l/2,k+l/2,l+l/2) type can be observed in 
rotating photograph. Therefore, it can be safely assumed that 
the intermediate tetragonal and high temperature cubic phase 
of NBT is not a primitive one but body-centered and face- 
centered, respectively, and that the space group of 
rhombohedral phase is R3c [4] rather than R3m [6]. 

Ferroelectric Phase Transition of NBT Crystal 

The point group of ferroelectric crystal is usually a 
subgroup of that of the high-temperature paraelectric crystal 
because the former crystal includes all the symmetry 
operations the latter crystal has [7]. Referring to Aizu [8], this 
rule can be applied to the ferroelastic phase transition. From 
the view point of ferroelasticity the sequence of phase 
transition of NBT is normal because the point group of 
paraelastic phase, i.e., m3m, is the supergroup of all point 
groups of subsequent tetragonal and rhombohedral 
ferroelastic phases. 

From the view point of ferroelectricity the sequence of 
phase transition of NBT is abnormal because the tetragonal 
phase is known to be paraelectric [2,9]. If the tetragonal 
phase of NBT were polar, the sequence of phase transition 
might be normal as in the case of ferroelasticity. Zvirgzds et 
al. [3] suggested on the base of the observation of a second 

maximum in sr vs. temperature curve near 450°C that the 
tetragonal phase of NBT be antiferroelectric at least. Fig. 2 

and Fig. 3 show s(T) curves of fx and Cz crystals. Here a 

diffuse second maximum near 450°C is obvious at low 
frequency, too. This observation implies that the tetragonal 
phase may be polar. Therefore the phase transition of both 
crystals was investigated using a higher temperature Guinier- 
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Fig. 2 Temperature dependence of dielectric constant in fx crystal 

for various measuring frequencies of (a) 1 kHz, (b) 4 kHz, 

(c) 7 kHz, (d) 10 kHz, (e) 100 kHz (using Ag electrode). 
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Fig. 3 Temperature dependence of dielectric constant in Cz crystal 

for various measuring frequencies of (a) 1 kHz, (b) 4 kHz, 

(c) 7 kHz, (d) 10 kHz, (e) 100 kHz (using Ag electrode). 

Lenne camera and DSC. From the abrupt decrease in line 
width of (110) reflection and bending of reflections on 
Guinier film  for  fx  crystal   show  the  rhombohedral   <=> 

tetragonal phase transition at about 250°C. Owing to the 
smaller rhombohedral distortion the main reflection of Cz 
crystal does not show any remarkable change. Unfortunately 

the tetragonal •» cubic transition can not be detected in X-ray 
diffraction film due to the small tetragonality of NBT (c/a < 
1.003 [3]). 

Fig. 4 shows the result of DSC work. Here both crystals 
have two endothermic peaks at about same temperature. The 

first anomaly at 230°C coincides well with the temperature 

showing a hump in s(T) curve and the rhombohedral <=> 
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Fig. 4 DSC curves for (Na^Bi^TiC^ crystals 

tetragonal transition in the X-ray diffraction work. Other 
investigator [2] reported the anomaly at 300°C on heating. 

The second anomaly at 430°C, however, has not been 
reported yet. This temperature seemed to be very close to that 

of the second maximums in s(T) curve shown in Fig. 2 and 
Fig. 3. However this temperature is quite different from 

tetragonal <-> cubic transition temperature [3]. Therefore it 
was necessary to investigate the origin of maximum at about 

450°C. In the case of ceramics with high ionic conductivity, 
the interaction between electrode and ions sometimes results 
in an unexpected variation in the conductivity. Therefore, 
instead of Ag-electrode, a platinum electrode has been 
applied on the two crystals and it can be found that the 

second maxima at about 450°C would disappear. These mean 

that the second maxima in e(T) curves shown in Fig. 2 and 3 
do not originate from the ferroelectric phase transition thus it 
can be concluded that the tetragonal phase of NBT is non- 
polar. From this result, it can be suggested that the space 
group of tetragonal crystal be I4/mmm. 

The super and subgroup relations in ferroelectric phase 
transition of NBT are very peculiar. As previously mentioned, 
the paraelectric tetragonal is neither ferroelectric nor 
supergroup of ferroelectric phase but subgroup of high 
temperature cubic. Therefore it can be concluded that NBT is 
the example of exception among the perovskite materials, 
which does not obey the rule of the normal ferroelectric phase 
transition sequence. 

Hysteresis during the ferroelectric phase transition 

The differences between phase transition behaviors of the 

two crystals can be found in Fig. 5(a) that shows the e(T) 
curves at 100 kHz. Cz crystal shows large temperature 
hysteresis during diffuse phase transition (abbreviated to 
DPT) as reported (see Fig. 5(b) [2]). But the fx crystal does 
not show as much hysteresis as Cz crystal does. It is very 
interesting that E(T) curve in Fig. 5(b) was also taken with 
crystal grown by Czochralski method [2]. Therefore it can be 
said that the nonstoichiometry and/or structure variation can 
make an effect on ferroelectric phase transition behavior. 

Twin configurations of NBT crystals 

Fx crystal has a lamellar twinning structure whereas Cz 
crystal has a herring-bone type banded structure. This 
herring-bone type twinning could be explained by the larger 
dimension of Cz crystal since it is frequently observed under 
a 3-dimensional clamped condition. In addition, the twin 
configurations of both crystals did not show any changes 
irrespective of tetragonal to rhombohedral (abbreviated to T 

<-»R) phase transition except the isotropization. As previously 
reported [2,9] the isotropization and the freezing of twin 
configuration is hardly understood. The isotropization has 

been observed in the temperature range of 240°C to 270°C on 

heating and 230°C to 200°C on cooling. This isotropization 
of NBT is very peculiar because it is in the middle of the 
phase transition from rhombohedral to tetragonal, and vice 
versa. The isotropization means that there is no contribution 
of optically anisotropic constituents thus the crystal must be 
cubic within the resolution limit of an optical microscope. 
How a crystal can be cubic in the middle of a phase transition 
from rhombohedral to tetragonal? Therefore the only possible 
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Fig. 5(b) Temperature dependence of dielectric constant in 
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explanation is that the global symmetry (global means within 
the resolution limit of optical microscope) of NBT in the 
isotropization range should be cubic. This deduction implies 
that the crystal may be a mixture of very small rhombohedral 
and tetragonal regions (probably less than few hundred nm) 
in the temperature range of isotropization during DPT. 

CONCLUSION 

In the Cz crystal, the volatilization resulted in a non- 
stoichiometry and the symmetry of Cz crystal was found to be 
pseudo-cubic with a very small distortion from the ideal cubic 
whereas fx crystal had a rhombohedral symmetry. A long- 
range ordering of Na and Bi cations has been observed on 
crystal rotating photograph. However the degree of ordering 
was very low. 

Though the E(T) curve can show another maximum, the 

tetragonal phase is nonpolar because s(T) maximum at high 
temperature should be originated from the combination effect 
of space charge polarization and electrode reaction. Therefore 
the ferroelectric phase transition sequence of NBT is an 
example of abnormal transition which does not obey 
crystallographic super-subgroup relationship as follows. 

Crystals," Journal of the Physical society of Japan, vol. 27, 
no. 2,pp387-396, 1969. 

[9] S. B. Vakhrushev, V. A. Isupov, B. E. Kvyatkovsky, 
N. M. Okuneva, and I. P. Pronin, "Phase.Transitions and Soft 

; Modes in Sodium Bismuth titanate," Ferroelectrics  vol  63 
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Cz crystal also showed more temperature hysteresis in e 
(T) curve during DPT. The symmetry of NBT in the 
temperature range of isotropization should be cubic within the 
resolution limit of optical microscope. 
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Abstract Strontium Barium Niobate ( SBN ) is a 
ferroelectric solid solution with tetragonal tungsten bronze 

structure. SBN exhibits excellent pyroelectric and electro-optic 

properties. Solid solutions of (Srx Baj.^o.s Nag 4 Ry Nb2Oe 

where Ry = Y, Zn, Mg, Fe, have been prepared by the 
conventional ceramic technique. The microstructures were 

studied with the aid of Scanning Electron Microscope on 
fractured surfaces of the ceramic compositions and the average 
grain diameter was measured by linear intercept method. The 
results are discussed in relation to the grain sizes. 

INTRODUCTION 

The tungsten bronze structure ferroelectrics are a large 
class of technically important materials. The properties of these 
materials are very sensitive to the amount of substitution, 
preparation and sintering conditions. The system Strontium 
Barium Niobate with tetragonal tungsten bronze structure has 
been extensively studied by various researchers [1-5]. SBN has 
the highest electro-optic coefficient and high pyroelectric 
coefficient [2,6,7]. The structure consists of a framework of 
(BOg) oxygen octahedra sharing corners in such a way that 
there a three different types of interstitial sites A, B and C. 
These three sites can accommodate differnt metal atoms. The 
general formula is AB2O5 where, A is a divalent metal atom 

and B is either niobium or tantalum. Generally, additives are 
used for the aid of densification or control of grain growth so as 
to improve the useful properties of these ceramics. When the 
interstitial vacancies are filled partially or fully with alkali 
elements, Curie temperature is raised. The purpose in 
introducing Na is to increase the density and raise Tc. With the 
introduction of Na, A position vacancies result from volatility 
of Na and these vacancies aid sintering process. The effect of 
different cations on the structural properties and ferroelectric 
properties of SBN ceramics are reported in this communication. 

EXPERIMENTAL 

Solid  solutions  of the  following compositions  were 
prepared by the conventional ceramic technique. 

(Sr0.6Bao.4)o.8 FeQ.02 Na0.34 Nb206 

(Sro.6Bafj.4)0.8 M80.1 Na0.2 ^206 
(Sr0.6Ba0.4)0.8 Zn0.1 Na0.2 Nt^Oö 
(Sr0.6Ba0.4)o.8 Y0.02 Nao.34 Nt^ 
Suitable proportions of analytical reagent grade with a 

purity of 99.99% starting materials in accordance with the solid 

state reaction were dry ground into fine powder and calcined in 

platinum crucibles. The mixture is pressed into disks and 
sintered in air on platinum foil. The firing conditions are the 
same as reported earlier [8-10]. The materials were 
characterized by X-ray diffraction. The dielectric dispersion 
was measured on H.P. LF Impedance Analyzer model 4192 A 
with 16095 A as probe fixture in the temperature range 30 - 
400°C. The microstructures of sintered disks were examined 
by JEOL JSM-35 CF Scanning Electron Microscope. 

RESULTS AND DISCUSSION 

The measurements were made by fracturing the sample, 

evaporating a thin layer (-400Ä) of gold on to it and observing 
under high magnifications at 10KV. The sample surfaces were 
sputtered with gold employing a sputter coater so as to eliminate 
or reduce the electronic charge which builds up rapidly in a 
non-conducting specimen when scanned by a beam of high 
energy electrons. The microstructural studies were carried out 
with the aid of Scanning Electron Microscope on fractured 
surfaces of the ceramic compositions. Scanning Electron 
Micrographs of different compositions are shown in Figures 1- 
4. The grain sizes were measured using STOE, Germany film 
measuring device. The average grain diameters were calculated 

by linear intercept method[ll]. 

Room temperature dielectric constant values and Curie 
temperatures are shown in Table I. In all the compositions, a 
broad transition is observed which is a characteristic of diffuse 
phase transition. Both the room temperature dielectric constant 
and peak dielectric constant decreases gradually with the 
increase of ionic radius of the additive cations. The Curie 

temperature was observed around 200°C for all compositions. 
The substituted ionic sizes and their site occupancy play an 
important role in determining the dielectric constant. It was 
also observed that the dielectric constant peak shifts to higher 
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temperatures slightly and the dielectric constant values decrease 
with increasing frequency. 

The broadening of the transition has been attributed to 
disorder in the arrangement of the cations on one or more 
crystallographic sites in the structure leading to microscopic 
heterogeneity in the composition and thus a distribution of 
different local Curie points. And also the dielectric loss peak 
shifts to a higher temperature upon increasing the frequency. 

The average grain diameters are presented in Table II. 
The Scanning Electron Micrographs of Fe Mg, Zn and Y 

addition reveal a slightly melted appearance which may be due 
to liquid phase sintering. The liquid phase probably results 

from the reaction of cations and Na with SBN [10]. The 

addition of cations promoted grain growth. The average grain 
sizes are about 2.8, 3.5, 4.4 and 6.5 urn for Fe, Y, Mg and Zn. 

The addition of Y assisted the grain growth. This may be the 
reason for the part of the decrease in dielectric constant values. 

ACKNOWLEDGEMENTS 

Thanks are due to DST, New Delhi, India for the award of 
research grants. One of the authors (SNM) wishes to 
acknowledge CSIR, New Delhi for Research Associateship. 

REFERENCES 

[1]       M.H.   Framcombe  and B.   Lewis,  Acta Cryst.,   11, 
(1958) 696. 

[2]      P.V. Lenzo, E.G. Spences and A.A. Ballman, Appl. 
Phys. Lett. 11, (1967) 23. 

[3]       A.M. Glass, J.Appl.Phys., 40, (1969) 4699. 
[4]       R.R. Neurgaonkar, Ferroelectrics, 91, (1989) 209. 
[5]       T.R.   Shrout   and   S.L   Swartz,   Proce.   8th.   IEEE 

International    Symposium    on    Applications    of 
Ferroelectrics, Greenville, SC, September, (1992) pp 
80. 

[6]       R.R. Neurgaonkar and L.E. Cross, Mat. Res. Bull., 
21,(1986) 893. 

[7]       R. Clarke and J.C. Burfoot, Ferroelectrics, 8, (1974) 
505. 

[8]       S. Narayana Murty, K. Umakantham, K.V. Ramana 

Murfhy, K.C. Mouli, G. Padmavathi, A. Bhanumathi 

and K. Linga Murty, J. Mater. Sei. Lett., 11, (1992) 
607. 

[9]       S. Narayana Murty, K.V. Ramana Murthy, K.C. Mouli, 
A. Bhanumathi, S. Bangar Raju, G. Padmavathi,   and 
K. Linga Murty, Ferroelectrics, (1994) In Press. 

[10]     S.    Narayana   Murty,   K.V.    Ramana   Murthy,    G. 
Padmavathi, A. Bhanumathi and K. Linga Murty Proce. 
8th. IEEE International Symposium on Applications 
of Ferroelectrics, Greenville, SC, September, (1992) 
pp 209. 

[11]     E.D. Case, J.R. Smyth and V. Monthel, J. Amer. Cer. 
Soc.,64C, (1981) 24. 

272 



Frequency Response of MgO:LiNb03 Crystals 

B.M.Jin, A.S.Bhalla 

Materials Research Laboratory, The Pennsylvania State University, 

University Park, PA 16802, U.S.A. 

I.W.Kim, B.C.Park 

Dept. of Physics, University of Ulsan, Ulsan, Korea 

Abstract - MgO-doped congruent LiNbC>3 were grown by the 

Czochralski method. All MgO-doped LiNb03 have higher 

growing temperature than that of pure one. Frequency 

dependence dielectric spectra was performed to study the 

relaxational and conduction mechanism. Strong low 

frequency dispersion indicated that main conduction of MgO- 

doped LiNb03 is the hopping charge carrier which may be 

caused by defect or Mg-ion. Impedance spectra measurement 

shows that this system satisfies not a Debye but a Jonscher's 

"Universal law". 

INTRODUCTION 

Pure LiNbOs(LN) was a good candidate for optical devices, 

but because of optical damage (photorefractive effect), so 

many researchers have tried to solve this disadvantage. MgO- 

doped LN (congruent compositions) is one of possible 

solutions. As mentioned in previous reports [1-3], MgO 

doping has played a great role in pure LN and increased the 

laser strength by 100 times. An interesting point is that every 

physical property of MgO-doped LN (ex.: transition 

temperature, activation energy, optical band gap, optical 

absorption spectra, shift of OH- vibration frequency, density 

and electric activation energy based on the our previous 

measurements [4]) has threshold composition at just above 

5mole% of MgO concentration. In this study, we are trying to 

test the conduction mechanism of Mg-ion inside the LN 

crystal by impedance spectroscopy. 

EXPERIMENT 

A series of MgO-doped LiNb03 singe crystals were grown by 

the Czochralski method from melt. Each composition of MgO 

from pure to 10 mole% were added to pure LiNb03. All 

doping has higher melting point that pure ones. There were no 

shape changes in grown crystals but there were slight color 

changes and we believed that they were originated by intrinsic 

point defects resulting from Mg incorporation. Grown crystals 

were cut from the original bowl and polished by alumina 

powder. All measurements were done only on c-plate 

samples. Pt-paste was used as electrodes on polished sample 

surfaces. Impedance spectroscopy was performed by using the 

Impedance Analyzer (HP 4192A) from 5Hz to 13 Mhz. 

Careful calibration was done to reduce the stray impedance 

before measurements. 

RESULTS AND DISCUSSION 

Fig.l shows the real and imaginary impedance spectra in 

frequency domain at several MgO contents. Spectra of 

selected MgO composition are plotted in order to avoid 

confusion. As the MgO contents increased, the relaxational 
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FIGURE 1. Real and imaginary impedance vs. frequency at 

several selected MgO compositions. 
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FIGURE 2. Real and imaginary impedance vs. frequency at 

several selected temperatures. 

frequencies (peak frequency of imaginary impedance) move 

toward the higher frequency region and magnitudes of real 

impedance are reduced. A small kink at the high end 

frequency is due to the piezoelectric resonance. Temperature 

dependent impedance spectra were shown in Fig.2. As 

temperature increased, the relaxational frequency also 

increased a result similar to adding more MgO. There is the 

possibility of another relaxational mechanism at very low 

frequency region in both figures. It is unclear what kind of 

mechanism caused this without measuring the very low 

frequency dispersion in detail. This relaxation is now being 

studied by using a mHz frequency analyzer. Whenever 

imaginary  impedance  spectra have  a peak in  measured 

102 
103 10* 10s 

Angular frequency(ra) 

FIGURE 3. Capacitance & loss vs. frequency at several 

temperatures. Curve fitting the loss below the coc was done 

using the equation mentioned in the text. 

UNb03:MgO 

Temperature (°C) 

FIGURE 4. Temperature variation of critical exponent which 

is determined from the slope of below the critical frequency. 

frequency range, it is hard to possess a same peak frequency 

in dielectric constant spectra - namely, in dielectric spectra it 

should have a linear relationship with frequency, although 

low frequency has a rapid down slope. The result is shown in 

Fig. 3 at several different temperatures. This type of response 

has been discussed in detail by Hill and Pickup[5], and 

Jonscher [6]. Real and imaginary components are given by 

C(co) x G(a>)/co x a"1       o<nj<] 

at frequencies below coc and 

C(a) x G(co)/a> x of"2       o<n2<l 
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the satisfaction of ionic conductivity in ferroelectric region. 

Activation energy has a maximum at 6mole% of MgO 

concentration. 
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FIGURE 6. Critical frequency variation depending on the 

temperature which is determined from the result of 

extrapolating the slope of real and imaginary capacitances. 

The spectra shown in Fig.3 differs from the ideal response in 

a number of ways. First, below 700°C, the slopes of real and 

imaginary capacitance at low frequency do not have the same 

tendencies. As going up above 900°C, booth slopes have same 

tendencies and the tendency to "almost dc", i.e. nearly 

frequency-independent conductivity evident with rising 

temperature. This will be clear when it is drawn on 

conductivity vs. temperature. This means that at low 

temperatures, the interface effect between electrodes and the 

surface of the sample still remains. Beyond 900°C, both 

MgO concentration (mol%) 

FIGURE 7. Activation energy(AE) and transition temperature 

(Tc) vs. mole% of MgO incorporation. Both properties have a 

maximum - threshold composition and in this composition 

laser damage threshold increases 100 times. 

slopes satisfy the above relation. Second, above ac, loss still 

deviates from the slope of the capacitance. This can be 

explained that further polarization process still remains in this 

high frequency region or because of the thermal conduction at 

high temperatures. This is evident from their different 

physical characteristics, the strong dispersive region being 

closely akin to dc conduction, with substantial charge 

movements in the material, or the high frequency regime 

being due to more "dipole-like" localized hopping of charges, 

if not to molecular dipoles as such. Temperature dependency 

of critical exponent, n which is determined from nls is drawn 

in Fig.4 for selected temperatures. All critical exponents has a 

minimum value at transition temperature in every MgO 

content indicating the restoring force should be a minimum of 

around the transition temperature[7]. All the compositions 

except pure LiNbOs has a critical exponent value around 

unity through all temperatures indicating that it is often 

identified with the presence of hopping conduction by 

electrons. Relaxational frequency can be determined by 

selecting the peak frequency from either dielectric loss or 

imaginary loss of impedance. Temperature dependency of this 

relaxational frequency was plotted in Fig.5. Because of 

limiting frequency sweep range, relaxational frequencies were 

determined only below 1000°C. The activation energy 

calculated from this frequency was presented as an inset of 
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this figure. A 5mole% of MgO incorporation has a maximum 

activation energy value. By consideration of below and above 

slope of this activation energy, it is concluded that real MgO 

composition of maximum activation energy is just above 

5mole% (see fig. 7). More detailed investigation was done by 

evaluating the critical frequency far beyond the measured 

frequency range. In other words, using the tendency of the 

slope, the spectra were extrapolated far above the limited 

range of the frequency. Determined values of using this 

methods are plotted in Fig. 6 and it indicates the pure ionic 

conductivity behavior below the transition temperature - in 

ferroelectric region. The activation energy obtained from this 

method is a little bit different from previous ones in 

magnitudes , but has a same tendency within experimental 

and calculating error ranges. Final results were shown in 

Fig.7. Activation energy and transition temperature (Tc) have 

a peak around 6mole% of MgO concentration. These results 

were consistent with the results of density and absorption 

measurements done by our laboratory previously [7]. The 

detailed defect mechanism will be analyzed in another article 

by explaining the variation of density and optical band gap 

depending on the compositions. 
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CONCLUSION 

Impedance spectroscopy was investigated to study the 

relaxational mechanism of impurity doping into a pure 

congruent LiNb03. Large dispersion in low frequency (below 

1 MHz) and low temperature (below 900oC) was originated 

from the hopping electron caused by the intrinsic defect of 

Mg ion incorporation. Not a dielectric Cole-Cole plot but a 

Impedance Cole-Cole plot means that this system has a pure 

hopping conduction by defects in low frequency regime, 

especially. Small deviation of parallelism below critical 

frequency indicates that there should be another mechanism at 

a very low frequency region. Big deviation of conductive loss 

above the critical frequency indicates that further polarization 

process is going on far beyond the measured frequency range 

or thermal conduction at high temperatures. There is good 

consistency of threshold composition of MgO measured 

separately by the activation energy and transition temperature. 
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Abstract - We have learned the possibilities of 
decreasing of photoinduced lithium niobate acoustic 
characteristics changes. We have shown that the doping of 
lithium niobate crystals with Mg impurity and special 
ultrasonic treatment significantly decrease the sound speed 
and electro mechanical parameter changes in lithium 
niobate, which were caused by visible light influence. 

OBJECT OF THE WORK 

The efficiency of hthium niobate acouso-optic devices 
for laser radiation control is limited by sound speed 
changes in lithium niobate single crystals upon the visible 
range radiation influence. The purpose of our investigation 
is to increase the sound speed resistance of lithium niobate 
single crystals to the visible range light influence by means 
of Mg-doping and ultrasonic treatment of lithium niobate 
crystals. 

RESULTS AND DISCUSSIONS 

Doping 

It is known that the presence of the Mg impurity 
significantly effects on the optical damage processes in 
lithium niobate [1]. The light refract index changes (An) 
upon the influence of light efficiently decrease by means of 
doping the lithium niobate crystals by Mg impurity. It is 
naturally to suppose that Mg ions effect on photoinduced 
sound speed changes (Av), as well as this impurity effects 
on   photoinduced   changes   An.   We   have   made   the 
comparative   measurements   of   photoinduced   acoustic 
parameter changes in pure and doped LiNb03 in the order 
to investigate the influence of doping on the increasing of 
acoustic characteristics resistance to the light influence. 

We have measured the   photoinduced Av in the pure 
lithium niobate and in the LiNb03:Mg with different 
concentration of Mg impurity (0,86; 3,0; 5,0 %).  The 
measurements had been made by means of resonance- 
antiresonance methods on the samples with    following 

3 
dimensions X*Y*Z=4*10*2 mm   [2,3]. Lithium niobate 
single crystals have been grown by Dr. K. Polgar in the 
Research Laboratory for Crystal Physics of the Hungarian 
academy of science in Budapest. The gold electrodes were 
deposited on the ends of samples by evaporation in the 
vacuum. The measurements were made in the dark and at 
irradiating by white light from lamp with power of 500 Wt. 
The installation time of stationary measured parameter 
value achieved 2 minutes. The longitudinal  waves where 

excited in the samples on the 300kHz frequency. The acoustic 
parameter changes, created by light, were stable during several 
days after switching the light off. Crystal can be returned to 
the initial condition by heating it up to 100 C and following 
cooling it in the dark up to the room temperature. 

The relative changes of the hthium niobate acoustic 
characteristics in depending on the percentage of Mg are 
represented on fig. 1 (curves. 1,2). The curve 1 shows changes 

of sound speed Av/v —(v - v )/v where v and v are sound 
speed values in the light and in the dark correspondingly. The 

changes of pararneter tx=AK22/K22   in depending on the Mg 

concentration are shown on the curve 2. Here AK22/K22 =- 

(K22 --K22 )/K22   is relative change of electro-mechanical 

coupling coefficient. The Av/v and a in depending on the 
concentration of Mg are correlate. As it can be seen on the 
fig.l, Mg impurity doping causes considerable decreasing of 
the photoinduced changes of lithium niobate acoustic 
characteristics. 

3.0 -1      1 O--5 AV/V d 

a.o -"^ 

4-.0  - 

2.0 

OOQQQ 1 
** *»_*    ——   2 

0.0 2..0 4-.Ö 6.0 

Fig. 1. The depending of sound speed and electro- 

mechanical coupling parameter changes on 

Mg impurity content. 

We shall mark that the values of photoinduced sound 
speed changes and photorefractive effect in the hthium 

niobate are connected (Av/v ~An/n). It is well known that 
the injection of Mg impurity in the LiNb03 with Mg 
concentration equal to 4,5% causes threshold (up to 100 
times) decreasing of photorefractive effect value. At the 
same time we haven't observed the threshold decreasing of 

Av/v in the single crystals LiNb03:Mg with Mg 
concentration equal to 5%. It may be explained by values of 
threshold concentration of Mg depends on condition of 
given crystal 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 277 



grows, it's composition and can be above 4,5% up to (6 — 
8)% [4]. 

Photoinduced changes of sound speed in lithium 
niobate are caused by changes of spontaneous polarization 
value, which results from appearing of depolarizating 
electric field during the lighting in the mediums with 
selected direction. The mechanism of Mg impurity 
influence on the lithium niobate acoustic characteristics 
changes are on the stage of establish. 

Ultrasonic Treatment 

The value of AV depends significantly on the crystal 
defect structure. Effective method of the structure defect 
density reducing in lithium niobate is the special ultrasonic 
treatment of crystals. The ultrasonic treatment wave 
intensity must be lower then that one that can cause the 
generation of point defects and crystal dislocation [5]. 

We have investigated the influence of ultrasonic 
treatment on pure and Mg-doped lithium niobate single 
crystals in the order to decrease the unwanted effect of 
acoustic parameter changes as result of light action. The 
significantly (in several times) decreasing of photoinduced 
sound speed changes can be achieved after ultrasonic 
treatment of lithium niobate samples at room temperature 
during   1—3  hours.   The  amplitude of relative  acoustic 

-4 
deformation was equal (6—9)10    at the frequencies, which 
were equal to (0.1—10) MHz. Results of ultrasonic 
treatment application are demonstrated on fig.l (curve 3). 

The dependings of photoinduced AV7V on the time and 
amplitude of ultrasonic treatment and on the Mg 
concentration as well, are shown on the fig.2 and fig.3. 

7.0 

5.0 

3.0 

10 +US  m  per—unit 
16.0 

Fig.2. The depending of thephotomduced sound speed 
changes on relative amplitude of ultrasonic tre- 
atment and Mg impurity concentration. 

It is resonable to suppose that ultrasonic treatment as Mg 
impurity doping of litium niobate causes the oriented defect 
ordering and as result of this the decreasing of photoinduced 
sound speed changes. This agrees with coclusions [5] about 
results of ultrasonic unfluence on semiconductor crystalls and 
also with the data about creating defect processes in 
LiNb03:Mg [4]. 
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'   t.hour 
Fig.3. The depending of the photoinduced sound speed 

changes on the time of ultrasonic treatment and 
Mg impurity concentration. 

The resistance of pure lithium niobate acoustic 
parameters to the light influence at the optimal regimes of 
ultrasonic treatment is comparable to that one in the Mg- 
doped lithium niobate. The exiting from the optimal regimes 
decreases the positive ultrasonic treatment influence. 

CONCLUSIONS 

We shall like to note that doping by Mg impurities 
during crystal growth and ultrasonic treatment are the 
effective methods of producing the LiNb03 single crystals 
with improved resistance of acoustic characteristics to the 
visible light influence. We consider that ultrasonic treatment 
may be applied for optical strength increasing as well as Mg- 
doping. The ultrasonic treatment has the advantage of 
cheapness and simplicity. It is important for the practical 
application of ultrasonic treatment that such procedure of 
improving LiNb03 characteristics may be used for ready made 
crystals and for lithium niobate working elements of acousto- 
optics devices as well. 
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Abstract - Congruent MgO:LiNb03 (MLN) single crystals 

doped with 0, 2.5, 5.0, 7.5 and 10.0 mole% of MgO contents 

were grown by the Czochralski method. The grown crystals 

were water clear without any precipitation. The density and 

Curie temperature(Tc) for MLN crystals were measured. It 

was found that the density curve has a one minimum and 

maximum at 2.5 mole% and 5.0 mole%, respectively. The 

Curie temperature increases first with the MgO concentration 

and decreases again when the concentration of MgO goes 

beyond the threshold limit ([Mg]c, 5.0-7.5 mole%). We also 

measured optical absorption edges and I.R. absorption spectra 

at room temperature for MLN crystals. There existed a 

threshold concentration of nearly 6.0 mole%. The I.R. 

absorption peak appeared at 3470 cm"1 in 0~5.0 mole% and 

3534 cm-1 in 7.5-10.0 mole% and peak shifts at about 60 cm"1 

toward the shorter wavelength side. We carefully assumed 

that the substitution of Mg2+ for Nb5+ would weaken the 

cation-oxygen bond with its neighbouring O2' ion, and the 

distortion of oxygen octahedron of MLN crystals would 

change in some degrees with the increasing MgO ratio. This 

distortion of oxygen would affect many physical properties of 

the MLN crystals. 

INTRODUCTION 

Since 1965 Ballman[l] has reported the successful growth of 

LiNb03 single crystals by the Czochralski method.   LiNb03 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 

has been studied extensively because of its high device 

potentials[2-5]. However, short wavelength laser radiation 

induced refractive index inhomogeneities, which has been 

named "optical damage", impose limits on optical device 

performance. Ashkin et al.[6] first discovered the optical 

damage in LiNb03 and LiTa03 in a study of the 

photorefractive effect. In 1980 Zhong et al.[7] reported that 

LiNb03 with a 4.6 or higher mole% of MgO added to the melt 

had a resistance to the optical damage of about 100 times as 

great as that of the pure ones. Several optical and physical 

properties of MLN crystals exhibit abrupt changes when Mg 

is raised above the critical Mg concentration, [Mg]c. 

During recent years, the questions as to the origin of the 

Mg-doping concentration threshold and impurity mechanism 

of [Mg]c in congruent crystals have been a matter of 

controversy. Many papers have reported these phenomena. 

Grabmaier and Otto[8] reported that MLN crystals should 

maintain the same crystal structure as pure LiNb03 for MgO 

contents up to 25 mole%. Therefore, the role of the position 

of Mg2+ cation in the MLN crystal in relation to the threshold 

effect is of interest and importance. Sweeney et al.[9] 

considered that two types of Mg existed, i.e. the simple Mg+ 

ion (MgLi)+ and the Mg+ complex. Polgar et al.[10] observed 

that Mg2+ cations above the threshold may produce the same 

kind of aggregates. Feng et al.[ll] suggested by defect 

chemistry that there are different types of Mg contained 

defect lattices in the crystals at different Mg doping levels. At 

the Mg>[Mg]c, there will be a main source causing a sharp 

279 



change of the ionic environments by Nb-site Mg2+ (MgNb
2+). 

In this work, we have grown a high-concentration of MLN 

crystals with a MgO concentration of up to 10 mole%. Based 

on the data which are obtained from the density, Tc, optical 

absorption edge and I.R. absorption spectra of the MLN 

crystals, we discussed the MgO doping level threshold effect 

and carefully proposed a mechanism of MgO doped defect 

lattice. 

EXPERIMENT 

The LiNb03 crystals were grown by the Czochralski 

technique using a computer control. The purity of the starting 

materials, MgO, Nb205 and Li2C03, was all 99.9%. Crystals 

were grown along the c-axis to a size of about 20 mm in 

diameter and 25 mm in length. Transparent and crack free 

crystals were obtained. Before being cut, the crystals were 

annealed for two weeks at a temperature of 1090°C. The 

density was measured with the Archimedes method on a 

chemical balance of 0.1 mg sensitivity. The recording of the 

dielectric properties was performed by computer controlled 

measuring equipment with an HP 4192A Impedance Analyzer 

(5Hz-13MHz). The measured values were recorded while 

slowly heating the samples at 1°C /min from room 

temperature to about 1240 °C in an air atmosphere. The 

optical absorption edge and IR absorption spectra were 

measured by a CARY 5(Varian) UV-VIS-Near IR 

spectrophotometer in a wavelength range of 180 nm-3300 nm. 

RESULTS AND DISCUSSION 

Fig. 1 shows the density and the Curie temperature as a 

function of the MgO content of crystals grown from a 

congruent melt composition. At 2.5 mole% Mg content, the 

density dropped slightly and at 5.0 mole% Mg content, the 

density increased again and obviously exceeded 7.5 mole% it 

decreased again. There are therefore two threshold 

concentrations in this measurement. Our result agree with 

Feng et al. that the density tends to vary with different MgO 

ratio.   The  Curie  temperature  was  determined  from  the 
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MgO mole% 
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FIGURE 1. The density and the Curie temperature of the 

MLN crystals as a function of the MgO content. 

dielectric peak (fig 2), indicating the ferroelectric phase 

transition. The Curie temperature increased with increase of 

the MgO content and reached a maximum of 1235°C at 7.5 

mole% MgO, then decreased again. The Curie temperature is 

strongly dependent on MgO ratio. Its value increased about 

80 °C by changing from congruent to 7.5 mole%. Many 

researchers have explained the experimental results of a 

defect lattice of MLN crystals with Mg doping. Lerner et 

al.[12] reported that the density of LiNb03 crystals increases 
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FIGURE 2.   The phase transition behavior of the MLN 

crystals. 
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when the ratio of Li/Nb decreases. They explained that it will 

also be caused by vacancies or substitution of LI + ions by 

Nb5+ ions. Qiren Zang et al.[13] measured densities of MLN 

and proposed different defect models for MLN crystals with 

MgO ratios. They reported that MgO may be incorporated in 

excessive Nb and that this additional Mg substitution can 

cause lattice defect when the Mg doping ratio is less than 2.7 

mole%. When the MgO doping level exceeds [Mg]c - around 

5.3%, the density decreases gradually, and there would be 

some abrupt changes on the defect lattice structure. O'Bryan 

and Gallagher [14] reported that the Tc variation relationship 

to the Mg concentration can be explained by the cation 

vacancy content regardless of whether these are formed by Li 

deficiency or by the addition of impurity ions. The addition of 

MgO changes the vacancy content properties such as Tc. It 

should show a strong dependence on the defect structure. 

Grabmaier et al.[15] proposed that every Mg ion 

incorporated on an Li site also generates an Li vacancy. An 

increase of Mg content will be accompanied by a decrease of 

Nb vacancies, and thus the increase in the Curie temperature 

can be explained. Above [Mg]c contents, Nb vacancies are 

no longer present and Mg is also incorporated into Nb sites. 

The results of our experiment indicate that the abrupt 

changes in the physical properties of the MLN crystals occur 

in the range of 5.0-7.5 mole% of MgO. In this crystal 

structure, the Nb-0 bond is stronger than that of Mg-O. When 

an Mg2+ ion was substituted for an Nb5+ ion, bonding between 

the O2" ions and Mg2+ will be elongated, and bonding between 

O2" ions and Nb5+ will be shortened. The volume of oxygen 

octahedron that surrounds Mg2+ ions, therefore, becomes 

greater than that of Nb5+. 

Experimentally, we found that the change rate of Tc with 

MgO in a 0-5 mole% region was steeper than that of a 7.5- 

10.0 mole% region. This result indicates that the influences of 

Mg on the Tc in an MLN crystal is different depending on the 

kinds of vacancy sites created by Mg. It is difficult to 

determine experimentally the exact positions of the absorption 

edges of MLN crystals. In the present work, we measured the 

relative shift of the absorption edge. Fig. 3 shows the optical 

absorption edge as a function of the MgO contents. The 

3600 

Wave number (cm   ) 

FIGURE 3. The optical absorption edge of the MLN crystals 

as a function of the MgO content. 

absorption edge shifts toward the shorter wavelength region 

by increasing the MgO.   The maximum optical absorption 

edge occurs in the region between 5.0-7.5 mole% of MgO. 

When the MgO ratio exceeds the [Mg]c, Mg2+ may occupy 

the Nb5+ site, and this substitution makes another lattice 

defect. This effect changes the gap of the forbidden band, and 

the   optical   absorption   edge   shifts   toward   the   longer 

wavelength side after [Mg]c. Absorption energy is maximum 

at arouund 6 mole% (Fig.3).  According to the Polgar model 

[10], below the [Mg]c, the Mg2+ hinders the Nb5+ substitution 

into the Li1+ site, and Mg2+ occupy the normal Li1+ sites 

gradually.   Above   the   [Mg]c,   some   new  types   of Mg 

incorporation   (namely,   Mg   aggregation   with   Nb)   are 

produced.   The movement of the absorption edge may be 

attributable to the  distortion of electronic  energy band 

structures resulting from the Mg ions replacement in Nb-site. 

Fig.4 shows the I.R. absorption spectra of MLN crystals. It 

was found that the I.R. absorption spectra of MLN was 

broadened. When the MgO doping ratios are less than 5.0 

mole%, the peak position is 3470 cm"1 and unchanged. When 

the MgO doping ratio is 7.5 and 10.0 mole%, the I.R. 

absorption peak position is 3534 cm'1 and shifts 64 cm* 

toward the ultraviolet side. When the MgO doping ratio 
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FIGURE 4. I.R. absorption spectra of the MLN crystals as a 

function of the MgO content. 

exceeds the threshold concentration, Mg2+ may occupy the 

Nb + site, form a strongly negative charge center(MgNb)"3 and 

the tF ion in an LiNb03 crystal tends to gather in the (MgNb)"3 

vicinity. The substitution of Mg2+ for Nb5+ will weaken the 

cation-oxygen bond with its neighbouring O2" ion and 

strengthen the OH" bonding. This result shifts the I.R. 

absorption peak into violet region. We assume that the 

distortion of oxygen octahedron of MLN crystals will change 

by some degrees by increasing the MgO ratio. This distortion 

of oxygen will affect the intensity of the Nb-0 bond 

vibration, resulting in the change in the energy band structure 

of the MLN crystals. 

CONCLUSIONS 

LiNb03 single crystals doped with up to 10.0 mole% of MgO 

were grown without any precipiation. At 2.5 mole% Mg 

content, the density slightly drops and at 5.0 mole%, density 

increases again and at above 7.5 mole% it decreases 

gradually. The Curie temperature increased with the increase 

of the MgO content and reached a maximum of 1235 °C at 

7.5 mole%. The optical absorption edge shifts toward the 

shorter wavelength region by increasing the MgO. The 

maximum optical absorption edge occurs at about 6 mole% of 

MgO. When MgO doping ratios are less than 5.0 mole%, the 

I.R. absorption peak position is 3470 cm"1. Above 7.5 mole%, 

the I.R. absorption peak position is 3534 cm"1 and shifts 64 

cm" toward the ultraviolet side. We implied that the 

substitution of Mg2+ for Nb5+ will weaken the cation-oxygen 

bond with its neighboring O2" ion. The distortion of oxygen 

octahedron of MLN crystals changed with increasing the 

MgO ratio, and this distortion affected many physical 

properties of the MLN crystals. 
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Abstract - Superconducting oxide materials with nominal 

composition Bi-Sr-Ca-Cu206_5 modified with Ag and Pb were 
synthesized by the solid-state reaction method. The materials 

were characterized by powder X-ray diffraction. The transition 
temperatures are dependent on the heat treatment. The 

superconducting transition temperatures were observed at 93.4 K 
and 69 K. Tc

onset was decreased to 91 K for silver and lead 

substituted compound. 

INTRODUCTION 

Since the discovery of superconductivity by Bednorz and 
Müller [1] in La-Ba-CuO system with K2NiF4 structure [2] oxide 
superconductors [3] have been the subject of tremendous research 
and developmental interest throughout the world. Following the 
heels of LaBaCuO discovery, superconductivity above liquid 
nitrogen temperature was reported by Wu et al [4] in Y-Ba-CuO 
and Maeda et al [5] found onset of superconductivity - 105 K in 
Bi-Sr-Ca-CuO. Most recently, even higher-Tc (- 120 K) phases 
were discovered in Tl-Ba-Ca-CuO system [6,7]. 

Bismuth based superconducting copper oxides have two 
superconducting phases with Tc's higher than the boiling point of 
liquid nitrogen, the highest Tc phase ( - 105 K) and a lower Tc 

phase (-75 K). It is well known that the properties of oxide 
superconductors depend strongly on the synthesis technique and 
processing conditions. In order to increase the high-Tc phase, an 
addition of excess Ca and Cu and prolonged sintering [8-10] 

have been attempted. The introduction of Pb in Bi-Sr-Ca-CuO 
system helps the formation of Bi2 Sr2 Ca2 Cu3 O10+ß (2223) 
phase. Among these efforts, the partial substitution of Pb for Bi 

has been effective in increasing the ratio of the high-Tc phase. 
Silver mechanically supports the brittle ceramic 

superconductors and can be easily worked into different 
geometry. Silver is the most suitable metal for fabrication of 
wires because it is chemically inert. In this communication we 
report the effect of partial substitution of bismuth by silver and 
lead in polycrystalline Bi-Sr-Ca-CuO samples on the 
superconducting properties. 

EXPERIMENTAL 

Material preparation 

The following compositions have been prepared by 

standard powder-metallurgical technique. 

(1).   Bij Sri Caj Cu2 06.5 

(2). Bio.5 AgQ.5 Pb0.5 Srx Cax Cu2 06_5 

Stoichiometric amounts of high purity (99.99%) reagent grade 

Bi203, SrC03, CaC03, PbO, Ag20 and CuO commensurate with 
the chosen nominal compositions were dry ground and ball-milled 
in alcohol. The mixtures were calcined in platinum crucibles at 

800°C and 850°C for 24 hrs. This procedure was repeated three 
times to ensure good homogeneity. The substance was pressed 

into small discs and sintered on platinum foil at 880°C for 18 hrs 
and allowed to cool very slowly along with the furnace. Again 
the samples were heat treated at 850°C and 875°C for 15 hrs to 

achieve good results. 

Measurements 

X-ray diffraction patterns were taken for all the 
synthesized compounds on a Philips X-ray diffractometer 
operating at 40 KV and 20 mA current using CuKa radiation with 
Ni filter. An inductance bridge with Carrier frequency amplifier 
test set up consisting of two coils each containing 4000 turns of 
50 jtm diameter copper wire mounted suitably on a perspex base 
dipped in liquid nitrogen was used to quickly check the samples 
for superconductivity. The test sample is pre-cooled and 
introduced into one coil. This gave an indication whether they are 
superconducting at 77K or not. A positive deflection is indicative 
of Meissner effect (Flux expulsion). 

The four probe resistivity measurements were carried out 
in a simple liquid nitrogen dewar following the Van der Pauw's 
[11] method modified by Montogomery [12] and the voltage drop 
across the sample was measured with Keithley Nanovoltmeter. 
Ultrasonically diffused indium metal contacts were made on the 
pellets. Temperatures were measured with a calibrated Chromel - 

Alumel thermocouple. 

RESULTS AND DISCUSSION 

The powder synthesis techniques are likely to play a 

crucial role in the preparation of bulk materials. The solid state 
reaction is the most common process and usually requires several 
heating and grinding cycles. The X- ray diffraction pattern of Ag 

and Pb doped BiSrCaCu206.5 is shown in Figure 1. A small 
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amount of unreacted CuO was exhibited in the form of impurity 

peaks. Successive grinding and retiring eliminated the impurity 

peaks. The series of dominant diffraction peaks of the high- Tc 

phase are seen with the characteristic peaks of 20 = 23.9°, 

28.8°, 33.8° and 80 K phase whose characteristic peaks are 20 

= 5.7°, 23.2°, 27.5° are observed. The patterns were indexed 

and the accurate lattice parameters were obtained by least square 

fitting (LSQ) procedure of the high angle X-ray diffraction lines 

using a computer program. All the peaks are indexed [13] 

assuming that the high - Tc phase has a tetragonal unit cell 

belonging to the P4/mmm space group. The refined lattice 

parameters are a = b = 0.5354 nm and c = 3.7250 um. The 

results are shown in Table 1 and Table 2. 
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The results of electrical resistivity showed typical metallic 

behaviour at room temperature and a sharp transition to 

superconducting state starting around 94 K. The temperature 

dependance of the resistivity of the samples are shown in Figure 

2. The room temperature resistivities are in the order of m ohm 

cm which shows the good quality of the samples. Zero resistance 

Tc was observed at 69 K for Bi-Sr-Ca-CuO and 77 K for silver 

and lead substituted compound. The superconducting transition 

(Tc
onset) was observed at 93.4 K for BiSrCaCuO and it 

decreased to 91 K for Ag and Pb doped composition. It is evident 

from the figure that the addition of Ag and Pb decreases the 

Tc
onset and enhances the Tc

zero slightly to 77 K. The values are in 

good agreement with the literature values [14-16]. In 2nd 

composition, the resistivity shows a sharp drop by reducing the 

transition width ATC to 14 K. The presence of silver and lead 

might be the reason for the decrease of Tc
onset value in 2nd 

composition. Further, the material undergoes liquid phase 

sintering due to PbO which aids densification. In our earlier [17- 

19] work on Y-Ba-CuO system, we have observed that the 

superconducting transitions were decreased with lead substitution. 
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Motoi et al [20] have found that prolonged annealing for 
20 hrs at 800 CC under various oxygen partial pressures enhanced 
the onset transition temperatures to 94 K. The triple Cu-0 
layered structure of high Tc phase is stabilized by the addition of 

Pb. The role and importance of Cu02 layers in the enhancement 
of superconducting properties of oxide superconductors has been 

a point of uncertainties. Theoretical results suggest that increase 
in Cu02 layers might result in the enhancement of Tc but the 

experimental results has shown that the enhancement of Tc up to 

three Cu02 layers only ie; n = 3 in Bi2Sr2Can.1CunOx. 
Additional firing of the sample changes the semiconducting 

behaviour to metallic. The additional heat treatment promoted the 

superconducting properties by rendering the transition much 

sharper. The simultaneous substitution of Ag and Pb reduced the 
superconducting transitions remarkably. Similarly, Nishi et al 
[21] studied the effect of titanium in BiSrCaCuO and found that 
Tc

off was not much effected. 

TABLE 1 X-ray diffraction data 
Constrained refinement with A/B =    1.000000 

A        B         C       a        ß T 
INITIAL 5.353 5.353 37.160 90 90 90 
Refined 5.354 5.354 37.250 90 90 90 
Stddev        0.043  0.043  0.230    0 0 0 

SIGMA(W*D**2)      =  0.84e-03 

WEIGHTED R           =   1.49 percent 
No. of CYCLES        =   3 

-h—k—1—rho. o—rho. c diff wt- 

TABLE 2    Resistivity data of Bi-Sr-Ca-CuO system 

0 0 2 0.0668 0.0537 0.0131 1.00 

0 0 10 0.2651 0.2685 -0.0034 1.00 

1 1 5 0.2851 0.2963 -0.0112 1.00 

0 0 12 0.3158 0.3222 -0.0064 1.00 

1 0 10 0.3351 0.3270 0.0081 1.00 

1 0 11 0.3554 0.3494 0.0060 1.00 
1 1 9 0.3641 0.3580 0.0061 1.00 

2 0 0 0.3771 0.3735 0.0036 1.00 

0 0 14 0.3814 0.3758 0.0056 1.00 

1 1 11 0.3965 0.3962 0.0003 1.00 

2 1 0 0.4159 0.4176 -0.0017 1.00 

1 1 13 0.4352 0.4377 -0.0025 1.00 

0 2 12 0.4964 0.4933 0.0031 1.00 

1 1 17 0.5286 0.5273 0.0013 1.00 

0 0 20 0.5421 0.5369 0.0052 1.00 

1 1 19 0.5584 0.5744 -0.0160 1.00 

3 0 9 0.6110 0.6102 0.0008 1.00 

2 0 19 0.6308 0.6322 -0.0014 1.00 

2 0 20 0.6563 0.6541 0.0022 1.00 

Composition             Tc
onset T^0 Meissner effect ATC 

K K       at 77 K K 

1.                               93.42 69                YES 24.4 
2.                               91 77                YES 14 

1  -    Bi! Srj Caj Cu2 06.s 

2 -    Bi0.5Ago.5Pb0-5Sr1Ca1Cu206.5 
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DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF STACKED AND PLATED PVDF, 
P(VDF/TeFE), P(VDF/TrFE) AND CERAMIC/RUBBER COMPOSITE THICK FILMS 

Philip E. Bloomfield 
Drexel University, Biomedical Engineering and Science Institute, Philadelphia, PA 19104 

Abstract - We measured the properties of nine different 
piezoelectric materials, as supplied, and as further processed 
to increase their hydrostatic sensitivity. We studied the effect 
of electrode material, stiffening plates, and multiple layering 
on the piezoelectric and dielectric properties of the thick 
piezopolymer films. Dielectric measurements and thickness 
mode d3t, lateral mode d3i(d32), and hydrostatic mode dh 

piezoelectric coefficients were measured at different stages of 
the films' processing into layered stacks. The polymer films 
were bonded together to produce two-layer and three-layer 
thick films. Metal stiffening plates bonded to the films' 
outside surfaces inhibit lateral repsonse and hence improve 
hydrostatic voltage response. The highest sensitivities result 
from the thickest P(VDF/TrFE) samples with the lowest 
dielectric constants and stiffest clamping plates. 

INTRODUCTION 

We discuss and present the results of our investigation of 
the thickness and hydrostatic voltage sensitivity dependence 
of piezoelectric polymers on VDF-comonomer composition 
(homopolymer PVDF or copolymerized with TeFE 
(tetrafluoroethylene) or TrFE (trifluoroethylene), sample 
thickness, and clamping of the sample's lateral response. 

As is well understood, a sample's voltage response is 
directly proportional to the product of the piezoelectric 
voltage coefficient and the sample thickness. Also, the 
hydrostatic piezoelectric voltage coefficient g3h equals the g33 

response diminished by the sum of the lateral responses: 
g3h = g33+g31+g32, I g31+g32 I < I g33 I 

Ig3hl  =  Ig33+g31+g32l   <  Ig33l,      g33<0,   g3l,g32>0 (1) 

With s the sample's dielectric constant in the polar 
direction and v = 1, 2, 3, h, or t we note that the piezoelectric 
voltage coefficients are related to the piezoelectric strain 
coefficients by 

g3v = d3v/s (V/m)/Pa (2) 
The first index, 3, stands for the polar (thickness) direction 
while the second index stands for the mechanical direction. 
The (closed circuit, E3=0) thickness mode charge response to 
stress in the thickness direction d3t is measured while the 
sample is laterally clamped (Si=S2=0). 

We first adhered a steel plate to one surface of a piezo- 
electric film sample. This reduces d3t and increased d3h 
somewhat. Then we adhered steel plates to both outside 
surfaces of the piezoelectric film sample. This approximately 
doubled the hydrostatic piezoelectric response- As noted the 

voltage response equals the charge response divided by the 
dielectric constant. Here the major differences between the 
four polymer compositions are exhibited. For the NTK 
ceramic/rubber composite s/e0=39; for the PVDF samples 
s/s0=12-14; for the P(VDF/TeFE) samples s/e0=10.5-11.5; 
and for the P(VDF/TrFE) samples s/s0=6.8-8.5. 

In sections below we discuss the measurements carried out 
and the mechanical properties of the metal stiffening plates 
utilized, and derive formulae for clamped d3t and d3h. 

ORIGINATION AND PREPARATION OF SAMPLES 

Commercial samples of polarized and metallized 
piezoelectric sheets were obtained. They are listed here with 
[(i) Source; and (ii) Origin]. Dimensions specify thickness. 
All P(VDF/TrFE) films were 75/25 molar composition. 

(A) 530|im uniaxially oriented (simultaneously rolled and 
poled) PVDF films with vacuum deposited aluminum 
electrodes [(i) Solvay Tech. Inc; (ii) Thompson CSF, France]. 

(B) 775p.m uniaxially oriented P(VDF/TeFE:81/19 molar 
composition) films with silver elastomeric electrodes [(i) 
NUSC 1991, New London, CN; (ii) Pennwalt Corp.]. 

(C) 500(im unoriented P(VDF/TrFE) films with Ni/Al 
vacuum deposited electrodes [(i) Atochem, Valley Forge, PA] 

(D) 110|j.m uniaxially oriented PVDF films with silver 
elastomeric electrodes [(i) DTRC, Washington, DC; 
(ii) Atochem, USA]. 

(E) 900nm unoriented P(VDF/TrFE) film with 187^m 
brass plate electrodes [(i)1990 DTRC]. 

(F) 500|am unoriented P(VDF/TrFE) film with silver 
elastomeric electrodes [(i) DTRC 1991; (ii) Atochem USA]. 

(G) 2.3mm ceramic composite with 500p.m conducting 
rubber electrodes [(i) NTK Rubber Co., Japan)]. 

(H) 468|im unoriented P(VDF/TrFE) film with 225^m 
aluminum plate electrodes [(i) Atochem, USA]. 

(I) 781 urn unoriented P(VDF/TrFE) film with 125(om 
aluminum plate electrodes [(i) NUSC 1991]. 

Samples (A)-(D) were measured individually and at two 
and three times thickness by bonding several films in series 
with thin non-conducting epoxy. Also 310(im steel plates 
were bonded on one side and both sides of the samples to 
provide them with stiff plate electrodes. Measurements were 
made on samples(E)-(I) as received. 

PROPERTIES MEASURED 

We measured the dielectric properties, capacitance and loss- 
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tangent at 0.020, 0.046, 0.100, 1, 5, 10, and 20 kHz. For 
samples (A)-(D) we measured d3i and d32.  The piezoelectric 
charge coefficients, d3t and d3h, were measured for all 
samples. We calculated the hydrostatic voltage sensitivity: 

S=201og[t.g3h(V/Pa)-(lV/^Pa)]=201og(10V.g3h)   dB     (3) 

THEORY OF PIEZOELECTRIC STRAIN AND CHARGE 
COEFFICIENTS FOR A CLAMPED SAMPLE 

Here we derive the piezoelectric coefficients which are 
effective when a sample is laterally clamped by thick metal 
plates. This consideration is important for the two cases: (1) 
When measuring the charge response ds3 to a stress T3 by 
imposing a tensile or compressive stress on a sample whose 
lateral dimensions are large compared to thickness, the 
sample is both self-clamped and clamped by the measuring 
apparatus. (2) When measuring the charge response cU to 
hydrostatic stress of a sample which is constrained by bonded 
stiffening plates, the sample is clamped by the thick metal 
electrodes. 

Calculation ofd3t: Consider first the measurement of the 
charge response to a stress T3 imposed in the thickness 
direction by clamping plates (by glass plates driven by a 
shaker apparatus or by thick platens of a hydraulic press). 
The clamping plates impose lateral stresses Tip and T2

P on the 
piezofilm which in turn by Newton's third law reacts back on 
each plate with opposing stresses T]b and T2

b, 

T3 = T3
p = T3

b, Tk
b=-yTk

p, (k=l,2), y=tp/(2tb). (4) 
Here the superscripts b and p refer to the metal (brass) and 
piezopolymer materials, respectively and y is the polymer to 
metal thickness ratio. For closed circuit (E3=0) conditions: 

D3 = d33T3+d3lT1
P+d32T2

P = d3tT3 (5) 
Sk

b=skl
bT1

b+sk2
bT2

b+sk3bT3=Sk
p=skl

pT1
p+sk2

pT2
p+sk3PT3. (6) 

In these equations k=l or 2 and we assume equilateral 
strains in the two adhered materials. For piezofilm stretched 
uniaxially along the 1-axis Sn=fs22 and Si2=si3=(=s23. We 
consider here only the isotropic case where Sn=s22 and 
Si3=s23. Inserting (4) into (6) yields: 

Tip^r2
p=c„2(s,3P-s,3b)T3 (7) 

(8) where ci 12 = [s, ip+Si2 P+Y(s, !
b+si2

b)]' 
Then substituting (7) into (5) yields: 

d3t=d33 - c112(s13
p-s]3

b)(d3i+d32). (9) 
Note that d3t is smaller in magnitude than d33 since 

sn> I Si21, I Si3P! > I Si3b I, and sn, su, d33<0 while d3i>0. 
Calculation ofd^c. Next consider the closed circuit charge 

response to applied hydrostatic stress. Here, the lateral 
pinning stresses of eq. (4) are also present. 

T,h = T2h = T3h = Th (10) 
D3 = d33Th+d31(Th+T,p)+d32(Th+T2

p) 
;d3hTh+d31T1

p+d32T2
p s dUTh 

Sk
b = sk3

bTh+skib(Th+T1
b)+sk2

b(Th+T2
b) = Sk

p 

Sk
p = sk3

pTh+skl
p(Th+T1

p)+sk2
p(Th+T2

p) 

(11) 
(12a) 

Sk
p = (skl

p+sk2
p+sk3

p)Th+sk,
pT1

p+sk2
pT2

p. (12b) 
Here ski+sk2+sk3=Su+2si2 =(l/3)«compressibility, (13) 
is the linear hydrostatic compliance, Sn,. Then insert (4) in 
eqs.(12) to obtain (14) which with (11) yields (15): 

(14) T,p=T2
p=c„2(slh

p+slh
b)Th 

dch = d33- C,i2[si3p-Si3b-(1-H)0(siib+Si2b)](d3i+ d32) 

= d3h - Cii2(sihp~sihb)(d3i+ d32) 
= d3t+ Cn2[(l+Y)(snb+Si2b)](d3i+ d32). (15) 

In the last line of equation (15) we see how the clamped 
thickness mode piezoelectric coefficient is diminished to 
yield the clamped hydrostatic piezoelectric constant [3]. 

DISPOSITION OF SAMPLES AND THEIR ELECTRODES 

In Tables 1 and 2 and the Figure we present mechanical 
properties of PVDF and metal plate electrodes and stacks. 

1. PLATE AND PVDF MECHANICAL PROPERTIES fl,2] 

A! 
p(2/cm3) EfGPa) v(km/s) Z(MRavl) 

2.7 70 5.09 13.7 
Steel 7.9 205 5.09 40.2 
Brass 8.5 110 3.6 30.6 
PVDF 1.8 9* 2.24 4.0 

Data are mass density [p], average modulus of elasticity 
[£=(511)"' for the metals; and elastic stiffness* c33 for PVDF], 
longitudinal sound velocity [v], and acoustic impedance [Z]. 

2. COMPLIANCES [1-31 AND THICKNESS RATIOS 

SnfGPaV 1   Sp(GPa)"1 
y 

Al                    0.014 -0.005 1.04(H),   3.12(1) 
Steel                0.0049 -0.002 [(tp)/620nm](A-D) 
Brass               0.0091 -0.003 2.41(E) 
P(VDF/TrFE)   0.33 -0.14 

Samples (A)-(D) are pictured schematically in the Figure. 
As indicated one thickness (tp) of samples (A), (B), (C), (D), 
two of (A), (B), (C), and three of (C) were used to make the 
steel plate clamped stacks. 

{1} One film    {HjTwofilms  { HI }Three filmt 

{0}   No plates f_ 

{1}   One plate 

{2)   Two plate» 

Piezopolymer Film and 310nm Steel Plate Configurations 
Films (A), (B), (C), (D) used in Configuration {1.0}, {1.2}. 
Films (A), (B), (C) in Config. {1.1}, {11.0}, {III}, {11.2} 
Films (C) used in Configuration {III.0}, {III.l}, {ffl.2}. 
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PIEZOELECTRIC CHARGE COEFFICIENTS, 
HYDROSTATIC VOLTAGE SENSITIVITIES AND 

DIELECTRIC CONSTANTS OF SINGLY, DOUBLY, AND 
TRIPLY STACKED, PLATED SAMPLES 

Note: Measurements were carried out at room temperature. 
Thickness Mode, d3t: The perfect clamping described 

above is modified for longitudinal stress imparted by a 
Berlincourt-Type-"d33"-Meter. Films thicker than a few 
hundred urns are not thin compared to the clamping plate 
radius (0.5-3mm). One observes effective "d33"s increasing 
from d3t toward d33 as the sample thickness increases. 

3. Measurement of-d3t(pC/N)-Berlincourt-Type: 20-100Hz 
Films A-D according to pictured scheme with steel plates: 

A:    iLOi {111 {111 (Ml {Hü {U21 
34     23      16      34      28      20 

(1.0) {L2JL {ILOi {im {EL21 
29 14       29       26       16 

iLOi {Lii {L2i {UM {Uli {Ml {UU1 {HL2i 
33  24  18  31  27   18   30   18 

{LOi    {L2i 
29      15 

B 

D 

Samples F andG: F:28, G:44 

Films A and C (vacuum deposited electrodes) have the 
highest d3t coefficients. Films B, D, and F (Ag elastomeric 
electrodes) have their d3t's reduced by 15%. compared to 
films A and C. One plate reduces d3t by 10-30% while d3t is 
reduced by -50% for plates on both sides of the sample. 

Transverse Mode, d3J and d32: During measurement 
stress was imposed at 20-100 Hz on clamped single film 
samples cut 5/1 in the stressed/unstressed transverse 
directions. For films A, B, and D d3i>d32 since they had been 
uniaxially stretched in the 1-direction during production. 
Films C and F, being unoriented, have d3i=d32. 

4. Measurement of d3i and d32(pC/N)- -20-lOOHz 

A: B C: D F 

d3i: 24 18 14 24 13 

d32: 7 8 14 5 13 

Uniaxially oriented PVDF films (A and D) have highest 
d3i and lowest d32; uniaxially oriented VDF/TeFE copolymer 
film B has lower anisotropy; and unoriented P(VDF/TrFE) 
films (C and F) have d3i and d32 balanced. Note that film A 
has the largest value of (d3i+d32). 

Hydrostatic Mode, d3h, Dielectric Constant, s/s0, Loss 
Tangent, tanS, and Hydrostatic Voltage Sensitivity, S The 
hydrostatic charge response is measured at 20-200Hz in a 
calibrated loudspeaker-driven air chamber. Consistent results 
are obtained for films thicker than 100(im. The capacitance 

and tan8 were measured on an automated self-averaging 
audio frequency bridge. From the sample dimensions s/s0 

was calculated and then from eqs. (2) and (3) g3h and S were 
found. 

5. Dielectric and Hydrostatic Response: Samples (D)-(I) 

D: 

20-lOOHz 1kHz 
'sn. tanS 

10kHz. 

8   0.08 
_S_ 

-221 
8/ 

11.7,0.01 11.5,0.01 11.2,0.03 

D{I,2}:20 0.19 -213 11.7,0.06 11.5,0.02 11.2,0.03 

E: 19 0.32 -191 6.8, 0.01 6.7, 0.01 6.5, 0.02 

F: 13 0.20 -200 7.5, 0.02 7.3, 0.01 7.0, 0.03 

G: 34 0.10 -193 38.9, 0.08 34.7, 0.26 15.9, 1.08 

H: 17 0.28 -198 6.8, 0.01 6.7, 0.01 6.5, 0.02 

I: 14 0.21 -195 7.4, 0.02 7.2, 0.01 7.1,0.02 

6. Dielectric and Hydrostatic Response for Sample (A) 
Note: tp{I}=530um, tp{II}=1060nm          

20-lOOHz 1kHz 10kHz . 

=d3h 
{1.0}   11 

=g3h       _S_ 
0.10 -205 

s/sn. tan8 
12.2, 0.013 11.8,0.017 11.5,0.04 

{1.2} 17.5 0.16 -201 12.5, 0.02 12.1,0.02 11.7,0.04 
{11.0}   9.3 0.08 -201 12.6, 0.014 12.3, 0.018 11.9,0.04 

{11.1} 10.5 0.10 -200 12.5, 0.03 11.9,0.02 11.5,0.04 
{11.2}   17 0.15 -196 12.5, 0.03 12.1,0.02 11.7,0.04 

7. Dielectric and Hydrostatic Response for Sample (B) 
Note:        tp{I}=770iun, tp{n}=1530nm 

20-lOOHz                      1kHz 10kHz . 

idjh 
{1.0} 13 

rg3h    _S_ 
0.14 -199 

s/en. tanS 
10.6,0.009   10.4,0.01 10.2, 0.02 

{I.2}16.4 0.16 -198 10.8,0.015   10.5,0.01 10.3, 0.02 
{11.0} 12 0.12 -194 10.9,0.016   10.6,0.017 10.4, 0.02 
{11.1} 12 0.13 -194 11.0,0.03     10.6,0.015 10.3, 0.02 
{11.2} 17 0.15 -192 10.9, 0.04     10.6, 0.017 10.3, 0.02 

8. Dielectric and Hydrostatic Response for Sample (C) 
Note: tp{I}=500um, tp{II}=1010um, tp{ni}=1510^m 

20-lOOHz 1kHz 

e/sn. tan5 

10kHz. 

{1.0} 12.2 0.17 
_s_ 

-201 8.2, 0.02 7.9,0.016 7.7, 0.03 
{1.1} 14.3 0.21 -200 7.8, 0.02 7.6, 0.02 7.4, 0.03 
{1.2}   21    0.29 -197 8.0, 0.02 7.8, 0.016 7.6, 0.03 

{11.0} 10.5 0.15 -197 8.0, 0.02 7.7, 0.02 7.5, 0.03 
{11.2} 19.1 0.27 -191 8.1,0.03 7.7, 0.02 7.5, 0.03 
{ffl.0} 10.7 0.15 -193 8.1,0.02 7.9, 0.02 7.6, 0.03 
{mi} 13.3 0.19 -191 7.8, 0.04 7.3, 0.03 7.1,0.04 
{111.2} 19.6 0.26 -188 8.3, 0.05 8.0, 0.02 7.8, 0.03 

From eq.(15) we see that smaller y implies greater 
enhancement of d3h. This is illustrated in Table 5. With 
steel clamping plates on both sides of film D and y=0.18 
sensor D{I,2} has 2h times the hydrostatic activity of film D. 
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Sensors (H) and (I) are constructed similarly of Al plate 
clamping electrodes and P(VDF/TrFE) piezofilm; however 
y(H)=1.04 and y(I)=3.12; so, as expected, d3h(H) > d3h(I). 
From Table 8 similar piezofilm (C) has d3h=-12.2pC/N 
enhanced for C{1.2} to -21pC/N by y=0.81 suffer steel plates. 
Also sensor (E) with y=2.41 intermediate stiffness brass 
plates has its d3h entanced to a value intermediate to that of 
sensors (H) and C{1.2}. Of all the piezofilms sample D 
shows the most enhancement (smallest y with stiffest metal). 
Sample C shows the next highest fraactional increase of 
activity for a single film. Samples A and C show the same 
fractional increases for multiply layered films; sample B 
shows the least fractional increase with addition of two steel 
stiffening plates. Note that sensor B{11.2) and C{IIL2} have 
similar thicknesses; however the TrFE copolymer sensor has 
higher activity than the TeFE copolymer. 

DICUSSION AND CONCLUSIONS 

In this paper the formulae for the clamped thickness mode 
and hydraulic pressure mode piezoelectric constants are given 
[in eqs (9) and (15)]. For complete clamping (cc) which can 
be achieved in a hydraulic press with thick steel platens or in 
a Berlincourt meter utilizing thick large diameter flat steel 
probes or in a hydraulic pressure cell when the sample is 
clamped with thick stiff plates (y*0; s13

p«=Si2
p; Si2

b; Snb«Si2P, 
Si ip and film diameter=clamping diameter»tp) eq. (9) or eq. 
(15) yields: 

d3tco~d3hcc~d33 - (Snp+si2p)"1si2p(d3i+d32). (16) 
Thus for complete clamping the thickness and hydraulic 
pressure modes are equal. 

We note that in the limit of no clamping y=>oo and we 
obtain from formulae (9) and (15) that d3t=>d33 and dch=>d3h. 

From Tables 5-8 we construct Tables 9 and 10 to compare 
the hydrostatic figure of merit for the various samples. 

9. No clamping plates: dh(pC/N), ghOWm/Pa), d^l/TOi) 
AMD B    IIB     C   IIC   LUC    F     G 

rdjh        11     9.3    8 13     12    12.2  10.5  10.7    13     34 
rga       0.10 0.08 0.08 0.14 0.12 0.17 0.15 0.15 0.20   0.10 
dhgh       1.1    0.74 0.64 1.82  1.44 2.07  1.58  1.58    2.6    3.4 

10. Films with 2 clamping plates 
A    IIA    D     B   HB    C HC IIIC   E H I 

zdjh 17.5   17    20    16.4   17    21 19.1  19.6   19 17 14 

Ig3j3 0.16 0.15 0.19 0.16 0.15 0.29 0.27 0.26 0.32 0.28 0.21 
dhgh 2.8   2.55   3.8   2.62 2.55 6.09 5.16 5.10 6.08 4.76 2.94 

y   0.85 1.71 0.18 1.24 2.47 0.81 1.63 2.44 2.41 1.04 3.12 

Tables 9 and 10 are summary tables presenting the room 
temperature hydrdostatic figure of merit for free and clamped 

piezopolymer films, respectively. We see that among the free 
films the ceramic rubber composite material G has the 
highest dhgh product. The P(VDF/TrFE) films F and C have 
the next highest values. All of the clamped piezofilm dhgh 
products exceed the undamped values. Here the highest 
values are associated with the P(VDF/TrFE) films C and E. 

We note that the brass clad sample E (as well as the steel 
clad sample C) has slightly higher dhgh value than in [3] 
where the smallest y obtained was 1.5 and yielded dhgh=5.36. 
Sample E's lower s value is responsible for its higher figure 
of merit. On the other hand Sample C has higher d33 and 
(d3i+ d32) values than in [3] {d33=d3h-(d3i+ d32)=-40 versus 
33.5 and 21.4, respectively}. 

The d3t measurements reported in Table 3 were not taken 
under completely clamped conditions so that only the values 
measured with the sample sandwiched between metal plates 
corresponds to eqs. (9) and (16). For example using the 
approximate values from Table 2 eq. (16) yields 

d3tcc*-40+0.737*28=-19.4 (17) 
which compares with measured value -18 in Table 3. 

The factor y has been dropped from eq. (16). If included, 
the second term in eq. (16) would be enhanced by 0.5% for 
Sample II.2C and by 15% for Sample E (thus reducing the 
value of d3tcc) for example. 

We have studied the piezoelectric properties of undamped 
and plate-clamped oriented and unoriented thick piezofilms 
of three copolymerized VDF compositions. The metal plates 
were aluminum, brass, and steel. Formulae for the clamped 
d33 and d3h were derived and discussed. Reasonable 
agreement between measurement and theory was obtained. 
Smaller y is desired to enhance cU; however the voltage 
sensitivity S depends directly on the sample thickness (See 
eq.(3) and Tables 5-8). Reasonable and practical design 
parameters can be chosen to achieve useful devices. [4] 
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Abstract - Piezoelectric 1.3 composites of PZT-epoxy 
and PZT-polyurethane compositions were developed for 
investigations in low-frequency acoustical applica- 
tions. Samples with different PZT volume fractions and 
varying PZT rod aspect ratios (from 4x4x9 to 1x1x9 mm ) 
were fabricated by using the "dice and fill" method. 
Experimental measurement in the 3.3 mode in air was 
carried out by using a Laser-Doppler Vibrometry (LDV) 
technique. Strain profiles of the composite sample dri- 
ven by a low-frequency ac electric field excitation was 
obtained. The result showed that PZT rod aspect ratio 
has a drastic effect on composite performance. A 
quasi-static model based on an isolated 1.3 composite 
unit-cell was developed to account for the stress 
transfer at the PZT-polymer interface. Analysis result 
showed that an aspect ratio of 20 or higher is neces- 
sary for low frequency sensing or projecting applica- 
tion of 1.3 piezocomposites. For use in the 3.3 mode, a 
soft polymer was shown to be preferred, since the 
longitudinal clamping of the PZT rod is greater for 
hard resins. 

INTRODUCTION 

Piezoelectric composites made of PZT rods aligned 
in parallel and embedded in a polymer matrix are inte- 
resting materials. They exhibit piezoelectric 
properties comparable and even better than the bulk PZT 
material ones. It is then possible to develop a 
material presenting simultaneously the active 
properties of the PZT and a very low weight since the 
density of a 10% PZT volume fraction composite is only 
1700 Kg/m3. Many studies have been carried out in order 
to predict the performances of a 1.3 PZT-Polymer 
composite. Most of these studies [1][2] are derived 
from the parallel model assuming equal strain of both 
components. Those results are effective in the case of 
a composite with an ideally fine structure or with a 
high PZT volume fraction. Recently, more comprehensive 
studies of the mechanisms of stress-transfer in the 
composite and its consequences on the composite perfor- 
mances have been proposed [3][4] showing and quanti- 
fying the great importance of the composite structure 
scale factor or of the PZT rod aspect ratio (ratio of 
the length to the rod radius or rod half width). 

It is also the purpose of this study to quantify 
the error due to the equal strain assumption and to 
propose a simple alternative model taking into account 
the size of the rod and allowing to give the general 
trends related to the rod aspect ratio. 

The experimental and theoretical results given are 
concerned essentially with the 1.3 composite used in 
the 3.3 quasi-static mode. The composite sample prepa- 
ration is first presented, then the measurement proce- 
dure is described. A theoretical model, derived from 
structural composite studies is proposed, which is 
based upon a simplified expression of the shear 
stresses appearing at the PZT-polymer interface. Final- 
ly, the results are compared and discussed. 

EXPERIMENTAL 

Sample Fabrication and Material Data 

Because the main advantage of a 1.3 composite is 
its low density, the present study is principally focu- 
sed on samples in the low PZT volume fraction range. 
Two sets of five 1.3 composites samples with square 
rods have been made using a single PZT material and two 
polymer resins. In each set, 3 PZT volume fractions 
were investigated (10, 20, 40 % ) with a rod aspect 
ratio equal to 18. The aspect ratios were then compared 
(4.5, 9 and 18) for a 10 % PZT volume fraction (see 
Table 3). The samples were 49 mm in diameter and 9mm 
thick. 

The PZT material, P188 (Quartz 6k Silice, St Gobain 
Nemours - France) is a Navy type II PZT. Its physical 
properties are given on Table 1. Note that the charac- 
teristics obtained in this study are slightly different 
to the nominal constants of P188, perhaps due to 
imperfect poling conditions. The actual values are 
measured by a resonance method on test samples poled in 
the same conditions as the composites. 

Two polymer resins were used: a rather hard epoxy 
resin: EPON 828 (Schell Chemical Company, Oak Brook, 
IL), and a polyurethane: PR1538 (Products Research & 
Chemical Corp., Glendale, CA). The physical properties 
of these materials are given in Table 2. 

The 1.3 composite samples were made with the "dice 
and fill" method [5]. The unpoled ceramic block was 48 
mm in diameter and 12 mm thick. In order to achieve the 
necessary PZT rod aspect ratios and volume fractions, 3 
diamond blades have been used (for a 20 mils, 40 mils 
and 80 mils kerf) and a 9 mm slot depth has been main- 
tained for the whole cutting operation. A complete des- 
cription of the samples is given in Table 3. 
The embedding was carried out in one stage for the 
epoxy samples and in 3 stages for the polyurethane ones 
in order to facilitate the degassing of the resin after 
pouring. The polyurethane resin was cured overnight at 
80°C. Two types of curing processes were used with the 
epoxy resin : an overnight curing at 125 °C with a 2,5 % 

TABLE 1 : Physical properties of PZT P188 measured 
with a resonance method. 

data nominal poling This study poling 

p (Kg/m3) 7800 7800 

s^ (lO-^.Pa"1) 20.3 19.5 

s°s (lO-^.Pa-
1) 9.60 9.30 

d3S (PC/N) 427 380 

d31 (pC/N) -202 -180 

Er 1930 1600 
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TABLE 2 : Physical properties of the polymer resins 
(at IKHz and 25°C ) 

data EPON 828 PRC PR1538 

P (Kg/m3) 

E ( Gpa ) 

o- ( Poisson's ratio ) 

1190 

2.65 

0.36 

1097 

0.08 

0.49 

BC1 3 amine cure agent (samples 6,9 and 10) or an over- 
night curing at room temperature with an EPON cure 
agent U (samples 7-8). The room temperature curing pro- 
cess was finally selected over a high temperature one 
in order to avoid cracks observed in the resin and on 
the rods due to volumic expansion of the resin. The 
composite samples were electroded with a silver paint 
and poled in an oil bath at 80°C for 15 minutes under a 
lKV/mm electric field. 

Measurements 

This study essentially deals with d33 measurements. 
They were made using a Laser Doppler Vibrometry (LDV) 
technique. The measurements were carried out with a 
DANTEC DISA 55X laser doppler vibrometer measuring 
locally (the laser spot diameter is 1/4 mm) the vibra- 
tion speed of the aimed surface. This compact measure- 
ment device includes the He-Ne laser, the Bragg cell, 
the optical path and the photodetectors. The small 
vibration speed obtained with 1.3 composites driven in 
the quasi static mode (sinusoidal 1 KHz - 50 to 70 VRHS 
signal) imposed the use of a lock-in-amplifier (EGG 
Model 5204) synchronized to the driving signal applied 
to the sample. 

The sample was set up vertically in the center of a 
ring shaped holder and mounted with 3 small rubber pads 
at 120° each . The holder was also mounted on a sliding 
table allowing the scanning of the composite surface in 
order to measure the strain profile of the sample. 
As a consequence of the imprecision of the position of 
the rubber pads on the lateral surface of the composite 
and of resonances of the holder, a parasitic rigid body 
and flexural motion of the sample is added to the piezo 
electric strain. In order to correct these superimposed 
motions , two scannings were necessary exactly at the 
same location and on each side of the sample (Fig.l). 
To make this correction properly, the sample holder was 
made to be able to rotate, and its rotation axis has to 
correspond exactly to the scanning path on the composi- 
te which has also to be a symmetry axis of the composi- 
te sample : the diameter. Then the total piezoelectric 
strain is obtained by summing up the displacements mea- 
sured (amplitude and phase) on both faces of the 
sample. 

Laser beam 

"!*■ 

I —T— 

ES= 
* 

real case 

piezoelectric 
strain only 

'sample at 
rest 

FIGURE l:Dual measurement principle:  m is the rigid 
body or flexural motion, d, and d2 are the dilatational 
motions, v, and v2 are the total measured motions. Then 
the total piezoelectric strain is : d. + d-, = v. + v. 

Figure 2 shows the strain profiles obtained with 
this method accross a portion of the diameter of the 
P188/PR1538 1.3 composite samples. The total axial 
strain is represented normalized to a IV electric exci- 
tation. Also plotted on this figure are average 
profiles obtained by a superposition and an averaging 
of the elementary strain pattern obtained along the 
scanning. This final average strain profile is used to 
compute a resulting d33 of the composite. This computa- 
tion is done assuming that the contour lines on the 
composite follow the square pattern of the rods. Those 
results are given on Table 3. Also noted on Table 3 are 
the dielectric and density measurements. Dielectric 
measurements were made on an HP 4192 A LCR-meter. 

STRAIN PROFILE  -  SAMPLE  1 

JF-+-' f* 

- - -i-  - 

— 

1.5 -t ^ 
/* -4 - —X—u  

•N. 

~- 

0 
0 

xlO 

I 6 8 10 12 14 

STRAIN PROFILE -  SAMPLE 3 

POSITION (mm) 

FIGURE 2: Total strain profiles obtained on P188/PR1538 
1.3 composites with a 10% PZT volume fraction. The rod 
widths are 4mm (top), 2mm (middle) and 1mm (bottom). 
The measurements (dotted curves) are normalized to a IV 
excitation. The continuous lines are average profiles. 
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TABLE 3; 1.3 composite sample description, fabrication and measurement data. 

The sample diameter is 49mm . 

Sample number 1 2 3 4 5 6 7 8 9 10 

Polymer PR1538 PR1538 PR1538 PR1538 PR1538 EPON EPON EPON EPON EPON 

PZT vol. (%) 11 11 10 21 42 11 11 10 21 42 

Thickness (mm) 10 9.1 9.1 9.1 9.1 9.5 8.9 8.1 8.8 8.6 

rod width (mm) 4 2 1 1 1 4 2 1 1 1 

P (Kg/m3) 1602 1737 1755 2399 3647 1686 1826 1823 2510 3748 

£r 129 160 159.5 305 607 136 177 171 352 669 

<WPC/N) 103 172 250 324 345 106 107 112 247 310 

THEORETICAL APPROACH 

In order to derive d 33 theoretical values taking 
intoaccount the PZT rod aspect ratio, a simple one- 
dimensional model was derived from a modelling basis 
developed earlier for structural composite materials 
[6][7]. If the PZT volume fraction is small enough [3], 
it can be assumed that the composite has the same pro- 
perties as a unit cell consisting of a cylindrical PZT 
rod in a resin tube. 

The problem then considered is a PZT rod (radius rf 
length = i) embedded in a polymer tube (outer radius 
R). (x'Ox) is the axis of the rod, and a slice dx thick 
is considered at the abscissa x of this assembly (Figu- 
re 3).Otherwise noted, the following notations are in 
agreement with ANSI Std.176-1987. 
The lateral stresses PT., and ZT, respectively in the 
polymer and in the PZT are supposed to be zero. The 
longitudinal stresses PT3 and ZT3 are functions of x. 
An electrical potential 0(x) is also considered. The 
constitutive equations for both components are : 

for the polymer 

for the PZT 

dw 

dx 
(1) 

du 

dx 
Z„E B33- 

d0 
T-       (2> dx 

As there are no electrical space charges in the PZT 

div D then 
d20 

dx2 
«33 dx 

(3) 

The expressions of the stress-transfer are derived from 
[6] and [7]. This transfer results from shear stresses 
at the PZT-polymer interface due to the mismatch of the 
local axial displacements w(x) and u(x), of the polymer 
and the PZT, respectively. 
The shear is assumed to take place in the resin, becau- 
se of its lower shear modulus, and in a region b; wide, 
b-  is called the effective thickness of the interface 

PT3(x) 

Unit -cdl sjmmtsxj plane 

Shear: T = G,y 

and in the dilute limit is defined as : 
b.   = rf . In (R / rf) (4) 

By considering the equilibrium of both parts of the 
composite slice described in Figure 3, the variation of 
stress in the PZT is then the opposite of the variation 
of stress in the polymer and is due to the shear, hence 

d"T, 

dx 

(R2- r2) 
dpT, 

dx 

w(x)- u(x) 
b 

dzT3 

(6) 

<5) 

dx 

where Gi is the shear modulus of the polymer resin. 
Equations (1) to (6) simultaneously lead to : 

d'TT 

with v2 = 

f T3 
= a: 

dx3 

2 Gi v 

dx 

P 

• b; 
( 

2sD 
33     s33 

+    ) 
1-v 

(7) 

(8) 

v is the PZT volume fraction also equal to (rf/R) . 
Due to considering symmetry, the solution of (7) is : 

ZT3 = I2 ch(oac) + I3 (9) 

The boundary conditions can finally be applied, essen- 
tially the voltage U and the external pressure (zero in 
air) applied at both ends. The displacements u(x) and 
w(x) are then : 

u(x)  = a sh(Ox) + b.x 

with: 

and 

a = I- 

zsD s33 

" a 
x2- 

X2 
V 

1-v 

P*33 

a 
/ 

U 

t 

«33 . sh 

e ' 
>, 2 

w(x) 

a£ 
ch( — 

2 

c sh(ax) + b.x 

1-v 

u3 3 

1-v 

P*33 

a£, 
ch (—) 

=33 

'33 

•1 

At x = ± £/2 the strain profile of the composite cell 
can be represented as shown in Figure 4. Averaging the 
axial strain, it is then possible to derive a resulting 
djj value for the composite. 

FIGURE 3: Elementary slice of the theoretical unit-cell   FIGURE 4: Schematic strain profile given by the model. 
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FIGURE 5:  dJ3  versus the PZT volume fraction for 
a P188/PR1538  1.3 composite. 
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d33  versus the PZT volume fraction for 
a P188/EPON828 1.3 composite. 

RESULTS AND DISCUSSION 

The great influence of the PZT rod aspect ratio on 
the efficiency of the composite is clearly visible on 
the profile measurements given on Figure 2. The undula- 
tion on the surface decreases greatly as the rod aspect 
ratio or the PZT volume fraction increases. For low PZT 
volume fraction and small aspect ratio (coarse rods), 
the PZT rods are nearly free to move alone, resulting 
in a small motion of the polymer, even in air. The same 
kind of undulations are observed with the P188/EPON 828 
composite samples. The main difference in this case is 
a smaller axial displacement. These results can also be 
observed in Figures 5 and 6. They show, respectively 
for P188/PR1538 and P188/EPON828, dJ3 versus the PZT 
volume fraction. A comparison is proposed between the 
results of a simple parallel model (equal strain 
assumption) represented by the upper curve, the results 
of the proposed model for different aspect ratios and 
the experimental results (dots). The simulations have 
been performed with the data given in Tables 1 and 2. A 
good agreement is observed in the case of the polyure- 
thane type samples. The rod shape does not seem to be 
critical. The experimental study has been made with 
square rods and the theoretical approach with cylin- 
ders. The error on the lateral surface (TT/4 factor) 
does not induce an important mismatch. A slightly less 
ideal agreement is observed in the case of the epoxy 
type samples, especially for samples 7 and 8. Note that 
there is an uncertainity concerning the epoxy type sam- 
ple fabrication due to difficulties in the curing of 
the epoxy, leading to cracks which certainly modify the 
physical properties of the material. Another unknown is 
also the polarization of the PZT. The strong polymer 
resistance to the high strain imposed by the poling 
field can either result in an incomplete poling, or in 
an alteration of the mechanical properties of the inter 
face. For this reason, it would be better to pole the 
PZT prior the embedding or to machine a prepoled 
ceramic. 

Nevertheless, it is shown that as the aspect ratio 
increases, the proposed model converges toward the pa- 
rallel model representing the ideal homogenized compo- 
site. d33 figures representing nearly 75% of the ideal 
value can be obtained with a rod aspect ratio equal to 
20 in the case of a 10% PZT volume fraction. 
Finally it is also observed that for operation in the 
3.3 mode, a soft polymer, offering less resistance to 
the piezoelectric rod strain results in higher 
piezoelectric properties. 

CONCLUSION 

This study pointed out the strong relationship of 
a 1.3 composite performance with the PZT rod size and 
especially for low PZT contents. It accentuated the 
importance of the interface region where the stress and 
strain transfer occurs between the active' and passive 
parts. This contact surface has to be as large as pos- 
sible to ensure a good coupling. For a given volume 
fraction and thickness, this surface increases with the 
number of rods and for a given total volume, with the 
rod aspect ratio. It is shown that in the 3.3 quasi- 
static mode and for a 10% PZT volume fraction compo- 
site, performances nearly as high as for an ideally 
fine structured composite are obtained with PZT rods 
with a length at least equal to 20 times the radius. 
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ABSTRACT 

Several methods of forming piezoelectric ceramic/polymer 
composites for possible transducer applications were demonstrated. 
These methods include the replication technique, tape casting, 
honeycomb dicing, and ceramic fiber weaving. In the replication 
technique, activated carbon fibers or fabrics are soaked in a PZT 
precursor solution and then arranged into desired structures. The 
soaked structures are dried and fired, yielding a ceramic relic with 
the same structure. Three types of structures were developed: 
Shells, Combs, and Weaves. The highest rfjj of 290 pC/N was 
found in the shell structure, and the dhgh of both the shell and 
weave designs were about 5,000 X 10"15 m2/N. The results of 
scaling-up the weave structure from 2.5X2.5 cm2 to 10X10 cm2 

are reported The feasibility of producing larger area samples using 
relic tile arrays is also discussed. In the tape casting technique, 2-2 
and 1-3 structures were formed using thin PZT tapes. The tapes are 
stacked, with spacers separating the layers, and the stack is 
embedded in polymer. Dicing the stack results in a composite with 
1-3 connectivity. The thin tape technique can be used to develop 
composites with ceramic or polymer volume gradients and 
multifunctional ceramics. Dicing of PZT honeycombs yields 1-3 
composites with uniquely shaped rods. Shapes included "+"s, 
"T"s, and "L"s. In the ceramic fiber weaving technique, green PZT 
fibers are woven through a PZT honeycomb support structure. The 
structure is fired to sinter the PZT fibers, and embedded with 
polymer to yield 1-3 composites. All 1-3 composites showed high 
and uniform piezoelectric coefficients across the electroded area. 

1. INTRODUCTION 

Many ceramics exhibit piezoelectric behavior, with lead 
zirconate titanate (PZT) being the most extensively used' 
piezoelectric transducer material. Though cheap and easy to 
fabricate, the hydrostatic "Figure of Merit" (dhgh ) is low, so PZT 
has limited use as a hydrophone. Also, there is a poor acoustic; 
match between ceramics and the transmitting media, and stiff; 
ceramics can not be formed onto curved surfaces [1]. Piezoelectric': 
polymers [2] solve the problems of acoustic match and transducer, 
formability. The most common piezoelectric polymers, 
polyvinylidene fluoride (PVDF) and poly(vinylidene fluoride- 
trifluoroethylene), or P(VDF-TrFE) copolymer, demonstrate 
piezoelectric properties when the polymer chains are oriented. The 
limitation with polymers is they have low electromechanical 
coupling, low dielectric constant, and high cost of fabrication [1]. 

Composites [3] of piezoelectric ceramics and inactive polymers 
have become the material of choice for transducers. Their 
electromechanical properties are close to those of monolithic 
ceramics, while their acoustic impedances close to those of 
polymers [1]. The connectivity [4], or arrangement of component 
phases in the composite, is a critical parameter for the 
electromechanical performance of the composite. The common 
connectivities are 0-3, and 1-3, where the first digit refers to the 
dimensionality of the active (piezoelectric ceramic) phase, while the 
second digit refers to that of the polymer phase. 

The applications of piezoelectric composites are distinguished by 
the frequency of the acoustic waves involved. In medical imaging 
systems, where the drive is towards fine resolution, there is a desire 
to increase the frequency of the generated sound wave. For low 
frequency hydrophone applications, large area piezoelectric 
materials are desired. A large array will capture more acoustic 
energy than a small array [5], and acts as a filter to flow induced 
noise, the noise produced as a ship moves through water. 

Numerous processing techniques have been developed for 
forming fine scale (<50 pm) 1-3 piezoelectric composites. The 
most promising are the lost mold technique [6], injection molding 
[7], and the relic process [8,9]. In the relic process, activated 
carbon fibers or fabrics are soaked in a ceramic precursor solution 
either before or after arrangement into desired structures. The fibers 
are fired, yielding a ceramic relic with the same structure. Relics are 
embedded in an epoxy matrix and polished to yield a composite. 

In this paper, several methods for the preparation of 
piezoelectric ceramic/polymer composites are discussed with interest 
in forming fine scale/large area composites. The methods include: 
the relic process, tape casting, honeycomb dicing, and ceramic fiber 
weaving. Results from the following structures are reported: Relic 
Weave, Relic Shell, Relic Comb, Tape Cast Stacked, Tape Cast 
Diced, Honeycomb Diced, and Ceramic Fiber Woven. Optimization 
of properties for all composites are sought. Composites with the 
Relic Weave structure were scaled-up, with a goal of large area 
properties equivalent to their smaller scale counterparts. 

2. EXPERIMENTAL 
2.1 Relic Process 

The relic process [8,9] starts with commercially available 
activated novoloid- (phenol-aldehyde-) derived woven carbon fabric 
obtained from American Kynol, Inc. (ACC-507-15 Kynol 
Carbon™). The fabrics consisted of plain weave yams (37 picks 
per inch by 36 ends per inch. Each yarn contained between 360 and 
375 individual 10-20 fjm diameter carbon fibers. The fabrics were 
soaked in PZT precursor solution before arrangement into desired 
structures. They were dried at 60°C, and heat treated in air (550°C 
for 10 hrs., followed by 700°C for 4 hrs.) to burn out the carbon. 
The resulting relic had the same structure as the original carbon 
template. To sinter the relic, it was fired at 1285°C for 1 to 2 hours 
in a sealed crucible containing a lead zirconate source powder. 

The PZT relics were vacuum infiltrated with an epoxy matrix 
(Eccogel™ epoxy resin grades 1365-45 or 1365-80, Emerson and 
Cumming, Deway and Almy Chemical Division, Canton, MA) to 
form a piezoelectric ceramic/polymer composite. After curing, 
samples were polished and electroded with sputtered gold or air 
dried silver paint. Composites were poled using either conventional 
or corona poling [8], after which the electromechanical properties 
were evaluated. 

The weave structure is schematically shown in Figure 1. The 
goal of this work was to enlarge the sample area by over an order of 

magnitude from 2.5X2.5 cm2 to 10X10 cm2. Woven structures 
were prepared by soaking 15-20 sheets of activated carbon fabric. 
The soaked sheets were dried, stacked, and weighed down with 
fired zirconia blocks prior to firing. The weights prevented curling 
up of the top sheets, yielding uniformly thick samples. In addition, 
5.0X5.0 cm2 samples were prepared by using fired 2.5X2.5 cm2 

structured in an array. The fired samples were placed 2 by 2 square 
prior to epoxy infiltration. The object was to determine if arraying 
of smaller pieces could be used as an alternative for scale-up. 

The shell structure is shown in Figure 2. A strip of activated 
carbon fabric, 3.5-cm wide by 75-cm long was soaked in PZT pre- 
cursor solution. While still wet, the fabric was rolled in a helical 
fashion around a center point. Composite processing was 
completed as described above. Polishing, electroding, and poling 
were done perpendicular to the fabric rolling direction. 

CH3416-5 0-7803-1847-l/95/$4.00©1995ffiEE 
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u* t*. 
FIGURE 1: Weave Structure. 

Side View Top View 
FIGURE 2: Shell Structure. 

The comb structure is shown in Figure 3. Like the shell 
structure, the starting point for the comb is a strip of activated 
carbon fabric, 3.5-cm wide by 75-cm long. From this fabric, one- 
half of the long yarns were removed. The modified fabric was 
soaked in PZT precursor solution. While still wet, the fabric was 
rolled in a helical fashion around a center point. The resulting 
structure had two sections: one, reminiscent of the shell structure, 
the other, unidirectional fibers. Processing was completed as 
described above. 

Z> 
• •• 

'•• 

•*• • • 
•••• 

Side View Top View 
FIGURE 3: Comb Structure. 

2.2 Tape Cast Composites 
RZT tape was obtained by tape casting fine PZT powder as 

described elsewhere [10]. The tapes were fired to sinter the PZT. 
The tapes used in this study were 240/<m thick, though intentions 
are to use tapes as thin as 50-100^<m. Tapes were stacked, as 
shown in Figure 4, with a spacer support placed between each 
layer. The stack was vacuum infiltrated with Spurrs Epoxy (E.F. 
Fullum, Inc., Schenectady, NY) to form a piezoelectric 
ceramic/polymer composite with a connectivity of 2-2. 

To create a 1-3 composite, the 2-2 structure was diced 
perpendicular to the tapes as shown on Figure 4, prior to electroding 
and poling. The diced stack was vacuum reinfiltrated with Spurrs 
Epoxy matrix to complete composite formation. Polishing, 
electroding, and poling were done perpendicular to the stacking 
direction. 

□ Ceramic 
■i Polymer 
■ Spacer 

J'ULj.U'U'U'Lj 
D'O.dD-0-DC 
lü'ad'Dii'c 
Innhh.n r 

FIGURE 4: Schematic of Forming Tape Cast Composite 
Structures. 

2.3 Diced Honeycomb Composites 
PZT ceramic honeycombs were extruded and fired following a 

previously developed technique [11]. The honeycombs were diced 
and filled with Spurrs Epoxy as schematically shown in Figure 5. 
The dicing step broke the 3-dimensional connectivity of the ceramic 
phase, yielding a composite with 1-3 connectivity when refilled with 
epoxy. The cross-sectional shape of the ceramic rods was varied by 
changing the location of the cuts through the ceramic. The various 
rod shapes are shown in Figure 6. The volume fraction of the 
ceramic phase was varied between 15 and 30 percent by changing 
the thickness of the resinoid blade used in cutting the honeycomb. 

DDD 
nnn 

I Ceramic 
Polymer 

L Dice 

Fill 

FIGURE 5: Schematic of Diced Honeycomb Composites. 

O    ^    Dz, 
FIGURE 6: Rod Shapes in Diced Honeycomb Composites. 

2.4 Woven PZT Composites 
Green PZT fiber yarns (200 filament, 10 /7m diameter) were 

prepared via the Viscous Suspension Spinning Process (VSSP) [12] 
at Advanced Cerametrics, Inc., Lambertville, NJ. The yarn was 
sized using a polyvinyl alcohol solution, and woven through a 
supported PZT honeycomb as schematically shown in Figure 7. 
The structure was heat treated in air (550°C for 10 hrs., followed by 
700°C for 4 hrs.) to burn out the binder, and fired at 1285°C for 1 
to 2 hours in a sealed crucible containing a lead zirconate source 
powder. The fired structure was embedded in Spurrs Epoxy, and 
the honeycomb supports were ground off to yield a 1-3 composite. 

2.5 Electromechanical Properties 
After poling, composites were aged for 24 hours prior to 

measurement of electromechanical properties. Capacitance and 
dielectric loss factors were measured at 1 kHz with a Hewlett- 
Packard Model 4194A impedance/gain phase analyzer. A Channel 
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TABLE II: Properties of Woven Composite Versus Size. 

Size(cmXcm)       2.5X2.5     5.0X5.0 Array      10.0X10.0 

¥1 
FIGURE 7: Schematic of Woven PZT Composites. 

Products Model CPDT-3300 piezo d33 meter was used to directly 
measure the rfjj coefficient of the composites at 100 Hz. The dh 
of the composites was measured dynamically by comparing the 
hydrostatic response of the specimens to that of a standard. Values 
of g33 and gh were calculated using the measured values of dj3, dh 
and K . To assess the variability of properties across samples larger 
than 2.5X2.5 cm2, these samples were cut into 2.5X2.5 cm2 

specimens. 

3. RESULTS AND DISCUSSION 
3.1 Relic Composites 

Typical properties of the fine scale structures are found in Table 
I. The shell and weave structures, with connectivities of 2-3, 
yielded electromechanical properties intermediate between 1-3 and 
3-3 composites [3]. The value of dh for both structures were 
higher than that of a 1-3 composite. The values of dhgh (about 
5,000) are exceptional, which translates to excellent potential for 
hydrophone applications for these composites. 

Structure 

TABLE I: Properties of Relic Composites. 

Shell Comb Weave 

PZT Volume % 33 29 

d33 (pC/N) 290 230 

K 150 85 

tan d (%) 4.3 5.8 

g33 (mVm/N) 220 300 

dh (pC/N) 80 20 

gh (mVm/N) 60 25 

dhgh 4,800 500 

(XlO-lSm^N) 

37 

180 

140 

3.2 

150 

80 

65 

5,200 

The comb structure (1-3 connectivity) showed promising 
results. The d33 and K values fall near those reported for 
composites with 1-3 connectivity [3]. The values of dh, gh, and 
dhgh are lower than those reported in earlier work. Further work is 
needed to optimize these properties. 

Typical woven composite properties as a function of sample size 
are shown in Table II. The table shows good agreement in 
electromechanical properties between all composite sizes. Scale-up 
issues, such as differential ceramic sintering, are possible 
explanations of the slight decrease in properties. However, the 
results show the feasibility of processing larger woven composites. 

The tile array technique for scaling-up the size of woven 
composites also showed good results. The perceived disadvantage 
of this technique was the small discontinuities (< 0.1-cm) of the 
piezoelectric ceramic at the tile to tile contact points. The 
discontinuities were polymer rich regions that may have localized 
effects on the electromechanical properties of the composite. To 
examine this possibility, the 5.0X5.0 cm2 arrays were cut into nine 
smaller specimens, and the properties of the specimens, some with 
no discontinuities and some with multiple discontinuities, were 
measured. Typical properties of a 5.0X5.0 cm2 array composite are 
shown on Table II. The table shows that the array has properties 
that match those of the smaller, one-piece composites. So, arraying 
is a feasible method for forming composites of limitless area. 

PZT Volume % 37 37 37 

rfjj(pC/N) 180 170 150 

K 140 130 125 

tand 3.2 3.5 3.7 

g33 (mVm/N) 150 160 135 

dh (pC/N) 80 60 65 

gh (mVm/N) 65 55 60 

dhgh 5,200 3,300 3,900 

(X 10"15m2/N) 

3.2 Tape Cast Composites 
The electromechanical properties of the composites are shown 

on Table III. For the 1-3 composite, the values of rfjj , K, dh and 
gh all fall near those reported for composites with 1-3 connectivity 
which were formed by the dice and fill technique [3]. Further work 
is needed in tape cast composites to decrease the size of the PZT 
pillars. In addition, by varying the composition or spacing of the 
tapes in stack, composites with multiple active phase and/or volume 
fraction gradients could be formed. These concepts are 
schematically shown in Figure 8. This may open the possibility of 
using the same composite for several applications simultaneously. 

TABLE III: Properties of Tape Cast Composites. 

Structure 2-2 1-3 

PZT Volume % 

d33 (pC/N) 

K 

tan 3 

g33 (mVm/N) 

dh (pC/N) 

gh (mVm/N) 

dhgh 

(X10-l5m2/N) 

50 

370 

300 

1.7 

140 

25 

10 

250 

25 

300 

230 

2.1 

150 

40 

20 

800 
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• Multiple Materials • Volume Fraction Gradient 
FIGURE 8: Novel Tape Cast Composite Designs. 

3.3 Diced Honeycomb Composites 
The electromechanical properties of the diced honeycomb 

composites as a function of rod cross-sectional shape are shown on 
Table IV. All composites contain ceramic at the same loading. The 
table shows that properties are independent of rod shape. The effect 
of rod shape on composite resonance behavior is currently being 
investigated. 

There are several limitations in the diced honeycomb technique 
for forming fine scale/large area 1-3 composites. The technique is 
dependent on extruded ceramic honeycombs. The current size limit 
on these structures is approximately 20 cm, with wall thicknesses of 
> 150 /Jm. 

3.4 Woven PZT Composites 
The electromechanical properties of the woven PZT fiber 

composites are shown on Table III. The values of djj , K, dh and 
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TABLE IV: Properties of Diced Honeycomb and 
Woven PZT Fiber Composites. 

Property "+" "L" "T" Woven 

PZT Volume % 25 25 25 10 
d33 (pC/N) 440 500 480 230 
K 650 630 660 110 
tand 2.5 2.6 2.3 2.0 
g33 (mVm/N) 75 90 80 240 
dh  (pC/N) 65 65 75 30 
gh (mVm/N) 10 10 15 30 

dhgh 650 650 1125 900 
(X10-15m2/N) 

gh all fall near those reported for composites with 1-3 connectivity 
which were formed by the above techniques. Further work is 
needed in these composites to increase the volume fraction of PZT 
in the composite, and to decrease the spacing between the ceramic 
pillars. 

Woven PZT fiber composites show great promise for forming 
fine scale and large area piezoelectric ceramic/polymer composites 
with various connectivities. The individual PZT fibers are as fine as 
10-/vm diameter, and there is almost an infinite number of fiber 
architectures which can be achieved by textile operations such as 
braiding, weaving, and knitting [13]. The PZT fibers may also be 
interwoven with other fibers, yielding composites with multiple 
active phases. 

4. SUMMARY 

Several methods of forming piezoelectric ceramic/polymer 
composites for possible transducer applications were demonstrated. 
These methods include the replication technique, tape casting, 
honeycomb dicing, and ceramic fiber weaving. The relic process 
formed fine scale and large area piezoelectric ceramic/polymer 
composites with various connectivities. The fine scale shell and the 
comb structures, displayed excellent electromechanical properties. 
Both will be investigated as alternative composites for transducer 
applications. The relic weave structure was scaled-up form 
2.5X2.5 cm2 to 10X10 cm2 with no loss in electromechanical 
properties. By arraying the smaller scale counterparts, composites 
of limitless area may be formed. Tape cast composites formed also 
displayed excellent electromechanical properties. In addition, these 
composites show promise in future novel composite 
microstructures. Honeycomb composites may be diced to form 1-3 
composites with a variety of rod shapes, while woven PZT fiber 
composites show promise for forming fine scale and large area 
piezoelectric ceramic/polymer composites with various 
connectivities. 
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3-3 Composite Hydrophones from Distorted Reticulated Ceramics 
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Alfred, NY 14802 

Abstract: Application of reticulated ceramic 
technology to the fabrication of 3-3 lead zirconate- 
titanate(PZT)/epoxy composite hydrophones has been 
investigated. Directional distortion of the ceramic 
structure to enhance the composite hydrostatic response 
has also been studied. Composite fabrication is described 
and the effects of polymer type, distortion, volume percent 
PZT and poling field on the hydrophone properties are 
presented. In general, the results indicate that reticulated 
ceramic composites (RCC's) have properties which are 
comparable to other 3-3 PZT/epoxy composites. 
Composites which contained the stiffer Spurr epoxy 
significantly out performed those containing a softer 
Eccogel epoxy. In addition, a distorted structure and 
higher density improved hydrophone response. The novel 
use of reticulated ceramic technology provides substantial 
improvement in manufacturability over other methods and 
allows fabrication of sensitive, low density hydrophones. 

INTRODUCTION 

The use of composites of lead zirconate-titanate (PZT) 
and various polymers for hydrophone applications has 
been studied extensively over the years [1, 2]- The lower 
dielectric constants of composites provide immediate 
benefits in the hydrostatic voltage coefficient because of 
the relationship, gh = dh/eo^3. The hydrostatic charge 
coefficient, dh (= d33+2d3i), is enhanced by reducing the 
contributions of the lateral components of the coefficient. 
Stress transfer from a compliant matrix material to the 
ceramic phase is another mechanism for improving 
performance. Composites which incorporate rods of PZT 
embedded in an epoxy matrix (1-3 connectivity) take 
advantage of these mechanisms and have proven to be 
quite effective hydrophone materials [3]. Composites with 
3-3 connectivity have reinforcement in the lateral 
directions to further decouple negative contributions from 
lateral stresses. Methods which have been developed for 
making 3-3 composites include lost wax replication of a 
coral skeleton [4] and mixing of burnable plastic spheres 
with the PZT before forming (BURPS) [5]. These 
processes have limitations which make them undesirable 
for large scale applications such as large passive sensor 
arrays. 

The present study addresses the issues of fabricating a 
low density composite using a technique which lends itself 
to large scale production of 3-3 PZT /polymer composites. 
The macro-structure of reticulated ceramics, usually used 
in applications such as molten metal filters and low mass 
kiln furniture, closely resembles the coral structure used 
by Skinner et al. [4]. Reticulated ceramics are created by 
coating an organic foam substrate (i.e., polyurethane) with 
a ceramic slurry, pyrolyzing the foam, and then sintering 
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Figure 1. Scanning electron micrograph of the structure 
of reticulated PZT ceramic. 

the ceramic [6]. The resulting structure is made up of 
hollow ligaments of ceramic which form the edges of close 
packed cells, primarily pentagonal dodecahedra. One of 
the main advantages this process offers for the fabrication 
of piezoelectric composites, especially in terms of large 
scale hydrophone production, is it's proven fabrication 
versatility. Another advantage, and the focus of this study, 
is that the relatively spherical isotropic cell structure of 
the foam can be elongated, approximating laterally 
reinforced rods. Consequently, distortion toward an 
interconnected 1-3 configuration should enhance the 
hydrostatic response by decoupling the d33 and d3i 
responses. The voltage coefficient will increase as a result 
of lowering the overall dielectric constant of the material. 

The primary goal of this study is to evaluate the use of 
reticulated ceramic technology in the fabrication of 
composite hydrophones. In an effort to determine the 
optimum configuration for the RCC hydrophone, the 
effects of distortion, density, and matrix polymer are 
being investigated. To insure attainment of the maximum 
response from the PZT, the effects of poling field were 
also investigated and provided some unexpected results and 
insight. The results of this on going work are presented 
below. 

EXPERIMENTAL PROCEDURE 

Foam Distortion 

The foam substrate used in the fabrication of these 
reticulated ceramics was a standard polyurethane polymer 
foam. The foam was supplied by Hi-Tech Ceramics, Inc. 
of Alfred, NY in pore sizes of 15, 30, 45, and 65 pores 
per inch (ppi). It should be pointed out that the Mppi" 
designations used in the industry do not reflect the actual 
number of pores per linear inch in the foam. Table I 
indicates the approximate actual pore dimensions for the 
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materials used.  To achieve the distorted structure, blocks 
of "as received" foam were placed in a fixture which holds 

Table 1.   Actual Pore Sizes of Starting Foams 
PPI              Actual Pore Dim. 

Designation    (mm)  
15 PPI 
30 PPI 
45 PPI 
65 PPI 

4x3.5 
3x2 

2x1.5 
lxl 

the piece at both ends and allows elongation to any desired 
length up to 50% of the original length. For this work, 
the full 50% length increase was used. The entire fixture 
was then placed in an oven preheated to 180°C and held 
there for approximately 30 minutes. 

PZT Processing 

Unfired samples of undistorted and distorted reticulated 
PZT were prepared in densities of 10 and 15 volume 
percent PZT by Hi-Tech Ceramics, Inc. The two different 
densities were attained by applying different amounts of 
slurry to the substrate. A commercially available PZT-5H 
was used.* The unfired samples provided by Hi-Tech, Inc. 
were burned out and sintered on PZT-5H setter blocks in 
closed alumina crucibles. During burnout, an oxidizing 
atmosphere was maintained by propping the crucible lid 
open. Below 800°C, the lid was closed and the samples 
sintered at 1300°C for 1 hour. A PbO rich atmosphere 
within the crucible was provided by surrounding the 
setters with a commercial lead zirconate source powder*. 
The densities of the sintered materials were determined by 
the displacement method using isopropyl alcohol as the 
immersion liquid. 

Composite Fabrication 

Composites were prepared by vacuum infiltrating the 
fired ceramics with a "soft" mixture of Spurr epoxyt and 
a much more compliant Eccogel 1365-65 epoxy.§ Both 
materials were cured at 60°C for «12 hours. The 
composite blocks were then sliced into smaller blocks 
approximately 1 cm square by 0.4 cm thick. Their 
surfaces were ground flat and parallel and electroded with 
an air dry silver paint.tt The electroded composites were 
poled in a 70°C stirred oil bath at 20-25 kV/cm for 20 
minutes. 

To determine the effects of poling field, two sets of 
samples (10 vol% and 15 vol% PZT) were made with 
distorted ceramics infiltrated with Spurr epoxy. Each 
sample was successively poled under the conditions above, 
from 5 to 30 kV/cm in 5 kV/cm increments. Values of 
d33> dh, K*3were obtained after each poling cycle. 

\ Morgan Matroc, Inc., Electro Ceramics Div., Bedford, OH 
t No. 51350, Spurr Epoxy, Ernest F. Fullam, Inc., Latham, NY 
§  Emerson and dimming, Canton, MA 
tt Cat No. 22-246, GC Electronics, Rockford EL 

Electromechanical Testing 

The composite d33 was determined using a Berlincourt 
d33 Piezo Meter (hemispherical contacts)/ Sixteen 
measurements were averaged to get the reported value. 
Capacitance, measured at 1 kHz with an HP4192A 
impedance analyzer, was used to calculate dielectric 
constant, K^. Measurements of dh were made in an oil 
filled chamber over the pressure range from 1.7 MPa (250 
psi) to 6.9 MPa (1000 psi.) An oscillating (400 Hz) 
hydrostatic pressure wave was produced by a piston 
mounted on a stack of piezoelectric washers inside the 
tank. The sample and standard voltage signals were 
amplified and measured using a lock-in amplifier to filter 
unwanted noise. The value of dh was determined by 
comparing the response of the sample to that of a standard 
of known dh using the following formula: 

dh{composite)    VcAstddh{std)/VstdAc (1) 

where Vc, Vstd, Ac, , and Astd are the voltage signals of 
the composite and standard, and the electrode areas of 
composite and standard, respectively. The values of dh 
reported are an average of dh over the entire pressure 
range. 

RESULTS AND DISCUSSION 

Composite Macro-structure 

An analysis of the reticulated structure shows the 
complex nature of these materials. The cell sizes are 
reduced during firing due to a linear shrinkage of about 
16%. Upon close examination of the fired material, the 
tubular nature of the reticulated ligaments is revealed 
(Figures 1 and 2). Comparing these two figures, the 
difference between the undistorted and distorted structures 
can easily be seen. The distorted material resembles an 
interconnected rod structure, with somewhat irregular 
spacing of the rods and lateral supports. The Spurr epoxy 
readily infiltrates and fills the ceramic ligaments. The 
Eccogel epoxy, being much more viscous than the Spurr, 
did not fill the structure as completely, leaving some 
regions of the hollow ligaments unfilled. 

The average composite densities were 1.63 g/cm3 and 
1.90 g/cm3 for the 10 and 15 vol.% materials, 
respectively. The densities of the undistorted composites 
were quite uniform from one polymer to another but 
varied slightly in the distorted materials, most likely due 
to differences in the structure caused by the stretching 
process. The ceramic density was approximately 95% of 
the powder pycnometer density of 7.864 g/cm3. 

Electromechanical Characterization 

Isotropie vs. Distorted Structure: In Figures 3 and 4, 
it can be seen that the composites with a distorted ceramic 

£ Channel Products. Inc.. Chesterland. OH 
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Figure 2. Scanning electron micrograph of a distorted 
reticulated PZT ceramic. 

structure, in general, had superior hydrostatic charge 
coefficients and figures of merit. The distortion tends to 
straighten the ceramic path between electrodes allowing 
for an increased level of poling of the ceramic. In 
addition, as described earlier, the lateral reinforcement of 
the near vertical rods helps to decouple the longitudinal 
and lateral responses. The improvement over the 
undistorted composites, however, was not as large as 
expected. The Spurr epoxy may simply be too stiff to 
allow effective transfer of stress to the ceramic. 

Polymer Matrix Effects: It was found that the Eccogel 
epoxy was completely inadequate as a matrix material for 
these composites. This can be seen in a comparison of 
Figures 3 and 5. The problem can be blamed directly on 
the flexibility of the Eccogel polymer, which allows 
delicate reticulated ceramics to be damaged during cutting 
and grinding. Evidently, a stiffer polymer is needed 
which can provide the needed support for the reticulated 
structure during processing but not so stiff as to diminish 
the response of the composite. 

5 
ü a 

50 
Spurr Epoxv 

40 |- •     10% PZT, Undistorted 
—■ -15% PZT, Undistorted 
.. ^.. 10% PZT, Distorted 

30 h  *-.. —-*— 15% PZT, Distorted 

20 

10 

j- 

10  20 30  40  50 
Pores per inch 

60      70 

Figure 3. Hydrostatic charge coefficient, dh, as a function 
of pore size for the undistorted and distorted Spurr 
epoxy/PZT composites of 10 and 15 vol.% ceramic. 

Effects of Volume Percent PZT: The 15 volume 
percent composites were found to have higher charge 
coefficients (in general) for both the undistorted and 
distorted composites (Figure 3). This is to be expected 
since a greater amount of active material produces a 
greater response.    Because the figure of merit, dhgh, 

(Figure 4) is inversely proportional to dielectric constant, 
somewhat different behavior is seen. Since higher vol.% 
PZT results in higher K%3, dhgh is constrained by a lower 

800 

20      30      40      50 
Pores per Inch 

Figure 4. Hydrostatic figure of merit, dhgh, as a function 
of pore size for the undistorted and distorted Spurr 
epoxy/PZT composites of 10 and 15 vol. % ceramic. 
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Figure 5. Hydrostatic charge coefficient, dh, as a function 
of pore size for undistorted and distorted Eccogel 
epoxy/PZT composites of 10 and 15 vol.% ceramic. 

gh. This becomes evident at the finer pore sizes. 
However, the 15 ppi, 15 vol.% composite still had a higher 
figure of merit than any of the others. The fact that the 
dhgh for the 10 vol.% composites with finer pore sizes was 
comparable or superior to that of the 15 vol.% composites 
emphasizes the importance of structural distortion. 

Poling Field Effects: It was found that poling of 
individual samples with successively higher fields initially 
improves electromechanical properties but causes a 
significant decrease after about 10 kV/cm (Figure 6). This 
behavior was seen for the solid material as well as the 
composites. An "over-poling" effect is intrinsic to the 
"soft" PZT-5H material and is due primarily to an increase 
in domain wall motions in the over-poled ceramic. 
Notice, however, that the drop in the dh of the 15 vol.% 
composites is slightly steeper than that for the solid PZT- 
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5H indicating that the decrease may not be due solely to 
material effects. Figure 7, which plots the ratio of dj, to 
d33, provides more insight. If the decrease were strictly a 
material effect, the ratio would remain constant over the 
full range of poling fields (as was observed for solid 
material). The decrease in the ratio indicates a more rapid 
decrease in dh than d33 which points toward a structural 
effect. One possibility is that at higher poling fields, the 
structural features perpendicular to the field are being 
poled more and are then able to contribute negatively to 
the hydrostatic response. When poled at. lower fields, 
these elements remain relatively inactive and act as lateral 
reinforcement for the rod-like structure. 
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Figure 6.    Hydrostatic charge coefficient, dh, vs. poling 
field. This behavior was typical of all the samples tested. 
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Figure 7.   Ratio of dh/d33 as a function of poling field 
indicating a faster increase in dh than d33. 

CONCLUSIONS 

The use of reticulated ceramic technology in 3-3 
piezoelectric composites has been shown to be a viable 
fabrication method. It was shown that distortion of the 
ceramic structure significantly improves the hydrophone 
response. Reticulated ceramics of higher density and 
larger pore sizes were also more effective for use in these 

composite hydrophones. In order to support the ceramic, 
a relatively stiff polymer matrix is required so that 
damage during processing is avoided. The poling field 
was also found to be important. Not only can the material 
be over-poled, so can the reticulated structure. 

Finally, the hydrostatic properties of these materials 
compare favorably with other types of 3-3 PZT/epoxy 
composites when normalized for density [2]. A unique 
advantage that reticulated ceramic technology offers is that 
improvements of the structure are possible without 
sacrificing manufacturability. Changes which could 
improve performance are the use of a different polymer 
matrix material, the incorporation of a rigid electrode, or 
further elongation of the structure. Planned work includes 
these and other possibilities. 
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Abstract: The properties of Pb(Zr,Ti)03 (PZT) thin films grown 
by MOCVD using a variety of source materials were compared 
and discussed. In the growth of the PZT thin films, three differ- 
ent Pb precursors were used - Pb(C2H5)4, Pb(DPM)2 and 
(C2H5)3PbOCH2C(CH3)3. TKO-i-CjH^ and Zi(0-t-C4H9)4 were 
also used as the Ti and Zr precursors. The oxidizing gases used 
were 02, N02, and 02 containing 03. When using three different 
Pb precursors, it was found that there was a difference in the 
growth temperature required to obtain perovskite PZT films. It 
seemed that differences in the electrical properties observed may 
be due to differences in the orientation, crystallinity, film composi- 
tion and film thickness. When 02 containing 03 was used, an 
improvement in breakdown voltage was observed. 

1. Introduction 

In the past several years, a variety of ferroelectric and high 
dielectric constant thin films, including Pb(Zr,Ti)03 (PZT), 
(Pb,La)(Zr,Ti)03 (PLZT), BaTi03, SrTi03, (Ba,Sr)Ti03 (BST) and 
Bi TLO,„, have been studied for their potential application to 
dynamic random access memories and ferroelectric non-volatile 
memories. Before the practical fabrication of these memory 
devices can be achieved, several issues still remain to be solved. 
These include the standardization of the thin film process, the 
mechanism of the leakage current and fatigue phenomenon, and 
the interface conditions between the electrode metal and ferroelec- 
tric thin film. 

In order to produce high quality and reliable ferroelectric thin 
films, many techniques, such as sputtering, laser ablation, sol-gel 
processing, metallorganic decomposition (MOD), metalorganic 
chemical vapor deposition (MOCVD) and liquid source chemical 
vapor deposition (LSCVD), have been utilized. We think that 
among these techniques, MOCVD is the most promising method 
for a number of reasons. These include the high controllability of 
the film composition and crystallinity, high growth rate and good 
step coverage characteristics. The deposited films displayed a 
high degree of crystallization even without post annealing. 
MOCVD is also a process compatible with the Si LSI process and 
offers the possibility of scaling up the process to commercial- 
based production. 

However the MOCVD technique has also disadvantages. It 
requires a complicated and large-scaled system, and the search for 
appropriate precursors has proven to be difficult. 

In order to confirm the advantages of the MOCVD method 
for utilization in commercial based production, we have per- 
formed a number of tests on the MOCVD growth of PZT films. 
In the MOCVD method, precursors displaying a high vapor pres- 
sure, low decomposition temperature, low human toxicity, high 
stability and a low tendency toward homogeneous nucleation in the 
vapor phase are required. In the early stage of our experiments, 
Pb(C2H5)4 (tetraethyl lead) was used as a Pb precursor because it 
is a liquid with a high vapor pressure and therefore is easy to use 
by utilizing the conventional bubbling method.    However this 
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precursor has not been used legally in commercial-based produc- 
tion systems in Japan due to a high human toxicity. Pb(DPM)2 

(DPM: Dipivaloylmetane), Pb(AcAc)4 (AcAc: Acetylacetone), 
Pb(HFA)4 (HFA: Hexafluoroacetylacetone) and Pb(FOD)2 (FOD: 
Heptafluorobutanoylpivaloylmetane), on the other hand, are solid 
precursors with a low vapor pressure and therefore are considered 
safe. 

In the next stage of experiments, Pb(DPM)2 as a Pb precursor 
was used to obtain large area PZT thin films on a 6 inch Si wafer. 
Anew Pb precursor, (C2H5)3PbOCH2qCH3)3 (triethyl n-pentoxy 
lead: TEPOL), which was developed to overcome the disadvan- 
tages of the above-mentioned Pb precursors, was also used. 
Three kinds of oxidants, 02, N02 and 03, were also used. From 
our detailed investigations, we have found that the growth behavior 
and electrical properties of PZT thin films are different when dif- 
ferent kinds of precursors and oxidants are used. 

In this paper, we compare the growth behavior and electrical 
properties of films obtained by MOCVD using different kinds of 
source materials. 

2. Experimental Procedure 

In our experiments, two kinds of MOCVD system were used. 
One is a homemade system and other is a commercial-based one 
for the growth of ferroelectric thin films on a 6-8 inch Si wafer. 
Schematic diagrams of MOCVD systems used are shown in Fig.l. 
Both systems consisted of a gas supplying system, reaction cham- 
ber and evacuation system. In the gas supplying system, there 
were temperature controlled baths and ovens for keeping the 
precursor vessels at a constant temperature. Stainless-steel pipes 
connecting the gas supplying system to the reaction chamber were 
heated to prevent solidification of the precursors inside the pipes. 
When the precursor was a liquid, it was transferred by the conven- 
tional bubbling method. When the precursor was a solid at room 
temperature, it was heated and introduced into the reaction cham- 
ber by the sublimation method. The carrier gas flow rates were 
controlled precisely using mass flow controllers. The reactor 
chambers were of a vertical type. The exhaust was released to the 
air through a thermal decomposition furnace. 

In the growth of PZT thin films, Pb(C2H5)4 (purity: 
99.9999%), Pb(DPM)2 (purity: 99.9%), (C.H^PbOCHjCXCH^j 
(purity: 99.99%), Zr(0-t-C4H9)4 (purity: 99.9999%) and 
T^O-i-CjH^ (purity: 99.9999%) were used as precursors. The 
oxidizing gases used were 02 (purity: 99.995%), N02 (1% diluted 
with Ar, purity: 99.9%) and 02 containing 03 (0-12 wt%). The 
substrate used was (lliyPt/SiO/lOO^i. 

3. Results and Discussion 

3.1   Crystalline structure of PZT films obtained using three 
different Pb precursors 

The crystalline phase and orientation of PZT films on 
Pt/Si02/Si were investigated.    Tetragonal and rhombohedral 
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Fig.l     Schematic diagrams of MOCVD system used  (a) home- 
made system, (b) system for large area growth. 

perovskite PZT films were successfully obtained when three kinds 
of Pb precursors and 02 as an oxidant were used. The crystalline 
structure of the PZT films obtained was affected by the substrate 
temperature and gas supply ratio of [Zr]/([Zr]+[Ti]), where [Zr] 
and [Ti] were the amounts of Zr and Ti gases supplied. Figure 2 
shows the change in the crystalline phase of the films grown at 
different substrate temperatures and gas supply ratios of 
[Zr]/([Zr]+[Ti]) when Pb(C2Hs)4 and 02 were used. Tetragonal 
PZT films were grown at [Zr]/([Zr]+[Ti]) ratios lower than 0.65 
and at substrate temperatures higher than 550°C. At high gas 
supply ratios of [Zr]/([Zr]+[Ti]), pyrochlore films and Zr02 films 
were formed, substrate temperatures higher than 630°C being 
required to obtain rhombohedral PZT thin films. In Fig.2, the 
other phases denote the pyrochlore phase and ZrO,. 

When Pb(DPM)2 was used as a Pb precursor, tetragonal PZT 
films were also grown at [Zr]/([Zr]+[Ti] ratios lower than 0.6 and 
at substrate temperatures higher than 550°C, as shown in Fig.3 [1]. 
In this case, growth temperatures higher than 600°C were also 
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Fig.2     Crystalline phase diagram of PZT films grown using 
Pb(C2H5)4 and 02. 
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Fig. 3     Crystalline phase diagram of PZT films grown using 
Pb(DPM)2 and 02. 

required to obtain rhombohedral PZT thin films. The formation of 
Zr02 at higher Zr content region was also observed. Funakubo et 
al. reported that PZT films were grown epitaxially on (100)MgO at 
700°C using Pb(DPM)2 precursor [2]. 

When the new Pb precursor (C2H5)3PbOCH2C(CH3)3 

(TEPOL) was used to grow PZT films, a decrease in the growth 
temperature was observed [3]. Figure 4 shows a crystalline phase 
diagram of PZT thin films grown using TEPOL. In these experi- 
ments, the oxidizing gas used was 02. From a series of experi- 
ments, it was found that tetragonal and rhombohedral perovskite 
PZT thin films were grown at substrate temperatures higher than 
460°C and 500°C respectively - substrate temperatures which were 
90°C and 130°C lower than when Pb(C2H5)4 as a Pb precursor and 
02 as an oxidant were used. Dormans et al. also reported growth 
of PZT films with good crystallinity and high polarization values at 
700°C using Pb(C2H5)3(0-t-C4H9) as a new Pb precursor [4]. 
These experimental facts indicate that TEPOL is a promising Pb 
precursor for MOCVD of Pb-based ferroelectric thin films. 
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In MOCVD, film composition could be easily controlled by 
changing the carrier gas flow rate [5]. The relative Pb content of 
the films increased as the substrate temperature increased in the 
range from 550°C to 600°C, a range where the oxidation process of 
the tetraethyl seemed to be rate-determining. The Pb/(Zr+Ti) 
composition ratio of the films were not changed by changing the 
gas supply ratio of [Zr]/([Zr]+[Ti]). 

3.2   Electrical properties of PZT films obtained using three 
different Pb precursors 

Various electrical properties, such as the relative dielectric 
constant (er), remanent polarization (Pr), coercive field (E^ and 
leakage current, of the PZT films obtained using the three kinds of 
Pb precursors were investigated. 

The dependence of the relative dielectric constant on the gas 
supply ratio of [Zr]/([Zr]+[Ti]) when Pb^:^ and °2 were used 

is shown in Fig.5. PZT films (film thickness: 260-320 nm) grown 
at 605°C showed er values ranging from 110 to 470 and a maxi- 
mum er value of 470 at a [Zr]/([Zr]+[Ti]) of 0.65. Keijser et al. 
reported er values of about 450-1050 [6]. Er values of 200-350 in 
c-axis oriented PZT films grown using Zr(DPM)4 was also report- 
ed by Sakashita et al. [7]. The ferroelectric properties were 
evaluated by D-E hysteresis loops. Pr and Ec were also affected 
by the substrate temperature and film composition. Figure 6 
represents the dependence of Pr and Ec on the substrate tempera- 

ture. Most of the PZT films showed an asymmetric hysteresis 
loop and therefore the values of the sum of the positive and nega- 
tive remanent polarizations ((+Pr) + (-Pr)) and average coercive 
field were estimated to characterize the ferroelectricity of the films 
in Fig.6. Pr and Ec were influenced by gas supply ratio of 
[Zr]/([Zr]+[Ti]). They decreased as the [Zr]/([Zr]+[Ti]) ratio 
increased. This behavior of Pr and Ec was similar to that of other 
reported literature [6,7]. The leakage current characteristics of 
the films obtained were also affected by the substrate temperature 
and gas supply ratio of [Zr]/([Zr]+[Ti]).  Among the PZT films 
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obtained at substrate temperatures ranging from 520°C to 660°C, 
PZT films grown at 550°C showed a minimum leakage current 
density of 10"7 A/cm2. The leakage current also decreased as 
[Zr]/([Zr]+[Ti]) ratio increased as shown in Fig.7. One of reasons 
for this decrease in the leakage current density may be due to 
microstructural change in the film structure. 

When Pb(DPM)2 was used as a Pb precursor, PZT films (film 
thickness: 100-160 nm) grown at 600°C under various 
[Zr]/([Zr]+[Ti]) ratios using a commercial-based MOCVD system 
showed er values of 50-600, and Pr and Ec were 9-38uC/cm2 and 
70-220 kV/cm, respectively [1]. The minimum leakage current 
was 10"6 A/cm2. Kashihara and Itoh et al. reported that zt of PZT 
films grown at 700°C under various carrier gas flow rates were 
500-1700 and typical Pr and Ec were 18 uC/cm2 and 55 kV/cm, 
respectively [8,9]. 

PZT thin films (film thickness: 230-400 nm) grown at 580°C 
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using TEPOL as a new Pb precursor showed a maximum E value 
of 1000 as shown in Fig.8 [3]. The Pr and Ec of the PZT films 
obtained were 15-20 |xC/cm2 and 70-90 kV/cm, respectively. 
These et, Pr and Ec values were nearly same as those of PZT films 
grown using Pb(C2H5)4 and Pb(DPM)2 as a Pb precursor. 

At this stage, a difference in the fatigue characteristics of the 
films grown using the three different kinds of Pb precursors was 
not observed. 

The electrical properties (er, Pr and E^ are usually dependent 
on the film thickness and growth temperature, and therefore the 
differences in the electrical properties of PZT films grown using 
these three kinds of Pb precursors can not be analyzed definitively. 
At this stage, from our experimental results, we think that in the 
use of the three kinds of Pb precursors mentioned above, there is a 
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difference in the growth temperature required to obtain perovskite 
PZT films. However it seems that distinct differences in the elec- 
trical properties of the PZT films could not be attributable to the 
differing Pb precursors. Differences in the electrical properties 
may be due to the differences in the orientation and crystallinity of 
the PZT films obtained under the various growth conditions. 

3.3 Reproducibility of the film composition using a solid and a 
liquid precursor 

The reproducibility of the PZT film composition and deposi- 
tion rate with each performance of the experiment was investigat- 
ed, both when a solid (PbCDPM)^ and a liquid (TEPOL) as Pb 
precursor was used [10,11]. 

When a solid Pb(DPM)2 precursor was used at a source 
temperature of 125°C, the Pb component in the PZT films and the 
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deposition temperature decreased each time the experiment was 
performed, as shown in Fig 9. The change in the Pb content, Vpb, 
which was defined as (maximum Pb content - minimum Pb con- 
tent)/(average Pb content), was 63.6%. When the Pb precursor 
temperature was set at 140°C - which was higher than its melting 
point of around 130°C - Vpb was improved and was 11.8%. 
These changes in the Pb content and deposition rate were due to an 
instability in the supplying Pb source. Because the Pb source used 
was a solid which had a low vapor pressure, stabilization of the Pb 
supply over a long period was difficult compared with using a 
liquid source. Figure 10 shows the variation of the Pb content in 
the PZT films and deposition rate with each performance of the 
experiment when a liquid precursor, TEPOL, was used. A dramat- 
ic improvement, Vpb=8%, was observed in the variation of the Pb 
content and in the deposition rate, compared with when a solid 
Pb(DPM)2 precursor was used. When TEPOL was used as a Pb 
precursor, uniform PZT films with a variation in the Pb, Zr and Ti 
components of less than 1.5% were successfully obtained on a 6 
inch Si wafer [10,11]. 

3.4 Crystalline structure of PZT films using three different 
oxidizing gases 

The growth of PZT films using 02 as an oxidizing gas is 
mentioned above. In this section, film growth using N02 and 02 

containing 03 as oxidizing gases is mainly described. One of 
main reasons for the use of N02 and 03 as oxidizing gases is that 
they have longer optical absorption wavelengths and therefore an 
improvement of film properties is expected in photo-MOCVD of 
PZT thin films [12]. The details are referred to previous papers 
[12,13]. 

When N02 was used as an oxidizing gas, tetragonal PZT 
films were obtained at substrate temperatures as low as 535°C - a 
substrate temperature which was 15°c lower than when tetragonal 
films were grown using 02 instead of N02 (Fig.2), as shown in 
Fig.ll. Rhombohedral PZT films were also obtained as low as 
540°C, as was the case when rhombohedral films were grown 
using 02. Growth temperatures higher than 600°C were required 
to obtain rhombohedral PZT films at high Zr content regions. 

By using 02 containing 03 (5 wt%), perovskite PZT films 
were obtained at substrate temperatures ranging from 560°C to 
625°C.   However no dramatic change in the crystalline orientation 
or decrease in the growth temperature was observed. 

3.5 Electrical properties of PZT films using three different 
oxidizing gases 

When N02 was used, PZT films (film thickness: 95-110 nm) 
grown under various [Zr]/([Zr]+[Ti] ratios showed et values rang- 
ing from 150 to 350. Pr and Ec were 6-34 u.C/cm2 and 100-163 
kV/cm, respectively. The leakage current density also decreased 
as the [Zr]/([Zr]+[Ti]) ratio increased, and the minimum leakage 
current density was 10"8 A/cm2, as was the case when 02 was 
used. 

When 02 containing 03 (5 wt%) was used, a very interesting 
phenomena was observed. We found an improvement in the 
leakage current characteristics, in particular an improvement in the 
breakdown voltage, as shown in Fig.12. PZT films grown using 
pure 02 as an oxidizing gas showed lower breakdown voltages 
than those of films grown using 02 containing 03. In this experi- 
ment, PZT films grown by photoenhanced MOCVD showed the 
highest breakdown voltages. At this stage, taking the results of 
the cross-sectional observations of the films into consideration, we 
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think that one of the main causes of the improvement in the break- 
down voltages may be due to the microscopic change in the film 
structure [14]. Other reasons may be due to an improvement in 
the interface flatness between the upper electrode and the surface 
of the PZT film, a decrease in the oxygen vacancies, or a change 
in the film composition. An improvement in the breakdown 
voltage was also observed when TEPOL was used instead of 
Pb(C2Hs)4 as a Pb precursor. 

No significant change in the fatigue characteristics was 
observed regardless of whether 02 or 03 was used. 
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4.  Conclusions [7] 

The crystalline and electrical properties of PZT thin films 
grown by MOCVD using different source materials were investi- 
gated. When three different Pb precursors - Pb(C2H5)4, [8] 
Pb(DPM)2 and (C^^VbOCKfiC^ - were used, it was found 
that there was a difference in the growth temperature required to 
obtain perovskite PZT thin films. However it seems that distinct 
differences in the electrical properties could not be attributable to [9] 
the use of differing Pb precursors. 

The effects of the use of three different oxidizing gases - 02, 
N02 and 02 containing 03 - on the properties of PZT films were 
also investigated.   No dramatic decrease in the growth temperature [10] 
was observed. However, in particular, a dramatic improvement in 
the breakdown voltage was observed, when 02 containing 03 was 
used. 
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Physical Vapor Deposition of Antimony Sulpho-Iodide (SbSI) 
Thin Films and Their Properties 

Narayanan S. and R K. Pandey 
Center for Electronic Materials, Electrical Engg. Dept. 

Texas A & M University, College Station, TX 77843-3128. 

Abstract - The objective of this work is to fabricate thin films 
of Antimony Sulfo-Iodide (SbSI) semiconductor ferroelectric and 
to evaluate its properties. SbSI films (2-4 um thick) have been 
fabricated on Pt/Ta/SiCVSi structures by physical vapor transport 
in evacuated sealed ampoules. The preferred orientation of these 
films was (311) as indicated by powder XRD patterns and the 
films were close to stoichiometric as revealed by EDS analysis. 
SEM micrograph reveals random orientation of needle like 
crystallites throughout the surface of the film. A maximum 
dielectric constant of 500 was measured at a Curie temperature of 
21 °C. 

INTRODUCTION 

SbSI, the material with the highest Curie temperature in the 
class of V-VI-VII compounds, also has the highest dielectric 
constant. The crystal structure of this compound was determined 
by Donges et al. [1] in 1950. Later, photoconductivity in this 
compound was discovered by Nitsche et al. [2] in 1960 and 
ferroelectricity by Fatuzzo et al. [3] in 1962. 

The growth and properties of single crystals of SbSI has been 
extensively studied since its discovery by vapor and melt growth. 
Calculation of the growth parameters was not difficult because of 
the well established physico-chemical properties. Crystals as 
large as 5 x 7 x 10 mm3 have been grown [4] by modified vapor 
growth technique. Growing larger crystals of this material is still 
proven to be difficult because of i) the large difference in vapor 
pressure of Sb, S and I and ii) large anisotropy in growth rate 
along c-axis. 

In the paraelectric phase, SbSI is described by the Da16 

(Pnam) space group. In the low temperature ferroelectric phase, 
the structure is defined as C9

2v (Pna2). It crystallizes in 
orthorhombic structure (Da16 symmetry) with the following 
lattice constants: a = 8.49 A; b = 10.1 A; and c = 4.16 A. The 
crystal structure of SbSI is shown in Fig. 1. It has a structure 
composed of (SbÄLJn double chains. The binding in the chain 
is of the covalent type and weak Van der Waals bonds are formed 
between the neighboring chains. 

Regarding the properties of SbSI, the high interest is probably 
due to the fact that it is a semiconductor ferroelectric, i.e., it is a 
ferroelectric which also possesses semiconducting properties. 
The Curie temperature of this material is 22 °C and the peak 
dielectric constant is 50,000 [4]. The absorption edge lies in the 
red or near infra-red and its ferroelectric properties change when 

optically excited and for this reason it is also called a 
photoferroelectric. The spontaneous polarization in the range of 
30 uC/cm2 and pyroelectric current of the order of 1.3 nA at 
Curie temperature [5] has been measured. SbSI has the highest 

UV- 0* nm 
Sb     S       3 

O 
Fig. 1. Crystal Structure of SbSI 

value of refractive index (~ 4.5 along c-axis) of any known 
material. This adds to its importance for development of electro- 
optic devices provided defect-free large crystals become readily 
available. It was also found by Li et al [6] that temperature 
changes of the order of 10"3 °C was detectable by monitoring the 
reflectance coefficient of SbSI using null ellipsometry. 

On the contrary to the study of single crystals, there have been 
only few studies on thin film fabrication of SbSI. Films have 
been fabricated by e-beam evaporation [7], flash evaporation [8], 
thermal evaporation [9] on various substrates. All these films 
resulted in amorphous structure and post deposition annealing 
was carried to gain some order of ciystallinity. Moreover the 
properties measured were much less than that of single crystals. 

This paper deals with the fabrication of thin films of SbSI on 
PtyTa/Si02/Si structures by physical vapor transport in closed 
ampoules and evaluation of their properties. 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 309 



EXPERIMENTAL DETAILS 

SbSI thin films were grown in a two-zone Trans-Temp 
transparent gold coated furnace using evacuated quartz 
ampoules. Films were grown using different evaporation and 
substrate temperatures, evaporation rate and source to 
substrate distance. The volume of the ampoule was ~ 20 cm3. 
The Pt/Ta/Si02/Si substrates were mounted on a quartz rod at 
a distance of about 3 inches from the source material. 
Various charge compositions ranging from stoichiometric 
SbSI to 90% Sb2S3 and 10% Sbl3 were tried. Once the charge 
and the substrate are loaded, the ampoule was evacuated to a 
vacuum of about 10'5 Torr and sealed off. The handling of 
the charge material and the ampoules were carried in Argon 
atmosphere in a glove box. 

The ampoule is then loaded in the two-zone furnace where 
the temperatures are programmed to give a desired gradient 
within the ampoule. It was found that the gradient 
(dependent on source to substrate distance) and the substrate 
temperature were very critical in film deposition. The 
evaporation temperature was ~ 300 °C and the substrate 
temperature was 150-200 °C. Higher supersaturations were 
possible because of steeper temperature gradients within the 
ampoule. Control of the evaporation rate of antimony iodide 
was possible by controlling the temperature in the low 
temperature zone. Once the experiment is over the substrates 
were removed by snap cutting the ampoules. 

Compositional analysis of the films was made by Energy 
Dispersive Spectroscopy (EDS). The structure of the films 
were studied using X-ray powder diffraction (XRD) patterns 
and the surface morphology was examined by scanning 
electron microscopy (SEM). 

RESULTS AND DISCUSSIONS 

Films with thickness in the range of 2 - 4 um were grown on 
Pt/Ta/Si02/Si structures. The film formation of SbSI is 
accompanied by liquid condensation of Antimony Iodide (Sbl3) 
on Pt prior to nucleation. The liquid condensed either forms a 
continuous film or separates into tiny droplets depending on the 
surface roughness of the substrate. As the substrate temperature 
increases , needle crystallites nucleate in the liquid. As substrate 
temperature increases further, the liquid Sbl3 partially evaporates 
and partially gets incorporated into SbSI. This suggests that the 
mechanism of nucleation is through a Vapor-Liquid-Solid (VLS) 
mechanism rather than a direct VS mechanism. This mechanism 
is also observed by Pankrashov et al. [10]. 

Powder XRD pattern of a 4 urn thick film is shown in Fig. 2. 
An asterisk in this figure stands for the substrate. A double 
asterisk indicates an unidentified peak. From this figure it can be 
seen that the preferred orientation of the films is (311). The peak 
corresponding to this plane is in proximity to the Pt(lll) peak. 
This preferred orientation is also observed for flash evaporated 

films by Mansingh et al. [8]. The lattice constants calculated by 
least square fit method from the powder diffraction pattern is 
shown in Table 1. The calculated values match very well with 
that of the single crystal values reported in the literature. 

200000 

Fig. 2. Powder diffraction pattern of a SbSI film. 

Table. 1. Lattice parameters calculated from XRD pattern. 

aÄ bÄ CÄ 

SbSI crystal 
(reported) 

8.527 10.14 4.089 

Thin film 8.563 10.15 4.097 

SEM micrograph reveals randomly oriented crystallites as is 
also evident from the XRD patterns. The grain size of the 
crystallites was of the order of 0.5-1 urn. The results of EDS 

Fig. 3. SEM micrograph of a as grown film of SbSI 

analysis is shown in Table 2. These numbers indicate the atomic 
percentage of Sb, S and I (accuracy ±3 %). Theoretical values 
should then be 33.33% for each of the three elements in the 
compound. Measurements were made on the same sample at 
three different points. Considering an accuracy of 3 %, one can 
say that the films were close to stoichiometric. 
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The dielectric constant versus the temperature relation is 
shown in Fig. 4. The transition was rather broad with a peak 
dielectric constant of 500 at a Curie temperature of 21 °C. The 
broad transition can be attributed to the random orientation of the 
crystallites in the film. The peak pyroelectric coefficient of the 
film as measured by the Byre-Roundy technique with a heating 
rate of 1 cC/min was 0.18 nC/cm2/K. 

The authors would like to thank Dr. Hung-Dah Shih and Mr. 
Dave Witter of Texas Instruments, Dallas, for helpful discussions 
and Mr. Mike White of CEM for technical help. The authors 
also gratefully acknowledge the sponsors Texas Instruments, 
Dallas, TX and NASA Center for Space Power for this work. 
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Abstract - On-going studies have shown that the PLZT 
compositional system is one which yields materials possessing 
some of the highest coefficients for piezoelectric and 
electrostrictive actuators. It has also been found that PLZT 
ceramics are near ideal for achieving the ultra-high displacements 
recently reported for the Rainbow (Reduced and INternally 
Biased Oxide Wafer) actuators. In order to determine the 
optimum composition or compositions for these Rainbow 
actuators, a study was conducted by preparing and processing 
selected formulations throughout the PLZT system. Results from 
this study indicate that, like the conventional direct extensional- 
mode materials, the maximum Rainbow bending displacements 
occur in materials located compositionally at the morphotropic 
(FEAomb - FEtet) and Curie point (FE - PE, PE - AFE) phase 
boundaries. Examples of specific compositions for each of these 
regions are 2/53/47,9/65/35 and 8.5/70/30 (La/Zr/Ti), respectively. 
Microstructural (grain size), electrical (dielectric constant, 
dissipation factor) and electromechanical (axial displacement) 
data are presented for selected compositions in the system. 

INTRODUCTION 

It has long been known that the PLZT compositional 
system is a very versatile one which yields materials possessing 
maximum dielectric properties and some of the highest known 
electromechanical coefficients for piezoelectric devices such as 
speakers, hydrophones, ignitors, accelerometers, motors, sensors 
and actuators [1-2]. In general, these optimum properties are 
found in materials located compositionally along the 
morphotropic (MPB) phase boundary (FEA - FEtet) separating 
the rhombohedral and tetragonal ferroelectric phases, as shown 
in Figure 1 by the double cross-hatched region. Other properties 
of interest (e.g., pyroelectric and electrooptic) are optimized in 
compositions located along the boundaries separating the FE 
polar phases from the antiferroelectric (AFE) and paraelectric 
(PE) non-polar phases. Compositions which typify these 
materials are more popularly known as electrostrictive relaxors 
and are indicated in Figure 1 by the single cross-hatched region 
identified as the SFE (slim FE hysteresis loop) region [3]. 
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Figure 1. Room temperature phase diagram of the PLZT system 
showing phase stability regions and phase boundaries of interest. 
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Although the PLZT relaxor materials were developed over two 
decades ago for electrooptic applications such as shutters, 
displays and modulators, they have now been found to be quite 
suitable for electrostrictive actuator devices where non-memory, 
lower hysteresis properties are required. 

Also, it has recently been reported that PLZT ceramics 
are excellent materials for achieving ultra-high displacements 
when they are processed into Rainbow actuator benders which 
are similar in operation to the unimorph benders with the 
exception that the Rainbows are a monolithic structure [4-5]. As 
single-element Rainbows, the PLZT materials are able to 
achieve very high displacements (up to 3mm) at moderate 
loading or lesser displacements at loads of up to 10 kg. A variety 
of applications are foreseen for these devices, however, before 
they can be developed it is necessary that the phenomena 
producing the high displacement in these materials be understood 
more thoroughly and that the composition of the material 
selected for a given application be the optimum one. 

Therefore, it is the purpose of this investigation to (1) 
study the characteristics of a broad range of compositions in the 
PLZT solid solution system as Rainbow benders, (2) identify 
specific compositions with maximum displacement properties and 
(3) gain more insight into the strain amplification mechanisms 
involved in the Rainbow ceramics. 

EXPERIMENTAL PROCEDURE 

Several series of compositions in the PLZT system were 
prepared from the raw material oxides via a conventional mixed 
oxide process as outlined in the flowsheet of Figure 2.   These 
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I 1 1                    1 
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30MPa 

l200°C/6hr/IOMPa 

t = 0.5 mm 
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EpoxyAg 

0 to +4S0V 

Figure 2. Flowsheet for Rainbow process. 

compositions, compounded according to a B-site formula[3], 
ranged in Zr/Ti ratio from 90/10 to 30/70 and La content from 1 
to 15 atom percent. A total of sixty individual compositions 
were formulated, weighed, wet mixed with distilled water, dried 
and calcined at 925°C for 2 hours in closed alumina crucibles. 
The milled and dried powders were first cold pressed as pre-form 
slugs and then hot pressed at 1200°C for 6 hours at 10 MPa. 
This procedure yielded a fully dense material with grain sizes 
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varying from 1.5 to 6 microns. Subsequent steps in the 
fabrication of the wafers included slicing and lapping them to a 
thickness of 0.5 mm. 

A Rainbow was produced from a lapped part by placing 
the wafer on a flat graphite block which was supported on a 
zirconia carrier plate. A second zirconia plate of the same size 
as the wafer was placed on top of the wafer in order to shield the 
top side of the wafer from chemical reduction and to minimize 
thermal shock to the part during processing. The assembly was 
placed into a furnace preheated to 975°C and held there for one 
hour, removed from the furnace while hot and cooled naturally 
to room temperature in about 45 minutes. When cool, the dome 
shaped wafer was lifted from the graphite block, sanded lightly 
on the reduced (concave) side to remove any metallic lead 
particles and to expose the reduced layer, and then electroded 
with DuPont 5504N epoxy silver paint cured at 200°C for 30 
minutes. Although a silver electrode was applied to the reduced 
side of the wafer, it was used primarily to insure good electrical 
contact to the conductive reduced PLZT which actually was the 
bottom electrode. Since the reduced PLZT layer was measured 
to be 0.15mm thick for the selected reducing conditions, the net 
thickness of the PLZT piezoelectric was 0.35mm. 

Standard electrical measurements of capacitance (1 kHz), 
dissipation factor and dc hysteresis loops were run on all of the 
samples after electroding. Displacement measurements were 
usually made using a positive pulse voltage source and a 
mechanical dial indicator [8], however, selected tests were also 
run using a LVDT in order to compare results and to obtain the 
full displacement loop with + and - voltages. 

Grain size measurements were determined from optical 
micrographs of polished and etched parts at a magnification of 
xl250 using the linear intercept method. 

RESULTS AND DISCUSSION 

Grain Size 

Grain sizes of the hot pressed PLZT parts ranged from 
1.5 microns (um) average diameter to 6.0 um. In general, the 
larger grain size materials were found to be located along each 
of the phase boundaries mentioned previously; i.e., between the 
AFE, PE and FE phases, while compositions in the interior of 
the phase stability regions possessed minimal grain sizes with the 
4% La series having the smallest. Examples of this behavior are 
illustrated in Figures 3 and 4 as functions of Zr/Ti ratio and La 
content,  respectively.     The reason for this behavior is not 

Figure 3. Grain size as a function of composition for materials i 
the PLZT system at 2 and 4 atom % La. 

Figure 4. Grain size as a function of composition for materials in 
the PLZT system at a Zr/Ti ratio of 65/35. 

understood at this time; however, previous experience with PLZT 
materials for electrooptics confirms the existence of large grain 
sizes (up to 15 urn) for 9/65/35. Obviously, this present set of 
grain sizes exists for the materials hot pressed at the selected 
conditions, and this would change as the as the temperature or 
time was varied; but when comparing all compositions at the 
same conditions, one can only speculate at this stage that 
chemical and structural factors such as excess lead oxide in the 
B-site formula, vacancies in the lattice or mixed phases in the 
phase boundary compositions are instrumental in producing these 
results. 

Grain size is an important factor in the displacement 
characteristics of Rainbows just as it is already known to be a 
significant factor in other properties of piezoelectrics such as 
dielectric constant, coupling and d constant. Figure 5 shows the 
effect of grain size on axial displacement for composition 1/53/47. 
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Diameter: 31.75 mm (1.25 in.) 
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Figure 5. Grain size dependence of axial displacement for PLZT 
1/53/47 Rainbow. 

The grain sizes for this composition were obtained by hot 
pressing at temperatures from 1000 to 1200°C. As can be seen, 
grain sizes less that approximately 2 um lessen the displacement 
characteristics and those greater than about 8 microns are of 
little additional benefit. An optimum grain size range is 
estimated to be from 6 to 7 microns. 

Electrical Properties 

Dielectric Properties - Small-signal dielectric properties of 
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several compositions of varying Zr/Ti ratio at 2% and 6% La 
concentration are given in Figures 6 and 7, respectively. Values 
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Figure 8. Small signal dielectric properties of composition series 
at 65/35 Zr/Ti ratio. 

Figure 6. Small signal dielectric properties of composition series 
at 2% La. 

2500 

2000 

1500 

£       1000 

500 

PLZT Composition Series: 6% La 

Thickness: 0.5 mm (.020 in.) 
—    Diameter: 31.75 mm (1.25 in.) 

Frequency: 1 kHz (poled) 

20 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

10 

PLZT Composition Series: 70/30 Zr/Ti Ratio 
Thickness: 0.5 mm (.020 in.) 
Diameter: 31.75 mm (1.25 in.) 

_     Frequency: 1 kHz (poled) 
f 

0.9 

0.8 

0.7 

- - 0.6 

— 0.5 
K - 0.4 

-^^      / — 0.3 

—                                                                   ./       ^~* 0.2 

-                  " "           *                           DF             / » 0.1 

,   i   ,  »--r-r"r^  ,   i   .   \T-<r—r\ .»i   , 0.0 

50 

« Ti 

4000 

3500 

3000 

2500 

2000 

1500 

1000 

500 

0 

%  La 

Figure 9. Small signal dielectric properties of composition series 
at 70/30 Zr/Ti ratio. 

randomly oriented ceramic. This behavior is highly unusual and 
indicates that the Rainbow ceramic was partially poled before 
testing. Additional audio and piezoelectric tests of other virgin 
parts also indicated that the elements were partially poled to 
varying degrees; i.e., some very little and others as high as 75%. 

One explanation for this condition occurring in the 
electrically virgin state is that the mechanical compressive and 
tensile stresses produced in the Rainbow wafer during processing 
are acting together to switch some of the domains in this soft 
ferroelectric/ferroelastic material.    Since uniform stress is a 

P 

Figure 7. Small signal dielectric properties of composition series 
at 6% La. 

ranged from a low of 444 for 2/60/40 to a high of 1896 for 
6/56/44. As expected, dielectric constant peaked at the MPB for 
both series of compositions, however, the anomaly was especially 
pronounced for the 2% La series. The maximum value of 1416 
was possessed by composition 2/52/48. Dissipation factors 
ranged from 2.4% to 9.7% with the higher values occurring in 
the MPB compositions. 

A second series of compositions with varying La contents 
at Zr/Ti ratios of 65/35 and 70/30 are shown in Figures 8 and 9, 
respectively. In this series, dielectric constants were observed to 
increase in a regular manner from low values at 2% La to { 
maximum values at 8.5 - 9% La. Actual values ranged from 486 
to 3264 for the 70/30 group, and the 65/35 values also fell within 
this range. Dissipation factors as high as 9.8% and as low as 
2.8% were measured, again with the higher values occurring at / 
the FE - AFE and FE - PE phase boundaries. These values are  ^-U- 
typical of those obtained in previous work on PLZT materials. 

Hysteresis Loops - Typical examples of dc hysteresis 
loops for compositions 1/53/47 and 9/65/35 are given in Figure 
10.   The loop in Figure 10 (A) was taken on the ferroelectric 
Rainbow element (1/53/47) in its virgin condition before any ^ 
other measurements were made. It should be noted that on the 
initial application of positive voltage to  +450V there was 
approximately 60% of the total remanent polarization switched       Figure   10.   Typrca    hysteresis   loops   for   Rainbow   PLZT 
rather than the usual 50% one ordinarily observes in a virgin,       compositions (A) 1/53/47 and (B) 9/65/35. 
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symmetrical quantity, it is recognized that it alone is insufficient 
to produce a net polarization in a given direction even though it 
may be of sufficient magnitude to switch domains; however, a 
stress gradient such as produced by the Rainbow bending process 
is a vector quantity and can, indeed, produce the observed effect. 
This non-uniform stress is believed to be responsible for the 
partial poling of the Rainbow wafers. 

Measured properties on the above wafer were: PR = 44.8 
uC/cnr,  Ec 7.5  kV/cm,  dielectric constant  =   1210  and 
dissipation factor = 0.047. 

The virgin loop of Figure 10(B) is a typical one for the 
electrostrictive (9/65/35) type of Rainbow materials and is very 
similar to that obtained on bulk electrooptic material. Measured 
properties on this wafer were: PWKV/CM =28-3 uC/cm2, dielectric 
constant = 3142 and dissipation factor = 0.085. As a matter of 
course, no unsymmetrical hysteresis loops were observed in the 
electrostrictive materials, and none was expected, since there are 
no stable domains in these materials at zero electric field. 
Conceivably, a high enough stress could precipitate stable 
domains in a very near-ferroelectric material, however, a study of 
this effect is beyond the scope of this investigation. 

Displacement Loops - Displacement vs. electric field 
(butterfly) loops for the Rainbow wafers described above are 
shown in Figure 11. As before, Figure 11(A) illustrates the 
Rainbow axial motion as the sample is electrically switched from 
zero to +450V, to -450V and back to zero, however, in this case 
this loop was not taken on the virgin wafer. It may be noted that 
this loop is remarkably similar to that observed when measuring 
the direct extensional (longitudinal, lateral) displacements via the 
piezoelectric d33 or d31 coefficients. The value of displacement 
in the + voltage direction was measured at 190.5 urn, and the 
total amount of displacement (+/-) was 432 urn. 

(A) (B) 

Figure 11.  Axial displacement loops of samples in Figure 10. 

Figure 11(B) shows the displacement loop of the 
electrostrictive Rainbow material (9/65/35) mentioned above. 
Since 9/65/35 is a relaxor material there should be little or no 
memory, and the same value and sign of displacement should 
be obtained whether a + or a - voltage is applied. One can see 
by switching this sample through a full voltage loop that a small 
amount of remanent displacement (strain) is present which is 
probably due to the close proximity of this composition to a FE 
phase. A further indication of this incipient FE phase is the 
higher than normal value of P10 (P10 = 28.4 vs. 18.0 uC/cm2) as 
given above. Measured value of total displacement for this wafer 
was 178 urn. 

Displacement vs. Composition - Displacement data as a 
function of composition in the PLZT phase diagram is shown in 
Figurel2.   In this figure, the stars indicate the location of most 
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Figure 12. Rainbow displacement data for the PLZT system 
overlaid with the phase diagram of Figure 1 (values in microns 
are to be multiplied by 100). 

of the compositions prepared, and the values given are those 
obtained from the dial micrometer measurements at zero to 
+450 volts. As such, they represent approximately one-half of 
the total switching displacement available from the FE materials 
but all of the displacement available from the SFE relaxor 
materials. It may be noted in this diagram that the maximum 
displacements were found to occur along the same phase 
boundaries mentioned previously; i.e., the FER - FEj, FE - PE 
and FE - AFE boundaries, where other properties also are 
maximized. It should also be mentioned that the phase 
boundaries shown in Figure 12 are the same as those of Figure 
1 because Figure 1 was simply overlaid on the displacement data 
and drawn in. The location of these boundaries were determined 
to be nearly identical to those which could be located by the 
displacement data. A comparison of these boundary locations 
at various levels of La are given in Table 1. 

Table 1.  Morphotropic phase boundary compositions 
determined from displacement data compared with ref. 3. 

%La PLZT PLZT Rainbow 
(Ref. 3) (This Work) 

2 2/53/47 2/53/47 
4 4/55/45 4/55/45 
6 6/58/42 6/57/43 
7 7/60/40 7/61/39 
8 8/62/38 8/60/40 
Boundary 8.6/65/35 8.5/70/30 

The values of displacement varied from essentially zero 
(equivalent to the direct extensional modes) to a high of 210 um 
for composition 2/52/48, which would indicate that maximum 
displacement occurs just on the tetragonal side of the MPB 
boundary. Other maxima occur at 9/65/35 (152 urn) and 
8.5/70/30 (168 urn) for the electrostrictive materials at their 
respective boundaries. It is interesting to note that no significant 
anomaly or trend occurred near the AFE - FE boundary where 
one would expect a large electric field induced volume change in 
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going from a small AFE unit cell to a larger FE unit cell. For 
compositions 2/90/10 and 4/90/10 which are near this boundary, 
it was observed that the Rainbow curvature was reversed from 
convex up (reduced side concave) to near flat or convex down 
(reduced side convex). In some cases, an electroded part of this 
type exhibited an axial displacement which could be tested simply 
by turning the wafer upside down and then operating as normal. 
Obviously, this region of the phase diagram should be studied 
further, but such depth was beyond the scope of this 
investigation. 

Some of the possible reasons for maximum Rainbow 
displacements to occur at phase boundaries are (1) maximum 
piezoelectric constants (d33 and d31) occur at the boundary, (2) 
mixed or metastable phases exist, (3) maximum domain 
reorientation is possible, (4) higher mechanical compliance of the 
structure exists, (5) electric field enforced phases are possible 
and even probable in some cases and (6) larger grain sizes may 
occur in the mixed phase region at the boundary. To some 
degree, all of these effects are probably operative in the 
Rainbow devices, however, a more in-depth study is required to 
identify the dominant mechanisms. 

Figures 13 through 17 deal with a closer look at the 
compositional variation of displacement as a function of Zr/Ti 
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Figure  15.  Displacement characteristics of PLZT Rainbow 
ceramics as a function of La content at a 65/35 Zr/Ti ratio. 
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Figure   16.  Displacement  charcteristics of PLZT  Rainbow 
ceramics as a function of La content at a 60/40 Zr/Ti ratio. 
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Figure  17.  Displacement characteristics of PLZT Rainbow 
ceramics as a function of La content at a 40/60 Zr/Ti ratio. 
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Figure   14.  Displacement characteristics  of PLZT  Rainbow 
ceramics as a function of La content at a 70/30 Zr/Ti ratio. 

ratio (% Ti) at several levels of La concentration or of % La at 
several different Zr/Ti ratios. Each of these figures again 
emphasizes the significantly larger displacements existing in the 
phase boundary compositions. 
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CONCLUSIONS 

This investigation indicates that the PLZT compositional 
system is a very fruitful area for producing and studying the 
unique characteristics of the Rainbow ceramics. No difficulty was 
experienced in fabricating any of the compositions into Rainbow 
wafers with the exception of four compositions near the AFE - 
FE phase boundary. The results of this investigation clearly 
show that (1) maximum axial displacement is obtained in 
compositions in or near the morphotropic phase boundary or the 
phase boundary separating the FE phases from the non-polar 
(AFE, PE) phases, (2) grain size is a factor in achieving high 
displacement, i.e., larger grain size is desirable, (3) the 
compressive and tensile stresses produced in the Rainbow process 
are instrumental in partially pre-poling the Rainbow ceramic and 
(4) other mechanisms, in addition to the piezoelectric d31 

coefficient, are very likely responsible for the unusually large 
displacements observed. A maximum displacement of 210 
microns for a single, dome-mode Rainbow ceramic was found to 
occur in PLZT 2/52/48 when activated from zero to +450 volts. 
Since all of the displacements in this investigation were obtained 
on Rainbow ceramics with a diameter-to-thickness ratio (31.75 
mm x 0.5 mm or 63.5 to 1) conducive to producing a dome-type 
displacement rather than a saddle type, significantly higher 
displacement values are to be expected for larger diameter and 
thinner parts with a higher ratio [4]. 
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PIEZOELECTRIC ACTUATORS/ ULTRASONIC MOTORS 
« Their Developments and Markets ~ 

Kenji Uchino 
International Center for Actuators and Transducers 

Intercollege Materials Research Laboratory 
The Pennsylvania State University, University Park, PA 16802 

Abstract -- Recent development trend of piezoelectric actuators/ 
ultrasonic motors is reviewed from the Japanese patent disclosure, 
and their future market is predicted, which may reach up to $ 10 
billion in the year of 2000. 

INTRODUCTION 

Eighteen years have passed since the intensive development of 
piezoelectric/ electrostrictive actuators started, and the focus has 
been shifted to practical device applications presently. Piezoelectric 
shutters (Minolta Camera) and automatic focusing mechanisms 
(Canon) in cameras, dot-matrix printers (NEC) and part-feeders 
(Sanki) have been commercialized and mass-produced already by 
several tens thousand pieces per month. During these 
commercialization, new designs and drive/control techniques of the 
ceramic actuators have been mainly developed in these a couple of 
years [1 - 3]. A number of patent disclosures have been found 
particularly in Japanese industries such as NEC, TOTO 
Corporation, Matsushita Electric, Brother Industry, Toyota Motors, 
Tokin, Hitachi Metal, Toshiba. 

The piezoelectric actuators and ultrasonic motors have been 
developed by private industries in Japan, aiming at the applications 
to precision positioners and compact motors, and are too practical to 
be supported by the Japanese government. Only a big national 
project relating to this area is currently on "Micromechanisms", 
which mostly covers the silicon micro-machining-related 
micromotors. On the contrary, the developments in the USA are 
mainly supported by the military-related government institutions, are 
mainly focused on active vibration control. 

This paper reviews recent development trend of the piezoelectric 
actuators/ ultrasonic motors viewed from the Japanese patent 
disclosure, and predicts their future market 

DEVELOPMENT TREND VIEWED FROM 
THE PATENT DISCLOSURE 

Table 1 summarizes 550 patents concerning piezoelectric actuators 
and ultrasonic motors disclosed during January 1988 - July 1990 in 
Japan, which is classified with respect to the patent submitter and 
the technical content. Tabulation was made using 4 large categories; 
material, design, drive/control and application, each of which is 
further classified into composition, fabrication process; multilayer, 
displacement magnification mechanism, bimorph, others; drive 
technique, control technique; servo displacement transducer, pulse- 
drive motor and ultrasonic motor. 

Most of the top-ten companies (NEC, TOTO Corporation, 
Matsushita Electric, Brother Industry, Toyota Motors, Tokin, 
Hitachi Metal, Toshiba, Nippon Denso, Fuji Electric) have already 
started to supply the products of piezoelectric actuators/ultrasonic 
motors or their application devices. Only TOTO Corporation and 
Fuji Electric have not disclosed their target explicitly. 

Development Trend in the Technical Content 

The patent disclosure was graphed with respect to the technical 
content for 508 patents during 1972 - 84 in Fig.l and for 550 
patents during 1988 - 90 in Fig.2, respectively. It is noticeable that 
the device application shares most of the patents in Fig. 1, while it 
shares only 1/4 in Fig.2. The actuator design is significant in the 
recent years and shares more than half of the patents. Regarding the 
application, servo displacement transducers and pulse drive motors 
share 40 % and 43 %, respectively, in Fig.l, and the ultrasonic 
motors share only 5 %. On the contrary, in Fig.2 the servo 
displacement transducer and the pulse motor share only 8 % each, 
and the ultrasonic motor's ratio is increased up to 11 %. 

508 Patents 550 Patents 

Magnification 
Mechanism 

Fig. 1   The ratio of 508 piezo-actuator related patents with respect to 
the technical content disclosed during 1972 -84. 

Fig.2   The ratio of 550 piezo-actuator related patents with respect to 
the technical content disclosed during 1988 - 90. 
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Table lSummary of the patent disclosure relating to piezoelectric actuators and ultrasonic 
motors disclosed during January 1988 - July 1990 in Japan. Classification is made 
with respect to the patent submitter and the technical content 
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NEC 69 35 6 16 2 1 3 1 2 3 
TOTO Corp. 40 16 6 2 16 

Matsushita Electric 30 11 8 2 1 3 3 2 
Brother Industry 27 2 15 8 2 
Toyota Motors 25 7 6 4 5 3 

Tolrin 23 7 3 9 1 1 1 .1 
Hitachi Metal 20 12 1 7 

Toshiba 19 1 1 6 1 2 5 1 2 
Nippon Denso 16 10 1 3 1 1 
Fuji Electric 16 8 1 3 1 1 1 1 

Hitachi 15 1 3 3 3 3 1 1 
Murata Mfg. 12 3 1 2 3 3 

Minolta Camera 11 5 1 5 
Ube Industry 10 9 1 

Tosoh 10 7 1 2 
Malcon Electronic 10 10 

NTK 9 2 1 5 1 
Olympus 9 3 3 1 1 1 

Canon 8 1 2 1 1 1 1 1 
MiTI-lnALab. 8 8 

JUKI 8 8 
Yokokawa Electric 8 1 1 2 2 1 1 
Mitsubishi Electric 7 3 2 2 
Matsushita Denko 6 1 4 1 
Mitsubishi Kasei 6 3 2 1 
Sumitomo Spec. 

Metal ^ 5 2 2 1 
Toshiba Ceramics 4 1 3 

Japan Auto-Parts 
R&D Lab. 4 2 2 

NEC Home Elec. 4 1 2 1 
Fujitsu 4 2 1 1 

Miki Pulley 4 
4 

Rion 4 
3 1 

ALPS Electric 3 1 2 
KansaiNEC 3 2 1 

COPAL 3 1 1 i 
Shimadzu 3 1 1 1 
OMRON 3 1 1 1 
Others 84 3 1 9 7 8 14 7 6 1 10 6   |   2 2 8 
Total 550 21 9 108 21 54 110 55 25 8 37 i 41 8 33 19 

320 



The development of the piezoelectric actuators on the first stage was 
focused on inexpensive mass-production devices such as computer- 
related apparata, displays, sensors by electronic manufacturing 
companies. Typical examples are found in dot-matrix printers by 
NEC, swing CCD image devices by Toshiba, VCR tracking heads 
by Sony and Matsushita Electric and piezoelectric relays by Omron. 
Recently, however, on the second stage chemical companies 
including organic/petro-chemical industries have started to be 
involved in these electro-ceramic areas (TOTO Corporation, Tokin, 
Hitachi Metal, Murata Manufacturing Co., übe Industry, Tosoh, 
NTK, Mitsubishi Kasei, Sumitomo Special Metal, Toshiba 
Ceramics). Using the fine manufacturing technology of raw 
ceramic powders, they are trying to expand their territory to the 
device application in collaboration with optic or mechanical 
industries. When used in precision cutting machines, the quality 
and reliability of the actuator are essential rather than its price. 

Recent Developments in the Leading Companies 

In the following the recent development contents of the leading 
companies are described in detail. 

NEC - Their patents cover all the areas; design, drive/control and 
application. As the manufacturing pioneer of the multilayer 
piezoelectric actuators which were initially proposed by K. Uchrno 
of The Pennsylvania State University (formerly Sophia University), 
NEC is still keeping the leading position in the piezoelectric actuator 
area. The development is focused on the design of the multilayer 
devices and their fabrication process, as well as the displacement 
magnification mechanism. A dot matrix printer was the first piezo- 
actuator product. A sketch of the printer head appears in Fig.3(a) 
[4]. The printing element is composed of a multilayer piezoelectric 
device, in which 100 thin ceramic sheets lOOum in thickness are 
stacked, together with a sophisticated magnification mechanism 
(Fig.3(b)). The magnification unit is based on a monolithic hinged 
lever with a magnification of 30, resulting in an amplified 
displacement of 0.5 mm and an energy transfer efficiency greater 
than 50%. The drive/control technique relating to the printer 
application is also remarked. 

TOTO Corporation - Most of the patents are related to the short 
stroke continuous drive type plungers, which will be suitable to their 
toilet chambers. Cylinder type ceramic actuators and a pulse voltage 
control are focused to be used. 

Matsushita Electric - Different from the recent research trend, 
they submitted 11 patents relating to the piezoelectric materials. 
Their materials slightly doped with magnetic ions have been 
remarkably improved in aging of actuator characteristics. The 
principle is the usage of the spin-orbit interaction of the magnetic 
ions under an external magnetic field. The bimorph design has 
mainly been developed aiming to the applications to VCR head 
control and ultrasonic motors. 

Brother Industry - Their patents are on the basic mechanisms 
combining parellel springs with piezoelectric actuators and their 
driving techniques. Practical applications have not been disclosed 
yet. 

Toyota Motors - The designs and fabrication processes of 
multilayer actuators have been intensively investigated, and using 
these actuators new fuel jet valves are now on development as well 
as their control techniques. A smart electronic shock absorber of 
automobile suspension (Fig.4) was commercialized by Toyota 
Motors[5]. The roughness of the road is detected as a vibration 
acceleration with a 5-layered piezosensor, and the signal is fed-back 
to a 88-layered piezoactuator through a power amplifier, in order to 
change the shock-absorption control valve. This feedback system 
can provide the controllability and the comfortability of a car 
simultaneously. 

Tokin ~ As one of the main suppliers of piezoelectric actuators, 
they submitted the patents mainly on the device designs such as 
bimorphs and multilayers, and their fabrication processes. 
Particular attention is paid on a fabrication process of cylinder type 
actuators and the application to card punchers. Figure 5 shows a 
Tokin's cylinder type piezoelectric gyroscope, which can be used to 
detect the noise motion of a handy video camera[6]. Among the 6 
electrode strips, two of them are used to excite total vibration and the 
other two pairs of electrode are used to detect the corioli s force or 
the rotational acceleration cause by the hand motion. By using the 
gyro signal, the image vibration can be compensated electrically on a 
monitor display. 

Hitachi Metal - Their research has been concentrated on the 
multilayer actuator design and its application to fluid jet devices. 

Toshiba - Various patents can be found covering fabrication 
technique of ceramic devices, piezoelectric fans, ring laser gyros, 2- 
dimensional piezo-drive devices etc. 

Displacement 
Magnification 
Mechanism 

Fig.4   Smart electronic shock absorber of automobile suspension 
with a piezoelectric sensor/actuator system (Toyota). 
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Paper 
Ink Ribbon 
Guide        Piezoelectric 

» => Actuator- 
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Fig.3 Structure of a printer head (a), and a differential-type 
piezoelectric printer-head element (b) (NEC). 

Fig.5   Piezoelectric ceramic cylinder vibratory gyroscope (Tokin). 
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Nippon Denso — Most of their patents concern the designs and 
fabrication processes of multilayer piezo-actuators. Multi-valve 
mechanisms for fluid control are their original application area. The 
above-mentioned Toyota adaptive automobile suspension was 
developed in collaboration with Nippon Denso. 

Fuji Electric — Designs and fabrication processes of multilayer 
piezoelectric actuators are being developed. Various applications 
can be found in their patents including piezoelectric pumps, 
mechanical clampers, piezoelectric relays, micro-manipulaters etc. 

Hitachi - Their research is to manufacture precision positioners 
with the development of the piezo-actuator designs and the control 
technique. 

Murata Manufacturing 
multilayers and bimorphs. 

Patents on the actuator designs such as 

Minolta Camera - All patents relate to the camera shutters using a 
piezo-bimorph. Figure 6 shows the structure of the new shutter, 
which possesses advantages in simplicity and compactness in 
comparison with the conventional mechanical spring type [7]. 

Ube Industry - A unique company who is developing intensively 
bimorph type piezoelectric actuators. 

Tosoh - Bimorph fabrication is remarked firstly. Original mono- 
morph actuators have also been developed using semiconductive 
piezoelectric ceramics in collaboration with K. Uchino. A 
monomorph device has been developed to replace the conventional 
bimorphs, with simpler structure and manufacturing process. The 
principle is a superposed effect of piezoelectricity and semi- 
conductivity (Fig.7(a)) [8]. The contact between a semiconductor 

WingB 
Bimorph Support 

Wing Pivot 

Bimorph 

Wing A Lever 

Closed State 

Shutter Opening 

Open State 

Fig.6   Compact camera shutter using a piezoelectric bimorph 
(Minolta Camera). 

and a metal (Schottky barrier) causes non-uniform distribution of the 
electric field, even in a compositionally uniform ceramic. Suppose 
that the ceramic possesses also piezoelectricity, only one side of a 
ceramic plate tends to contract, leading to a bending deformation in 
total.   A monomorph plate with 30mm in length and 0.5 mm in 
thickness can generate 200|J.m tip displacement, in equal magnitude 
of that of the conventional bimorphs [9]. The recent "rainbow" 
actuators originally proposed by G. Haertling and manufactured by 
Aura Ceramics [10] are a modification of the semiconductive 
piezoelectric monomorphs, where half of the piezoelectric plate is 
reduced so as to make a thick semiconductive electrode to cause a 
bend(Fig.7(c))[ll]. 

Ultrasonic Motor Developments 

Shinsei Kogyo — The pioneering company of the ultrasonic 
motors is not fabricating them, but marketing them, obtaining the 
royalty of the basic patents from Canon, Fukoku, and Nasca. Their 
product, the propagating-wave type (surface-wave or "surfing" 
type) combines two standing waves with a 90 degree phase 
difference both in time and in space, and is controllable in both 
rotational directions (Fig.8) [12]. By means of the traveling elastic 
wave induced by the thin piezoelectric ring, a ring-type slider in 
contact with the "rippled" surface of the elastic body bonded onto 
the piezoelectric is driven in both directions by exchanging the sine 
and cosine voltage inputs. Another advantage is its thin design, 
which makes it suitable for installation in cameras as an automatic 
focusing device. 

Fukoku -- Manufacturer of the Shinsei's ultrasonic motors ($ 500) 
by a production rate of 20,000 pieces /year. No particular research 
is held in this company. 

Canon — They are utilizing the Shinsei's ultrasonic motors for 
automatic camera focusing systems. Various investigations about 
the camera mounting are being done, especially on reducing the 
rotation sounds in any cases. About 80 % of the exchange lenses in 
"EOS" series installed the ultrasonic motors already in 1992. The 
production amount 300 K pieces/year and the average lens cost $700 
can provide the total sales at the moment as $ 210 million. 

ROTATION   AXIS 

iTOB 

(a) (b) 

TO3 ELASTIC   RING 

PIEZOELECTRIC PLATE 

(C) 

BACK   SIDE 

Fig.7   Electron energy band (Schottky barrier) models in 
monomorph devices (n-type semiconductor), (a) Schottky 
type, (b) Metal-Insulator-Semiconductor structure with very 
thin insulative layers, and (c) MIS structure with a thick 
insulative layer (K.Uchino & Tosoh). 

POLARIZATION   DIRECTION 

Fig.8   Design of the surface wave type motor (a), and its electrode 
configuration (b) (Shinsei Kogyo). 
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Seiko Instruments -- They have trially commercialized miniature 
ultrasonic motors (10 mm in diameter) at relatively expensive prices 
($1500) and at the production amount of just several hundred 
pieces/year. If the installation into watches is realized, the market 
size will be incredibly large. 

Nasca -- They are manufacturing the Matsushita's motors trially ($ 
500 - $1500, several 100 pieces/year). The research has been done 
by Matsushita Electric. 

THK — Axial ultrasonic motors have been commercialized by 
combining the screw systems with Shinsei's ultrasonic motors 
(currently several 100 pieces scale). 

SUN-SYN ~ They developed precision x-y stages using linear 
type ultrasonic motors, which were originally proposed by K. 
Uchino, ALPS Electric and Nissan Motors. An ultrasonic linear 
motor is equipped with a multilayer piezoelectric actuator and fork- 
shaped metallic legs as shown in Fig.9 [13]. Since there is a slight 
difference in the mechanical resonance frequency between the two 
legs, the phase difference between the bending vibrations of both 
legs can be controlled by changing the drive frequency. The 
walking slider moves in a way similar to a horse using its fore and 
hind legs when trotting. A trial motor 20 x 20 x 5 mnP in 
dimension exhibited a maximum speed of 30 cm/s and a maximum 
thrust of 0.9 kgf with a maximum efficiency of 20%, when driven at 
98kHz of 6V (actual power = 0.7 W). 

Maicon Electronics — Standing wave type ultrasonic motors are 
their target, and now under development. 

AlliedSignal ~ The only company in the USA who is 
manufacturing the ultrasonic motors. 

Rion and Piezotech were reported to have developed various 
different ultrasonic motors, but are not commercializing them yet 

To Oscillator 

Adhesion - 

Leg- 

Rail- 

^ 

Multilayer 
- Piezoelectric 

Actuator 

3 

90° 

0 T I    I 
1/4 T n 
2/4 7 n 
3/4 7 n 
1  T { 

Using these multilayer actuators, various electronic devices will be 
manufactured with the additional value by presumablylO times. 
For example, the dot-matrix printer by NEC costs averagely $ 3,000 
using the multilayer actuators of $ 100. The production amount 
was about 100 K pieces/year in 1986, leading the total sales of $ 
300 million. Therefore, the sales of the final products using the 
piezoelectric actuators will be expected to reach $ 5 billion in total in 
2000. 

Camera-Related Applications 

Piezo-bimorph type camera shutters have been widely 
commercialized by Minolta Camera. The production amount of "Mac 
Dual" series is about 300 K pieces/year. Although the actuator itself 
costs inexpensive ($ 1/ piece), the camera costs about $ 350, then 
consequently total sales exceed $100 million. 

Canon's automatic focusing systems utilizing an ultrasonic motor 
are very famous. About 80 % of the exchange lenses in "EOS" 
series installed the ultrasonic motors already in 1992, and all the 
camera motors will be replaced by the ultrasonic motors by 2000. 
The production amount 300 K pieces/year and the average lens cost 
$700 can provide the total sales at the moment as $210 million. 

Ultrasonic Motors 

The actual market of ultrasonic motors opened in June 1986 when 
Shinsei Industry started to supply the trially manufactured ultrasonic 
motors using a propagation wave type. After that, Shinsei Industry 
has developed various applications including a remarkable success 
in Nuclear Magnetic Resonance medical instruments. Mass- 
produced samples (1500 pieces) were firstly employed for automatic 
curtain drawers in the New Tokyo Municipal Building in 1990; this 
accelerated the wide commercialization. 

In 1991, an automobile application, which must be one of the key 
usages of the ultrasonic motors, was realized for head-rest control in 
Toyota New Crown. Canon succeeded in EOS exchange lens 
applications, and are presently developing much smaller inexpensive 
motors which will be applicable to automatic winding of the film. 
Applications of the ultrasonic motors to cameras will be undoubtedly 
successful in these three years. Seiko Instrument has started to 
distribute their miniaturized 10 mm motors, especially suitable for 
watch applications. Sanki's part-feeders are now sold at a rate of 20 
K pieces/year averagely by $ 500/piece, resulting in the total sales of 
about $10 million. One of the future largest markets of the 
ultrasonic motors will be the automatic window shutter system. 
The system unit price of $2,000 multiplied by 100 K sets/year can 
provide the sales amount of $ 200 million. Future big market 
includes the applications to floppy drive, CD/laser disk drive etc. 

Fig.9   Ultrasonic linear motor of a vibratory coupler type 
(K.Uchino & Nissan Motors). 

MARKET OF PIEZOELECTRIC ACTUATORS/ 
ULTRASONIC MOTORS 

A couple of years ago Mr. Sekimoto, President of NEC, expressed 
his desire to the piezoelectric actuators in his New Year's speech that 
the market-share of piezoelectric actuators and their employed 
devices would reach up to $ 10 billion ($ 10*0) in the near future. 

Ceramic Actuator Elements 

Presently NEC and Tokin are producing multilayer actuators 
roughly at 1 million pieces/year rate in each company. They are 
sold averagely by $ 100 per piece. Consequently, the total market 
value reaches $ 200 million. In 5 years the production rate will be 
expected to increase by 10 times, instead of the cost decrease by 1/4, 
leading to the total market growth up to $ 500 million. 

Fig. 10 Market-share prediction of ultrasonic motors (motor part 
only). 
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Matsushita Electric proposed a big dream to replace all the 
conventional miniaturized electromagnetic motors, most of which 
are now produced by Mabuchi at a production rate of 1 billion 
pieces/ year. Even if the each motor cost is very low ($ 3/each), the 
total sales are remarkably large ($ 3 billion/year). Just 10 % 
replacement of the conventional electromagnetic motors with the 
new ultrasonics motors can provide $ 300 million sales per year; this 
will again provide $ 3 billion sales as final device products. 

Figure 10 shows the expected market size of the ultrasonic motor 
itself. The amount in 2000 will reach up to $150 million, suggesting 
the total sales of the final products will exceed $ 2 billion. 

SUMMARY 

Taking account of the estimated annual sales of $500 million for 
ceramic actuator elements, $300 million for camera-related devices 
and $150 million for ultrasonic motors, piezoelectric/electrostrictive 
actuators and ultrasonic motors are expected to increase in market 
share to more than $ 1 billion in 2000. Regarding the final actuator- 
related products, $10 billion by Mr. Sekimoto will not be very 
different from the realistic amount, and a bright future is anticipated 
in many application fields. 

Finally, the author would like to appreciate all the companies who 
supplied the data listed in this paper. 
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Abstract — Fatigue experiments of multilayer PZT 
actuators are presented, carried out under various electrical 
and mechanical loading conditions. Impedance measure- 
ments of cycled actuators are made to determine 
nondestructively their actual state of degradation. Some 
fracture surface examinations are described and occuring 
crack patterns are shown. For a detailed investigation of 
crack initiation and crack growth at electrode tips and 
interface layers model experiments with 2-layer samples are 
performed with in situ crack growth observations. Different 
crack types are found and possible crack growth mecha- 
nisms are suggested. 

Introduction 

Multilayer actuators based on piezoelectric ceramics are 
found more and more in applications combining precise 
micromovement with high mechanical forces and high 
electrical loading. Furthermore piezoelectric devices such 
as shock absorbers or injection systems are driven in 
frequency ranges of up to some thousand hertz resulting in 
actuator fatigue and mechanical degradation. The driving 
mechanisms of crack growth or layer delamination under 
high mechanical and electrical loading are only little 
understood. To increase actuator reliability detailed 
investigations of the influence of various loading 
parameters on actuator fatigue are necessary. In this paper 
long time testing experiments of square type actuators 
under different loading conditions are described. 
Furthermore the tool of impedance spectroscopy was used 
as a characterization measurement of the cycled samples 
and changes in impedance curves with increasing loading 
time were related to progressive actuator degradation. 

In order to distinguish more clearly between electrically 
and mechanically induced crack growth in piezoelectric 
materials a second experiment with simpler sample 
geometry and reduced loading parameters compared to the 
multilayer components was performed to investigate crack 
initiation and crack growth at critical points inside the 
model actuators such as inner electrode tips or ceramic- 
electrode interface layers. 

Experiment 

Multilayer Actuators 

The geometry of the square-type actuators is shown 
schematically in figure  1.  Tape cast PZT-layers with 

thicknesses of 35 to 65 urn were provided with AgPd- 
electrodes and stacks were produced with 20 to 30 layers. 
After the normal manufacturing procedure of cofiring, 
sintering and poling some initial electrical characterization 
measurements followed. 

AgPd-electrode 

PZT-layer 
1.5-2 mm 

mm 

Figure 1: Multilayer actuator geometry 

During cyclic loading different mechanical and electrical 
test parameters were varied. On the mechanical side 
clamping forces of 500 to 3000 N were applied and the 
stiffness of the clamping mechanism could be modified by 
using various belleville-springs with different spring rates. 
As electrical boundary conditions different driving signals 
with sinusoidal, triangular and trapezoidal shape were 
applied, cycling at frequencies between 200 and 1000 Hz. 
Depending on the respective ceramic layer thickness the 
maximum driving voltage was adjusted to result in an 
electric field strength of 1 to 2 kV/mm. Figure 2 shows a 
scheme of the test facility with function generator and 
power amplifier on the sample input side. 

laser- 
interferometer expansion 

spring 

force 

clamping frame    multilayer actuator     force sensor 

Figure 2 : Scheme of test facility 
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Actuator response such as thickness expansion and 
produced forces were measured with a laser interferometer 
(Hommel) and a quarz force sensor (Kistler), respectively. 
Testing, monitoring and data acquisition was carried out 
computer controlled. 

Actuator degradation was determined using impedance 
measurements as a nondestructive characterization method 
[1]. At definite frequencies piezoelectrically induced length 
vibrations were excited and the two characteristic impe- 
dance curve peaks belonging to the serial resonance 
frequency fs (impedance minimum) and the parallel reso- 
nance frequency fp (impedance maximum) were examined 
for changes with increasing number of loading cycles. 
These changes were directly correlated to internal degra- 
dation effects such as crack growth or layer delamination. 

Model Samples 

For the second type of experiments bar shaped samples 
were used with two PZT-layers of 200 pm thickness each 
subjected to the electric field and three AgPd-electrode 
layers with three internal electrode tips. Figure 3 shows the 
chosen sample geometry. In analogy to some paper 
published by Furuta et al. [2] a side face of the sample was 
polished and during cycling in situ observations of crack 
initiation and crack growth were performed using a long 
distance microscope and video system (Questar/Panasonic). 

inactive 
center electrode 

Figure 3: Geometry of model sample 

The samples were driven bipolar with a trapezoidal 
voltage signal of 0.1 Hz frequency. Applied field strength 
was from 0.5 to 2.5 kV/mm. No external mechanical forces 
were applied to the samples to reduce loading complexity 
and to simplify the crack growth studies. 

forces in the range of 2 to 20 N were measured remaining 
almost constant during the cycling procedure. No slow 
decrease in force peak value with increasing cycling time 
coujd be detected. The actuators expanded in thickness 
direction from 200 to 800 nm depending on the driving 
voltage. Stiffness calculations of the clamping mechanism 
showed, that the stiffness of the actuators was more than 
1000 times higher than the clamping stiffness. Therefore the 
actuators always reached nearly their no-load expansion 
regardless of the clamping stiffness. 

The comparison of impedance measurements carried out 
with increasing numbers of loading cycles revealed a 
marked decrease in fp-impedance peak (figure 4) together 
with the occurance of a more and more distorted impedance 
curve with multiple-peak-shape. 

150000       _ „200000 150000 200000 
Frequency [Hz] Frequency [Hz] 

Figure 4: Decrease of impedance during cycling 

Examinations of the fracture surfaces of failed samples 
showed numerous intergranular cracks perpendicular to the 
electrode structure (figure 5). Crossing of cracks and 
delaminations of the ceramic-electrode-interface also were 
found (figure 6). 

At the end of actuator lifetime most of the samples failed 
by sudden dielectric breakdown resulting in thermal 
damage with different fracture modes compared to the 
fatigue damage. Figure 7 shows a breakdown region with 
large pores of evaporated ceramic material and trans- 
granular cracks and a clearly different microstructure 
compared to the fatigue crack regions. 

Results 

Multilayer Actuators 

Depending on the applied driving voltage and the number 
of belleville-springs used for clamping maximum actuator 
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Figure 5: Fracture surface of failed multilayer actuator 

Figure 6: Crossing cracks with interface deiaminations 

Figure 7: Region with dielectric breakdown damage 

During long time testing the actuators were cycled up to 
2.5-109 cycles and in figure 8 a lifetime map of failed 
actuators is displayed. Cycling at lower field strength 
resulted in a higher number of reached loading cycles and a 
Wöhler-type correlation between field strength and cycles 
was found. Samples cycled with 500 Hz showed a stronger 
fatigue effect than those cycled with 1000 Hz. 
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Figure 8: Lifetime map 

Model Samples 

After only a few bipolar loading cycles 8 to 10 nearly 
equidistant cracks occured perpendicular to the electrode 
layers leaving the electrodes intact so the inner sectors of 
the broken ceramic layers could still be cycled ((1) in figure 
9). Additionally slow growing cracks starting at the 
electrode tips were detected ((2) in figure 9). 

upper electrode 

(3) 
active ceramic 

(2^ W 
"\ 

A (2) 

►O) 

Figure 9: Crack pattern at modell actuator 

center 
electrode 

After approximately 500 cycles subcritically growing 
cracks were found in the upper and lower ceramic regions 
not subjected to an electric field that originated from the 
early found perpendicular cracks ((3) in figure 9). 

Finally interface deiaminations were observed starting at 
the center electrode tip as well as at the crossing of center 
electrode and the segmentation cracks ((4) in figure 9 and 
figure 10). Cycling with 2 kV/mm fieldstrength instead of 
2.5 kV/mm resulted in a reduced number of segmentation 
cracks and a total number of reached cycles until 
breakdown from 5500 compared to 2200 cycles at 2.5 
kV/mm field strength. Model actuators cycled with 0.5 
kV/mm field strength showed no crack formation even after 
50.000 loading cycles. 

The final failure mode of the model actuators was 
dielectric breakdown with molten electrode material and 
thermal destruction of electrode layers and adjacent 
ceramic regions (figure 11). 
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Figure 1 i: Model actuator after dielectric breakdown' 

Discussion 

Multilayer Actuators 

Although tested actuators reach their lifetime and fail by 
dielectric breakdown without showing clear changes in 
force signal or thickness expansion the mechanical 
degradation can be detected using impedance spectroscopy. 
The mechanical quality factor of the vibrating actuators is 
lowered by energy dissipation due to friction at the crack 
faces of internal fatigue cracks. The found crack direction 
mainly oriented perpendicular to the electrode structure is 
caused by compressive stresses in thickness direction 
resulting in tensile stresses in xy-direction. Fracture of the 
ceramic layers is always guided by interface delaminations. 
To discuss the question whether they are a result or the 
origin of cracks in the ceramic one has to consider that 
electrode delaminations act as internal electrode tips with 
an electric field singularity and increased mechanical strains 
and stresses. This singularities are regarded to create 
driving forces for further interface crack growth as also 
observed in the model actuator experiments. 

The mechanisms of dielectric breakdown at the end of 
actuator lifetime are not fully understood yet, but melting 

and solidification of some electrode material together with 
silver migration along cracks through the ceramic layers are 
thought to be a reason for an electrical short circuit. The 
final failure mechanism of the multilayer actuators appears 
to be always a combination of mainly mechanically induced 
fatigue cracks serving as conducting path for an electrical 
breakdown in the last loading cycle. 

Model samples 

Most of the observed cracks are induced through 
mechanical constraints. The early separation cracks are the 
result of high tensile stresses parallel to the layer structure 
because of the clamping effect of the upper and lower 
inactive ceramic parts. These regions not subjected to an 
electrical field do not follow the contraction of the active 
layers perpendicular to the electric field direction and 
therefore high tensile stresses in the active layers arise. This 
is no degradation effect and occurs during the first cycles. 

The small cracks growing into the inactive regions also 
have a mechanical driving force. The contraction of the 
independent sectors of the active ceramic produces shear 
stresses in the upper and lower electrode that act as tensile 
stresses in the inactive ceramic and cause subcritical crack 
growth. 

Delaminations and cracks starting at the electrode tips are 
more likely to be either electrically initiated and mecha- 
nically driven or completely electromechanically driven. In 
this case the electric field directly applies an additional 
driving force on the crack together with the mechanical 
driving forces from the piezoelectrically induced strains and 
stresses. Distinguishing between these to different driving 
mechanisms shows to be difficult in the ferroelectric state 
of the ceramic and experiments above its. Curie-temperature 
could be a possibility to determine the influence of the 
electric field alone. 
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Abstract: A dynamic theory is developed for piezocomposites with 
2-2 connectivity. By solving the coupled dynamic equations in the 
piezoceramic plate and polymer region subjected to the boundary 
conditions at the ceramic-polymer interface, the distributions of the 
elastic and electric variables in a composite are obtained. The 
electromechanical coupling factor, the acoustic impedance, the 
resonant frequency, and the elastic coupling between the polymer 
and ceramic at the thickness resonance can be determined. The 
effects of modes coupling on the thickness resonance and lateral 
resonance are elucidated and the dependence of the frequency of 
these resonant modes on the composite thickness can be estimated. 
Theoretical results are compared with experimental observations. 

I. Introduction 

The heart of an ultrasonic transducer is the piezoelectric element 
which performs the energy conversion between the electric form and 
mechanical form. To meet the broadened applicational needs and 
increase the signal sensitivity and resolution of an ultrasonic 
transducer, there is a constant effort on improving the piezoelectric 
transducer materials. The introduction of the piezoceramic polymer 
composites in the late seventies opened a new avenue of high quality 
ultrasonic transducer materials. The low insertion loss, short 
ringing time, adjustable acoustic impedance, as well as agility in the 
material properties are some of the advantages that a piezocomposite 
possesses 1-4 

The typical configurations of the currently commercially available 
piezocomposites are either in 2-2 connectivity form or 1-3 
connectivity form, as schematically drawn in figure 1. The 
important parameters for an ultrasonic transducer material are the 
electromechanical coupling factor, acoustic impedance, electric 
impedance, and mechanical quality factor, etc. In addition, unlike a 
monolithic piezoelectric material, the polymer phase in a composite 
is often piezoelectric inactive while it provides a low acoustic 
impedance path for the mechanical energy flow with the medium. 
Therefore, it is critical to have an effective elastic coupling between 
the polymer matrix and the piezoceramic elements so that the 
advantages of the low acoustic impedance of the polymer matrix and 
high electromechanical coupling factor of the ceramic elements can 
be fully made use of. 

Being a diphasic material, the composite properties can vary over 
a wide range and most notably, as have been observed by many 
experiments, the properties of a piezocomposite will vary as the 
sample thickness is changed.3 The periodic structure in a composite 
will also introduce resonant modes which may interfere with the 
thickness resonance and degrade the performance of the transducer.5 

To design an ultrasonic composite transducer properly and make 
best use of a composite material for a specific application require a 
quantitative understanding of how each design parameter affect the 
effective properties of a composite. It is the purpose of this paper to 
present the results of a recent theoretical modeling on establishing a 
quantitative structure-property relationship for the ultrasonic 
piezoceramic polymer composite as well as related experimental 
work. Due to the space limitation, only the results for the 2-2 
composite will be presented. 

II. Theory 

For a typical 2-2 composite as shown in figure 1, the dimensions 
in the xi- and X2-directions can be taken as infinite; therefore, the 
problem is two-dimensional with no dependence on the X2- 
component. For the results discussed here, the dimension in the X3- 
direction (thickness t = 2L) is also assumed to be much larger than 
the lateral period d and the effect of the two end faces is neglected. 
The effect of the finite thickness and hence, the two end surfaces on 
the properties of a composite can be treated based on the results here 
with a proper summation of partial waves. They will be discussed 

Ceramic hH Polymer 

Ceramic rods 

Polymer Matrix 

Figure 1. Schematical drawing of piezoceramic polymer composites 
with (a) 2-2 connectivity; (b) 1-3 connectivity. 

in the future. The approach adopted here is similar to that used in 
treating the static properties of a piezo-composite.6 That is, the 
elastic and electric equations for both the piezoceramic plate and 
polymer matrix are solved first, and the coupling between the two 
phases is established through the boundary conditions. Using the 
coordinate system in figure 1, the governing equations for the 
problem are 

ar2 + 9T5 

8x3    9xi 
 = P 

-,2 
a U3 3Ti | 8T5 

= P 
d Uj 

anddivD = 0   (1) 
3t2     dx!     3x3     '   dt2 

where Ti are the stress tensors, D is the electric displacement, Ui 
are the elastic displacements and in eq. (1) and in the following the 
contracted notations for the stress and strain tensors are used. The 
constitutive equations for the piezoceramic phase are 

Ti^jUi^+c^us^-enEs 
> T3=Cc

13UI,i+c|3U3i3-e33E3 
Di=eiiEi+ei5(u3,i+ui,3) (2) 
D3=e33E3+e33U3i3+e11uu 

where UJJ denote the derivative of u; with respect to the jth- 
coordinate and Ei are the electric fields, C;J

C
 are the elastic stiffness 

coefficients at constant E field, e;j are the piezoelectric coefficients, 
eij are the dielectric constants at constant strain, and D; are the 
electric displacement vector. Similar equations can be written for the 
polymer phase with ejj = 0 and all the other parameters replaced by 
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those of the polymer. In the normal ultrasonic transducer operation 
frequency range, the quasi-electrostatic approximation can be used 
for the electric field,7 i.e. 

E = - VO (3) 

where O is the electric potential. Combining eqs (1), (2) and (3) 

yields the equation of motion for ui, U3, and O. For a harmonic 
motion, the general solution to the equation is of the form 

U3 = A exp(i (hxj + ßx3 - co t)) 

ui = B exp(i (hx: + ßx3 - CD t)) (4) 

O = C exp(i (hxj + ßx3 - co t)) 

where A, B, and C are three constants, co is the angular velocity. 
Substituting equation (4) into eq. (1) through the constitutive 
relations, we obtain three homogeneous equations with three 
undetermined constants, A, B, and C. The condition for a non- 
trivial solution is that the determinant of the coefficients vanishes. 
For the ceramic plate, this implies 

c|3ß +cc
44h

2-pco2    (cc
13+c|4)ßh 

(cb+c44)ßh      c^h2+c44ß2-pco2 

2 

e33ß +e15h
2 

(ei5+e3i) ßh 

-(enh2+e33ß
2) 

= 0      (5) 

essß'+eish2     (e15 + e3i) ßh 
Equation (5) yields three roots of h, denoted as hj.h^, and h3, for 
each pair of co and ß, corresponding to the quasi-longitudinal, quasi- 
share, and quasi-electromechanical waves, respectively. 
For each hf, the ratio among A, B, and C can be determined and the 
general solutions have the form 

u§ = X Rf f; cos(hfxi) sin(ßx3) 

Ui = X Rf & cos(h?Xl) sin(ßx3) (6) 

0" Rf ti cos(hfxi) sin(ßx3) 

where i in the summation runs from 1 to 3. fj, g; and t; are the 
cofactors Aki(i), Ak2(i), and Ak3(i) of the determinant (5) (where h 
is replaced by hi, I12, and h3 for i = 1, 2, and 3, respectively). In 
deriving equation (6), the symmetry conditions in both the xi- and 
x3-directions for a piezo-active mode have been used. Similar 
equations can be written for the polymer region except xi in 
equation (6) should be replaced by (xi - d/2) and all the parameters 
used should be those of the polymer phase. 

Eq. (6) and the corresponding equation for the polymer phase 
contain six constants,   Rf and R? (i = l,2,and 3).    They can be 
determined from the boundary conditions at the ceramic-polymer 
interface (xj = v d/2, where v is the volume content of the ceramic in 

. a composite), which are: 

u5 = uP, U§ = UP,TJ=T?, andT5 = T| (7) 

and $c = <t>pandtf;=DP (8) 
For six homogeneous equations with six undetermined constants 
(Ric and R;P), the condition for a non-trivial solution is that the 
determinant of the coefficients vanishes, i.e., 

R = I coefficients of Rj I =0 (9) 
Eq. (9) is a transcendental equation which yields the relations 
between co and ß, the dispersion curves for the composite. From 
that, one can find R;c and RiP, and hence the various stress, strain, 
and electric field distributions in a composite at the resonant mode. 

in. Results and Discussions 

Shown in figure 2(a) is the dispersion curves for the two lowest 
branches of the dispersion curves calculated from eq. (9) for a 2-2 
composite made of PZT-5H and Spurrs epoxy. The ratio co/ß at 

small ßd from the branch 1 yields the effective velocity of the 
composite at constant D, vD, in the x3-direction. In figure 2(b), vD 

as a function of the ceramic volume content is presented. For 
comparison, the experimental data measured from the corresponding 
composites as well as the result from an earlier quasi-static model 
(modified for 2-2 piezocomposites), which has been widely used,4 

are also shown. The agreement between the current theory and 
experiment is excellent. From the relations 
p =v pc + (1-v) p^and Z = p vD, where pis the density, the 
acoustic impedance can be evaluated and the result for a 2-2 
composite with PZT 5H ceramic plate and Spurrs epoxy is shown in 
figure 2(c). 
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Figure 2. (a) The dispersion cerves for a 2-2 composite made of PZT 
5H plates and Spurrs epoxy.   Under the approximation that Jl=2t 
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The information on the strain, stress, and electric field 
distributions in a composite at a resonant mode derived enables us to 
evaluate the electromechanical coupling factor for that resonance 
from the relation 

k2 = Uint/(UEUM) (10) 
where Ujnt, UE, and UM are the exchange energy, electric energy, 
and mechanical energy terms in the total energy of a piezo-material, 
respectively, 

Uint^ekiEkS;,   UM=IsESiSj, UE=Ie?jEiEj     (11) 

For a composite material, the quantities in eq. (11) shoule be 
integrated on one repeating unit of the composite. 
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On the other hand, making use of the IEEE definition,8 

A2 
(12) Cf) =(l-k?> 

vu 

where vE is the velocity at the constant E field, kt can be calculated 
in a much simpler manner. 

For a single phase material, vE (= Vcf^p ) can be found from 
the dispersion curve by setting E = constant in the wave equations. 
For a composite material discussed here, we assume that a similar 

approach can also be used in the limit of ß —» 0 where the electric 
fields in the polymer and ceramic regions are nearly equal. 
Therefore, similar to the procedure of deriving vD but utilizing only 
the elastic equations and boundary conditions, vE for a composite 
can be obtained. The coupling factor kt thus determined is plotted in 
figure 3, along with the experimental data from the corresponding 
composites and the result from the earlier quasi-static model (for 2-2 
composites made of PZT 5H and Spurrs Epoxy). Good agreement 
is obtained between the theoretical prediction and the experimental 
data. 

From the theoretical model developed, the dependence of kt on 
the elastic properties of the polymer phase and the piezoelectric 
properties of the ceramic phase can be evaluated. 

At the thickness resonance, the thickness t of a sample is equal to 
half of the resonant wavelength X. Making use of this relation, the 
variation of the material properties of a composite with thickness 
(ß=2jtA. = 7t/t) can be extrapolated from the dispersion curves. 
With this spirit, the experimental results of the change of the 
resonant frequency for the thickness mode and the first lateral mode 
with the sample thickness are plotted in figure 2(a). The 
experimental data points can be described by the theoretical 
dispersion curves reasonably well even though the model here is 
initially intended to treat a composite of small ßd. 

Several observations can be made from figure 2(a). As a 
composite becomes thinner (ßd increases), the thickness resonant 
mode approaches the lateral resonant mode, and as a result of modes 
coupling, the resonant frequencies for the two modes are affected. 
For a composite transducer, the thickness resonance is always 
marked in the impedance curve by the strongest resonant peak and 
having the largest ratio of (fp-fs)/fp where fs and fp are the series and 
parallel resonant frequencies. On the other hand, by nature, the 
lateral resonance, originated from the periodic structure of a 
composite, is weak and can be identified by the fact that U3 at the 
center (u3(cent)) of polymer region is 180° out of phase with that at 
the center of the ceramic plate. Based on these, on figure 2(a), the 
data points are marked by black dots for the thickness resonance and 
crosses for the lateral resonant modes. Above the modes coupling 
region, the resonant mode on the branch 1 gradually disappears. 
However, even though the frequency of the resonance in this region 
is close to or even higher than those marked by the crosses, U3 in the 
polymer region and ceramic region are still in phase with a larger 
difference in the vibration amplitude between the two regions. The 
mode here is a result of the modes coupling and when the thickness 

0.4 0.6 
Ceramic Volume Content 

mode moves away, the mode in this region disappears. Therefore, 
we do not mark them as either lateral or thickness resonance. 

For all these resonant modes, the vibration amplitude of U3 in the 
polymer region is always larger than that in the ceramic plate. It is 
also observed both experimentally and theoretically that for the 
thickness resonance on the branch 2 (above the modes coupling 
region), U3 in the center of the polymer region is 180° out of phase 
with that in the center of the ceramic plate. In another words, U3 in 
the polymer region and in the ceramic plate are in phase for the 
resonant modes on the branch 1 and out of phase for the resonant 
modes on the branch 2. Due to the fact that U3 of the ceramic and 
polymer in the branch 2 is out of phase, the influence of the two end 
faces of a composite (traction free boundary condition when there is 
no acoustic load on a composite) will be more important. The model 
presented does not take this into account and hence, it is expected 
that the discripancy between the theory and experiment will become 
severe in the branch 2, as shown in figure 2(a). 

An effective stress transfer between the polymer and ceramic 
plate requires U3 in the two regions in phase and having nearly the 
same amplitude. Shown in figure 4 is the ratio of U3(cent) of the 
polymer to U3(cent) of the ceramic plate measured on the surface of a 
2-2 composite with 44% ceramic content and dA=0.13, where the 
thickness resonant frequency ft (at 770 kHz) is about half of the 
lateral resonant frequency fj. The amplitude ratio between the two 
regions is equal to one up to a frequency of about 800 kHz, beyond 
that frequency, the vibration amplitude in the polymer phase 
increases rapidly. The phase between the vibrations in the two 
regions also exhibits the similar trend. The two vibrations are in 
phase up to about 950 kHz and above that, the two vibrations show 
large phase difference. This clearly sets a limit on the ratio of d/X, 
beyond which the stress transfer between the two regions in a 
composite will be reduced significantly and the performance of a 
composite, hence, will be affected. 
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Figure 3. The thickness coupling factor as a function of the ceramic 
volume content for a 2-2 composite of PZT 5H piezoceramic and 
Spurrs epoxy. 

Figure 4. The ratio of the vibration amplitude of U3 at the center of 
polymer gap (U3P) to that at the center of ceramic plate (solid circles) 
and phase difference between the two (open circles) measured at the 
surface of a 2-2 composite with ceramic volume content 44 %. The 
data was acquired using a laser dilatometer while the composite was 
driven by an electric field. 

IV. Summary and Acknowledgement 

In summary, a dynamic model on piezoceramic polymer 
composites is developed which provides near exact solution for a 2- 
2 piezocomposite at small d/t ratio. Based on this model, a 
quantitative relationship between the composite effective properties 
and the design parameters of constitunents is established, and the 
effect of the modes coupling between the thickness and lateral 
resonances on their resonant behavior (i.e. resonance frequency, 
strain and stress distributions, etc.) is elucidated. Extension of this 
model to 1-3 composite and to include the boundary conditions at 
the two end faces is currently underway. 
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Abstract - Ferroelectric polymers are the most recent class, 
piezoelectric and pyroelectric materials developed. The most common 
piezoelectric polymers are PVDF, based on the monomer CH2-CF2 
and copolymers PVDF with C2F3H. Under high hydrostatic pressure, 
piezoelectric polymers exhibit well defined piezoelectric response. 
Piezoelectric response of shock compressed PVDF film prepared with 
attention to mechanical and electrical processing exhibits precise, well 
defined reproducible behavior to 35 GPa. P(VDF-TrFE) copolymers 
exhibit unique piezoelectric properties over a wide range of 
temperature depending on the compositions. Under high shock 
pressure loading, unique piezoelectric response is also observed. In 
particular, first record of detonation profile is presented. These 
polymers have the potential for new shock wave sensors with unique 
characteristics. 

INTRODUCTION 

The polar polymer polyvinylidene fluoride (PVDF) and its 
copolymers with 20 mol % - 50 mol % trifluoroethylene (TrFE) 
posses a variety of scientifically interesting and technologically 
important properties which have made them among the most widely 
investigated polymers [1,2]. They exhibit large dielectric, 
piezoelectric and pyroelectric constants and were the first known 
ferroelectric polymers. Nylon polymers (Nylon 11, 7 etc..) has been 
reported to exhibit relatively large piezoelectric and pyroelectric 
activities.   [4] 

PVDF is a partially crystalline linear polymer with a carbon 
backbone in which each monomer [-CH2-CF2-] unit has two dipole 
moments, one associated with CF2 and the other with CH2. In the 
crystalline phase, PVDF exhibits a variety of molecular 
conformations and crystal structures depending on the method of 
preparation [1]. Melt cast films have the helical a form in which the 
molecular conformation is transgauche (TGTG), and the chains are 
packed in an antipolar unit cell. By stretching, the a phase in the film 
transforms to the ß phase in which the molecular conformation in 
the   all-trans   (TT)   planar  zigzag  with     the   dipole   moments 

perpendicular to the chain axis. This ß form exhibits reversible 
spontaneous polarization and is therefore the most useful 
ferroelectric and strongly piezoelectric phase. 

An unusual property of PVDF is that the forces responsible for 
ordering the dipoles in the ferroelectric phase are sufficiently strong 
that the polymer melts before it undergoes a ferroelectric 
paraelectric transition. It is known, however, that copolymers of 
VDF and TrFE, [ CHF-CF2 ], with 20-50 mol % TrFE favour the ß 
phase, and these copolymers exhibit ferroelectric transitions below 
the melting point (Tm). Poling of PVDF and the copolymers in the 
ferroelectric (FE) phase results in well ordered molecular 
conformation of the crystalline phase with a well defined remanent 
polarization [5]. 

Previously conducted studies have shown that adequately 
polyvinylidene fluoride films can serve as the active material in a 
piezoelectric shock wave stress gauge [5]. Today there are 
reproductible materials which make it possible to study the material's 
piezoelectric properties and to evaluate the potential application for 
these ferroelectric polymers under high pressure and shock wave 
action. 

In the present paper, informations about well precised poled 
PVDF, P(VDF-TrFE) are pointed out. The piezoelectric response of 
PVDF and copolymers under high hydrostatic pressure, is reported. 
Piezoelectric behavior of PVDF as well as of P(VDF-TrFE) 
copolymers under shock wave action will be outlined. First 
detonation profile with a PVDF shock gauge record is presented. 

FERROELECTRIC POLYMERS 

PVDF: An orientation of the film is activated by stretching it 
just below the polymer's softening point with subsequent stretching 
and annealing. This process changes the crystalline structure of the 
film to the desired ß polar phase. The PVDF material of the present 
work was biaxially stretched by Rhone Poulenc Films. Biaxially 
orientation leads to a more uniform thickness distribution (25 \xm) 
and no wrinking  effect.   Such prepared  films are  isotropic  in 

liC/cm^ 
iiCfan1 

PVDF 

Figure 1. Hysteresis curves versus voltage : PVDF 25 urn thick, 9mm2 area, P(VDF-TrFE) 70/30 8um thick, 4 mm2 area. 
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mechanical properties as well as in piezoelectric properties. 
VDF/TrFE copolymers : The structure, ferroelectric 

properties and melting temperature of VDF/TrFE copolymers are 
known to depend on composition. We have chosen for the present 
work the P(VDF0 7 -TrFE0 3) composition because (i) it has the 
same crystalline ß phase as PVDF at room temperature, (ii) it 
exhibits well defined and widely separated Tc and Tm and (ii'i) it has 
potential for applications. The samples, 1 to 25 urn thick, were 
deposited by spin coating of the VDF/TrFE copolymers under a 
liquid form on a glass substrate. Then the film was removed from the 
substrate and annealed, in order to eliminate the solvant and to 
enhance crystallisation of the copolymer. The resin was available 
from Solvay. The samples 25um to 1mm thick, were prepared by 
compression molding of the melt followed by quench into either 
water or air. The samples were annealed at 413 K. 

POLING PROCESS OF FERROELECTRIC POLYMERS 

In the preparation of piezoelectric polymers and copolymers 
it is in general necessary to apply a high poling electric field to an 
essentially insulating material. The poling process is the same as that 
established for PVDF [5,6], and provides a means for achieving a 
homogeneous polarization at a predetermined level. Examples of 
hysteresis loops histories on 23 um thick biaxially stretched PVDF 
films as well as on 8 urn spin coated P(VDF-TrFE) (70/30) film are 
given Figure 1. Active area, displacement current and remanent 
polarization are precisely determined for each PVDF (9 uC/cm2) or 
P(VDF-TrFE) (7.5uC/cm2) film prepared. 

PIEZOELECTRIC HYDROSTATIC PRESSURE RESPONSE OF 
PVDF AND P(VDF-TRFE) COPOLYMERS. 

Prior works have shown that the piezoelectric response of 
ferroelectric polymers under hydrostatic compression was reversible 
at low pressure level. In a most cases, experimentations were 
conducted in a quasi isothermal regime. Study of the adiabatic 
piezoelectric response has been investigated by inducing hydrostatic 
compression pressure. In order to have an adiabatic phenomenon 
the compression pulses must be generated rapidly [8]. Toward this 
end, a high pressure chamber has been designed and built in which 
hydrostatic compression pulses above 1,5 GPa can be generated on 
the polymer sample and with a total pulse-length of 10 ms It is 
possible to plot the "electrical charge released" diagram in a quasi 
adiabatic regime (figure 2). This diagram shows that the response of 
both PVDF and P(VDF-TrFE) copolymers is reversible until and 
above 0,7 GPa. Higher activity is observed with P(VDF-TrFE) 
copolymers. ' 
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0,6 

-I 
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HIGH PRESSURE PIEZOELECTRIC RESPONSE OF PVDF 
AND P(VDF-TRFE) UNDER SHOCK LOADING 

Background Studies of shock compression response of PVDF 
[3] and P(VDF-TrFE) copolymer [9] in a "standard" configuration 
have been especially a continuing effort of ISL, Sandia National 
Laboratories to develop high quality, reproducible sensors material 
and to determine their physical characteristics under high pressure 
shock compression. In fact, shock-compression gauges cannot be 
"calibrated". Even in the direct shock experiment, the controlled 
shock-compression experiment serves as a shock-calibration only if 
the reproducibility of the piezoelectric polymer is evaluated 
quantitatively and a persistent reproducible material is available. 
Previous observations [10] of the PVDF piezoelectric charge 
response data to 50 GPa show significant deviations from idealised, 
continuous behavior between about 12 and 20 GPa. 

EXPERIMENTATION 

Considerations [6] of the effects of shock properties of 
standard materials, electronic circuit, the PVDF material and the 
gauge package have lead to PVDF polymer gauges as well as low 
inductance gauges with a new poling procedure, in order to identify 
the origin of the deviations observed. 

Low inductance gauges precisely poled : Figure 3 shows the 
PVDF gauge and his electrical configuration and "How PVDF is 
working". Low inductance PVDF gauges will be minimized for 
gauges having electrical leads with separation equal to zero. Figure 
3, shows that low inductance and high precision gauge requires a 
low RC time, (R : resistance of the leads and the current viewing 
resistor, C : capacitance value of the gauge), control of the 
maximum displacement current and remanent polarization value. 

HOW PVDF IS WORKING 

e    e    e   e 
t    t     i     1 

,    ^                      compression 
tll|        > 

eee eeee 

©       ©         ©      0 ©©©©©©© 

Under compression : 
- dipoles are frozen into a glassy matrix 
-increase of electrical charge density occurs 

->   RC time constant 

Figure 2. Electrical charge released versus hydrostatic pressure 
Figure 3. PVDF gauge : electrical configuration and "How PVDF ; 

working . 
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Tools Impact loading is produced by controlled impact in a 
powder gun. The symmetrical impact of an impactor and target 
copper provides the loading [6]. The PVDF gauge is insulated on 
both sides with a Kel-F film of 110 urn in thickness and is placed on 
the impact surface. Kel-F matches the shock impedance of the 
PVDF. The initial stress wave produced is that typical of the 
impact of the copper impactor on the PVDF gauge. (Figure 4) This 
wave then, reverberates between the impactor and target until stress 
equilibration is reached [2,6].   - 
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Figure 5. Experimental record ( Shock pressure. 12.95 GPa ) 

The responses are measured in the "current mode" [6] to 
provide both a simple circuit and the most revealing electrical 
behavior. The current response provides a direct measure of stress 
rate. Upon integration of the current pulse, the electrical charge- 
versus -time is obtained (figure 4 and figure 5). 

RESULTS 

As we can see on figure 4, the ring up records observed 
indicate rise time of 3.5 ns for a standard gauge [2] and of 2 ns for a 
low inductance and low RC time gauge. The electrical charge is a 
continuous function of the shock pressure until 35 GPa, figure 6. 
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Figure 6 : Pressure versus charge [uC/cm2]. 
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Figure 7 : Experimental set-up for detonation for shock-compressed 
PVDF measurement. 

DETONATION PROFILE MEASUREMENT 

It should be recalled that PVDF works differently in a powder 
gun experiment where it rings up to the final pressure, as compared 
to an explosive single-shock experiment. 

experimental current 

computed current (ISL—Moulard) 

 1 1 1 1 
90 100 110 120 130 140 150 

t(ns) 

Figure 8 : Detonation pressure profile (current). 
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Detonation pressure: computed and measured 

ISL-PVDF 

1D computation 

[8] H. Lefebvre, Thesis, University Lyon N°93-0048, 1993. 
[9] F. Bauer, R.A. Graham, L.M. Lee, "Properties of VF2/ VF3 

Ferroelectric Copolymers; Electrical Response under High 
Pressure Shock Loading", in Proceedings of the ISAF'90 1990 
pp.288-291. 

TO]     R.A. Graham, M.U. Anderson, F. Bauer, R.E. Setchell, 
"Piezoelectric Polarization of the Ferroelectric Polymer PVDF 
from 10 MPa to 10 GPa: Studies of Loading - Path 
Dependence," in Shock Waves in Condensed Matter-1991, 1992, 
pp. 883-886. 

140 160 

Figure 9 : Detonation pressure profile (stress) 

We have tried to use these "ad hoc shielded" new gauges in an 
explosive single shock experiment. The figure 7 gives the scheme of 
the experimentation. The explosive is a mixture of hexogen and wax 
70/30 in weight percent. The figure 8 and 9, give the experimental 
and theoretical current as well as the theoretical and experimental 
pressure in the vicinity of the explosive. It should be pointed out that 
the rise time of the current is equal to 2 ns. The pressure attains 10.5 
GPa and indicates a detonation pressure greater than 20 GPa inside 
the explosive. 

P(VDF-TRFE) BEHAVIOR 

Piezoelectric response under shock compression The 
piezoelectric response of P(VDF-TrFE) copolymers under shock 
loading has been reported in a previous paper [9]. All these results 
show that in first approximation, the response of the P(VDF-TrFE) 
gauge is a continuous function of the shock pressure until 28 GPa. 
The piezoelectric response is observed to be higher than that of 
PVDF. 

CONCLUSION 

Some high pressure applications of ferroelectric polymers has 
been presented. PVDF stress rate gauges show continuous response 
with high reproducibility to pressure approaching 35 GPa. It appears 
that low inductance electrode lead designs and reproducible remanent 

polarization are (significantly) improving the precision of the 
piezoelectric response of the PVDF gauges under shock loading. 
After ten years studies of PVDF gauge shock response we were able 
to record the detonation pressure profile of a specific explosive. 
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Abstract--The first measurements of high frequency 
dielectric and thickness-mode electromechanical properties 
of ferroelectric nylons are reported.   Two sets of nylon 11 
film samples were produced.  The first set was melt- 
quenched and poled, while the second set was melt- 
quenched and then cold-drawn at room temperature before 
poling, resulting in a three-dimensionally ordered sample. 
Gold electrodes, 10 mm by 10 mm, were evaporated on 
opposing sample surfaces.   The remanent polarization of the 
unoriented sample was 27 mC/m2 while that of the oriented 
sample was 52 mC/m2.   Samples of each film were placed 
in a programmable environmental chamber and connected to 
a Hewlett Packard 4195A Network/Impedance Analyzer via 
a custom remote fixture.  Broadband measurements were 
made of the clamped capacitance and dissipation factor, 
thickness-mode electromechanical coupling coefficient Iq, 
mechanical quality factor Qm, and longitudinal sound 
velocity v, for each sample over a temperature range of 20°- 
160°C.  Comparisons of the properties were made between 
oriented and unoriented film samples.  The results showed 
k, values in the 0.03-0.11 range, and Qm values of 8-10 
above the glass transition temperatures of the samples 
(approximately 60-70°C).   The results show promise for 
high temperature ferroelectric nylon sensing applications. 

INTRODUCTION 

The ferroelectric (odd-numbered) nylons have 
generated recent interest for high temperature transducer 
applications which cannot be addressed with other 
piezo/pyro/ferroelectric materials.  With bulk material 
properties similar to PVDF and other polymers, the nylons 
may offer superior performance for high temperature 
applications which are beyond the safe operating 
temperature of PVDF and the copolymers.   The purpose of 
this work was to study the basic dielectric and electro- 
mechanical properties of the nylons to assess their potential 
for high frequency transducer applications.  Of particular 
interest was their high frequency thickness-mode properties 
which are important to the operation of resonance-mode 
ultrasonic transducers.  This work was carried out on 
ferroelectric nylon 11 materials. 

The odd-numbered nylons are known to possess a 
polar crystalline form which can be rendered ferroelectric 

through electroprocessing [1-2].   Extensive studies have 
been conducted on the low frequency dielectric and piezo/ 
ferroelectric properties of nylon 11 and nylon 7, including 
the temperature dependence of their lateral mode properties 
(i.e., d31), and the effects of annealing [3].   The higher 
dipole density of the lower ordered nylons, such as nylon 5, 
and nylon 7, results in predictably higher remanent polar- 
ization which may even be competitive with PVDF-based 
copolymers [4, 5]. 

The high internal dielectric and mechanical losses of 
the nylon 11 materials used in this study presented a 
challenge in accurately determining their electromechanical 
properties.  This paper describes the preparation and 
electroprocessing of the nylon 11 samples, the method of 
characterization used to determine their high frequency 
dielectric and electromechanical properties, and summarizes 
the results for both oriented and unoriented samples.  A 
comparison of these results is made with typical properties 
of PVDF and PVDF-based copolymer materials. 

SAMPLE PREPARATION 

Two sets of nylon 11 film samples were produced. 
The samples were prepared by quenching melt-pressed films 
in ice water.  Thin gold electrodes, with 10 mm by 10 mm 
overlap, were evaporated onto opposing surfaces of the 
films to facilitate electroprocessing and characterization. 
An unoriented set was melt-quenched and poled, while an 
oriented set was produced by melt-quenching films and then 
uniaxially cold-drawing (2.8:1) at room temperature before 
poling, resulting in three-dimensionally ordered samples. 
The typical remanent polarization of the unoriented samples 
was 27 mC/m2 while that of the oriented samples was 52 
mC/m2.  Polarization was carried out using a maximum 
electric field of 250 MV/m as described in [4]. 

Following polarization, the thickness of each sample 
was mapped and test specimens of smaller size were 
selected for maximum thickness uniformity and highest 
surface quality.  The area of each test specimen was 
selected such that the magnitude of its impedance was in the 
range of 50-250 Q at the fundamental half-wave thickness 
mode resonance frequency of the sample.  This assured 
accurate measurement of the broadband dielectric properties 
near resonance. 
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BROADBAND DIELECTRIC MEASUREMENTS 

Test specimens were connected to a test fixture and 
remotely located in a Thermotron environmental chamber. 
The free-air capacitance and dielectric loss tangent (tan5e) 
were measured with a Hewlett-Packard 4195A Impedance 
Analyzer over a broad range of frequencies including the 
fundamental thickness mode resonance of the specimen. 
Resonance was easily detected by the sharp changes in 
dielectric properties and occurs when the sample thickness 
is 1/2 wavelength.  The measurements were then analyzed 
using a resonance technique method similar to [6-8] 
whereby the parameters of a one-dimensional thickness- 
mode Mason's model were varied until the features of the 
model's input dielectric properties matched those of the 
sample within a specified tolerance.  The parameters of the 
Mason's model are the dielectric and electromechanical 
properties of interest: 

33 

Co 
tanSe 

kt 
Qm 

v, 

clamped capacitance, (F) 
clamped dielectric loss tangent 
thickness electromechanical coupling coefficient 
mechanical quality factor (Qm = l/tanSm) 
longitudinal sound velocity, (m/s) 

Figure 1 shows the actual broadband dielectric 
measurements made at 100°C for a 21.2-um thick 
unoriented sample of 0.310" x 0.152" size.  The clamped 
dielectric properties, derived from the resonance technique, 
are also shown in the figure.   The thickness mode resonance 
for this sample was determined to be 43.1 MHz, giving a 
longitudinal sound velocity of 1828 m/s.  A similar set of 
measurements is shown in Figure 2 for a 12.8 um-thick 
0.194" x 0.159" oriented sample. 
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Fig. . 1.       Broadband dielectric measurements, and derived 
clamped dielectric properties, of 21.2 um-thick 
unoriented nylon 11 sample taken at 100°C. 

ANALYSIS RESULTS 

Similar measurements were made on both samples at 
20°C temperature increments in the range of 20-160°C.   A 
comparison between the properties of the oriented and 
unoriented materials is shown in Table 1.  Although the 
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Broadband dielectric measurements, and derived 
clamped dielectric properties, of 12.8 um-thick 
oriented nylon 11 sample taken at 100°C. 

dielectric properties are similar, the oriented sample exhibit- 
ed much higher electromechanical coupling as expected 
from its higher remanent polarization (i.e., crystallinity).   Of 
particular note is the low acoustic impedance of the mater- 
ials.  The 2.1-2.4 MRayl value for the nylons is significant- 
ly lower than even PVDF and suggests efficient broadband 
operation of a nylon 11 based ultrasonic transducer 
operating in tissue, water, or other low impedance material. 

Table 1.    Comparison of measured oriented and unoriented 
nylon 11 properties. 

Type sr 
tanSe k, Qm 

V 

(m/s) 
Z 

(MRayl) 

Oriented 
(20°C) 

2.2 0.12 10.5 8.5 2100 2.42 

Oriented 
(100°C) 

2.2 0.38 10.5 7.5 1800 2.10 

Unoriented 
(20°C) 

2.4 0.12 3.3 8 2100 2.42 

Unoriented 
(100°C) 

2.6 0.40 3.3 8 1800 2.10 

A comparison of the oriented nylon 11 properties with 
typical values for PVDF and P(VDF-TrFE) [9, 10], which 
has the highest remanent polarization of current known 
polymers, is summarized in Table 2.  Of greatest concern 
for low frequency medical applications (i.e., 1-10 MHz) is 
the low dielectric constant and high dielectric loss tangent 
of the nylon 11.  The low mechanical Q and very low 
acoustic impedance of the nylons should offer greater 
bandwidth than PVDF and P(VDF-TrFE) for an ultrasonic 
transducer operating in water or tissue.  However, the 
advantage is likely overcome by the nylon 11 's lower 
electromechanical coupling and higher internal dielectric 
and mechanical losses.  Whether or not nylon-11 offers 
definite advantages over PVDF or P(VDF-TrFE) as an 
ultrasonic transducer will likely depend on the physical 
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requirements of the transducer and operating temperature. 
For instance, the nylon 11 materials can safely operate at 
temperatures much higher than PVDF without depolarizing 

Table 2. Comparison of oriented nylon 11 with typical 
properties of PVDF and P(VDF-TrFE) at 20- 
100°C (10-50 MHz). 

Parameter PVDF P(VDF- 
TrFE) 

Oriented 
Nylon-11 

£r 5.0 4.0 2.2 

tan5e 0.25 0.12 0.25 

K .15 0.30 0.11 

Qm 13 25 8 

v (m/s) 2200 2400 2000 

Z (MRayl) 3.96 4.27 2.30 

Figure 3 illustrates the measurements of electromech- 
anical coupling (k,) and mechanical quality factor (Qm) for 
the oriented nylon 11 material over the temperature range of 
20-160°C.  The results show good thermal stability over the 
broad temperature range.  The electromechanical coupling 
coefficient for the oriented nylon 11 is much lower than that 
of PVDF as expected from its lower dipole density.  How- 
ever, these results confirm the potential for the lower 
numbered odd nylons (i.e., nylon 7, nylon 5) to possess 
higher electromechanical coupling than PVDF and possibly 
P(VDF-TrFE) since theory predicts much higher remanent 
polarization in nylon 5 and nylon 7 than for nylon 11 [4, 5]. 

Similarly, Figure 4 illustrates the temperature 
dependence of the 60 MHz clamped dielectric properties 
and longitudinal sound velocity over the same 20-160°C 
temperature range.  The dielectric constant can be seen to 
become approximately constant below the glass transition 
temperature of approximately 70°C.  The longitudinal sound 
velocity shows the linear temperature characteristics 
indicative of polymers and typical of PVDF [11]. 
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Fig. 3.      Measured properties of oriented nylon sample. 
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Fig. 4. Dielectric properties of oriented nylon 11 sample 
at 60 MHz. 

CONCLUSIONS 

The high frequency dielectric and electromechanical 
properties of both oriented and unoriented ferroelectric 
nylon 11 were analyzed over a temperature range of 20- 
160°C.  The nylons exhibited dielectric and mechanical 
losses similar to PVDF, but significantly higher than that of 
P(VDF-TrFE).   The electromechanical coupling coefficient 
of the oriented nylon 11 was lower than oriented PVDF as 
expected from its lower dipole density.  The low dielectric 
constant of these nylon materials may be the biggest 
drawback for ultrasonic transducer applications in the 1-10 
MHz range of frequencies for medical applications.  The 
acoustic impedance of nylon 11 is significantly lower than 
PVDF and PVDF-based copolymers and should offer 
superior bandwidth performance for ultrasonic transducers 
operating into low impedance media such as water, tissue, 
and other polymers.  Future studies will focus on the 
properties of nylon 9, 7, and 5 which still show the greatest 
promise for high temperature ferroelectric nylon sensor 
applications. 
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Abstract — PVDF is a semicrystalline polymer with very in- 
teresting ferroelectric, pyroelectric and piezoelectric properties. 
It is the aim of the present paper to prove the importance of the 
amorphous phase for the strength of the respective activity coef- 
ficients. To this end, the structure and the dynamics of this par- 
ticular phase is varied by blending with PMMA and by suitable 
annealing. It will be shown that the electric efficiency is gover- 
ned to a large extent by the type, the number, the mobility, and 
the properties of trapping sites of injected charges which mi- 
grate through, and reside in, the amorphous phase. 

INTRODUCTION 

The polarization of PVDF is usually attributed to the crystal- 
line phase in this semicrystalline material. It should be therefore 
proportional to the degree of crystallinity which can be varied 
to a sufficiently large extent only by blending with an amor- 
phous non-crystallizing second polymer like PMMA. Respec- 
tive investigations reveal however that the polarisation drops 
with increasing PMMA content much faster than the degree of 
crystallinity (Fig. 1). This reveals that the amorphous phase 
plays an important role for ferroelectricity. In principle, several 
ways of action are possible. At first, an immediate polarization 
contribution of the amorphous phase should be taken into consi- 
deration. Since, however, the material is far above the glass 
transition temperature of PVDF of about -40°C, a stable polari- 
zation is possible only in the crystal/amorphous interphase. Cor- 
responding calculations show that the respective amount is 
rather small. It can and will play a deciding role only for piezo- 
electricity and pyroelectricity [1]. Next, the dielectricity of the 
amorphous phase can change with crystallinity and PMMA con- 
tent. This variation, again, is too small according to £-measure- 
ments. Depolarization effects by virtue of the shape of the cry- 
stalline entities are also too small according to structure measu- 
rements in order to account for the measured relations. Finally, 
conductivity and charge injection effects are possible. In fact, it 
had been found that the amount and the temporal stability of re- 
manent polarization depends to a large extent on the possibility 
of charge injection during action of the electric field when 
poling the sample or performing hysteresis measurements [2]. 
The action of the injected charges during poling can be under- 
stood formally as a displacement of the electrodes into the 
sample material with corresponding increase of the efficient 
electric field. On the other hand, after removal of the external 
field, these charges stabilize the polarization orientation of the 
individual entities by the electric fields which they create. The 
injected charges are characterized by their 
- type, 
- injection rate, 
- migration rate, 
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Fig. 1: Saturation and remanent polarizations, respectively, 
and degree of crystallinity in dependence on composition <j)PVDF 

of PVDF/PMMA blends. 
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Fig. 2: Saturation (Ps) and remanent (Pr) polarizations, re- 
spectively, of several PVDF/PMMA blends in dependence on 
temperature during hysteresis measurements. 
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- trapping site location, and 
- trapping site potential depth. 
These characteristics can be modified by 
- variation of measuring temperature, 
- sample annealing, 
- change of electrode material, 
- structure change by blending, 
- electric field application and reversal, i.e. multiple hysteresis 

loops, and 
- suitable poling technique and poling conditions. 
Some of these features and their consequences will now be 
proved and discussed in more detail. 

EXPERIMENTAL RESULTS 

In Fig. 2, the saturation and remanent polarizations, respecti- 
vely, of several PVDF/PMMA blends are shown in dependence 
on the temperature during hysteresis measurements. At suf- 
ficiently elevated temperature, the polarizations assume those 
values which are to expect according to the proportionality to 
the degree of crystallinity (cf. Fig. 1). This can be understood if 
it is assumed that the thermally induced increase of injection 
and migration rates, respectively, causes higher local electric 
fields and stabilize the resulting polarization. The conductivity 
of PVDF/PMMA blends (Tab. 1) which drops with increasing 
PMMA content to the same degree as the polarization (cf. Fig. 
1) rises with temperature accordingly. This underlines moreover 
the importance of chain mobility in the amorphous phase for the 
amount and the stability of polarization and the necessity to sur- 
pass sufficiently the glass transition temperature. 

The injection rate dependence and the dependence on the 
type of injected charges can be demonstrated by the electrode 
material dependence of the nonlinearity of dielecnicity of 
PVDF. It is defined in complex notation and in the frequency 
domain: 

D = Pr + e0[(l + Xl)E+X2E2+~] (1) 

(D: dielectric displacement, Pr: remanent polarization, %;. 
dielectric suszeptibility of the z'-th order, E: electric field, s0: 
permittivity of the vacuum; D, x,-, and E are complex and 
frequency dependent). We have in real notation 
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Fig. 3: Dependence of the amplitude D2 of the second har- 
monic dielectric response of poled PVDF on the used electrode 
material (a>= 150s-1, r=20°C). 
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Tab. 1: Conductivity a of PVDF/PMMA blends at different 
temperatures. 
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Fig. 4: Polarization current hysteresis loops of PVDF after 
different numbers of hysteresis cycles (annealed at 160°C for 
17h, a) = 0.003s1, curves corrected for Ohm conductivity and 
for capacity currents), 
above:      cycle 1, 
center:      cycles 23 through 26, 
bottom:     cycles 39 through 43. 
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E = E0 cos col -> D = jXD„cos{ncä-5„)} (2) 

where the Dn are the amplitudes of the rt-th harmonic response. 
It is found by comparison of Eqs. 1 and 2 that 

D„ = e0[cnZ„EZ + cn+2Zn+2ES+2+..] (3) 

where the cn are certain constants. In Fig. 3, the amplitudes D2 

of the second harmonic response are given for several electrode 
materials as used during permittivity measurement. It is obvi- 
ous that a second harmonic exists in poled PVDF, that it 
depends remarkably on the actual electrode material, and that its 
strength increases with increasing ionazation energy of the 
latter. The bended courses of all the functions D2(E0

2) indicate 
the existence of still higher harmonics. 

Annealing of the PVDF films at a temperature above 160°C 
causes some interesting changes in the course of the hysteresis 
loops. They are visualized best by the polarization current hy- 
stereses which in fact are the initially measured functions. 
Whereas not annealed material exhibits the familiar smooth 
loops, annealed samples exhibit two distinct maxima (Fig. 4). In 
principal, this is a well known phenomenon but the curves of 
Fig. 4 exhibit some unusual features. At first, the relative 
strengths of the two maxima vary independently with the hyste- 
resis cycle number. Moreover, both the remnant and the satura- 
tion polarizations of the annealed samples as considered here 
assume their maximal values immediately in the first hysteresis 
cycle, and decrease gradually with increasing cycle number. In 
contrast,  remnant and saturation polarizations, respectively, 
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Fig. 5: Saturation (Ps) and remanent (Pr) polarizations, re- 
spectively, of not annealed and annealed at 160°C for 17h 
PVDF films in dependence on the maximal electric field 
strength, after 20 poling cycles. 

increase usually with increasing cycle number until approaching 
a certain equilibrium value. 

From Fig. 5 it is moreover evident that the described drop in 
polarization is not only linked with the annealing treatment but 
occurs just in a limited range of hysteresis field strengths.The 
corresponding hysteresis loops themselves at high cycle num- 
bers are displayed in Fig. 6. 

X-ray diffraction measurements proved that the annealing 
did not cause drastic changes of the supermolecular structure. In 
particular, the crystal transformation into the so-called y-modifi- 
cation which basically can occur upon annealing at high tempe- 
rature is negligible. The crystallinity increased only slightly. 

We believe that the observed features, in particular the com- 
plicated dependence of the hysteresis contours on cycle number, 
annealing conditions, and electric field, can be explained and 
understood by the competing actions and influences of 
- dipole reorientation in the polarized regions, i.e., the crystal- 

lites, 
- the migration of existing charges within the material under 

the influence of the external electric field with steadily re- 
versing direction, and 

- the steady injection of new charges when applying and 
reversing die electric field. 
In fact, the importance of the very first poling - irrespective 

whether it is performed separately in order to create a polariza- 
tion or during starting an hysteresis experiment - for the polari- 
zation changes during all later hysteresis cycles is evident from 
our experiments and is in accordance with the proposed proces- 
ses on a molecular level. It becomes more clear when looking 
at the polarization decrease with rising hysteresis cycle number 
in more detail. In Fig. 7, the distribution of the polarization 
across the film thickness in an annealed sample after different 
hysteresis cycle numbers is displayed. Obviously, the polarizati- 
on distribution does not change its sign with every cycle as a 
whole. In contrast, the initial distribution - that after the first re- 
moval of the electric field (Fig. 7 above left) - is very stable and 
changes its course and sign only gradually. Finally a almost per- 
fect bimodal polarization distribution is reached. The polarizati- 
on decrease with increasing poling cycle number is therefore 
only feigned by an assymetrical distribution of polarization 
across the film thickness which in rum is caused by the compli- 
cated migration conditions of injected charges. 

240 

electric field [MV/m] 

Fig. 6: Hysteresis loops of PVDF after different numbers of 
poling cycles (annealed at 160°C for 17h, © = 0.003s1, curves 
corrected for Ohm conductivity and for capacity currents). 
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Fig. 7: Polarization distribution across film thickness in a 
PVDF film annealed at 160°C for 17h (Maximal electric field: 
180MV/m;^= 0.003s-1). 
above left: after (first) poling, 
above right:       after 18 hysteresis cycles, 
left: after 50 hysteresis cycles. 

SUMMARY AND CONCLUSIONS 

The present investigations and the conclusions which must 
be drawn from them can be summarized as follows: 
- The amount and the stability of remnant polarization are de- 

cidingly determined by the structure and the dynamics of the 
amorphous phase. The latter can be changed by, e.g., blen- 
ding, annealing or variation of measuring temperature. 

- The action of the amorphous phase reflects the action of in- 
jected charges, i.e., in fact, the amount and the stability of 
remnant polarization are decidingly determined by the lo- 
cation, the type, and the number of injected charges, and by 
the trapping site potential depth. 

- The injection conditions during the first poling (irrespective 
whether this poling has been performed separately or by 
starting an hysteresis experiment) determine the material be- 
havior during all later switching and poling cycles. The al- 
ready residing charges compete then with those newly injec- 
ted, and the migration of both competes with the reorientati- 
on dynamics of the polarization. 

- In certain well ordered samples, the hysteresis current exhi- 
bits two maxima. The strengths of both are not related but 
depend on the hysteresis cycle number. They can be attribu- 
ted to the contributions of domains, the polarization orienta- 
tion of which is fixed to a large extent by space charges, and 
others, the polarization of which reorients under the influ- 
ence of the applied field. 

- The dependences of polarization parameters on the experi- 
mental conditions can be understood only when the spatial 
distribution of polarization across the sample thickness is 
also known. 

-   At suitable conditions, the overall polarization is near zero 
whereas the local polarization can assume considerably high 
values of both signs, such forming a bimorphous material. 
More details about the investigations as reported here are 

published elsewhere [3,4]. 
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Abstract 

Non-destructive read out memory FET using ferroelectric gate 
insulator has been developing remarkably and device such as to 
use buffer layer has been requiring for high process technology. 

But it is very difficult to deposit on buffer layer the same as 
deposition directly on Si. After making FET by deposition of 

ferroelectric on prepared floating gate, our evaluation carried 
out. This FET is MFMIS structure which consists of Si-sub, 

gate Si02, floating gate, PZT and control gate electrode in order 
from the bottom. PZT was deposited at the Zr/Ti (=52/48) ra- 

tio by sol-gel method. Polycrystalline silicon (poly-Si) was used 
as floating gate which was ferroelectric bottom electrode. Ir02 

and Ir and other materials coated on the poly-Si for ferroelec- 
tric deposition. We succeeded in deposition of PZT with good 
ferroelectricity, because Ir02 and Ir can prevent Pb and other 
elements from diffusing into poly-Si and gate Si02. Memory ef- 
fect of this FET was confirmed. 

Precursor Solution 
PZT (Pb0 5% excess) 

1 < 

Spin Coating 3000rpm 

" 
Heat-Treat at 150°C 
to Evaporate Solvent 

" 
Heat-Treat at 400°C 
to Remove Organics Repeat 

" 
Crystallize at 700°C 

in Oxygen with RTA 

Fig. 1. Process flow chart of sol-gel method for PZT growth. 

1.   Introduction 

Ferroelectric memory FETs such as a metal-ferroelectric- 
semiconductor (MFS) structure have been studied. 1~4) But, con- 
ventional MFS structure has many problem such as difficulty 

of deposition of ferroelectric thin films directly on Si, diffu- 
sion of Pb, Ti and other elements into Si02/Si interface and 
increase of trap density. In order to solve these problem, 
we proposed a metal-ferroelectric-metal-insulator-semiconductor 

(MFMIS) structure having a floating gate as a bottom electrode 
between a ferroelectric thin film and the gate Si02. Conven- 

tional gate Si02 can be used and ferroelectric thin films can be 
grown on bottom electrodes which have a good matching with 
the ferroelectric materials due to adopt the MFMIS structure. 

2.   Experimental 

Pb(Zr0.52Tio.4s)03(PZT(52/48)) thin films were used as fer- 

roelectric materials. PZT films were grown by conventional sol- 
gel method. The process flow chart of sol-gel method for PZT 
growth is shown in Fig. 1. Ir, Ir02 and Pt were used as control 

and floating gate (top and bottom electrodes). The electrode 
materials were deposited by RF magnetron sputtering without 
substrate heating and annealed at 400° C after deposition. 

Thickness of the thin films was measured by scanning elec- 
tron microscopy (SEM) images of the cross section. The depth 

profiles of PZT capacitors were analyzed by secondary ion mass 
spectrometry (SIMS). The electric properties were measured by 
semiconductor parameter analyzer (HP4145B). 

3.   Results and Discussion 

3.1.  MFMIS FET 
MFMIS FET has a floating gate between a control gate (top 

electrode) and a gate Si02. The operation of MFMIS FET is 

shown in Fig. 2. Bias of a top electrode controlled of charge in 

floating gate. This charge is occurred by ferroelectric polariza- 
tion. A surface inversion layer is formed by this charge in floating 

gate. Threshold voltage (VTH) is shifted according to direction 
of ferroelectric polarization. 
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Fig. 2. The operation of MFMIS FET. 

3.2. MFMIS FET with Pt Floating Gate 
As the basic research for this study, we fabricated simple 

MFMIS FET with Pt as control gate and floating gate. The FET 

which was composed of Pt(200 nm) / PZT(240 nm) / Pt(200 

nm) / SiC>2(25 nm) / Si-sub showed memory effect. However, 

the FET did not exhibited enough stable properties. 
The cause of such unstableness was diffusion of ferroelectric 

component elements into gate Si02 through the Pt bottom elec- 
trode. Due to the diffusion, gate Si02 and Pt/Si02/Si interfaces 
were inferior in quality. 

3.3. PZT films on Ir/Ir02 

We tried to fabricate MFMIS FET with poly-Si floating gate 

in order to obtain high-quality gate Si02. But, perovskite PZT 
films were not obtained directly on poly-Si and on Pt/poly-Si 

layered films due to diffusion and silicide formation. So, Ir02 
films were used as barrier layers to block the diffusion and sili- 

cide formation. 

Figure 3 shows SIMS depth profiles Pt/PZT/Pt/Si02/Si and 

Pt/Ir02/PZT/Ir/Ir02/poly-Si/Si02/Si structures. In the case 
of the Pt/PZT/Pt/Si02/Si structure, Pb, Zr and Ti were dif- 

fused into gate Si02 through Pt. On the other hand, when an 
Ir/Ir02/poly-Si layered structure was used as floating gate, fer- 
roelectric component elements were never diffused into gate Si02 

and floating gate. As the result, high-quality gate Si02 and good 

poly-Si/Si02/Si interfaces could be obtained. In addition, PZT 

films have much improved in fatigue properties, when Ir/Ir02 

layered films were used as bottom electrodes.5) 

3.4-   Electrical Properties 

The model of typical MFMIS FET in this study is shown in 

Fig. 4. The MFMIS FET consists of a conventional MOS FET 

and a PZT capacitor. There were 1.0-80/rai P-ch and N-ch FET 
in the test chip. The coupling ratio of PZT to Si02 was con- 
trolled thickness and area of PZT capacitors. 

Figure 5 shows a ID-VG characteristic of 1.2^m P-ch MFMIS 
FET. The shift in VTH or the memory window for a bias sweep 
of ±15V was about 3.3V. The value of this memory window de- 

pended on thickness, area and growth condition of PZT thin film 
capacitors. 

Figure 6 shows ID-VD characteristics of this MFMIS FET with 
+ 15V and -15V applied to the control gate with respect to sub- 

strate. The difference of ID-VD curves were found between after 
+15V applied and -15V applied. There was correspondence be- 

tween the difference and shift in VTH of the ID-VG characteristic 
in Fig 5. In order to confirm influences to gate Si02 or poly- 

Si/Si02/Si interfaces, FET characteristics before and after PZT 
process. The characteristics after PZT process were measured 

after PZT thin films were etched out. As the result, there was 
little difference in MOS FET characteristics between before and 

after PZT process. 
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Fig. 4. The model of typical MFMIS FET in this study. 
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Fig. 6. ID-VD characteristics of 1.2//m P-ch MFMIS FET. 

4.   Conclusions 

We prepared MFMIS FETs as non-volatile ferroelectric mem- 

ory devices. MFMIS FET has a floating gate between a fer- 
roelectric thin film and a gate insulator. Memory effects were 
obtained on simple MFMIS FET with Pt floating gate. But, 
this FET characteristics were not stable. So, Ir/Ir02/poly-Si 
layered structures were used as new floating gate materials. As 
the result, very stable FET characteristics were obtained due to 

high-quality gate SiC>2 and good poly-Si/Si02/Si interfaces. The 
memory windows by ID-VG measurement were about 3.3V for a 

bias sweep of ±15V. 
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ABSTRACT 

Bismuth Titanate (Bi4Ti30i2) thin films were 
fabricated by spin coat deposition - rapid thermal 
processing (RTP) technique. Acetate derived solution for 
deposition was synthesized by blending dissolved 
bismuth acetate in aqueous acetic acid, and then adding 
with titanium acetate. A series of electrically insulating, 
semiconducting and conducting substrates were evaluated 
for Bi4Ti30i2 films deposition. While X-ray diffraction 
and TEM analyses indicated that the initial perovskite 
crystallization temperature was 500°C or less for these 
Bi4Ti3Oi2 films, a 700°C crystallization treatment was 
used to obtain single phase perovskite films. Bi4Ti30i2 
film crystallographic orientation was shown to depend on 
three factors: substrate, the number of coating layers and 
thermal processing. While preferred c-direction 
orientation was observed for films deposited on silver foil 
substrates, preferred a-direction orientation was obtained 
for films deposited on both Si and Pt coated Si wafers. 
The films were dense, smooth, crack-free and had grain 
sizes ranging from 20 nm to 400 nm. Film thickness and 
refractive index were determined using a combination of 
ellipsometry, waveguide refractometry and TEM 
measurements. Both low field dielectric and ferroelectric 
properties were measured for an 800 nm thick film 
deposited on a Pt coated MgO substrate. A remanent 
polarization of 38 (iC/cm2 and a coercive field of 98 - 
kv/cm was measured for this film that was crystallized at 
700°C. 

I. INTRODUCTION 

Bismuth titanate (Bi4Ti3Oj2, abbreviated BIT) is an 
important ferroelectric (FE) material. Single crystal BIT is a 
layer-structure compound and has a very high Curie temperature 
(675°C). Above the Curie temperature, it possesses a pseudo- 
tetragonal structure proposed by Aurivillius1. As temperature 
decreases below Tc, spontaneous polarization in the b-direction 
results in increasing the lattice distortion2 of (a/b), the structure 
becomes monoclinic at room temperature as reported by 
Cummins and Cross-3. However, x-ray and neutron diffraction 
data are consistent with a polar orthorhombic structure4 with 
a=5.411A, b=5.448Ä, c=32.83A. We will use the orthorhombic 
symmetry and notation for the rest of this paper. The interest in 
BIT for practical applications has focused on its ferroelectricity 
and its electro-optical switching behavior. Single crystal BIT has 
two spontaneous polarizations with magnitude of 50+5 pC/cm2 

in the b-direction and 4.0+0.1 uC/cm2 in the c-direction, they 
can be reversed independently. Switching of Ps in the c- 
direction changes the birefringence and tilt the optical indicatrix 
of BIT in the b-c plane by approximately 10° which is attractive 
for electro-optic devices. In addition, the large spontaneous 
polarization in the b-direction makes BIT potentially useful for 
applications requiring large values of switching charge. 

Polycrystalline BIT has been readily fabricated by various 
processes. Preferentially oriented bulk BIT ceramics and thin 
films have received a great deal of attention for the development 
for both high temperature piezoelectric and integrated 
semiconductive devices. In the past few years, a lot of effort has 
been devoted towards for making highly grain-oriented bismuth 
titanate bulk ceramics5-6. There are a few reports on BIT thin 
film fabrication; for example, by pulsed laser deposition7-8, 
solution chemistry9, and rf and reactive diode sputtering10. 

However, there has been no report of highly oriented thin films 
produced by wet chemical techniques. The purpose of this study 
is to investigate the evolution of perovskite BIT thin film from 
acetate precursors. Further, substrate technologies and associated 
film processing techniques which lead to preferential grain 
orientation in BIT thin films are discussed. The ferroelectric 
properties of BIT film is also presented 

II. EXPERIMENTAL PROCEDURE 

Bismuth titanate thin films were deposited using spin 
coating and then crystallized using rapid thermal processing 
(RTP) on a variety of substrates: single crystal silicon, silver foil, 
glass, alumina, and Pt coated single MgO substrates. 

The acetate-derived precursor solutions were prepared by 
dissolving bismuth acetate [Bi(COCCH3)3, solid form] in 
aqueous glacial acetic acid containing 20 vol% of water at room 
temperature. A colorless solution was obtained, and titanium 
acetate [75% Titanium bis(acetylacetonate) diisopropoxide in 
isopropanol Ti(CH3COCHCOCH3)2-(OC3H7)2, liquid form] 
was then added to the solution. The ratio of bismuth to titanium 
used in these solutions was slightly higher than the 
stoichiometric value of 4:3 in order to promote perovskite phase 
formation. A ratio of BiAca to TiAca of 1.492 was obtained by 
carefully weighing the initial precursors, which is approximately 
12mol% excess Bi compared to the stoichiometric value. The 
final precursor solution was a clear yellowish solution. A series 
of solutions were synthesized with concentrations ranging from 
0.05M to 0.3M to determine the effort of solution concentration 
on film quality. The solutions were stable over a period of 
several months. 

Films were fabricated by depositing multiple spin coat 
layers and then crystallized by rapidly thermal processing. 
Before coating, the substrates were cleaned by alcohol or 
acetone and some of them were annealed at 400°C for 10 
minutes. The precursor solution was deposited on a given 
substrate using a filtered syringe, and then spun the substrate for 
30 seconds at 3000 rpm. The film dried quickly at room 
temperature and was then crystallized at a fixed temperature in 
the range of 400°C to 800°C for 2 minutes. After the layer 
cooled, it was cleaned using an EFFA duster and the next layer 
was then deposited. The film was crystallized for 15 minutes 
after the last layer was deposited. Films ranging in thickness 
from 100 nm to 1000 nm were fabricated by this multilayer 
deposition process. Among the techniques used to characterize 
the BIT thin films were x-ray diffraction, differential thermal 
analysis (DTA), thermalgravimetric analysis (TGA), atomic 
force microscopy (AFM), scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), and ellipsometry. 

Resistivity, low field dielectric constant, remanent 
polarization and coercive field were among the properties 
measured for the BIT film deposited on a Pt coated MgO 
substrate. The 100 nm thick Pt layer was rf magnetron sputter 
deposited at ambient. While an HP 4192 impedance analyzer 
was used for the low field dielectric measurements, a Radiant 
Technologies TR66A ferroelectric tester was used to obtain 
ferroelectric hysteresis loops. Typically, low voltages (0.1 
Vrms) were used to minimize ferroelectric domain contributions 
to the low field dielectric constants measured. Resistivity 
measurements (dc) were made by applying 20 volts and 
measuring the current two seconds after the voltage was applied. 
The details of the electrical fatigue measurements on this BIT 
film will be presented in the discussion section of this paper. 
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HI. RESULTS AND DISCUSSION 

1. The BIT Phase Formation 
X-ray diffraction was used to monitor Bi4Ti30i2 phase 

evolution as a function of crystallization temperature, as shown 
in Figure 1. All BIT films in Figure 1 were deposited on 
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Figure 1. The BIT phase evolution versus temperature. Each film 
was made by four-layer coatings from 0.09 acetate precursor. 

silicon(lOO) single crystal wafers. A native oxide (SiC>2) layer 
approximately 5 nm thick is estimated to be on the Si wafer 
surfaces. The results indicate that the structure of the film which 
was crystallized at 400CC was essentially amorphous by X-ray 
diffraction analysis and pattern contained a broad maxima around 
the highest intensity peak (117) of BIT. As temperature 
increases, the amorphous phase partially transforms into a highly 
crystalline perovskite phase, as evidenced by the sharp, high 
intensity diffraction peaks for the film crystallized at 500°C. The 
intensity of the major diffraction peaks of the BIT thin films 
further increase with increasing crystallization temperature, while 
the broad maxima decreased and eventually disappeared for the 
700°C crystallization temperature. Since the perovskite 
diffraction peaks are so sharp, we attribute the broad maxima to a 
nanocrystalline pyrochlore phase. The sharp diffraction peaks 
for the film crystallized at 700°C indicated that the perovskite 
crystaUinity was well defined at this temperature. 

The X-ray diffraction patterns of Figure 1 demonstrate 
that the acetate-derived solution process results in substantial 
crystallization at 500°C. The crystallization temperature is less 
than previous reports of BIT materials fabricated by solid state 
reaction or molten salt synthesis. From X-ray diffraction and 
TEM measurements, no second phase was detected between the 
BIT film and the Si02/Si substrate. The Si02 layer was 
approximately 5 nm thick, which is below the detection limit for 
our instruments. Obviously, if BIT films can be deposited 
directly on Si with no oxide formation, this would be a great step 
forward for integrated ferroelectric applications. Whether these 
acetate-derived BIT films can be fabricated directly on Si with 
absolutely no interface oxide formation has yet to be determined. 
Our results indicated that little or no reaction occurred between 
BIT films and the following substrate: MgO, sapphire or Pt- 
coated MgO 

2. Crystallographic Orientation of BIT Thin Films 
The crystallographic orientation of BIT thin films 

fabricated in this study was characterized by X-ray diffraction 
and TEM analysis. A highly c-oriented BIT film was obtained 
after deposition on a Ag foil substrate as shown by the X-ray 
diffraction pattern in Figure 2. No evidence of crystallite 
orientations other than (001) was observed. BIT films with 
multiple crystallite orientations are obtained after one layer 
deposition on single crystal silicon substrates, as shown in Figure 
3. Once again, the Si02 thickness is estimated to be 
approximately 5 nm. Similar crystallite orientation was found 
for the films deposited on either Si(100) or Si(l 11) substrates, as 
expected, if a thin native oxide layer is present on these 
substrates. 
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Figure 2. XRD of BIT thin film deposited on silver foil. The 
film is 5 layers coating and fired at 700°C. 
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Figure 3. Grain orientation versus the number of coating 
layer. The films were deposited at 750°C for 2 minutes from 
0.0 9M precursor. 

The degree of crystallographic orientation in a thin film is 
not always determined solely by the substrate lattice parameter. 
The surface nanotopography and cleanliness of the substrate are 
other factors that may affect BIT film structure. Silicon wafers 
have an almost atomistically smooth surface, whereas, the silver 
foil substrates have a rolled surface. The surface 
characterizations of BIT thin films deposited on these substrates 
were given in Figure 4 and Figure 5 respectively. The grain 
growth in the direction normal to the silicon wafer was shown in 
Figure 4, and the film on silver substrate is far different 
morphologically than the BIT film deposited on Si. The grains 

Figure 4. The AFM micrograph of BIT thin film deposited on 
Si<100> substrate. 
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Figure 5. The SEM micrograph of BIT thin film deposited on 
silver foil. 

are platelike, with the a-b plane of the BIT film being oriented 
parallel to the silver foil surface resulting in a high degree of c- 
orientation perpendicular to this surface. These results suggest 
that the nanotopography of the underlying substrate strongly 
effects the crystalline morphology and orientation of BIT films. 
Our postulation is similar to that reported by Shu-Yau Wu and 
coworkers11. . 

We have also determined the variation of grain 
orientation with the number of coating layer as determined by 
XRD (as shown in Figure 3) and TEM analysis. There is no 
significant preferential orientation for the films deposited on 
silicon for the first layer. As the number of coating layer 
increases, up to 5 layers, the diffraction intensities in the (001), 
(200) and (111) directions increased. With further increase in the 
number of deposition layers, the orientation in (200) direction 
increased, while the volume fraction of crystallites with (001) 
type orientation decreased. The variation in crystallite 
orientation with the number of deposition layers is shown in 
Figure 6, for which, plots of Lotgering orientation factors in 
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Figure 6. The Lotgering's orientation factors in (001) and (200) 
directions versus the number of coating layers for BIT film 
deposited on silicon wafer substrate. 

(001) and (200) directions as a function of number of coating 
layers are presented. The maximum c-direction orientation 
occurs for the 5 layer film. When the number of coating layers 
were greater than 10, the (200) orientation was dominant. The 
Lotgering orientation factor for the (200) direction was 42.0%, 
which indicates that almost half the BIT grains in this film had 
this orientation. 

The preferential orientation in (200) direction 
(corresponding to the b-axis in the monoclinic) of BIT thin film 
is very attractive because the largest value of spontaneous 
polarization lies in the monoclinic a-c plane and in the a- 
direction, Psa=50 (iC/cm2. For the oriented polycrystal, if a-c or 
b-c (the a and the b can be switched under electrical field) plane 
is parallel to the substrate, the a and b directions can be reversed 
by an applied electrical field12, and a large change in dynamic 
polarization will be measured. As the degree of (200) orientation 
increases, a higher remanent polarization should be achieved in 
BIT films. This phenomena may be attractive for next 
generation,   high   density   memories   or   optical   display 

applications. The basic principle of operation for the metal 
ferroelectric semiconductor (MFST) device is to control the 
surface conductance of a bulk semiconductor (silicon) and to 
perform the memory function13. Therefore, a high remanent 
polarization is desired to obtain a sufficient modulation. 

3. Characterization of BIT Thin Films 

3.1   Morphology 
The BIT thin films fabricated in this study were for the 

most part transparent. A systematic change in interference color 
was observed for BIT films deposited on Si wafers as a function 
of thickness. The films appeared shiny when deposited to 
various substrates, such as: silicon, glass, MgO, Ag, and 
sapphire. Large uniform areas and crack-free thin films were 
observed using optical microscopy, SEM and AFM. The films 
were very dense with no apparent porosity by these techniques. 
The average particle size increased for 20 nm to 400 nm as the 
coating layer increased from 1 to 10, for BIT film deposited 
using 0.09 M solutions. Figure 7 shows the AFM images which 
clearly illustrate particle size variation. The surface roughness 
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Figure 7. The AFM micrographs show the particle size versus 
the number of coating layer. (A) Three layer, (B) Five layers. 

increased as the number of coating layers increased. This was 
attributed to the increase in grain size of the BIT films with 
increasing layer thickness. Microscopic analysis indicates that 
high quality films were produced by the acetate process. 

It must be emphasized that the surface condition of 
substrate affects the nanomorphology of the film. Since the Si 
wafer is extremely smooth, the particle size of the BIT film was 
very small (less than 100 nm) and the surface of the film was 
also very smooth. However, the BIT film deposited on the Ag 
foil exhibited a distinctly different surface morphology. The 
particle size was extremely large compared to the size of the BIT 
grains for the films deposited on Si substrate. Pores were also 
observed in films with a reduced number of coating layers. 
These observations suggest that an epitaxial type finish for the 
underlying substrate is most appropriate for production of high 
quality ferroelectric thin films. 

3.2 Thickness 
The thickness of the various BIT thin films was indicated 

by the interference colors, as previously noted. Film thickness 
were measured by both a Manual Ellipsometry and by TEM 
analysis. Figure 8 shows the film thickness as a function of both 
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Figure 8. The thickness variation versus the number of coating 
layers (8A) and concentration of precursors (8B). 
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the number of deposition layers and the concentration of 
solution. Linear relationships were observed in both cases, 
within the accuracies indicated on the plots. These thickness 
measurements were further confirmed by TEM analysis for a 
select group of these films. While a thickness of approximately 
270 nm was measured from TEM analysis for a 10 layer film 
deposited from 0.1M solution on Si substrate and crystallized at 
700°C, a thickness of 255 nm obtained by ellipsometer 
measurements. The accuracy of the ellipsometer measurements 
is approximately ±40 nm. The variation of thickness as function 
of crystallization temperature did not significantly change. Thus, 
ultimate BIT film thickness can be controlled by either the 
number of coating layers or the concentration of the precursor 
solution. 

4. Property Evaluation of BIT Thin Films 

4.1 Refractive Index 
The refractive indices of the films were measured using 

both a Gaertner model LI 117 manual ellipsometer and a 
waveguide refractometry technique14 technique. The average 
refractive index for the BIT films was determined to be 2.60+0.1 
using ellipsometry. Iterative fits to the raw data obtained using 
waveguide refractometry failed to completely describe the 
angular positions of reflectivity minima corresponding to 
waveguide modes within the BIT film/MgO system. 
Approximate limits on the probable refractive index, however, do 
suggest an average refractive index in the 2.6 range for this 
sample. It is important to note that the inability to obtain a fit to 
the raw data indicates that the film may not possess 
macroscopically uniform optical properties defined by a single 
refractive index. Although a change in refractive index with film 
thickness may be used to describe the observed behavior, a 
unique fit to the raw data can not be obtained in this case due to 
the corresponding increase in adjustable parameters describing 
the unknown films. Within the assumptions used to model the 
thin film/substrate system, both techniques give results which are 
in fair agreement with the single crystal value of refractive index 
that are on the order of 2.68. 

4.2 Dielectric Properties 
A reasonably saturated, dielectric hysteresis loop was 

obtained for a 760 nm thick BIT film deposited on a Pt coated 
MgO substrate, as shown in Figure 9. While a 20 volt peak 
signal was used to electrically switch the ferroelectric film, 11.5 
ms was required to obtain the hysteresis loop. The bottom 
electrode was fabricated by RF magnetron sputtering a 100 nm 
thick Pt film on a MgO substrate (Atomergic corporation) with 
an epitaxial finish. The top Pt electrodes were also deposited by 
RF magnetron sputter deposition and had an area of 1.55 X 10-3 

cm2. A remanent polarization of 38 uC/cm2 and relative lower 
coercive field of 98 kv/cm were measured. These properties 
compare favorably to the previous works15'16. Measured dc 
resistivities were essentially polarity independent and were on 
the order of 4 x 108 ohm-cm. The percentage of electrode dots 
tested that gave good electrical properties was not large, as only 
15% of the dots tested were not electrical shorts. For the highly 
c-oriented BIT film deposited on silver foil a low voltage (0.1 
Vrms), 10 kHz dielectric constant of 108 was obtained. This 
value is approximately that measured for BIT single crystals in 
the c-direction. A higher dielectric constant of approximately 
550 and a dissipation factor of 0.037 was measured for the BIT 
film of Figure 9 that contained multiple crystallite orientations. 

4.3 Fatigue measurements 
The electrical fatigue performance of the BIT film deposited 

on a Pt/MgO substrate was considerably better than that obtained 
for a PZT 40/60 film with Pt electrodes. For both films, a 250 
kv/cm, sinusoidal field was used to fatigue the specimens. After 
1.2 X 108 cycles, the polarization of the PZT 40/60 film 
decreased from 24.5 to 10 u€/cm2; The difference in remanent 
polarization compared to the BIT film electrode dot tested in 
Figure 9 indicates that there is presently some variability in our 
processing. 
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Figure 9. The hysteresis loop of BIT thin film deposited on 
Pt-coated MgO single crystal 

rv CONCLUSIONS 

Single phase Bi^TisOn thin films were fabricated from 
acetate-derived solutions. Substantial perovskite crystallization 
occurred for temperature as low as 500°C. From precursors that 
were clear and relatively stable with time, BIT films that were 
dense, homogeneous and crack-free were fabricated. The 
crystallographic orientation of BIT thin film were shown to 
depend on the type of substrates used and the condition of the 
surface of the substrates. Preferential (200) oriented films were 
obtained by multiple layer deposition on single crystal silicon 
wafers. BIT films that were highly (002) oriented were 
fabricated on silver foil substrates. The refractive index 
measured for the BIT thin film in this study is approximately 
2.6+0.1, which is close to the value of single phase polycrystal 
BIT. The thickness of the films varied linearly both with the 
concentration of the precursor solution and the number of coating 
layers. A remanent polarization of 38 u.C/cm2 and coercive field 
of 98 kv/cm was measured for a BIT film deposited on Pt/MgO 
substrate and crystallized at 700°C. 
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Abstract - Materials with diffuse phase transitions are of much 
interest for applications in very smart systems. The main 
advantage they have over conventional materials is the tunable 
nature of their nonlinear properties such as electrostriction [1]. 
Electrostriction is the fundamental mechanism of 
electromechanical coupling in these and all insulating materials, 
and is of interest for sensor, actuator, and tunable transducer 
applications. Electrostriction measurements are also of interest in 
trying to better understand the nature of the diffuse transition. 

In this study, a group of ferroics ( Ca/PMN-PT, La/PMN-PT, 
PLZT, BTS, and BST) with diffuse transitions were tested 
using the first converse effect. This technique involves 
measuring the stress dependence of the dielectric stiffness ßjj to 
obtain electrostrictive tensor coefficients. This method has been 
previously verified by measuring separated Qjjk] coefficients for 
low-K dielectrics. Q33 coefficients of the order of 10"3 m4/C2 

were obtained for the ferroics. A figure of merit is proposed for 
evaluating these ferroics in sensor applications, based on their 
fractional change in capaciance under applied stress. A 
preliminary correlation of the electostriction effects with the 
diffuseness of the phase transition ( DPT) is also done. 

A family of perovskite glass ceramics with different modifiers 
that had been subjected to different ceramming temperatures was 
also investigated and found to have promising sensor 
applications. The electrostrictive and dielectric properties were 
found to vary with the heat treatment. 

INTRODUCTION 

Phenomenology of Electrostriction 

From the Devonshire formalism of the thermodynamic 
phenomenology, two equivalent forms of the electrostrictive 
effect, the 'direct' and the 'converse' effect may be derived. If 
the strain X;J in a material is expressed as : 

xij = sEijkl Xkl + Mmnij Em En 
xij = SPijkl Xki + Qmnij Pm ?n> 

and 

where Sjjjjj is the elastic compliance tensor under appropriate 
boundary conditions and Xy the components of elastic stress, 
the 'direct' effect Q and M coefficients are defined as : 

Mmnij = l/2(52xij/5Em6En)x   and 

Qmnij=l/2(62xij/6Pm5Pn)x 

Alternatively, the 'converse' effect Q and M coefficients may 
be expressed in terms of the dielectric permittivity EH as : 

Mmnij = (£0^2) ( Ö£ij / dXmn )p     and 

Qmnij = [1 / 2£o ( 8 -1 )2][ ( 8E;J / dXmn )p] 

The magnitude of the Q coefficients vary from the order of 10° 
in low-K dielectrics to 10~3 m4/C2 for relaxor ferroelectrics. 
The effects are comparatively large in oxide perovskite 
structures, due to their inherently large spontaneous 
polarizations and dielectric permittivities. Strains of the order of 
10'6 are easily attained. In contrast, simple oxides develop 
strains of the order of 10-11, a very small value [2]. 

This study was undertaken with the primary purpose of 
establishing a reliable and accurate electrostriction measurement 
system that could measure coeffiients over a wide range of 
electrostrictive and dielectric properties. This system, calibrated 
by checking with direct method measurements, is then used to 
measure both low-K dielectrics and ferroic materials with much 
larger electrostriction effects. 

CONVERSE METHOD MEASUREMENTS 

The Basis of Compressometry 

The equation for the capacitance C of a parallel plate insulator, 
may be separated, and differentiated with respect to stress X 
applied to give: 

51nK = 

8X 

AC/C 51n(A/d) 

Ax 5X 

= [B; (measured) - Sj (from literature)] 

where K is the permittivity, A the area of the sample, d its 
thickness, Si are linear combinations of elastic compliances, and 
Bj pressure dependences of the capacitance for the given cut. 
For a given cut of a crystal, M' and Q', the coefficients for the 
cut, for the first converse effect, are given by : 

M' = (eoK/2)[Bi-Si] 

Q' = [K/2e0(K-l)2][Bi-Si] 

M' and Q' are related to crystal M and Q coefficients by using 
the equations for rotated cuts. We may use these equations to 
solve for Qi 1, Qi2, Q44 ( cubic crystals ) by a least squares 
method, or use Qh as additional input for an extra equation. In 
this work, the least squares method is used. 

The Compressometric System 

Techniques for measuring the converse effect call for precision 
evaluation of dielectric properties. Other requirements are stable 
temperature control and the establishment of 'true' stress 
systems - completely hydrostatic if the hydrostatic Qh 
coefficients are being measured and truly uniaxial stresses in 
compressometry . The system developed here is based on that of 
Sun. et. al. [3]. 

The compressometer system is designed for the application of 
a truly uniaxial and homogeneous pressure on the sample 
surface. Dead weights are used for this, in a direct loading 
scheme . This feature is related to one of the advantages of this 
technique. The dielectric susceptibility changes linearly with 
applied stress, and inhomogenieties in applied stress, averaged 
out by a comparatively large sample diameter (2 cm approx., as 
contrasted to beam diameters of fractions of an mm in the 
interferometer) are further diluted by the linear relationship. In 
the laser interferometric method, inhomogenieties in the applied 
field are magnified by the fact that it appears as a squared term in 
the displacement-field relation [4]. A schematic of the 
compressometer system is shown in Fig.l. 

The thermal mass of the compression jig is large enough to 
smooth out minor drifts in ambient temperature. The drift in the 
fractional change in capacitance is less than 7 ppm/min under 
quiet conditions. 
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Fig. 1 : Schematic of the Compressometer 
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The electrical stability of the system is also of a high order. 
The capacitance of the sample holder itself is less than 20 aF. 
The intrinsic conductance is lesser than 1 x 10~7 nS. Care is 
taken to ensure that the only capacitance path is through the 
sample itself, and all signal leads are coaxial and electrically 
guarded. The capacitance measurement is done is a three- 
terminal mode using a General Radio 1621 Capacitance 
Measurement System capable of measuring down to 0.1 aF. 

The capacitance resolution is on the whole better than lppm, 
and the resolution in change in capacitance is less than 8 aF, 
even as estimated in a worst case analysis. This system is a 
powerful technique to establish the signs and magnitudes of the 
electrostriction constants of even low permittivity, low M value 
materials. 

EXPERIMENTAL PROCEDURES 

Materials for Investigation 

The samples used were well characterized single crystals for 
the low-K dielectrics, and ceramic samples characterized by X- 
ray and DTA measurements for the ferroics and the perovskite 
glass ceramics. 

The fluoride perovskite KMnF3 tested was obtained in three 
orientations, <100>, <110> and <111> [5,6]. 

Ferroic materials were chosen keeping in mind the four 
proposed mechanisms for the source of diffuse phase 
transitions. PMN-PT ( type 1, order-disorder effects), PLZT 
(type 2, defect clusters ), BaTixSni-x03 (type 3, graded 
chemical composition), and BaSrxTii_x03 (type 4, pinched 
phase transitions) were the families of ferroics tested [7]. 

The perovskite glass ceramics were a series of Corning 
glasses, variations on a base composition. These were 
composed of 86 wt% ferroic phases, 14 wt% zinc 
aluminosilicate. The ferroic phases consisted of 50% PMN, 50- 
x% BaTi03, and x% modifier. The magnesium aluminosilicate 
analogs of the glasses were also tested. 

The samples were obtained in the form of thin discs 2.3mm in 
diameter , thicknesses varying between 0.78 and 1.1 mm, with 
plane parallel faces. After being polished to optical finishes, the 
crystals were electroded with sputtered gold. Since the 
capacitance changes being measured range from very small to 
fairly large, guard electrodes were inscribed on the sample faces. 

Dielectric Testing and Characterization. 

All samples were characterized dielectrically before 
compressometry tests were performed on them. The dielectric 
constants of the samples were measured at room temperature 
using an HP 4270 LCR meter sensitive to 0. IpF. 

The HP 4270 LCR meter slaved to a microcomputer with a 
furnace attached was then used to measure the temperature and 
frequency characteristics of the capacitance for the perovskite 
glass ceramics. Some typical results are shown in fig. 2. The 
ferroic materials are comparatively well documented, and the 
low-K dielectrics show little variation in the range of 
measurement. 

Differential thermal analysis tests were performed on the 
perovskite glass ceramics to observe the evolution of phases. 
The prominent peaks were an endothermic around 637°C, 
indicating softening in the matrix. An exotherm at 769°C 
corresponds to the crystallization of the PMN-BT ferroic phase. 
This was verified by X-ray diffraction. The next exotherm at 
911°C corresponds to the crystallization of various silicate 
phases, endotherms at 1082°C and 1165°C are thought to 
correspond to melting reactions. The DTA plot for 888VH glass 
ceramic is shown in fig.3. 

Capacitance Measurements Under Stress 

As a check of the compressometry system, the samples were 
then placed in the compressometer stressing cell without any 
load applied, and their capacitances measured using a GenRad 
1621 bridge, which is sensitive to 0.1 aF. The capacitances were 
found to be in good agreement with the HP system 
measurements, within the limits of error for the less sensitive 
HP system. 

A possible source of error was felt to be the effect of sample 
surface roughness or unevenness under stress. Different axial 
orientations of an uneven sample could produce changes in 
capacitance at the aF measurement level unrelated to the 
electrostriction effect. The diamaterical deformation of disk 
shaped samples under stress, in interaction with the friction 
between the sample and the ram extender faces is another source 
for concern, as it might destroy the axial symmetry of loading. 

To check for surface roughness effects,   measurements of 
capacitance changes with different axial orientations for the same 

. sample at low loads ( 0 and 1 kg ) were made, and found to be 
consistent to within 2%, which is acceptable in this range. 

Table 1 : Electrostriction results for ferroics 

Composition 
(with Tmax, °C) 

K (RT, 1kHz) 
) 

Q33 X 10-3 
m4/C2 

FOM x 10-10 
Pa-1 

3%Ca/PMN-PT 
(Type 1, -38) 

3943.5 3.33 1.39 

5%Ca/PMN-PT 
(Type 1, -52) 

3562.6 5.21 2.26 

La/PMN-PT (1/93/7) 
(Type 1, -7) 

12862.6 6.41 13.76 

PLZT (11/65/35) 
(Type 2, 39) 

5876.3 7.04 6.80 

BTS (x=0.87) 
(Type 3, 8) 

10253.4 9.92 17.51 

BST (x=0.35) 
(Type 4, 25) 

25435.3 6.86 33.12 
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Fig. 2 : Dielectric constant and loss vs. Temperature plotted for 
the base composition perovskite glass ceramic 888VE. 

Diametrical deformation effects were checked by using a thin 
mylar film placed between the sample and the plexiglass ram 
extenders to take up any surface unevenness. 

To measure the separated electrostriction of cubic samples, 
KMnF3 for example, <100>, <110>, and <111> oriented 
crystals of 2.3 cm diameter and 0.8 mm thickness were used. 
After dielectric charecterization, they were placed in the 
compressometer cell, and small static loads of up to 4kg mass 
were applied in steps of 0.5 kg on the samples. For the ceramic 
samples, Q33 is measured directly. 

The change in capacitance for each step in load is measured 
during loading and unloading. Since the GenRad 1621 is an 
analog capacitance bridge, capacitance measurement is done by 
iterative balancing of capacitive and loss components of the 
impedance under test, a time-consuming and involved process. 
However, the excellent sensitivity, resolution, and robustness of 
the system compensate for this. 

The two changes are now averaged to give a nett change in 
capacitance. This change AC is now used along with the 
measured baseline capacitance before each loading step to 
calculate AC/C. A plot of this fractional change in capacitance 
versus stress now gives us the factor B; in the compressometry 
equations, for each orientation. This was used as input in 
calculating the separated electrostriction coefficients of the 
materials. 

RESULTS AND DISCUSSIONS 

An analysis of the results for all the samples exhibits a good 
linearity for the AC/C vs. X plots. The sensitivity of the system 
is illustrated in fig.4, showing the low levels of capacitance 
measured for the fluoride perovskite KM11F3. The results for the 
ferroics are shown in fig.5, for comparison. The linearity of 
the capacitance changes on stressing is an important verification 
of the method used, since the premise is that the first converse 
effect is a linear variation. A direct loading scheme at low 
loading (up to 4kg masses ) is thus shown to be acceptable. The 
results for low-K dielectrics have been confirmed by 
interferometric measurements [7]. 
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Fig. 3 : DTA results for a typical perovskite glass ceramic. 

The results for the ferroics are summarized in table 1. A figure 
of merit corresponding to the fractional change of capacitance on 
stressing, dC/CX, is used to evaluate the materials for potential 
stress sensor applications. While the type 3 and type 4 materials 
show highest values, it is felt that the phase transition may not 
be diffuse enough, considering the fact that these materials 
dielectrically almost metastable in the room temparature region. 

The diffuseness of phase transition DPT, here defined as the 
difference in temperatures corresponding to the dielectric 
constant maximum at 1MHz and 1 kHz, ( DPT = A(T max) = 
Tmax(lMHz) - Tmax(lkHz)) was evaluated for PMN based 
relaxors [8]. It is seen that this factor appears to be affected by 
the degree of B-site cation order, and increases with long range 
order in the B-site. 

The temperature coefficient of electrostriction TCE is defined 
as TCE = d(lnx)/dT. This may be approximated as ( Ax/AT x) 
over a small range of 25°C. This decreases with increasing 
cation order in PMN based relaxors. Relaxor materials operating 
in a range around RT would benefit from a low TCE and a large 
DPT. An interesting correlation between these two factors is : 
DPT x TCE ~ 0.22 + 0.03. This correlation helps in directing 
the search for better relaxor materials. Fig. 6 shows the DPT vs. 
TCE relation form PMN solid solutions. Values used in plotting 
this graph are taken from the literature [8,9]. 

For the perovskite glass ceramics, the results are summarized 
in table 2. The electrostriction constants areof the order of 10~2 

• as expected, intermediate between those of the low-K dielectrics 
and the relaxor ferroelectrics with large electrostriction effects. 

Of interest was the fact that a small change in the ceramming 
temperature for Sr-doped glass from 850-900°C produced a 
significant difference in the figure of merit defined before. This 

Table 2 : Perovskite Glass Ceramics -Electrostriction Results 

Glass 
designation, 
modifier, 
Ceramming 
Temp, in °C 

Dielectric 
Constant, 
( RT, 1 kHz) 

Q33 
( m4/C2) 

dC/CX 
(xlO-15 Pa"1) 

888VE,(Base) 900 296.8 0.079 0.96 
888YT, Ta,900 369.34 0.055 4.13 
888ZG, Cd, 900 287.7 0.042 3.25 
888ZF, Sr, 850 273.2 0.083 3.85 
888ZF, Sr, 900 438.41 0.064 6.16 
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led us to investigate the effect of increasing Sr substitution on a 
series of glasses, from 1% to 5%. However, the maximum 
electrostnctive effect was seen around 1.25%, and dielectric 
properties decreased with further substitution. It would thus 
appear that only small amounts of SrTi03 are beneficial. 

The large number of phases present in these materials make an 
exact separation of electrostrctive contributions complex. An 
effort is under way to track both batch compositions and the 
volume fraction composition to better correlate the effect with 
different crystallite sizes nucleated in these samples. 

CONCLUSIONS 

The above initial investigations have shown that the technique 
of compressomety is a reliable and accurate procedure to 
investigate electrostnctive properties over a wide range of 
materials and magnitudes. The electrostriction phenomenon 
assumes further importance when we realize that commercially 
popular piezoelectric materials are in effect polarization biased 
electrostnctive systems. A system capable of investigating this 
effect is of value in both theoretical and application-oriented 
investigations. Future efforts are towards tracking this 
phenomenon through the phase transition to improve our 
understanding of both electrostriction and the nature of the 
transition. 
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Abstract - This work presents the experimental 
characterization of 8/65/35 PLZT subjected to stress and 
electric field loading above the coercive field. Strain vs. 
electric field and electric displacement vs. electric field 
hysteresis loops as well as stress vs. strain and stress vs. 
electric displacement are measured. The limitations of 
linear constitutive modeling and the limitations of large 
strain ferroelectrics as actuator materials are examined. 
The results indicate a stress vs. strain curve that clearly 
shows the "yield" or ferroelastic switching stress is an 
important criteria for assessing the capability of actuator 
ceramics. A low threshold of ferroelastic switching means 
the piezoelectric effect is easily clamped. 

I. INTRODUCTION 
This work presents the results of an experimental 
investigation of the electro-mechanical behavior of 8/65/35 
PLZT (8at% La, 65 lead zirconate, 35 lead titanate). 
Jaffe, Cook, and Jaffe1 provide a review of ferroelectric 
ceramic materials. Ceramic PZT is produced by high 
temperature sintering an agglomerate of ferroelectric 
crystallites. Diffusion of material at the boundaries of the 
crystallites results in densification followed by grain 
growth. When densification is complete, and grain growth 
has progressed sufficiently to give the desired 
microstructure, the ceramic is cooled. As the temperature 
cools through the Curie temperature, the single crystal 
grains undergo a diffusionless structural transition from a 
paraelectric (cubic) to a ferroelectric (tetragonal, 
orthorhombic, or rhombohedral depending on material 
and composition) state. 

Figure la shows the high temperature cubic and the 
room temperature tetragonal forms of lead titanate. This 
ABO3 perovskite contains an A+2 ion at each corner of the 
unit cell, a B+4 ion at the center of the unit cell, and an 0" 
2 ion at the center of each face. The tetragonal unit cell 
has an ionic dipole moment due to displacement of the 
central Ti+4 ion relative to the surrounding O-2 ions. The 
polarization is, by definition, the dipole moment per unit 
volume. The coupling between strain and electric field is 
a consequence of this polar structure. 

Under small loads the polarization of the unit cell can 
undergo a reversible change in one of two ways: 1. An 
applied stress deforms the crystal structure. This 
changes the a/c ratio, resulting in a relative displacement 
of the positive and negative ions, and 2. An applied 
electric field changes the relative displacement of the 
positive and negative ions. This also changes the a/c 
ratio, inducing deformation of the crystal structure. 
These linear effects are the direct and converse 
piezoelectric effects2. In addition to this coupling between 
strain and polarization, there is an elastic and a dielectric 
effect. These effects are linear at small loads. 

Energy considerations lead to coupled linear 
constitutive laws3 written, with stress and electric field as 
independent variables, as 

eij = smiakl+dijnEn 
Dm=dklmakl+£mnEn 

(1) 

(2) 

where ejj=strain, Sjjki=elastic compliance, <jjj=stress, 
dijk=piezoelectric coefficient, En=electric field, Dm=electric 
displacement, emn=dielectric permittivity, indices vary 
from 1 to 3, and summation on repeated indices is 
implied. 

Ferroelectric switching occurs when an applied electric 
field exceeds the coercive field and thus moves the central 
ion to another of the six off center tetragonal sites. This 
changes the direction of polarization to that most closely 
aligned with the electric field (see Figure lb). Similarly, 
ferroelastic switching occurs when a sufficiently large 
compressive stress squeezes the unit cell towards a cubic 
state. This causes the central ion to move to one of the 
side sites at 90° (see Figure lc), changing the direction of 
polarization to that most closely aligned perpendicular to 
the stress. The switching process is not homogeneous. It 
occurs by twin boundaries (domain walls) sweeping 
through the crystal. The switching process is also non- 
linear and is not described by the linear approximation of 
the constitutive laws stated as equations 1 and 2. 

Cubic 

• Ti +4 
O O -2 

%    Pb    +2 

Tetragonal 

d 
*-0    -Q 

E P 

V-.A 
*\\\\ 

•U>tp A-JLLP. 

1111 
Figure 1. a. The high temperature cubic and low 
temperature tetragonal forms of lead titanate, an ABO3 
perovskite type oxide. The low temperature tetragonal 
structure has a spontaneous polarization given by the 
dipole moment per unit volume, b. A 180° switch in the 
direction of polarization is induced by an electric field 
above the coercive field, c. A 90° switch in the direction of 
polarization is induced by a compressive stress above the 
coercive stress. 
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In this work, PLZT is first polarized by application of 
an electric field in excess of the coercive field, thus 
aligning the polarization of each of the grains. The field is 
cycled positive and negative and the strain and electric 
displacement are recorded. The electric displacement is 
measured as the charge per unit area on the electrodes. 
The PLZT is next subjected to compressive stress parallel 
to the polarization. The high magnitude uniaxial stress 
changes the polarization of the ceramic by 90° 
switching4.5.6.7.8 resulting in a non-linear stress vs. strain 
curve. The switching behavior and the resulting non- 
linearities have been modeled using a Preisach 
criterion9.10. This model reproduces the shape of the 
observed hysteresis curves under both electrical and 
mechanical loading. 

H.      EXPERIMENTAL PROCEDURES 
A       Materials and Specimen Preparation 

The material chosen for this study is a hot pressed 
lanthanum doped lead zirconate titanate (Aura Ceramics). 
This material comprises an 8 at% lanthanum substitution 
in a 65 at% lead zirconate 35% lead titanate solid 
solution, denoted 8/65/35 PLZT, with a 5 /im grain 
diameter. This composition is very near a rhombohedral- 
tetragonal morphotropic boundary13. Table 1 lists the 
material properties. This material is ferroelectric at room 
temperature, displays a symmetric electric displacement 
vs. electric field hysteresis loop, and a corresponding 
symmetric butterfly shaped strain vs. electric field 
hysteresis loop. 

Samples are cut to 10 mm cubes, polished, and 
electroded with sputtered Au/Pd. 

B.       Testing and Measurements 
1. Stress and Electric Field Loading 
Figure 2 shows the loading arrangement. The sample 

is first subjected to electric field and then to uniaxial 
stress loading. The silicone oil bath prevents high voltage 
arcing. The sample is isolated from the test frame by two 
alumina blocks, one on top and one on bottom.  A servo- 

Force 

Alumina Spacer 

Strain Gauges 
PLZT Sample 

Oil Bath 

Alumina Spacer 

Q=CV 

Figure 2. Schematic of the electro-mechanical loading 
system. The sample is immersed in an oil bath. A 
servohydraulic test frame applies a force that is 
monitored by a load cell. A high voltage amplifier applies 
an electric field. Strain and electric displacement are 
monitored during the test. 

hydraulic test frame (Material Test Systems) applies the 
compressive stress and a high voltage amplifier (Trek 
Inc.) applies the electric field. 

2. Instrumentation 
a. strain Longitudinal and transverse strain gauges 

are bonded to the center of one face to measure the strain 
parallel Qongitudinal) and perpendicular (transverse) to 
the polarization direction. The strain gauges are 
connected to a wheatstone bridge that is balanced with 
the material in the as cooled, not polarized, state. This 
gives a natural reference state for the strain 
measurements. 

b. stress A 100 kN load cell mounted on the test frame 
monitors the force applied to the sample. 

c. electric displacement The charge that flows to and 
from the sample's electrodes is measured by monitoring 
the voltage on an 8 (iF capacitor connected from the 
bottom of the sample to ground. The charge per unit area 
on the electrodes is equal to the normal component of the 
electric displacement. The capacitor is temporarily short 
circuited in the as cooled, non polarized, state. This gives 
a natural reference for the electric displacement 
measurements. 

d. electric field A high voltage triangle wave (± 8 kV at 
0.02 Hz)) is applied to the upper sample electrode. 

HI. EXPERIMENTAL RESULTS AND DISCUSSION 
The experimental results are presented in Figure 3 A 

through F. The linear effects are shown on these plots, 
making the limitations of linear analysis graphically 
clear. These plots are discussed in sequence in this 
section. 

A. Electric Displacement-Ds vs. Electric Field-Es 
The electric displacement vs. electric field is shown in 

Figure 3A. The amplitude of the cyclic electric field is 
slowly increased until the full hysteresis loop shown in 
Figure 3A develops. At point A the electric field is zero 
and the sample has remanent polarization of+0.25 C/m2. 
A negative electric field (opposite the direction of 
polarization) is applied. At point B, the electric field has 
reached the coercive field, 0.36 MV/m. Here the direction 
of polarization of the sample begins to switch. At point C 
the polarization has reversed and is now aligned with the 
negative electric field. The electric field is reduced to zero 
at point D. The remanent polarization is now -0.25 C/m2. 
A positive electric field (opposite the present direction of 
polarization) is now applied. When the electric field level 
reaches the coercive field at point E, the polarization 
again begins to switch. At F, the polarization is in the 
original direction and is aligned with the present positive 
electric field. The electric field is reduced to zero and the 
material returns to point A. 

When the sample is in the polarized state at either 
point A or D, the electric displacement is linearly 
proportional to small changes of electric field. This linear 
dielectric effect is described by equation 2 which, at zero 
stress, gives 

L\ = £33S3 (3) 

Equation 3 is fairly accurate in the range of-0.1 MV/m 
< E3< + 0.2 MV/m. Outside of this range, non-linear 
effects must be considered. The slope in Figure 3A gives a 
relative   permittivity   of  e33/e0=6356,   where   the 
permittivity of free space is e0=8.85 x 10-12 farad/m 

B. Strain-e33 vs. Electric Field E3 
The strain is monitored simultaneously with the 

electric displacement and is plotted in Figure 3B.   The 
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strain and electric field are initially at the point (0,0) 
toward the bottom center of Figure 3B. As the amplitude 
of the cyclic electric field is increased, the hysteresis loop 
shown in Figure 3B eventually develops. At point A the 
material has remanent polarization and remanent strain, 
both positive. The lettered points in Figure 3B correspond 
to the same letters in Figure 3A. When a negative electric 
field is applied, the ions in the crystal structure 
experience a force that moves them toward a cubic state. 
This distorts the structure toward that of the unpoled 
ceramic. When the coercive field is reached at point B, 
the direction of polarization begins to switch. The 
negative strain is due to 90° switching as shown in Figure 
1C. (Remember the zero strain state is the unpoled state, 
a quasi-cubic state. When 90° switching has collapsed the 
structure, the strain is negative.) After the polarization 
has switched to the direction of the applied electric field, 
the electric field acts to stretch the unit cell, giving a 
positive strain at point C. When the electric field is then 
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Figure 3. Experimental results for 8/65/35 PLZT: A. 
Electric displacement vs. electric field hysteresis loop. B. 
Longitudinal strain vs. electric field butterfly hysteresis 
loop. C. Transverse strain vs. electric field butterfly 
hysteresis loop. D. Point by point calculated strain ratio 
plotted as a function of electric field. E. Stress vs. 
longitudinal strain for the poled sample. F. Stress vs. 
transverse strain for the poled sample. G. Stress vs. 
electric displacement during the stress cycle. H. Point by 
point strain ratio during the stress cycle. 

reduced to zero, the remanent strain at point D coincides 
with that at point A but the remanent polarization is 
negative. Now, as a positive electric field is applied to the 
negatively polarized material, the ions in the crystal 
structure again experience a force that move them toward 
a cubic state. The coercive field is reached at point E, and 
the polarization has completely switched direction again 
at point F. The electric field is reduced to zero and the 
material returns to point A with positive remanent 
polarization and remanent strain. 

When the material is in the polarized state, the strain 
is linearly proportional to small changes in electric field at 
zero stress. In this case, equation 1 reduces to 

e33 = ^333^3 (4) 

The slope of the strain vs. electric field curve in Figure 
3B is the linear piezoelectric coefficient d333. The slope in 
gives d333=1188 x 10"12 m/V 

C. Strain-en vs. Electric Field-E3 
The transverse strain vs. electric field is shown in 

Figure 3C. This strain vs. electric field hysteresis loop is 
approximately -1/2 of the loop shown in Figure 3B. Again, 
at small electric field the strain is linearly proportional to 
the applied electric field at zero stress. In this case 
equation 1 reduces to 

en = dii3J$3 (5) 

The slope of the strain vs. electric field curve in Figure 
3C is the linear piezoelectric coefficient dn3. Figure 3C 
gives dn3=-590 m/V. Note d3n=-0.5d333. 

D. Strain Ratio-e a I ezs vs. Electric Field E3 
The negative ratio of transverse to longitudinal strain 

is plotted in Figure 3D as a function of applied electric 
field. This ratio is approximately 0.5, indicating the 
switching process conserves volume. The large excursions 
away from 0.5 occur when the transverse strain passes 
through zero. It is interesting to note that the volume of 
the material appears to increase slightly as the electric 
field drives the material toward a cubic state. This is 
indicated by a strain ratio greater than 0.5 on the linear 
portion of the curve in figure 3D. 

E. Stress-033 vs. Longitudinal Strain-e33 
The polarized ceramic is next subjected to compressive 

stress. The resulting stress vs. longitudinal strain plot is 
shown in Figure 3E. The material starts at zero stress 
with remanent strain of the fully polarized ceramic. See 
Figure 3B. As the stress magnitude is increased, there is 
initially a substantial reduction in the tangent modulus. 
This is caused by stress induced 90° switching. At -80 
MPa the switching is nearly complete and the modulus 
appears linear elastic. The stress is unloaded to zero and 
the final strain is negative relative to the unpoled state. 
Linear elastic effects are described by equation 1 at zero 
electric field which, under uniaxial stress loading reduces 
to 

C33 = s3333°33 
(6) 

The slope in Figure 3E is the Young's modulus, the 
inverse of the compliance. For this material, equation 6 is 
only valid to compressive stress levels of about 7 MPa. 
Compressive stress higher than this results in 
depolarization, placing a severe limitation on this PLZT 
as an actuator material. The slope of the curve in Figure 
3F gives a compliance of S3333=14.7 x 10'12 m2/Nt. This 
corresponds to a Young's modulus of Y3=68 GPa. 
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The stress vs. strain curve shown in Figure 3E is a 
classical shape memory effect. Stress induces a 
permanent change of strain via 90° switching. A 
subsequent application of electric field re-polarizes the 
material, returning the strain to its initial value (with the 
caveat that repeated switching results in fatigue crack 
growth). 

F. Stress-033 vs. Transverse Strain-en 
The stress vs. transverse strain curve in Figure 3F is 

similar to the stress vs. longitudinal strain curve in 
Figure 3E. The initial slope relating the stress to the 
transverse strain is the inverse of the compliance S1133. 
For this case of uniaxial stress loading at zero electric 
field, equation 1 reduces to 

cll = s1133°33 (7) 

The slope of the curve in Figure 3F gives a compliance 
of sii33=-7 x 10"12 m2/Nt. 

G. Stress-033 vs. Electric Displacement^ 
The Stress as a function of electric displacement is 

shown in Figure 3G. The initial electric displacement is 
equal to the remanent polarization. See Figure 3A. The 
slight reduction in polarization from the remanent 
polarization seen in Figure 3A is due to the aging effect. 
The shape of this curve is similar to the stress vs. strain 
curve. The non-linear portions of each curve are the 
result of 90° switching. As the material switches, there is 
a large strain change and a large electric displacement 
(polarization) change. 

The initial slope of the stress vs. electric displacement 
curve corresponds to the converse piezoelectric effect. 
Thermodynamics tells us the inverse of this slope should 
be the same as the slope of the strain vs. electric field 
curve in Figure 3B. For small magnitude uniaxial stress 
loading at zero electric field, equation 2 reduces to 

■P3 = d333°33 (8) 

The slope of the curve in Figure 3G gives 0333=1180 x 
10-12 C/Nt (or m/V). It is apparent from the curve that 
this linear approximation is only valid to stress levels of 
about 7 to 10 MPa. 

H. Negative Strain Ratio -en Ie33 vs. Strain e33 
The strain ratio is calculated point by point from the 

data of Figures 3E and F and plotted against the 
longitudinal strain 633. This allows a direct comparison 
with the stress cycle shown in Figure 3E. As stress is 
initially applied, the strain ratio is almost 0.5, indicating 
a constant volume switching process. The upward and 
downward excursions are the result of the transverse 
strain passing through zero. At high stress most of the 
switching has stopped. At this point the strain ratio is 
about 0.38. The material has undergone a transition from 
switching induced strain to elastic strain. 

VI. CONCLUDING REMARKS 
This paper presented an experimental study of the 

non-linear response of 8/65/35 PLZT at room temperature. 
The non-linear behavior was compared with the linear 
approximations to demonstrate the range of validity of 
linear assumptions. The linear equations are only valid 
through a narrow range of the material response. 

Stress vs. strain curves should be considered when 
assessing candidate materials for actuator applications. 
8/65/35 PLZT has an extraordinarily large piezoelectric 
coefficient, yet is a very poor candidate for actuator 
applications. The material just can't push very hard and 
thus will not operate under high load. There is an 
additional problem with this material as an actuator. It is 
a relaxor, and thus its response is temperature and 
frequency dependent. Raise the temperature 10°C and it 
will depole at 2 MPa. Raise the temperature 50°C and it 
will spontaneously depole. Measure d333 quasi-statically 
and it is 1188, but measure it at 10 KHz and it is only 
640. 
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Incommensuration in "Dirty" Antiferroelectrics 

Z. Xu, Xunhu Dai, and Dwight Viehland, Department of Materials 
Science and Engineering, University of Illinois, Urbana, Illinois 61801 

Antiferroelectric lanthanum-modified lead zirconate titanate 
(PLZT) specimens with a La-content of 2 at.% and a Zr/Ti ratio of 
95/5 (PLZT 2/95/5) have been investigated by dielectric spectroscopy, 
Sawyer-Tower polarization (P-E) measurements, and hot-stage 
transmission electron microscopy (TEM). La "impurities" have been 
found to induce a l/x[110] incommensurate structure from the 
commensurate antiferroelectric orthorhombic (AFE0) PbZr03 (PZ) 
structure. The incommensurate structure was found to be stable below 
the temperature of the dielectric maximum, evolving slowly with 
decreasing temperature towards the commensurate AFE0 PZ structure. 
The incommensuration is believed to arise due to a competition 
between "broken" dipolar (ferroelectric) and sublattice 
(antiferroelectric) interactions. 

I. Introduction 
The antiferroelectric phase region of the PLZT crystalline 

solution series has previously not been investigated, except for the 
early studies by Haertling [1]. In fact, the effect of "impurities" on 
antiferroelectricity has not yet been studied. Recently, 
incommensuration has been observed in Sn-modified lead zirconate 
titanate ceramics, Pb(0.98)ND0.02[(Zrl-x-Snx)l-yTiyll-zo3 (PZST 
x/y/2). l/x[110] incommensurate reflections were observed in selected 
area electron diffraction (SAED) patterns on cooling below the 
temperature of the dielectric maximum (Tmax) for PZST 43/8/2 and 
42/4/2 specimens. The modulation wavelength of the incommensurate 
structure (X) was found to become temperature independent on 
cooling below ~100°C, indicating a pinning into long-lived metastable 
states [2]. At significantly lower temperatures, an incommensurate- 
commensurate transformation was observed [3]. The low temperature 
commensurate state was isomorphous with antiferroelectric 
orthorhombic (AFE0) PbZr03 (PZ). Compositional heterogeneity 
("impurities") was suggested to be responsible for the 
incommensuration. 

In this paper, we report the effect of "impurities" on 
antiferroelectricity. La "impurities" have been found to induce 
incommensuration in (Pbi-XLax)(Zro.95TiO.05)03 for x=0.02 
(PLZT 2/95/5). 

II. Experimental Procedure 
Studies were performed by hot-stage transmission electron 

microscopy (TEM), dielectric spectroscopy, and Sawyer-Tower (P-E) 
polarization techniques. Polycrystalline specimens were prepared by a 
mixed-oxide method from high purity (>99.9%) PbO and Zr02 
powders. Discs were prepared by hot pressing at 1150°C for 2 hours 
and a subsequent post-annealing at 1300°C for 2 hours in a PbO-rich 
environment. Dense specimens were obtained, which were second 
phase free to x-ray diffraction. The TEM studies were done on a 
Phillips EM-420 microscope operating at an accelerating voltage of 
120 kV, using a double tilt hot-stage. Electron diffraction patterns 
were obtained along the <001> as a function of temperature. 
Temperature dependent complex dielectric permittivity measurements 
were made by a Hewlett-Packard 4284A inductance-capacitance- 
resistance (LCR) meter in conjunction with a Delta Design W15 test 
chamber at a heating rate of 4°C/min. 

III. Results and Discussion 
The complex dielectric response for PLZT 2/95/5 is shown in 

Figure 1. A maximum dielectric constant of 4500 is evident near 
220°C. A secondary anomaly was observed near 120°C on heating 
and near 90°C on cooling. Temperature dependent P-E investigations, 
illustrated in Figures 2(a)-(f). indicate that both the lower and 
intermediate temperature states are antiferroeletric. At 25°C (Figure 
2(a)), a spontaneous polarization could not be induced for field 
strengths in excess of 3 kV/mm. Nonlinearities in the P-E behavior did 
not become evident on heating until near 175°C (Figure 2(b)), 
however saturation was not achieved until temperatures above 190 C 
(Figure 2(c)). In this temperature range (175-190°C), phase switching 
from antiferroelectric to ferroelectric states can clearly be seen. The P- 
E behavior in this temperature range (25-190°C) clearly shows that 
the secondary dielectric anomaly reflects an antiferroelectnc- 
antiferroelectric transformation. On further increment of the 
temperature for 2/95/5 (Figures 2(d)-(f)). the double hysteresis loop 
characteristics of the P-E curves became less pronounced. At 215°C, 
no evidence of antiferroelectricity was observed. 

<001> SAED patterns for 2/95/5 at various temperatures are 
illustrated in Figures 3(a)-(f). 1/4<110> superlattice reflections are 
evident at room temperature (Figure 3(a)) which posses strong 
streaking along the <110>. On increasing the temperature to 90 C 
(Figure 3(b)), the 1/4<110> reflections became split along the <110> 
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Figure 1.    Dielectric Constant and loss factor of PLZT 2/95/5. 

W 25°C (b) 175°C 

^Zs^ 
/"> 

*■ 

(c) 190°C v- (d) 210°C 

/< 
v> 

V t V 
// // 

> 

/ / r 
(e) 215°C 

'/ 
// 

-^ 

(0 230°C 

-4-2       0        2        4-4-2       0        2 

Electric Field (kV/mm) 

Figure 2. Dielectric hysteresis measurements of PLZT 2/95/5 at 
various temperatures, (a) 25°C, (b) 175°C, (c) 190CC (d) 
210°C, (e) 215°C, and (f) 230°C. 

Figure 3. <001> SAED patterns for PLZT 2/95/5 at various 
temperatures, (a) 25°C, (b) 90°C, (c) 115°C, (d) 175°C, (e) 
225°C, and (f) 325°C. 
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into multiple incommensurate reflections, indicating an intermediate 
state which is characterized by an intergrowth of structural 
modulations as will be shown later by high resolution lattice images. 
In addition, the degree of <110> streaking was decreased relative to 
room temperature. At 115°C (Figure 3(c)), no evidence of 1/4<110> 
reflections was observed. Rather, l/x[l 10] incommensurate reflections 
were apparent. These results clearly reveal that an incommensurate- 
commensurate transformation occurred between 90 and 115°C. 
Dielectric spectroscopy revealed an anomaly in this temperature 
range, which most probably reflects the transformation. However, 
local regions of incommensuration were even found at room 
temperature, indicating that the transformation is diffuse. With 
increase of temperature to 175°C (Figures 3(d)), the position of the 
incommensurate reflection can be seen to become closer to the main 
reflection, indicating X increases with increasing temperature. In this 
temperature range, the stability of the antiferroelectric state is 
decreasing, as evidence by the decrease in the coercive field in the P-E 
investigations. Upon heating to 225°C, no incommensurate reflections 
were evident, as shown in Figure 3(e). Rather, diffuse 1/2<110> 
superlattice reflections were present in the SAED patterns. Diffuse 
1/2<110> reflections remained visible in the SAED patterns above 
325CC (Figure 3(0). The 1/2<110> superlattice reflections may reflect 
ferroelectric tendencies. Metastable orthorhombic ferroelectric 
tendencies have previously been suggested by Fesenko et al. [4] by 
phcnomenological predictions and by Tanaka and Saito [5] from 
symmetry considerations of convergent beam electron diffraction 
patterns. 

Lattice imaging of commensurate and incommensurate 
reflections revealed the existence of domain-like striations. Figures 
4(a) and (b) illustrate <001> lattice images taken from a 
commensurate reflection at low and high magnifications, respectively. 
Bright and dark fringes of various widths can be seen in Figure 4(a), 
indicating an intergrowth of structural modulations of different 
periodicities along the <110>. The periodicity corresponded to the 
modulation wavelength calculated from the <001> SAED pattern. An 
intergrowth of structural modulations with different periodicities can 
be more clearly seen in the high resolution lattice image given in 
Figure 4(b). Structural modulations of various periodicities are 
indicated by arrows. This intergrowth of structural modulations is 
responsible for the <110> streaking observed in the SAED patterns. 
The <001> SAED patterns always exhibited streaking along the 
<110>, whenever intergrowth of structural modulations along the 
<110> were observed in the lattice images. This indicates that the 
intergrowth results in internal strain along the <110>. Similar <001> 
SAED patterns and intergrowth phenomena have been observed in 
antiferroelectric PZST [3]. The lattice image corresponding to the 
incommensurate reflections, shown in Figure 4(c), revealed no 
intergrowths of periodicities between fringes, but rather the spacing 
between fringes was uniform and incommensurate with the lattice. 
Correspondingly, only very weak streaking (if any) was observed in 
the SAED patterns. 

Incommensuration is generally believed to arise due to 
competing interactions which favor different structures. On the 
antiferroelectric side of the Pb(Zri-yTiy)03 (PZT) phase diagram 
(y<0.05), antiferroelectric and ferroelectric phases are known to be 
very close in free energy. Consequently if impurites interrupt the 
translational invariance of the long-range ordered state, a competition 
between "broken" dipolar interactions (associated with ferroelectric 
tendencies) and the sublattice interactions (associated with 
antiferroelectric tendencies) may develop. This competition could, 
then, result in incommensuration of the polar order in "dirty" 
antiferroelectric materials. Some similarities between incommensurate 
antiferroelectrics and relaxor ferroelectrics should be evident, i.e., 
"impurities" interrupt long-range order. However, "impurity"-driven 
incommensuration does not result from a complete disruption of the 
antiferroelectric order as La-contents as low as 2 at.% were found to 
result in incommensuration, whereas a complete disruption of the 
ferroelectric order is required to establish the nanopolar domain state 
of relaxors. 

IV. Conclusions 
Two important conclusions can be drawn from this work. (1) 

Impurity-induced incommensuration has been observed for the first 
time in antiferroelectric orthorhombic PZT. Incommensuration was 
found to appear near the temperature of the dielectric maximum on 
cooling. Near room temperature, an incommensurate-commensurate 
transformation was observed. (2) Incommensuration is believed to 
result from a competition between "broken" dipolar interactions 
(favoring ferroelectric ordering) and sublattice interactions (favoring 
antiferroelectric ordering). This indicates that the coupling between 
the polar order parameter and incommensuration is proper. 
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Figure 4.    Lattice images of PLZT 2/95/5 at (a) low magnification 
and (b) high magnification. 

The results presented in this paper near conclusively 
demonstrates that incommensuration is induced in Pb-based 
perovskites by impurities. Incommensuration is not observed in AFE0 
PbZr03 or any undoped Pb-based antiferroelectric. In consideration 
that identical l/x<110> incommensurate reflections and <110>- 
oncntated domain-like striations have previously been reported bv 
several of the authors in PZST 42/4/2 and 43/8/2, we believe that 
incommensuration may be a common feature of impure and/or 
compositionally inhomogeneous antiferroelectrics which has 
previously eluded investigators. One question which must be answered 
is what drives the formation of an incommensurate region between the 
paraelectnc and the commensurate antiferroelectric orthorhombic 
states. 
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Field-Induced Piezoelectric Materials For 100 kHz-10 MHz Transducer Applications 
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Abstract- Several electrostrictive materials were investigated as 
candidates for high frequency transducer applications. Families 
investigated included (l-x)Pb(Mg1/3Nb2/3)03-(x)PbTi03 and PLZT 
relaxors, and Sr- and Sn- substituted BaTi03 normal ferroelectrics. The 
field dependent dielectric, piezoelectric and elastic properties were 
characterized at frequencies between 100 kHz and 5 MHz. The large 
magnitude and E-field tunability of the electromechanical and elastic 
properties observed in several of the materials may present 
opportunities for several new transducer applications, such as 
biomedical imaging and non-destructive evaluation. 

INTRODUCTION 

The usage of piezoelectric ceramics for transducer and actuator 
applications has increased rapidly in the past decade. Currently, 
conventional piezoceramics are employed in many mature applications, 
such as sonar, welding and buzzers. Several families of electrostrictive 
materials have been investigated for emerging actuator and transducer 
applications such as micro-positioning and biomedical imaging. [1,2] 
Desirable performance criteria for selecting materials for transducer 
applications include large and reproducible induced piezoelectric 
coefficients, low losses, rapid response time and a wide operating 
temperature range 

The primary criteria, to induce a large piezoelectric effect, can 
be achieved by selecting materials in which a large polarization can be 
produced by the application of an external electric field. The 
piezoelectric charge coefficient djjk is defined as follows: 

dijk = 2 Xmk EoQijmn Pn (Eqn J) 

Table I. Comparison of selected properties between piezoelectric and 
electrostrictive materials [3] 

where    X^Q, _mk'Vijmn> and   Pn    are   the    dielectric    susceptibility, 
electrostrictive coefficient and total polarization, respectively. 

Electrostrictive materials offer several other advantages over 
piezoceramics for transducer applications. These are compared in 
Table I. [3,4] The field dependence of the dielectric, piezoelectric and 
elastic properties allows the tuning of the electromechanical coupling 
ky and mechanical Q. Also, the induced electromechanical coupling 
vanishes upon removal of the electric field, reducing spurious noise, 
which is important in several transducer applications. 

Several material families, solid-solution forming systems having 
prototype perovskite structures in the paraelectric phase, have been 
selected as potential candidates for electrostrictive transducer 
applications. The polarization change mechanisms and general electric 
field-polarization relations have been classified elsewhere by Cross.[5] 
Sr substituted barium titanate (Bai_xSrx)Ti03 normal ferroelectrics 
were selected for several reasons: the sharp phase transition; larger 
values of Kj,,^ compared to BaTi03; the ability to controllably shift 
the Curie temperature Tc downwards; and the extensive investigation 
of the piezoelectric and electrostrictive effects in BaTi03.[6] Values 
for the field-induced coupling factors k33 and kp were -0.5 and 0.3, 
respectively, at temperatures near Tc. 

Sn-substituted barium titanate Ba(SnxTii.x)03 ferroelectrics 
exhibit "pinching" of the phase stability regions of the rhombohedral, 
orthorhombic, tetragonal and cubic phases, produced by compositional 
heterogeneity. [7] Large permittivities (IC,^ > 25,000 at 1 kHz) have 
been reported along with a linear strain-electric field response and 
large induced piezoelectric coefficient (d33 -650-750 pC/N) at lower 
E-field levels (< 5kV/cm).[8] 

Parameter Piezoelectric Electrostrictive 
(Relaxor-based) 

Strain/Field dependence Linear Non-linear 

Field-induced strains >0.1% >0.1% 

Hysteresis Larger (5-30%) Minimal (< 5%) 

Switching speed (us) Slower (1->10) Faster (0.1-10) 
Transition temperature 
(i.e., operating range) 

Higher Tmax LowerTmax 

Frequency dependence Small Larger 

Dielectric Properties Kmax 1,000-4,000 Kmax 15,000-30,000 

Electromech. props. Large, rel. E-field 
independent 

Large, Adjustable 

Pind'dij^^ffcco) 
Aging (%/time decade) Large (0.5-2.5) Smaller (0-0.5) 

Two relaxor ferroelectric families, lead magnesium niobate- 
lead titanate (l-x)Pb(Mg1/3Nb2/3)03-(x)PbTi03 (PMN-PT) and La- 
doped lead zirconate-titanate Pbj_xLax(Zrj_y Tiy)i.x/403 (hereafter 
referred to as PLZT) were selected due to the large polarizations and 
maximum permittivities, broad anomaly in the dielectric response, and 
anhysteretic strain-electric field behavior available over a broad range 
of temperatures reported. [9] The breadth of the micro- to macro- 
polar transition region, described by AT = Tm3Y - Tj, gives an 
indication of the operating temperature range for potential devices. 

In PMN, the transition temperature Tn^ and depolarization 
temperature Tj increase with increasing PT content. [10] The 
maximum dielectric permittivity Kmax was observed to increase with 
increasing PT content up to values of x~0.30-0.33, achieving levels 
>30,000 (@ 1 kHz).[10] The maximum dielectric loss is -0.10 at 1 
kHz and decreases rapidly to values < 0.01 at temperatures ^„j^. 
The diffiiseness of the transition and AT were observed to decrease 
with increasing PT content, exhibiting a sharp dielectric transition for 
values of x>0.33.Theseobserved effects indicate a change in the relaxor 
nature with increasing additions of a normal ferroelectric. 

Large and adjustable E-field induced piezoelectric coefficients 
in PMN-PT ceramics at lower frequencies (i.e., < 200 kHz) have been 
previously reported.[11] At the higher frequencies of interest in this 
study, Takeuchi reported field-induced thickness coupling factor kt 

values of 0.45 for 0.91PMN-0.09PT ceramic specimens, measured at 
7.5 MHz.[2] 

PLZT compositions near the MPB have been extensively 
studied for electrooptic applications.[12] The broad dielectric 
transition, large permittivities (K^^'s -4,000-11,000), and large 
polarizations (>30 uC/cm2) indicate the potential for a large field- 
induced piezoelectric effect over a broad temperature range. With 
increasing La content, Kmax decreases, the transition broadens, and 
Tmax and Td are shifted to lower temperatures. Of interest for 
actuator and transducer applications, anhysteretic field-induced strains 
-2-5.4 xlO'3 have been reported by several investigators for x/65/35 
compositions with x=0.07-0.11.[12] 

In this study, several compositions in each of the families were 
processed. The field dependent dielectric, piezoelectric and elastic 
properties were evaluated at frequencies between 100 kHz and 5 MHz 
and at temperatures in the various polarization regimes of interest. 
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EXPERIMENTAL 

Powders were prepared using reagent grade oxides and 
processed using conventional mixed oxide techniques described 
elsewhere. [3] Batches with the following compositions were 
processed: (Ba1.xSrx)Ti03 with x=0.175, 0.20, 0.25, 0.30; Ba(Ti,. 
xSnx)03 with x=0.10, 0.13; (l-x)PMN-(x)PT with x=0.07, 0.10, 
0.125, 0.15; PLZT x/65/35 with x=8, 9, 9.5, 10 and 11%. For PMN- 
PT powders, the columbite precursor method was utilized to maximize 
perovskite formation. [13] PMN-PT and PLZT compositions were 
calcined for 4 hours at 700°C and 875°C, respectively. BST and BTSn 
compositions were calcined at 1225-1275°C for 4 hours. X-ray 
diffraction analysis was used to ensure proper phase formation. For 
PMN-PT specimens, pyrochlore content measured using XRD was 
less than 3%. Disks with 1.27 and 2.54 cm diameters were pressed at 
150 MPa. 

"PMN-PT and PLZT disks were sintered for 2 hours at 1150- 
1200 °C and 1275 °C, respectively. BST and BTSn discs were 
sintered on Zr02 setters at 1350-1375 °C for 2-4 hours. Weight loss 
and geometric densities were calculated. Specimens were precision 
lapped to 0.5 mm thickness to produce a dilatational thickness mode 
resonance -4.5-5 MHz. Au was sputtered, thickness -1500Ä ,on the 
major faces for electrodes. 

Dielectric property measurements included characterization of 
the field and temperature dependence of the relative dielectric 
permittivity and dielectric loss, performed over the frequency range 
from 0.1 kHz to 100 kHz using capacitance bridges (HP 4274 and 
4275) and from 1 to >5 MHz using complex impedance data obtained 
from an impedance analyzer (HP3577A). In addition, the polarization 
versus electric field and pyroelectric behavior were examined and 
compared between families, using a Sawyer-Tower circuit, and the 
static Byer-Roundy technique, respectively. 

High frequency field-induced electromechanical coupling 
factor were obtained from measurements of the series (fs) and parallel 
(fp) resonances, performed using a HP3577A network analyzer with 
HP35677A S-parameter test set configured for a one-port input 
reflection technique. Typical applied d.c. bias levels used for the 
measurements were between 1 and 15 kV/cm. The radial coupling 
factor kp was calculated using a polynomial curve fitting 
equation.[14]. The dilatational thickness mode coupling factor kt was 
calculated using the following equation: [14] 

k      =      -    i- 
2 f„ 

-^     (Eqn. 2) 

The effect of applied electric field on the elastic properties of 
representative specimens from the various material families were 
examined at several temperatures. Using information obtained from 
the resonance measurements combined with physical measurements, 

the frequency constant, elastic compliance sfx   and    stiffness C33 

coefficients, and mechanical quality factor Qm were calculated. 

Several temperature regions were selected for measurement, 
depending on the material family. For the normal and "pinched" 
ferroelectric compositions, temperatures were selected in the span Tc 

+ 30°C. For relaxor ferroelectrics, resonance measurements were 
made over a range from the micro-polar region (T>Tmax) to well 
below the depolarization temperature T<j. 

RESULTS AND DISCUSSION 

Dielectric Properties 
A summary of the dielectric properties for the various families 

investigated is presented in Table II. Larger polarizations were 
measured for the Pb-based relaxor families. Values of Pm(j decreased 
rapidly for temperature > Tc in the BaTiC>3 based families. 

The highest small signal permittivities were observed in PMN 
and BTSn compositions. The low frequency dielectric constant and 
polarization behavior is shown for a 0.90PMN-0.10PT composition in 
Figure la. The micro-macro transition region, AT, was 25-45 and 
100-140 °C for the PMN-PT and PLZT relaxor families, respectively. 
Values for Knjax (@ 1 kHz) were 27-36,000 for the PMN and 5,300- 
11,000 for the PLZT compositions investigated. The low frequency 
dielectric constant and polarization behavior for a Ba<) 7oSr0 30TiO3 

composition is shown in Figure lb. For the BST and BTSn 
compositions, maximum values of K were 18-20,000 and 26-32,000, 
respectively. At temperatures above Tmax, all the families exhibited 
low losses at 1 kHz. However, at 1 MHz, the dielectric loss 
increased to -0.01 for the PLZT relaxor compositions. Minimal 
frequency dispersion was observed in the BaTi03-based families as 
compared to the PMN and PLZT relaxors. 

A large field dependence of the permittivity was exhibited by 
all but the PLZT families. Values of Kmax at 1 MHz and 10 kV/cm 
applied field for the BST/BTSn and PMN-PT familes were -4,000- 
5,500 and 8,500-10,500 respectively. 

Electromechanical Properties 
Large field-induced coupling factors were obtained for the 

material families investigated. A summary of the electromechanical 
properties is shown in Table m. Maximum kt values for the PMN-PT 
and PLZT families were 0.48 and 0.50, respectively. The field 
dependence of the coupling factor and polarization for a 0.90PMN- 
0.1 OPT specimen at two temperatures, 50°C (T~Tmax), and 
75°C(T>Tmax), is shown in Figure 2. There was no remanent kt 

observed after field removal for temperatures >Td. The E-field 
dependence of kt correlates fairly well with Pind behavior at the 
measurement temperatures. 

Table II. Summary of dielectric properties for compositions evaluated 

Material 
Type 

Pmax 
(uC/cm2) 

"■max ^■max 

@lMHz 

"■max 

@lMHz 
E=10kV/cm 

D.F. 
max. 

AT 
(°C) 

Transition 
Behavior 

K Field 
Depend. 

Relaxor I 
(l-x)PMN-(x)PT 

Relaxor II 
PLZT 

Normal 
(Ba1.xSrx)Ti03 

"Pinched" 
Ba(Ti!.vSnv)03 

28-35 Large 
(28-36,000) 

24,000 8,800 0.08 20-30 Broad 
(dispersive) 

Moderate 

30-40 Moderate 
(6-10,000) 

9,000 8,500 0.10 100-140 Very broad 
(dispersive) 

Minimal 

16-19 Moderate 
(15-20,000) 

16,400 5,400 0.05 0 Very 
narrow 

Strong 

18-21 Large 
(28-35,000) 

29,000 (7,000) 0.1 0 Very narrow Strong 
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Figure 1. Polarization and dielectric constant as function of 
temperature for a) 0.90PMN-0.10PT relaxor and b) 
Bao 7rjSro 30^03 normal ferroelectrics. 

Large values of kt (-0.50) were obtained for several of the 
BST compositions. However, as shown in Figure 3, values for the kt 

decrease rapidly for temperatures greater than a few degrees above Tc. 
At temperatures below Tc, significant remanent kt values were. 
measured due to macro-domain switching. The relaxor compositions, 
with a broad micro-macro transition region, exhibited significantly 
wider temperature region for obtaining large induced kt's without 
hysteresis. 

0.6 

s 0.5 
T» a u. 04 
c* 
'S 

1 0.3 

flt 
9 0? 
fe 
1- 0.1 

5 10 15 
Electric Field (KV/cm) 

5 10 15 
Electric Field (KV/cm) 

a. 

a. 

Figure 2   Field-induced thickness coupling factor kt for a composition 
' at a) 50°C (T~Tmax) and b) 75°C (frl^. 

Table HI. Summary of field-induced electromechanical properties for material families investigated 

Material 
Type 

Example kt 
max. 

kp 

max. 
t^sat 

(kV/cm) 
Temp. 
Range 

Qm Nt 

(Hz-m) (xl0l°N/m2) 

Relaxor I 

Relaxor II 

Normal 

"Pinched" 

(l-x)PMN-(x)PT 

PLZT 

(Bai.xSrx)Ti03 

Ba(Ti,.vSnx)Ch 

0.48 0.40 3-5 Broad 80 2,000 17-18 

0.50 0.35 >5 Broad 50 2,100 16-19 

0.50 0.30 4-6 Narrow 250 2,300 20-21 

0.43 0.27 4-6 Narrow 280 2,500 21-23 

Piezoceramic PZT-5H 0.5 0.67 — Narrow 65 1,950 15 

365 



The elastic coefficients exhibited a softenening around TJJ^ 

and subsequent stiffening with increasing temperatures. A stiffening of 
the elastic coefficients was observed with increasing field at all 
measurement temperatures, with a reduced field dependence 
corresponding to the switching and saturation of the polarization at 

temperatures ^Tj,^. Values for c33 and sn were comparable to 

those of the respective piezoceramics in the BaTi03, PMN-PT and 
PLZT families. 

Several observed characteristics are of interest in transducer 
applications. Due to the external electric field, the kt/kp anisotropy is 
significantly larger than observed in conventional BaTi03- and PZT- 
based piezoceramics. The mechanical quality factor, Qm, also was 
field-dependent. In PMN-PT compositions, Qm was adjustable in the 
range 80-220. This would be of interest as a dynamic/internal 
mechanism for adjusting damping/bandwidth in transducers. 

CONCLUSIONS 
A large field-induced piezoelectric effect was measured in 

several of the families evaluated, with values of kt -0.50. The 
temperature range for obtaining large electromechanical properties 
without hysteresis can be related to the underlying polarization 
mechanism. The relaxors exhibit a much broader temperature region 
than the BaTi03-based normal ferroelectrics, where significant Pind 

can be achieved only a few degrees above Tc. PMN-PT relaxors offer 
large K's, low losses, and adjustable induced piezoelectric and elastic 
properties. However, the strong frequency dependence of the 
dielectric properties of relaxors may reduce the other advantages in 
some fixed frequency, tunable transducer applications. 

5 10 15 
Electric FMd (KV/cm) 

§ 
3 

5 10 15 
Etetric FWd (KV/cm) 

Figure 3. Field-induced thickness coupling factor kt for a 
Bao 7oSr0 3oTi03 composition at a) 40°C (T>TC) and b) 
60°C (T>TC). 
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The Application of Microwave Ceramics 
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Sumitomo Metal Industries, Ltd. (SMI) has developed 
and commercialized the microwave dielectric ceramics with 
variable characteristics. These ceramics found in cellular 
phone technology, which has dramatically increased this year 
in Japan. We present and discuss the application of microwave 
ceramicsas one of the ceramic components maker. 

The microwave devices such as the co-axial dielectrics 
and the high frequency capacitor, which arc applied by our 
original advanced ceramic properties, arc introduced in 
present paper. 

Further, a multi-layer dielectric resonator and a voltage 
control oscillator (VCO), which are used by our developed low 
Tiring materials, will also be discussed. 

1. Introduction 

Recently, microwave communication systems such as 
satellite broadcasting, mobile phone, and cordless telephone arc 
making remarkable progress with an increase in communication 
systems. . 

The demand for the mobile phone in Japan has been 
dramatically increasing since this April. In April 1994, the 
purchase system of mobi lc phone has started in Japan. 

As the multimedia technology is attracting great attention, 
personal handy phone system (PHS) and GPS navigation systems 
will become large market in Japan neat future. 

However many electronics company have started business 
in this market and hard competition is inevitable. 

This will naturally bring about the requirements of more 
severe performance on important components which arc made of 
microwave dielectric ceramics for the equipment. 

This paper shows (l)a variety of microwave ceramic 
material and parts made of the materials which Sumitomo Metal 
Industries, Ltd. (SM) produces, (2)application of those materials, 
and (3)a multi-layer type microwave ceramic device which is 
opening up a path to a new area of development in Japan.W 

2. Microwave Dielectric Materials 

2-1. Required properties for microwave dielectric materials 
The important characteristics of microwave dielectric 

ceramics ate the following; 
(1) A high dielectric constant (er) 
(2) High Q value 
(3) A low tern pcraturc coeffici ent (xf) 
the wavelength of the electromagnetic wave in a dielectric 

material is reduced by a factor of Er1'2, as shown in the 
cquation(l). For the size reduction of device, the dielectric 
constant must be high.P) 

whereas 
^=Xoxer-1/2    (1) 

X.g: The wavelength in the dielectric material 

Xo: The free space wavelength 
Er: The relative permittivity 

Er 

Fig. 1        £ r and FQ for the materials with 
low temperature coefficient ( * f )• 

In the case of microwave dielectric ceramics, the value of 
the f x Q is an inherent property of each material .<?) The f x Q can 
be considered as a reference for evaluation of the material. 

The relationship between Er and f x Q arc shown in Fig. 1. 
The black points indicate the material manufactured by SMI. The 
materials in a direction A have high Cr, but those f x Q arc low. 
The material in a direction B have high f x Q, but those Erarc low. 
The material in a direction C is the perfect to satisfy the three 
important characteristics of microwave dielectric ceramics. 
However, this kind of material has not found out at this moment 
In practice, variable materials arc selected according to usage. 

2-2. Microwave dielectric materials in SMI. 
Properties of the materials manufactured by SMI ate shown 

in Table 1. N35 and N37 arc the materials in a direction B. Their 
advantageous points arc high permittivity and low cost, because of 
the BaO-Ti02-WC>3 ceramics. These materials arc suitable for 
usage in large device applications. 

N70, N90 and V arc the materials in a direction A. The 
advantageous points of N70 and N90 arc very high Q in spite of 
high Er which is 115. 

S is the special material for multi-layer microwave devices 
explained in the later section.   Its Er value is 75 in spite of low 
sintering temperature of 900°C. 

3. The application of microwave ceramics 

The following introduces microwave components to which 
the microwave dielectric materials arc applied. 
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3-1. Resonators 
Fig. 2 shows the representative resonator types current]y in 

use. The mode of electromagnetic field decides the type of 
rcsonator.W 

Generally, the higher the Q value is, the larger the size of 
resonator is. The following is a detailed explanation of each 
resonator type. 

(a) TEM mode resonators (coaxial type resonators): 
X/4 resonator is the most common type of coaxial type 

resonator, which is shown in Photo 1, because of its small size. It 
is widely used as filters in mobile phone and many other radio 
communications equipment Photo 2 shows the dielectric filters 
using the coaxial type resonators. Several resonators ate combined 
with capacitors or inductances to achieve required filter response. 

Generally, the unloaded Q value affect the frequency 
characteristics of filter response.(5)   To achieve a sharp shaped 
filler response, it is necessary to use resonators with a very high 
unloaded Q value. Fig. 4 shows the relationship between Ihc 
resonator's external dimcnsion(D) and the resonator's unloaded Q 
value. The unloaded Q value of resonator increases with 
increasing of D. In Fig. 4, the doted line shows the calculated 
unloaded Q values of resonators. The practical resonators have 
only about 50% unloaded Q of the calculated value because of low 
conductive electrode.© 

As research progress in the area of electrode, resonators 
with a higher unloaded Q value may become possible. 

TEM mode (Coaxial) 

TEoiö mode TMoio mode 
Electric Field 
Kinetic Field 

Fig. 2   Various type of dielectric resonators. 

Plioto 1   Coaxial type resonators. 

Table 1     Microwave dielectric materials manufactured 
by Sumitomo Metal Industries,Lld. 

CODE cr f • Q [CBz] rr[ppi/-C] Material Systcas 

C 2 1. >50 000 5 HETi03-CaTi03 

T 35 >45000 -2 (ZrSn)Ti(M 

N3 5 35 >48 000 2 
Ba0-Ti02-H03 

N37 37 >38 000 4 

N70 70 >0500 5 

S£0-Ba0-Ti02 

IE:Barc Earth 

N75 76 >10500 0 

S* 75 >2500 -8 

N00 0 1 >5500 7 

V 1 i. 5 >3000 25 

Firing    Temp. 9 0 0-C 

•    2.     • 

Photo 2   Dielectric filters made of coaxial resonators. 

2000 

cd 

=3 

1000 

—1 1 1— 

Calculated Value (pure Ac) 

IcsulL of XcasurcKnl , 

N37 

N90 

4 8 12 

Outer dimension(mm) 

Fig. 3   Outer dimension and Qu for coaxial resonators. 
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(o) TEOIö mode resonator and TMoip mode resonator 
TE010 mode resonator is suitable for the resonator with 

high Q such as channel-filters for the base station. TEOIö mode 
resonator has the highest Q value in the types of resonator, but the 
size is largest However TM010 mode resonator has about 65% Q 
value of TE016 mode resonator, the size is about 15% of TEoiö 
mode resonator/5) Recently, to reduce the size of the channel- 
filter using TM010 mode resonator, the size is about 15% of TEoiö 
mode resonator has been started in Japan. Photo 3 shows various 
type TE016 mode resonators and TM010 mode resonators for the 
base station. 

3-2. Oilier applications 
Introduce below are an example of microwave dielectric 

ceramic applications for others such as high frequency capacitors 
and RF matching circuit using microwave dielectric substrate. 

(a) High frequency capacitors 
Fig. 5 shows the equivalent circuit for two pole type 

dielectric filler. High frequency capacitors that use microwave 
dielectric ceramics are mainly used as capacitances such as Ci and 
C2 in this diagram. Because these capacitances such as Cj and C2 
strongly affect the frequency characteristics of filter, these 
capacitances arc required the very small tolerance, high 
temperature stability, and high Q in microwave frequency region. 
Photo 4 shows the SMD type and single layer type high frequency 
capacitors manufactured by SMI. Fig. 6 shows a comparison of 
the high frequency characteristics of this SMD type capacitor with 
other type capacitors. With the help of the simple structure using 
microwave dielectric ceramics, this SMD type capacitor has higher 
Q than conventional type resonators. 

Photo 3   Resonators for the base station. 

Cl       C2 C 

\wm^mm 7777 

te/£&&>g*k'\ !WW %/V *N« 

■ '*" r->:.v-*£»\ 

Photo 4   High frequency capacitors. 

Fig. 4   Equivalent circuit for two pole filter. 

(b) RF matching circuit using microwave dielectric substrate 
Fig. 7 is an example of a matching circuit between the 

GaAs FET and outer circuit. Since the characteristic impedance of 
the GaAs FET is generally low (about 11Q), it is necessary to 
achieve the impedance matching with outer circuits (characteristics 
impedance of 50Q) in high frequency. Microwave dielectric 
ceramics arc also used as a capacitance in matching circuit 
applications. An RF matching circuit using microwave dielectric 
substrate forms capacitances of the circuit with electrode patterns. 

10 -I 1 1     r 

10     ~  ■        CD Our SKD type 
■" ©Thin till type 

Q) Multilayer type 

I I I I 

lpF 

r 
ZO=50Q -WtlMM 

ci C24= 
GaAsFET 

Z0=llfl 
J 

7777   7777 

.500 1000 

Frequency [MHz] 

Fig. 5   Comparison of Q values for capacitors. 

1800 
Fig.6   Matching circuit for GaAsFET. 
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Photo 5 is an example of RF matching circuit using microwave 
dielectric substrate. However majority of RF matching circuit of 
this type conventionally used alumina, it is expected that 
microwave dielectric substrates will be commonly used for 
reducing the size of GaAs AMP in near future. 

4. The Multi-layer Type Resonators & VCO 

The last group of product introduced in this paper arc 
microwave devices of multi-layer structure.C).(7) 

4-1. Superiority of multi-layer structure 
If the permittivity of microwave dielectric ceramics were 

high, the size of devices could be reduced from that of 
conventional type device, as described above.  However there is a 
certain limitation (£j=115) considering the balance of other 
microwave characteristics. Therefore, use of multi-layer structure 
is expected to serve as a mean of further down sizing device. Fig. 
8 shows various types of multi-layer resonators and fillers The 
merits of using multi-layer structure arc as follows. 

(a) The shorter lengtii of devices by curved electrode 
The multi-layer structure enables production of curved 

internal electrode, which are impossible to produce with the press 
forming method. Length of the devices can be made shorter than 
resonant wave length as shown in Fig. 8. 

(b) The tlunner tlikkness 
Conventional coaxial type structure, the internal electrodes 

arc formed by print method. Many types of internal electrode can 
be produced in the same dielectric ceramics body. Multi-layer 
structure for device helps the integration of elements as shown in 
Fig. 8. 

4-2. Low firing materials 
As described above, the multi-layer structure is highly 

effective in down sizing devices. However, in microwave 
frequency ranges, metals with low conductive losses must be used 
for the internal electrodes due to a shallower skin depth (depth of 
electromagnetic wave penetration into the conductor). 

Representative metals with low conductive losses arc Cu, 
Ag and Au. However, the melting points of those metals arc below 
1100°C, as shown in table 2. Because the firing temperatures of 
conventional microwave dielectric ceramics arc high (about 
1300°C), those metals cannot be used as internal electrodes in co- 
fire method. As a result, SMI has successfully developed a 
microwave dielectric materials with a dielectric constant of 75 and 
low sintering temperature of 900°C. Table 3 shows the 
characteristics of this materials. 

Table 2   Properties of the metals with low resistivity. 

Photo 5     RF matching circuit using microwave dielectric 

substrate for GaAsFJET. 

Outer electrode Outer electrode 

Outer electrode    /      Mnner electrode Dielectric   inncr electrode 
Dielectric ceramics 
ceramics 

U-type resonator S-typc resonator 

Inner eleclrode Dielectric ceramics 

Inner electrode Inner electrode Outer electrode 

Input or 
electrode 

Output A—\ Y~ 0 W-r^^rr^^^s 
. v.   _,''"' "\V -A1"   "■' >'" 

ZZL ~2-  7 7^ 
Inner eleclrode       Inncr electrode 

Dielectric 
ceramics 

Input or output 
electrode 

Fig-7     Various type of multi-layer dielectric resonators 
and filters. 

Metal 
Electric 

Resistivity 
[2 5'C,  1 O-'Q-oO 

Melting 
points 

Cu 1.72 1083 

Ag 1.67 960.5 

Au 2.27 1063 

Table 3      Properties of the material for multi-layer 
dielectric devices. 

Firing temperature        [t] 90G 

Dielectric constant       er 75 

f • Q                      [GHz] >2500 

Temperature coefficient of 
resonant frequency [ppm/°C] 

<+15 
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Photo 6     Multi-layer resonators and VCO manufactured 
by Sumitomo Metal Industrics,Ltd. 

4-3. Applications of low firing material 
Photo 6 shows the multi-layer type resonators and VCO 

manufactured by SMI. fig. 9 shows the external dimensions of the 
multi-layer resonator. Thickness of the resonator is only 0.9 mm 
and this resonator has surfacc-mountablc design. Table 4 shows 
the characteristics for multi-layer resonator and VCO loaded with 
this resonator, the size of VCO is the smallest in the industry, 
while maintaining high performance. 

5. Conclusion 

In this paper, various microwave materials and components 
made from C, T, N35, N37, N70, N90 and V materials which arc 
currently manufactured by SMI were introduced. 

Five years ago, SMI introduced low temperature firing 
microwave materials with a high dielectric constant^ Ever since 
then, development of multi-layer microwave devices have been 
attracting the industry's attention. 

The multi-layer dielectric resonators and the ultra-compact 
VCO introduced in this paper arc the examples of the result of the 
development efforts 

SMI will continue to develop and commercialize 
microwave dielectric materials, components and devices that offer 
superior features to answer the needs of microwave 
communications equipment manufactures. 
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L :2.5M~10.I 

ro:5.5CHz~0.3CHi 

Fig.8   External dimension of the multi-layer resonator. 

Table 4   Properties of the multi-layer resonator and VCO. 

Multi-layer resonator 

Resonant frequency     [GHz] 2.1 

Unloaded Q >120 

VCO 

Supply voltage [V] 

Current consumption     [mA] 

Output power [dBm] 

Oscillator frequency [MHz] 

Tuning voltage [V] 

Tuning sensitivity [MHz/V] 

C/N ratio [dBc/Hz] 
25KHz Offset 

3.0+0.15 

^5 

^-5 

1600 

0.5-2.5 

20 

100 
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INVESTIGATION OF AGING EFFECTS FROM HIGH VOLTAGE 
PROFILES IN CERAMIC PHASE SHIFTER MATERIALS 

S. Stowell, L.C. Sengupta, E. Ngo, ME. O'Day, and R. Lancto 
U.S. Army Research Laboratory, Materials Directorate, AMSRL-MA-CA, 

Watertown, MA 02172-0001 

Abstract- Ceramic composite materials comprised of 
Bao.6oSro.4()Ti03 and Alumina and other non-ferroelectric oxides 
have been fabricated for use in phased array antennas. These 
composites have shown superior electronic properties and have 
been incorporated into several antenna designs. However, minimal 
testing has been accomplished to determine the electrical aging and 
fatigue caused by the large electric fields required to operate these 
devices. In this paper, a systematic study of the effect of the 
application of large fields will be presented. The electronic 
properties of the BSTO-Oxide composites (pre-voltage 
application) will be presented and include the dielectric constant, 
loss tangent, and tunability (change in dielectric constant with 
applied field). The study of the change in the electronic properties 
after large voltages applications include results on the electronic 
aging and fatigue of the material and appropriate conditioning of the 
material for application in phased array antenna systems. 

INTRODUCTION 

Phased array antennas can steer transmitted or received signals 
either linearly or in two dimensions without mechanically 
oscillating the antenna These antennas are currently constructed 
using ferrite phase shifting elements. Due to the type of circuit 
requirements necessary to operate these antennas, they are costly, 
large and heavy. Therefore, the use of these antennas has been 
limited primarily to military applications which are strategically 
dependent on such capabilities. In order to make these devices 
available for many other commercial and military uses, the basic 
concept of the antenna must be improved If ferroelectric materials 
could be used for the phase shifting element instead of ferrites, 
phased array antennas would be totally revolutionized. 

A ceramic Barium Strontium Titanate, Bai-xSrxTi03, (BSTO), 
phase shifter using a planar microstrip construction has been 
demonstrated [1]. In order to meet the required performance 
specifications, maximum phase shifting ability, the electronic 
properties in the low frequency (KHz) and microwave regions 
(GHz) must be optimized. As part of this optimization process, 
various composites of BSTO and non-ferroelectric oxides have 
been formulated The BSTO-Alumina composite has a patent on 
its formulations and the other composites which are designated 
herein as BSTO-Oxide II and BSTO-Oxide III currently have a 
patent undergoing the filing process All of these composites 
possess improved electronic properties. The comparison of the 
compositions and phase formation of the various BSTO-oxide 
ceramic composites will be made and related to their electronic 
properties. This report will outline some of the initial findings and 
compare them to the results found for pure BSTO. Finally, the 
20 wt% BSTO-Alumina, 20 wt% BSTO-Oxide II, and 20 wt% 
BSTO-Oxide III specimens have been electronically aged and 
fatigued at high applied voltages which imitate operational voltage 
profiles The results have been analyzed and appropriate 
conditioning of the specimens has been suggested. 

EXPERIMENTAL 

Ceramic Processing 

Yan, NY. (product nos 219-6 and 218 respectively), 
stoichiometrically mixed to achieve Bay 6Sr() 4^03 and ball-milled 
in ethanol using 3/16" alumina media for 24 hrs. The resulting 
BSTO was then air-dried, calcined at 1100°C and mixed with either 
powder alumina (ALCOA Industrial Chemicals, Bauxite, AR, 
distributed by Whittaker, Clark, and Daniels, South Plainfield, N.J., 
product no. A16-SG) or a second oxide (oxide II) or a third oxide 
(oxide III) in the proper weight percent and ball-milled again in a 
slurry of ethanol using the alumina grinding media for an additional 
24 hrs. 

3 wt% of Rholpex B-60A (Rohm and Haas Co., 
Philadephia, PA) binder is added to the resulting BSTO-Oxide 
mixture. The mixture is then air-dried and dry-pressed uniaxially to 
a pressure of approximately 7000 p.si.. Sintering schedules were 
obtained by employing a defiectometer such as Mitutoyo digimatic 
indicator and miniprocessor (Mitutoyo Corp., Paramus N.J.). It 
should be noted that all of the examined samples have % liquid 
absorption of less than 2%. 

Two metallization techniques were employed one involved 
painting on two circular, aligned electrodes, one on either side of 
the specimens, using high purity silver paint (SPI Supplies West 
Chester, PA) and attaching wires using high purity silver epoxy, 
Magnobond 8000, made by Magnolia Plastics, Inc., Chamblee, GA. 
The other technique utilized the screen printing of electrodes using 
silver conductive ink (FERRO #3350, Electronic Materials 
Division, Santa Barbara, CA) and wires were attached by dipping 
the specimens in a bath of 2% silver, 62% tin and 36% lead solder. 

Electronic Measurements 

The dielectric constants, E' , loss, tan ö, % tunability were 
determined for all composites before application of high voltages. 
The % tunability of a material is determined using the following 
equation: 

% tunability = { e'(0) - E'(Vapp)}/ {e'(0)} (1) 

Powder forms of Barium Titanate and Strontium Titanate 
were obtained from Ferro Corporation, Transelco Division, Pen 

The tunability measurements were taken with an applied electric 
field which ranged from 0 to 3 0 V/micron (um) The electronic 
properties given in the tables were measured at a frequency of 1 
KHz. Capacitance measurements for all materials were taken using 
an HP4284A LCR meter. Further calculations were done to correct 
for the effect of fringe capacitance. 

Further electronic data were acquired after applying large 
dc fields to the materials. Again, the capacitance measurements for 
all materials were taken using an HP4284A LCR meter. The 
temperature during acquisition of both the aging and fatigue data 
was held constant to within +/- 1/2 °C. 

Electronic aging was accomplished by determining the drift 
in the dielectric constant of the specimen at zero and elevated 
voltages and the return of the specimen to the zero value dielectric 
constant was observed The dielectric constants of the materials 
were measured at zero bias and then again when a field of +1.5 
V/um was applied. The field was sustained for 30 minutes and a 
reading was taken at one minute intervals during this time period 
The field was then decreased to zero and the dielectric constant 
was again recorded. 
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The fatigue data was accomplished by determining the 
dielectric constant of the part at zero bias, then again upon the 
application of+1.5 V/um and when the field was decreased to zero 

again and then the dielectric was recorded at a bias of -1.5/Vnm and 
again as field was decreased to zero. The above consisted of one 
cycle and the specimens were subjected to at least two and a half to 
five cycles. 

RESULTS AND DISCUSSION 

SEM and X-ray Diffraction Analysis 

SEM examination of the individual bulk ceramic layers of 
the BSTO-Alumina composite revealed that a second phase became 
apparent in alumina additions as low as 10 wt%. The phase became 
more dominant at 35 wt% alumina and then disappeared at the 60 
wt% alumina content. Likewise, the x-ray results revealed that 
when alumina is added to BSTO in small amounts, < 20 wt%, a 
second phase of Barium Aluminum Titanate, Ba3AlirjTiO20> is 

formed. In compositions having between 20 and 40 wt% alumina 
another second phase of Barium Aluminum Titanate forms, ie. 
BaAl6TiOj2- In this composition range we are also seeing traces 
of Barium Aluminum Oxide. At 60 wt% and 80 wt% alumina we 
were unable to discern which phase was most prevalent or even if 
all three phases were present and at 80 wt% alumina definite AI2O3 
peaks became apparent. 

SEM examination of the individual BSTO-Oxide II and 
BSTO-Oxide III compositions showed very little microstructural 
difference with added percentages of oxide. The x-ray results for 
the BSTO-Oxide II composites reveal that initially oxide II appears 
to be absorbed into the BSTO lattice structure. At compositions 
from 5-50 wt% oxide II, BSTO is the more dominant pattern, but 
at 60 wt%, oxide II becomes predominant. It is also interesting to 
note that no second phase materials were detected at any of the 
compositions for this composite. Similar results were observed for 
the BSTO-Oxide III composites. The only variation for this 
composite is that traces of oxide III are apparent even with only a 
1 wt% addition. 

Electronic Properties 

The results for the electronic properties of the BSTO- 
Alumina composites are shown in Table 1. The dielectric constant 
of the specimens is quickly reduced for compositions up to 35 
wt% alumina at which point the rate of reduction in the dielectric 
constant is diminished. The dielectric loss, tan Ö, reported here for 
all specimens includes the loss caused by the metal contact, 
improved metallization for these materials will definitely result in 
loss tan ö < 0.01. The tunability of the composites is maintained 
at reasonable levels (>10%) up to 20 wt% alumina at which time 
the tunability decreases rapidly. Table 2 contains the electronic 
data for the BSTO-Oxide II ceramic composites. As shown in 
Table 2 the loss tangents of the materials are relatively low (<0.02). 
It appears that as the dielectric constant decreased the loss was 
lowered. The dielectric constant of the composites decreases with 
the addition of oxide II. The electronic data for the BSTO-Oxide 
III composites are shown in Table 3. The semi-log plot of the 
dielectric constants of the BSTO-Alumina composites, the BSTO- 
Oxide II composites and the BSTO-Oxide III composites is shown 
in Fig. 1. As shown in Fig. 1, the rate of reduction is similar for 
both composites for compositions < 20 wt%. However, between 
20 wt% - 50 wt% the rate of reduction in the dielectric constant is 
less than that of the BSTO-Alumina composites. The decrease in 
the dielectric constant for the two sets of composites is again 
similar from 60 wt%-100 wt% additive content. However, the 

TABLE 1. Electronic Properties of BSTO-Alumina Ceramic 
Composites. 

Alumina Dielectric           Loss % Tunability Electric 
Content Constant            Tangent Field 
(wt%) (V/fim) 

0.0 3299.08              0.0195 19.91 0.73 
1.0 2606.97               0.0122 22.50 0.76 
5.0 1260.53              0.0630* 13.88 0.67 
10.0 426.74                0.0163 4.79 0.39 
15.0 269.25                0.0145 5.72 0.87 
20.0 186.01                0.0181 3.58 0.48 
25.0 83.07                 0.0120 
30.0 53.43                  0.0135 5.13 2.21 
35.0 27.74                 0.0029 0.51 0.83 
40.0 25.62                 0.1616* 
60.0 16.58                 0.0009 0.01 0.60 
80.0 12.70                  0.0016 
100.0 8.37                   0.0036 

* samples had poor contacts 

TABLE 2. Electronic Properties of BS 
Composites. 

TO-Oxide H C< ;ramic 

Oxide II Dielectric           Loss % Tunability Electric 
Content Constant            Tangent Field 
(wt%) (V/fim) 

0.0 3299.08              0.0195 19.91 0.73 
1.0 2696.77               0.0042 46.01 2.72 
5.0 2047.00               0.0138 12.70 0.76 
10.0 1166.93              0.0111 7.68 0.68 
15.0 413.05                0.0159 5.07 1.11 
20.0 399.39                0.0152 5.39 0.76 
25.0 273.96                 0.0240 6.02 1.02 
30.0 233.47                 0.0098 1.21 0.73 
35.0 183.33                0.0091 5.87 0.95 
40.0 162.26                 0.0095 0.70 0.71 
50.0 92.73                  0.0071 1.67 1.12 
60.0 69.80                  0.0098 
80.0 17.31                  0.0056 
100.0 15.98                  0.0018 0.05 0.27 

magnitude of the dielectric constant for all of the BSTO-Alumina 
composites is less than that of the BSTO-Oxide II and BSTO- 
Oxide III composites. This may be due to the formation of the 
second phases in the BSTO-Alumina composites. As shown in 
Fig. 2, the loss tangent of the BSTO-Oxide in composites are 
extremely low for most all compositions (decreases slightly with an 
increase in oxide III). These formulations could therefore be 
used at higher operating frequencies, i.e., at millimeter wave 
range, @ 77 GHz. As shown in Fig. 1, the other electronic 
properties are similar to BSTO-Oxide II, except for the fact that 
the dielectric constants are even higher for these composites in the 
range 15-60 wt%. The tunability decreases slowly with increase in 
oxide HI content and the composites exhibit high tunabilities 
(>10%) up to 60 wt% oxide HI which was not the case for the 
other oxides. 

The results for the aging of the composites are shown in 
Fig. 3. The graph shows the normalized (change in the dielectric 
constant) versus time in minutes. As stated previously the 
specimens were held at zero bias and at 1.5 V/um for thirty 
minutes. The percentage drift (or change) in the dielectric constants 
at these voltages has been determined. The data indicates that the 
BSTO-Alumina (20 wt%) had a 0.727% change in the dielectric 
constant before bias and showed a 1.102% drift at bias and a 
0.267% drift when again returned to zero. Likewise, the BSTO- 
Oxide II (20 wt%) specimen showed 2.280% drift before biasing, at 
bias showed a 0.373 % drift, and when returned showed a 0.452% 
drift. The BSTO-Oxide III sample showed a 0.410% before 
biasing, a 1.304% drift at bias, and a 0.808 % drift when returned 
to zero. It is apparent none of the specimens showed significant 
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TABLE 3. 

Oxidelll 
Content 
(wt%) 

0.0 
1.0 
5.0 
10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
50.0 
60.0 
80.0 
100.0 

Electronic Properties of BSTO-Oxide IE Ceramic 
Composites. 

Dielectric Loss % Tunability Electric 
Constant Tangent Field 

(V/fim) 

3299.08 0.0195 19.91 0.73 
1276.21 0.0015 16.07 2.32 
1770.42 0.0014 
1509.19 0.0018 
1146.79 0.0011 7.270 1.91 
1079.21 0.0009 15.95 2.33 
783.17 0.0007 17.46 2.45 
750.93 0.0008 9.353 1.62 
532.49 0.0006 18.00 2.07 
416.40 0.0009 19.81 2.53 
280.75 0.0117* 9.550 2.14 
117.67 0.0006 11.08 2.70 
17.00 0.0008 0.61 1.72 
13.96 0.0009 

* samples had poor contacts 
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Figure 2.    Loss Tangent versus Oxide III Content (wt %) for 
BSTO-Oxide III composites. 
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Figure 1. Semi-log plot of the Dielectric Constant versus Oxide 
Content (wt%) for BSTO-Alumina, BSTO-Oxide II, and BSTO- 
Oxide III composites. 

drifting in their dielectric constants. However, it was noticed that 
the dielectric constant at zero bias was less when the specimens 
were returned to zero after biasing. The original value of the 
dielectric constant of the virgin material was however, regained 
after the specimen was left sitting for a period of time (the exact 
recovery time required has not yet been identified). This indicates 
no remnant polarization existed as expected for paraelectric 
materials of this type. However, the decreased value of the 
dielectric constant led us to examine the fatigue experienced by the 
specimens. 

Fig. 4 shows the fatigue experienced by the composites. 
The tunability of all of the specimens, after the initial biasing cycle, 
is constant throughout application of the fields, even though the 
specimens experience typical capacitor-like logarithmic damping of 
their dielectric constants. For pre-conditioning of the materials, the 
BSTO-Alumina constants require 5 or more biasing cycles for 
stabilization of their dielectric constants, whereas the BSTO-Oxide 
II and BSTO-Oxide III require about 2 to 2 1/2 cycles. Since the 
dielectric constants of the materials were observed to return to their 
pre-bias values, the voltage conditioning should be done after each 
start-up period for the antenna or, if the antenna is left without 
application of electric field. The time after which the voltage 
application has to be done has not yet been determined. 

CONCLUSIONS 

Composites of BSTO and non-ferroelectric oxide ceramics have 
been fabricated and characterized. The composites have all 
demonstrated adjustable electronic properties. The dielectric 
constant of the BSTO-Alumina composites decreases faster than 
the BSTO-Oxide II and the BSTO-Oxide III composites from 20- 
50 wt% alumina content and is related to the formation of multiple 
second phases for the BSTO-Alumina composites. The BSTO- 
Oxide III composites exhibited the lowest loss tangents and the 
overall highest dielectric constants. The low loss tangents make 
higher operating frequencies possible. All composites showed very 
little drifting of the dielectric constants at zero fields or with an 
applied bias of 1.5 V/um. The samples did exhibit typical 
capacitor-like damping of their dielectric constants but the before 
bias value of the dielectric constants of all specimens returned after 
a period of time (of which has presently not been exactly 
determined). The tunabilities of all of the specimens did not vary 
with voltage cycling. 

D BSTO-Oxide   III     (20  wt%) 

O BSTO-Oxide   II   (20   wt%) 

O BSTO-Alumina  (20  wt%) 

o c 
5 ° O u 
O 

0 Field 0 Field 

+1.5   V/micron 

—r— 
25 

—I— 
50 

Time  (minutes) 

Figure 3. Fractional Dielectric Constant (Dielectric Constant/ 
Dielectric Constant (before bias) vs. Time (minutes) for BSTO- 
Oxide Composites (20 wt%) measured at 1 KHz. 
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Figure 4. Normalized Dielectric Constants vs. Time for BSTO- 
Oxide Composites (20 wt%) (a = +1.5 V/\im, b= -1.5 V/nm, 

c=+1.5 V/jim, d= -1.5 V/(xm, and e= +1.5 V/urn). 

It was noticed that pre-conditioning of the specimens is necessary 
to achieve a steady-state value for the zero-bias dielectric 
constants. This was achieved with 2 to 2 1/2 voltage cycles for the 
BSTO-Oxide II and BSTO-Oxide III specimens and over 5 cycles 
for the BSTO-Alumina composites. 
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Abstract - Electro-mechanical characteristics by changing the 
vibration-level were studied in lead-zirconate-titanate (PZT) based 
ceramics using the constant current/velocity driving method. The 
fractional changes of Young's modulus and mechanical dissipation 
factor are a function of the square of the effective vibration velocity. 
The increase of the dissipated-vibration-energy with the vibration- 
level change causes heat generation. Ferroelectric hysteresis loss is 
assumed to affect the dissipated-vibration-energy through the 
mechanical dissipation factor. 

I. INTRODUCTION 
High-power piezoelectric devices, such as ultrasonic motors and 

piezoelectric actuators, have been vigorously studied in recent years 
[ 1 ]. A very high level or a great amplitude of piezoelectric vibration is 
required for these applications, and lead-zirconate-titanate (PZT) 
based piezoelectric ceramics are usually used for these devices. It has 
been shown, however, that a lot of heat generation as well as a 
drastic change in piezoelectric properties occurs in these ceramics 
under a high vibration-level [2]-[6]. The magnitude of the vibration- 
level in the high-power usage has been limited by these phenomena. 

We have studied the electro-mechanical characteristics under a 
high vibration-level, aiming to develop the high-power usage 
piezoelectric materials [7]-[9]. The new measurement method of 
electro-mechanical characteristics under a high vibration-level was 
established. According to the method, the vibration-level dependence 
of electro-mechanical characteristics in PZT based ceramics was 
measured. 

This paper deals with the stability of the electro-mechanical 
characteristics and the heat generation phenomena under the vibration 
level change in PZT based ceramic materials. The cause of the heat 
generation is discussed from the view point of a dissipated-vibration 
-energy due to internal friction. 

II. EXPERIMENTAL 
The PZT ceramics with the basic composition of 

Pb(Zro.54Tio.46)03 and the ceramics doped with 0.5wt% of 
Nb2C>5 or Fe2C>3 were used here. The dopant Nb and Fe are known 
as a typical donor and an acceptor, respectively. Specimens of the 
ceramics were prepared by the conventional powder metallurgy 
technology. 

Electro-mechanical characteristics were measured on the 
fundamental length expansion mode excited by the constant 
current/velocity driving circuit. Rectangular plate vibrators with 
43mm long, 7mm wide and 2mm thick were used for all 
measurements. 

The vibration-level was represented by the effective vibration 
velocity V0 which was an universal parameter of the vibration-level. 
The Va value was determined by the following relation: 

"Present address: The Pennsylvania State University, MRL, 
University Park, PA 16802, USA 

V.=V2«f„$. (1) 

where |m and /„, are the maximum vibration-amplitude and 

resonant frequency.respectively. The |m was observed using an 
optical displacement sensor. 

The temperature of the piezoelectric ceramic vibrators was 
measured by a thin thermocouple which was forced to contact the 
vibrational nodal line. The temperature initially increased with a time t 
while the vibrator was driven, but it converged on the constant value 
after heat generation and radiation reached their equilibrium state. 
This equilibrium temperature was defined as the temperature of 
vibrators here. 

HI. RESULTS AND DISCUSSIONS 
A. Vibration-Level Dependence of Electro-Mechanical Characteristics 

In Figs. 1(a) and (b), 2(a) and (b) Young's modulus YE, 

permittivity e],, electro-mechanical coupling factor k3, and 

mechanical dissipation factor Q'J in PZT ceramics with various 
dopants are shown as a function of V„, respectively. The YE value 
decreases with increasing V„, whereas E

T
31, k„ and Qm' increase. 

These behaviors are markedly affected by the dopant. All properties 
in the Nb-doped PZT begin to change from a relatively low vibration 
level in comparison with the case in the Fe-doped PZT. The undoped 
one is somewhere in between. 

In Figs. 3 and 4 the fractional change of Young's modulus A YE/ 

( YE )0 and mechanical dissipation factor A Q~J/ ( Q~J )0 are plotted as 
a function of V„. The relations can be expressed as the following 
empirical formulas: 

AY, 
Q— -a V2 

Q-l      0 

(2) 

(3) 

where ( YE )0 and ( Q'J )0 are the values of YE and Q£ in the case 

when  V„->0, respectively. The ar and  CCQ_, are the nonlinear 

constants of YE and ßm'. respectively and the constants depend on 
the materials. 

The nonlinear constants determined experimentally are 
summarized in Table I. The constant represents the stability of 
materials as the vibration-level changes, for instance, a lower 
constant means a more stable material. The constant for the Fe-doped 
PZT is smaller and the Nb-doped PZT is larger than the undoped 
one. In short, the Fe-doped PZT is the most stable material as the 
vibration-level changes among these three compositions. 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 377 



The lar\ is plotted versus a _, in Fig. 5, and the proportional 

relationship can be seen between them. The value of a _, is larger 

than I aY\ by approximately two orders of magnitude. 

B. Heat Generation and Dissipated-Vibration-Energy 
Temperature rise of the vibrator AT is shown as a function of V0 

in Fig. 6(a). The AT increases with V0 and sharply goes up when 
V0 reaches a certain value. Presently, it is impossible to obtain a 
higher vibration-level, since the maximum vibration-level is limited 
by the heat generation phenomenon. The magnitude of the maximum 
vibration-level increases in the order of Nb-doped, undoped and Fe- 
doped PZT. 

Figure 6(b) shows the dissipated-vibration-energy per one second 
(O0W as a function of V0. The m0W was calculated by the following 
equations [10]: 

Maß!) 

co0W = Um0Q;', (4) 

U=ÜV = -KY*S
2
V, 

2     " " ' (5) 

s -«L (6) 

Tt 
(7) 

where U, u, co0, Sm, I, V, p and K means stored mechanical 
energy, average energy density of U, resonant angular frequency, 
maximum strain, vibrator length, volume, density and shape factor, 
respectively. The shape factor depends on the vibrator shape and 
vibration mode. In this case K = 1/2. The behavior of w0W versus 
V0 seems analogous to that of the temperature rise as shown in 6(a). 
In Fig. 7 the AT is confirmed to be approximately proportional to the 
co0W. This fact suggests that the temperature rise is caused by the 
dissipated-vibration-energy. 

In Fig. 8 the AT determined both experimentally and theoretically 
are represented as a function of time t for Fe-doped PZT. The 
calculation was carried out according to the following equation: 

AT ■ co0Wt 

Mc ' 
(8) 

where M (~ 4.7g) was the mass and c (- 0.42J / g °C) was the 
specific heat,respectively. The experimental value initially increases 
with t and then gradually converges on a constant value. Whereas the 
calculated one monotonously increases with t, since the effect of heat 
radiation is not taken into account. It is clear, however, that the 
experimental value initially increases along with the calculated one. 
This fact also suggests that the dissipated-vibration-energy causes the 
temperature rise as well as the results of Figs. 6 and 7. 

C. Dissipated-Vibration-Energy and Mechanical Dissipation Factor 
Equation (4) can be rewritten as follows using Eqs. (5), (6) and 

co0W=-MVlco0Q'J, (9) 

where M is the mass. Thus the a0W is determined by V0 and co0Q'J 
which means the dissipated ratio of the vibration energy per one 
second. The relation among the above three parameters of a>0W, V 

and (0e££ is shown in Fig. 9. The calculated value coincides with 

the experimental one. The lower the co0Q~J is, the higher the practical 

upper limit of the vibration-level becomes. The w0Q~' value depends 
on the materials. 

In Fig. 10 the fractional change A &££/ (co0Qj )0 is plotted as a 

function of V0, where ( co0Q^ )0 is the a0C£' value for V0 -» 0. The 
following same empirical formula as Eqs.(2) and (3) is derived: 

■ctVl (lO.a) 

or 
coc& = (o0Q:!)0(l + aV2

0).        (lO.b) 

The a values are also listed in Table I. At a high vibration level (V0 
> 1 m/s), 

aV] »I (11) 

(o0o: = a(a0Q-:)X- (12) 
Thus the co0<£ can be represented approximately as an explicit 

function of V0. In the case when V0 is constant, the dissipated- 
vibration-energy, in the other words the heat generation quantity is in 
proportion to a (co0£K' )0 which is the constant value depending on 
the vibration mode,shape and size of the vibrator and material. The 
smaller the a ( a0<£ )0 is, the higher the practical upper limit of the 
vibration-level becomes after all. 

D. Effects of Ferroelectric Hysteresis 
The sharp increase of (ü0W in the case of V0 exceeding a certain 

value is resulted from the drastic increase of Q~' since a ,»l aj 
**m Q-> Y 

The Qj is described as functions of elastically-originated dissipation 

factor Y/\dielectrically-originated dissipation factor (p and k3l as 
follows [11]: 

Q-J = 
1-k: 

-(W + k2
lt(p). (13) 

Considering that the change of Q^ with changing the vibration-level 
is mainly caused by the change of <p and the <p is a sum of the 
intrinsic dielectric loss and the ferroelectric hysteresis loss due to 
domain wall motion [12],[13], it is reasonable to consider that the 
heat generation under the high vibration-level is basically caused by 
the ferroelectric hysteresis loss. 

Ferroelectric hysteresis loop measured by applying the field with 
0.1 Hz parallel to the polarization direction is shown in Fig. 11. The 
magnitude of the hysteresis loop increases in the order of Fe-doped, 
undoped and Nb-doped PZT. This order of the magnitude coincides 
with the results of Figs.6 (a) and (b). 

The effective driving electric field E^ is shown as a function of 
V„ in Fig. 12. The E^ necessary to realize a certain V0 value 
increases in the order of Fe-doped, undoped and Nb-doped PZT. 
This enhances the difference between the magnitude of the hysteresis 
loss at the same V0 value in the three composition PZT ceramics. 

IV. CONCLUSION 
Electro-mechanical characteristics in various PZT ceramics were 

studied as the vibration-level was changed by using the constant 
current / velocity driving method. The changes in the Young's 
modulus and mechanical dissipation factor are a function of the 
square of effective vibration velocity. The drastic increase of 
temperature occurs above a certain vibration-level. This phenomenon 
gives the practical upper limit of the vibration-level. 

The dissipated-vibration-energy due to internal friction was 
calculated. The result suggests that the abrupt temperature rise with 
the vibration-level increase is caused by the increase in the dissipated- 
vibration-energy. The energy is proportional to the mechanical 
dissipation factor which is very sensitive to the magnitude of 
ferroelectric hysteresis loop. 
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Table I. Nonlinear constants of Young's modulus, a,,, mechanical 

dissipation factor, a , and co0<£, a. 
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Fig.  1  Vibration-level characteristics of Young's modulus Ff (a) 

and permittivity E]3 (b). 
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Fig. 2 Vibration-level characteristics of electro-mechanical coupling 

factor k31 (a) and mechanical dissipation factor Q^ (b). 
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Fig. 8 Both experimental and calculated results for time dependence 
of temperature rise AT in Fe-doped PZT ceramics. 
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Fig. 11 Ferroelectric hysteresis loop measured by applying an 
electric field of 0.1Hz parallel to the polarization direction. 
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TYPICAL CHARACTERISTICS OF A PIEZOELECTRIC CERAMIC MATERIAL FOR SQUEEZE 
IGNITERS 
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* Quartz et Silice, BP 102, 77793 Nemours Cedex, France 

Abstract - A squeeze igniter is a mechanical-electrical reversible 
piezoelectric transducer working under a slow quasi isothermal 
stress and generating numerous sparks. The mechanism of the 
energy conversion under a constant stress in a spark igniter is 
analysed from the linear diagram strain-stress S3 (T3) of a 
piezoceramic. To withstand the highest stresses reversibly applied 
without depolarizing the sample, PZT type materials with suitable 
substitutions and oxygen vacancies are chosen. In order to improve 
the number of sparks and the energy of each spark the materials 
must offer both high g33 and s^ coefficients and a high static 

leakage resistance in the operating stresses range. These conditions 
are achieved for the best with the help of slightly hard PZT solid 
solutions doped with undervalenced ions on the Pb site and lying on 
the rhombohedral side of the MPB. 

INTRODUCTION 

In piezoelectric sparks generators the mechanoelectrical 
energy conversion under uniaxial stress is achieved following either 
a quasi-static compression (squeeze type igniters) or a dynamic 
compression (pulsed stress of a few microsecond duration). The 
impact striking igniters have been recently studied [1] [2] [3] ; it 
appears that very important non linearities of the electromechanical 
coefficients, owing to high stresses and electric fields, are observed 
and consequently the electromechanical conversion cannot be 
described any more using the classical low level piezoelectric 
coefficients. During the impact unusually high values of 
s*, d33 and sj3 coefficients are shown off as well as an important 

increase of the loss tangent. The more suitable compositions are 
those offering the best compromise between the highest figure of 
merit d33gj3, the lowest increase of the losses tg5 and a good 

reversibility under repetitive applied stresses. 

The purpose of the present paper is to investigate the 
phenomena occuring during a quasi-static compression and to define 
the required characteristics of suitable PZT piezoceramics 
(perovskite structure AB03). 

MODEL FORMULATION OF THE QUASI STATIC MECHANO 
ELECTRICAL CONVERSION 

Theoretical basis of the quasi static mechano electrical conversion 

"Strain-stress" and "Electric field-stress" diagrams are well 
suited to describe simply the mechanoelectrical conversion (Figures 
1 and 2). The interelectrode distance determines the disruptive 
electric voltage (about 3000 V for a 2 mm gap in air) and the 

electric field in the piezoceramic 

The number n of sparks during a compression up to a maximum 
stress     Tm     is     depending     on    the    g33    coefficient 

Ed = IM y = length of the rod). 

The electric discharge occuring at constant stress the electric 

energy of each spark is : W = —(s? -s^jTd2.v where v is the 

volume of piezoelectric material. 
2 v 33     33 / 

With 

W      1 , 

K, 
33 

it     is     obtained 

—   oT el Ed2. 

The energy of each spark is mainly depending on the 
permittivity EJ3. 

Td Tm 

UNIAXIAL STRESS 

Figure 1 : Strain versus stress 

UNIAXIAL STRESS 

Tm    Tm 
Td ~ Ed 

g33withEd = g33Td.[4] 

Figure 2 : Electric field versus stress 

Remark : The preceding diagrams don't take into account the 
important residual electric field which subsists at the spark 
extinction [4]. 
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Non linearities of the electromechanical coefficients under a static 
stress 

A special device leading to d33 and s* dynamic measurements 

under high static uniaxial stress has been built [5]. These 
measurements are compared with quasi static ones as a function of 
the uniaxial stress : dJ3 is the slope of the "electric charges versus 

stress" curve in short circuit conditions, s'* is measured by a 

Sawyer-Tower method performed at various static stresses (6000 V 
p.p, f = 0.2 Hz, rod 15 mm length, 6.35 mm diameter), s* and tg 5 

are also measured between 300 - 30 Hz with the help of a Schering 
bridge (1500 V rms) at various static stresses. 

Figure 3 shows the variations of both static and dynamic 
coefficients as a function of uniaxial stress for a hard PZT 
composition (P190). The increase in d'33 is more important than 

the d33 one whereas the s'^ value remains quite close to the eT 

one. As a consequence the static voltage coefficient g'33 presents a 

strong increase versus stress. 

The reversibility is good up to 120 MPa but a complete 
reversibility is obtained by limiting the stress at a value nearly 
corresponding to the maximum of the figure of merit d33g.3. 

In squeeze igniters the frequency of the sparks is depending 
on both the stress ramp rate and the interelectrode distance. A 
typical value is about 20 Hz and the corresponding piezoelectric 
coefficients would be near the dynamic ones. 

Assuming a linear stress-time dependence (T = at) the 
equivalent electrical model is composed of a current generator 

K = d33 77A = ad33A» A : sample area 1 dt supplying 

capacitance C0 in parallel with a leakage resistance RQ (Figure 4). 

A variation of the d33 value increases the voltage rise whereas 
the leakage resistance drastically limits the open circuit voltage. A 
compensation of these two effects is possible for a critical value of 

the time constant tc = R0C0 = (2ab)_1 where b = — ^- 
d330       dT 

For P190 material with b # 2.8 10"8 m2 N"1 and at a stress 
rising rate a = 100 MPa s"1 a typical value is T.C = 180 ms. 

The open circuit voltage versus time is represented in Figure 5 
for five typical conditions. 

UNIAXIAL STATIC STRESS     (Pa) 

dynamic 

4 6 8 

UNIAXIAL STATIC STRESS     (Pa) 

6 O 10 

UNIAXIAL STATIC STRESS     (Pa) 

12 

xlO? 

Figure 3 : Static and dynamic (120 Hz) piezoelectric coefficients 
versus uniaxial stress 

Theoretical basis taking into account non linearities 

In order to correctly describe the quasi static conversion two 
important effects have to be introduced : 

- Non linearities of s|   and d33 coefficients during the 
compression 

- Effect of an unnegligible leakage resistance. 

Figure 4 : Equivalent circuit of a piezoceramic under linear 
compression 
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Figure 5 : Open circuit voltage versus time during a compression 

a : constant d^ , TOO 

b:d33 = d330(l+bT),Tco 
c : constant d33,   x unnegligible, VM = Roio 

d:d33 = d330(l+bT),T>Tc 

e:<i33 = d33oO+bT),T<Tc 

for T -» TC , d and e -> a 
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RESULTS AND DISCUSSION 

Test methodology 

Two piezoceramics rods are inserted in a special test device. A high 
insulation ensures both negligible external losses and capacitance. A 
static prestressing (10 MPa) is applied and then stress cycles, with a 
70 MPa amplitude, are generated with the help of a motorized cam. 
The duration of an "up and down" cycle is adjustable but the results 
given in this paper relate to 1.4s. 

The number of sparks per cycle r^ is measured with a 2 mm 
interelectrode distance between metallic points. The sparks are 
counted up by detecting the short range electromagnetic field with 
an antenna followed by a comparator (Figure 6) 

In the case of a material delivering 20 sparks per cycle the 
equivalent frequency of the sparks is 14 Hz. 

Short circuit charges Qsc delivered during an "up and down" 
cycle are also measured through a rectifier and a high value 
capacitance (Figure 6). 

SAMPLES 
FORCE SENSOR 
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BEARING 

ELECTRODES 

FRAME 
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rn~T 
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Figure 6 : Experimental set up for squeeze testing of piezoceramics 

Five compositions are tested : 

A: PZT + 2 % Fe + 1,25 % Mn on B site 
B : PZT + 0,5 % Fe + 0,6 % Mn on B site 
C : PZT + 1 % (Na, K) on A site 
D : Industrial material PI90 (Quartz et Silice, France) 
E : Industrial material SONOX (Hoechst, Germany) 

Effects of the Zr /Ti ratio 
It is well known that in PZT materials an uniaxial stress favors 

the tetragonal phase [6] [7]. Consequently a composition (as for 
example A composition, Zr = 56 % in Figure 7) situated on the 
rhombohedral side of the phase transition, with a low initial d33 

value will present under a high uniaxial stress a maximum value of 
this coefficient, due to the stress induced shift of the morphotropic 
phase boundary (MPB). In the same way Figure 7 shows the 
corresponding variations of the e* and g33 coefficients. 

As a result compositions situated on the rhombohedral side of 
the MPB present the following advantages : 

- The combined effects of both the classical increase of d33 
versus stress and the change of phase induced by stress lead to a 
strong increase of d33, from which it results important electric 
charges released in short circuit. 

- The g33 voltage coefficient keeps a high value despite the 
increase of the permittivity e*, from which it should result an 

important number of sparks. 

52 53 54 55 56 

ZIRCONIUM CONCENTRATION (%) 

52 53 54 55 56 

ZIRCONIUM CONCENTRATION (%) 
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2-0.025 

^   O.02 

«0.015 

O.OI L 

T =  1  MPa 
T = 40 MPa 

T = 80 MPa 

53 54 55 56 

ZIRCONIUM CONCENTRATION (%) 

Figure 7 : Influence of the MPB shift induced by an uniaxial stress 
on the piezoelectric coefficients : Composition 

pb().9325 Sr0.09 Ba0.03(ZrxTil-xNb0.02 Fe0.02 ^0.0125) °3.145 

Influence of the very low frequency losses 

Despite a high g33 value up to 80 MPa some compositions 
don't deliver a sufficient number of sparks during compression. 
Measurements of the loss tangent at high electric field and various 
stresses as a function of frequency indicate two kinds of behaviour: 

- for suitable materials the loss tangent slightly decreases at 
low frequencies but increases with the uniaxial stress (composition 
D, figure 8). In every case the time constant remains above the 
critical value (tg5 = l/xm). 

- for other compositions such as B (Figure 8) an anomalous 
increase of the loss tangent is observed at low frequencies and 
consequently the time constant falls under 100 ms. 

The origin of this important quasi static conduction is not 
clear. It is probably due to a segregation of some additives ions 
(such as Mn, NL.) at the grain boundary when they are added in too 
large concentrations (Figure 9)[8]. 

That is the reason why many hard compositions are not 
suitable for squeeze igniters. 
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Figure 8 : Loss tangent as a function of frequency at various 
stresses (at 1500 V on 15 mm length samples) 
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Figure 9 : Loss tangent of PZT ceramics doped with Mn as a 
function of frequency [9] 

It is not possible to keep a good reversibility under repetitive 
compressions with soft compositions. So it is necessary to harden 
these compositions without increasing the static conductivity. This 
may be achieved by substituting undervalenced ions on the A site, 
but not on the B site which is the usual way. 

In impact igniters a good stabilization had been obtained by 
substituting a small amount of Na or K ions on the Pb site [10]. By 
using these ions at higher concentrations in materials for squeeze 
igniters it is possible to keep both a high time constant at low 
frequency and a good stability under repetitive so licitations. 

Ageing under repetitive compression 

Figure 10 shows different behaviours of ageing according to 
the composition of the piezoceramics. In an industrial point of view, 
the most interesting materials must generate the greatest number of 
sparks during the first up and down cycles and present the lowest 
ageing. 

These conditions are not respected with materials doped with 
undervalenced ions, such as Mn, Fe (A, B, D types) on the B site, 
whereas materials doped with Na or K on the A site present a 
smaller ageing rate (C type). 

Figure 10 : Ageing as a function of the number of compressive 
cycles nc 

CONCLUSION 

The quasi static energy conversion with piezoelectric materials 
is an involved problem taking into account non linearities and 
conduction effects. 

In typical squeeze igniters the characteristics between 10-80 
MPa of a suitable piezoceramic should be : 

'33 
- High voltage coefficient g33 and high permittivity s 

- High time constant at low frequency 
- Zero ageing 

It results from this study that PZT compositions which lie on 
the rhombohedral side of the MPB are the most favorable. 

For stability requirements a slightly hard composition is 
necessary. However by using dopants on the B site the quasi static 
conductivity is often reinforced whereas it is lowered by using 
monovalent doping ions on the A site, with a very small ageing rate. 
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Abstract—A quarternary system ceramics with high 

piezoelectric constants particularly in high d31, high 

d33 was studied. The composition of materials is 

PMN-PNN-PZT doping with oxides of Sr, Bi, Sn and 

La etc. The properties of the materials are as follow: 

d33 = (600-750)10~12C/N, d3, = (-300—398) x 10-12 

C/N, Kp = 0.68-0.75. By using this materials, a new 

type of rotational stepper motor, piezoelectric 

electro-rheological motor had been made. This kind of 

motor has unique advantages: no vibration noise, zero 

wear, low consumed power, large travel range and high 

resolution etc. 

INTRODUCTION 

Piezoelectric ceramics was developed rapidly in the 

past few decades. It had been used widely for various 

kinds of vibrators such as filters, buzzers and transducers 

in electronic industries. Recently the development of 

ultrasonic motor and actuator is remarkable. It is neces- 

sary to meet the requirement of optical and precise ma- 

chinery and automatic controlling technique. Compared 

with electromagnetic motors the characteristics of 

piezoelectric motors are listed below: They can control 

the displacement with high accuracy range up to several 

tens of micrometers; possessing high response speed; 

large generative force; small size and low consuming, 

power. 
Therefore, the piezoelectric ceramics is suitable for 

the application on low driving power and miniturization 

of devices. 
Only the high performance piezoelectric ceramics 

can satisfy the need of ultrasonic motor. The properties 

must be satisfied both the requirements of conventional 

hard-type and soft-type peizoelectric ceramics. This pa- 

per aimed at researching on the high d31, high 

d33 piezoelectric ceramics. The compositions of 

PMN-PNN-PZT doped with Sr, Sn, Bi, La are reported 

©This research is supported by National Science and Technology Committee 

of China 

and the behaviours of ER fluid-rotational stepper motor 

made from this cermaics were also introduced. 

EXPERIMENTAL PROCEDURE 

The compositions of the sample are as follow: 

Pb!_aSra(Mg, / 3Nb2 , 3)x(Nii / 3Nb2 , 3)yTizZrw03 

+aimol % Sn02+a2mol% La203+a3mol %Bi203 

where x+y+z= 1, 0<x<0.35, 
0<y<0.30,0.10<z<0.50, 

0.10<w<0.50, a = 0-10, 0<a!<10, 

0<a2<10,0<a3<10 
The chemical grade and analytical grade raw mate- 

rials Pb304, Ti02, Zr02, Nb2Os, Mg(OH)24MgC03 • 

6H20, Ni(AC)2, Sn02, La203, SrCOs, Bi203 were used, 
Powders were prepared by oxide synthesis processing. 

Samples were formed into disc with diameter of 15mm 

and thickness  of 1mm  under  the pressure  of about 

lOOMPa. The samples were sintered at 1200°C -1300°C 

for l-4hrs. The electrodes of samples were coated with 

silver paste and fired. The samples were polarized by a 

DC electric field at 3-4KV/mm in 120°C   silicon oil. 

Dielectric   properties   of  samples  were  measured  by 

automatic bridge. Piezoelectric properties were measured 
by resonance-antiresonance method. The micro structure 

and mechanism of doping and modifying of the materials 

were analyzed by means of XRD.  SEM  and Laser 

Raman Scattering Spectrum. 

RESULTS AND DISCUSSION 

1. The influence of doping Sr + 

Figure 1 shows the effect of doping Sr2+on properties 

of PMN-PNN-PZT ceramics. It reveals that the 

dielectric constant sj3 / s0, piezoelectric constant d33and 

electromechanical coupling factor Kp increase obviously 

with Sr2+content increasing. Until Sr2+contents up to 

6mol%, d33and Kp decline. This fact is related to the 

crystal structure of the ceramics. The ionic radius of 

Sr2+(1.44Ä) approaches to that of Pb2+(1.49Ä), it is pre- 
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Fig.l   Piezoelectric   properties   as   a   function   of 

Sr2+content for PMN-PNN-PZT ceramics S.T= 1270°C 

Table 1   c / a of unit cell at different Sr2+contents of 
PMN-PNN-PZT 

Sr2_r contents a(A) C(A) c/a 
mol% 

0 4.060 4.084 1.0059 
2 4.050 4.070 1.0049 
5 4.053 4.064 1.0027 
6 4.050 4.054 1.0012 

ferred to enter A site of AB03structure. Table. 1 shows 

the parameters of unit cell at different Sr2+contents. It 

can be seen from Table 1 that c/a decrease with Sr2+con- 

tent increasing. It is beneficial to polarizing. Thus 

d33 and Kp increase with Sr2+content increasing. Howev- 

er, our experimental results showed that c/a reached to 

a critical value. After then the unit cell changed gradually 

from tetragonal to cubic, which resulted in decreasing the 
piezoelectricity. So we can see from Figure 1 that 5 mol% 

Sr2Tdopant may be the optimum value for the system. 

The results also showed that the Curie peaks shift 

leftward and upward after doping with Sr2+. This may be 

one of the main reasons for the fact that doping Sr2+can 

increase the dielectric constant. 

The ceramics doped with Sn4+showed the similar 
rule as doping with Sr2+. 

2. The effect of doping with La3+ 

Table 2 shows the effect of doping La on properties. 

The reuslt show that the d3I, d33and Kp increased re- 

markably after doping with La 1 mol% and also show 

that the Curie peaks shift leftward and upward. The 

properties showed in Table 2 are satisfactory enough for 

making ultrasonic motor. 

3.Application 

The piezoelectric ceramics has been applied to 

piezoelectric electrorheological rotational stepper motors. 

Figure 2 shows the construction of the piezoelectric 

electrorheological rotational stepper motor. In the con- 

struction of the motor, ER fluid performs clamping func- 

tion for output axis in place and clutch on-off function 

for transmitting torque produced by torsional 

piezoelectric transducer of the motor. This motor has the 

characteristic of eliminating vibration, zero wear, and 

low consuming power as a 

piezoelectric-electrorheological linear stepper motor. 

The operational method of piezoelectric 

electrorheological rotary motor is in rotating "inchworm" 

type shown in figure 3. In the first step, the ER clutch 1 is 

Table 2 Additives of PMN-PNN-PZT Ceramics on Properties 

No 
additives 

(mol%) 
£33 / e0 Kp d33 

(10"I2C/N) 

d31 

(10"12C/N) 
1 0 2100 0.58 350 -187 

2 
Sr=5 

Sn = 0 
4400 0.63 595 -284 

3 
Sr=5 

Sn = 3 
5700 0.65 700 -334 

4 

Sr=5 

Sn = 2 

La=l 

5989 0.70 740 -398 
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Fig.2 The construction of the piezoelectric 

electrorheological rotational stepper motor, u,, u2, u3are 

voltage applied to ER clamp. ER clutch and piezoelectric 

transducer respectively. 
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Fig.3 The operation principle of the piezoelectric 
electrorheolgical rotary stepper motor. 

transducer 3 with a variable voltage u3 to drive the elec- 

trode plate b rotating towards positive direction as shown 

in figure 3(b). During the third step the ER clutch 1 is re- 

leased and can move freely after removing the voltage. At 

the same time, the ER clamp 2 is activated to hold in 

place with a high voltage u2 between electrode b and c, 

and the voltage across the piezolectric transducer is held 

constant and keeps it torquing (Figure 3c). In the fourth 

step, the voltage applied to the piezoelectric transducer 3 

is brought to negative which cause the transducer ro- 

tating towards negative. Thus the output axis has rotated 

towards positive direction at a small angular A0 (Figure 

3(d)). The cycle of operation as mentioned above is re- 

peated, the output axis will rotate forward to the positive 

direction continuously. If the operational sequence is re- 

versed, the output axis will rotate toward reversed direc- 

tion. 
The voltage applied to ER clamp and clutch is 

1000V, and to piezoelectric transducer is 0— 300v. When 

operation frequency is 100 Hz, the rotary stepper speed 

ofO—10"1 rad / min can be aquired. 
This kind of the piezo-ER rotary stepper motor, 

due to its eliminated vibration, zero wear and low con- 

sumed power, will be applied to robots, high precise ma- 

chinery and automatic controlling techniques etc. 

CONCLUSIONS 

1. PMN-PNN-PZT ceramics by doping with Sr, Bi, 

Sn and La could be obtained with high d31d33and high 

2. A new type of ER-piezoelectric rotational stepper 

motor has been made by this ceramics. This kind of mo- 

tor has promising prospect in robots, high precise ma- 

chinery and automatic controlling techniques. 
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ABSTRACT 

It has recently been shown that the selective reduction of 
one surface of a high-lead-containing piezoelectric or electros- 
trictive ceramic wafer results in a stress-biased wafer with a 
unique domed structure that leads to high electromechanical 
displacement and enhanced load-bearing capability. These 
ceramics have been called rainbow ceramics and their very 
high displacements make them very promising materials for 
transducers and actuators. The dielectric, piezoelectric and 
hydrostatic properties of a variety of PLZT based rainbow 
ceramics have been measured and analysed. The samples 
exhibited a strong piezoelectric effect in the poling direction 
(effective d33 of the order of 10"8 C/N) under low planar and 
hydrostatic pressures but as the pressure was increased there 
was a marked decrease in the strength of the piezoelectric 
response which passed through a minimum and then 
increased to the level of typical values for PZT ceramic. Some 
samples were plated and these had a low pressure hydrostatic 
voltage coefficient that was considerably greater than that of 
PZT along with a reasonable level of thickness mode electro- 
mechanical coupling. However, as the hydrostatic pressure 
was increased, the hydrostatic voltage coefficient decreased 
towards typical values for PZT. The rainbow ceramics show 
considerable promise as material for actuators and, possibly, 
for shallow water sonar transducers. 

and hydrostatic properties of a range of PLZT based rainbow 
ceramic specimens which are described in Table 1. The speci- 
mens had a lanthanum content of 1.0 % and a lead zirconate 
content of 53 %. The samples were 0.5 mm thick discs which 
were electroded with Dupont 5504N silver epoxy and they all 
had a dome like appearance. Samples 4 and 5 had their rims 
glued to 1 mm thick brass plates whose diameters are given in 
Table 1. A specimen without electrodes was used to determine 
the density which was found to be 7575 ±100 kgrrr3. 

Table 1: The Specimens 

Sample 
Number 

Diameter/ 
Plate 

Diameter (cm) 
Plate 

1 1.31 none 

2 3.15 none 

3 3.14 none 

4 3.16 
plate - 3.4 brass 

5 1.31 
plate-1.32 brass 

INTRODUCTION 

A new type of ceramic bender has recently been produced 
by the high temperature chemical reduction of one surface of a 
high-lead-containing piezoelectric or electrostrictive ceramic 
wafer which results in a stress-biased dome like structure that 
is capable of achieving very high axial displacements [1]. The 
reduced (concave) side of the wafer can serve as one of the 
electrodes. This type of ceramic has been called a "rainbow" 
(reduced and internally biased oxide wafer) ceramic. When a 
voltage is applied to a rainbow ceramic, the dome height varies 
as a function of the magnitude and polarity of the voltage and 
this motion is largely a consequence of the lateral contraction 
produced in the material due to the lateral piezoelectric coeffi- 
cient d31. Rainbow ceramics have been produced using ceram- 
ics .such as lead zirconate titanate (PZT), lead lanthanum 
zirconate titanate (PLZT) and lead magnesium niobate (PMN). 
Single elements of rainbow ceramics, 0.2 mm thick, have pro- 
duced displacements of 1 mm which represents a very high 
strain of 500%. Since rainbow ceramics are also easy and 
cheap to produce, they show considerable promise as materi- 
als for actuators and sonar activators. This paper reports on 
the measurement and analysis of the dielectric, piezoelectric 

RESONANCE MEASUREMENTS 

A Hewlett Packard Model 4192 Impedance Analyser was 
used to measure the impedance of the samples as a function 
of frequency. In addition to radial and thickness mode reso- 
nances, the samples showed bending mode resonances; in the 
case of sample 1 the bending mode resonance occurred at 
about 30 kHz. The impedance spectra of the samples have 
been analysed using Smits' method [2] and our own tech- 
niques [3] although it should be stressed that the geometry of 
these dome shaped samples does not correspond strictly to 
the geometry assumed in deriving the resonance equations. 
An analysis of the thickness and radial mode resonances of 
samples 1, 2 and 3 gave the material constants shown in 
Tables 2 and 3 in which the symbols used have the usual defi- 
nitions as given in the IEEE Standard on Piezoelectricity [4]. 
These tables show that there are large differences in the mate- 
rial constants measured for the various samples and this is 
likely to be due to small differences in the curvatures and 
aspect ratios of the dome shaped samples. The curvature is a 
result of the reduction process and small variations in composi- 
tion and processing conditions would produce differences in 
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Table 2: Thickness mode material constants measured 
at 4 MHz and 20°C 

Sample 1 Sample 2 Sample 3 

K\ 0.359(1 - 0.12i) 0.355(1-0.31 i) 0.327(1 +0.12i) 

C33 (10* 'N/rrO 1.35(1 +0.020i) 1.06(1 +0.069i) 1.19(1 +0.068i) 

S         -q S33 (10aF/m) 6.39(1 - 0.33i) 6.87(1-1.1 i) 11.3(1 -0.35i) 

h33 (109V/m) 1.62(1 +0.049i) 1.23(1 +0.15i) 0.99( 1 + 0.33i) 

Table 3: Radial mode material constants measured at 20°C 

Sample 1 Sample 2 Sample 3 

Su (10 ' 'mz/N) 1.55(1 -0.023i) 1.81 (1 -0.023i) 2.15(1 -0.038i) 

E         -119 
Sl2 (10 ' 'rrT/N) -0.517(1 -0.023i) -0.742(1 - 0.023i) -1.22(1 -0.038i) 

d3l (10"12C/N) -140(1 - 0.088i) -123(1 -0.085i) -83(1 - 0.22i) 

T          q S33 (10aF/m) 13.3(1 - 0.0915i) 11.6(1 -0.077i) 7.8(1-0.21 i) 

ap 0.334 0.410 0.566 

kp 0.52(1 - 0.043i) 0.48(1 - 0.047i) 0.43(1 -0.11i) 

the curvatures of the samples which would significantly affect 
the material constants. 

In Figure 1, which shows the thickness resonance of sam- 
ple 1, the experimental points are compared to the fit obtained 
by using the material constants found for this sample. It can be 
seen that the fit is acceptable around the fundamental mode 
but there is significant dispersion at higher frequencies. 
Besides, the first thickness resonance occurs close to 4 MHz 
and it follows that a non-dispersive material would have a sec- 
ond resonance at around 12 MHz whereas this occurs at about 
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Figure 1. The resistance and reactance versus frequency for 
sample 1. The experimental points are compared with the 
lines which represent fits obtained by using the derived mate- 
rial constants. 

7.5 MHz in the figure. Finally the figure shows that the base- 
lines for the data and the fit differ substantially at frequencies 
higher than the first resonance frequency. All of this evidence 
points to a significant dispersion in the dielectric, elastic and 
piezoelectric constants of the material. 

Another interesting feature is that the second thickness 
mode resonances of the larger samples are inductive and yield 
negative values of permittivity; this is due to the high conductiv- 
ities of these samples at high frequencies. 

Samples that were bonded to plate electrodes had thick- 
ness resonances that saturated the measuring circuit while 
their radial modes were smaller than those for the unbonded 
samples. This suggests that the electrode plate acts to clamp 
d31 more than 0/33 with a resulting enhancement in kx. 

DIELECTRIC MEASUREMENTS 

The capacitances of the specimens were measured at a 
frequency of 1000 Hz at room termperature. The average val- 
ues for the permittivity, the dielectric constant and the loss tan- 
gent for samples 1, 2 and 3 are given in Table 4. 

Table 4: Dielectric Constants 
(averaged over samples 1, 2 and 3) 

Property Units Value 

T 
Permittivity s33 1CT9F/m 14 ±1 

T 
Dielectric Constant AT13 1540 ±110 

Loss Tangent tan 5 0.086 ±0.012 

THE PIEZOELECTRIC CHARGE CONSTANT 

The value of the piezoelectric charge constant, 033, for the 
material was obtained by using a point force head on a Berlin- 
court type 033 meter which was operated at a frequency of 
200 Hz. The value of c/33 was found to vary over the surface of 
the samples; to find if this was due to coupling to the bending 
mode of the sample, measurements were made at 12 points 
spaced 1 mm apart along a diameter of the slightly domed 
samples. Our results for sample 1 are shown in Figure 2 where 
the three curves represent the values obtained (a) when the 
measurements were made with the curvature of the dome 
shaped sample facing downwards so that the sample formed a 
cavity with the base plate of the meter with the positive terminal 
at the point head (indicated as "+ up" data in the figure, (b) 
when the measurements were made with the sample curvature 
facing upwards ("+ down" data in the figure) and (c) the aver- 
age of the two measurements made in (a) and (b). Figure 4 
shows that the apparent d33 values are quite large and can 
reach up to 12,000 pC/N at the centre of the specimen. It is 
likely that this large value is due to the addition of the normal 
uniaxial compression of the ceramic material and the bending 
modes of the dome shaped sample. In order to elucidate this 
better the 033 was measured as a function of uniaxial compres 
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Figure 2. The effective d33 value as a function of distance 
along a diameter of sample 1. The significance of the three 
curves has been explained in the text. 
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Figure 3. The effective c/33 as a function of the compressional 
force applied to sample 2. 

sion using a method which has been reported earlier [5]. Our 
results for sample 2 are shown in Figure 3 and it can be seen 
that c/33 has a value of about 10,000 pC/N at low applied force 
but it then decreases rapidly as the dome shaped sample is 
flattened out as a result of increasing force and it passes 
through a minimum at a force of about 200N from which point it 
rises up to typical ceramic values as the ceramic undergoes 
compression. It can therefore be concluded that the large d33 

values are indeed caused by the bending of the dome shaped 
sample when a stress is applied; after the rainbow material has 
become flat, it begins to act like a plain bulk ceramic disc. 

It should be noted that the voltage - force curves of the 
specimens show hysteresis and this behaviour is very similar 
to that shown by bulk PZT discs [5]. The hysteresis is due to 
the time-dependence of the piezoelectric response of the rain- 
bow ceramic. 

o //l +  up 
© //l +  down 
v //5 +  up 
T //3 +  up 

0       2       4       68      10121416 

Pressure  (MPa) 

Figure 4. The hydrostatic voltage coefficient, gh, as a function 
of the hydrostatic pressure for different samples and orienta- 
tions. 

HYDROSTATIC PROPERTIES 

The hydrostatic voltage constants, gh, of the rainbow speci- 
mens have been measured at a frequency of 400 Hz and as a 
function of pressure using a SENSOR gh apparatus. Our 
results for samples 1, 3 and 5 are shown in Figure 4. Two 
series of measurements were carried out on sample 1: the 
results indicated by "+ up" correspond to the dome shaped 
sample being placed with its curvature facing down and form- 
ing a small cavity with the base plate of the apparatus while the 
results indicated by "+ down" correspond to the rainbow 
ceramic sitting on the base plate with its curvature facing up. 
The hydrostatic voltage response is the sum of the contribu- 
tions arising from the bending of the dome shaped rainbow and 
the compression of the ceramic itself. In the case of sample 1, 
the bending effects are small since the edge of the rainbow 
ceramic can move laterally on the base plate and so the gh 

value is close to that of standard bulk PZT ceramic. The small 
difference between the two series of measurements on sample 
1 is probably due to the different contributions from the bending 
of the specimens. Samples 1 and 3 are similar in that both 
were not bonded to a base plate so that the hydrostatic pres- 
sures are identical on both faces and the dome does not 
undergo any flattening due to the hydrostatic pressures. Sam- 
ple 3, which has the bigger radius, has a larger value of gh and 
this is perhaps due to the larger bending deflections which are 
possible in this case. Sample 5 is a rainbow ceramic of the 
same radius as sample 1 but it is bonded to a brass plate about 
1 mm thick so that the hydrostatic pressure is not now transmit- 
ted to the inner surface of the rainbow and the dome gradually 
flattens as the external static pressure is increased. At low 
pressures the flattening is negligible, but since the rim of the 
rainbow is bonded, the bending response to the signal is con- 
siderably greater than in the case where the rainbow is not 
bonded (as in sample 1) and hence the much larger value of 
gh. As the pressure increases, the rainbow gradually flattens, 
the bending contributions decrease and the gh value 
approaches that of a normal bulk PZT ceramic. 
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Figure 5. The hydrostatic figure of merit for samples 1, 3 and 

Figure 5 shows the hydrostatic figure of merit, ghdh, of sam- 
ples 1, 3 and 5. The small rainbow (sample 1) has a figure of 
merit that is substantially lower than that of PZT while the 
larger rainbow ceramic (sample 3) has a figure of merit which is 
comparable to that of PZT. 

The g^dh values for sample 4 are shown as a function of 
pressure in Figure 6. This sample is a large rainbow ceramic, 
3.16 cm in diameter, bonded to a 1 mm thick brass plate and 
its behaviour is qualitatively similar to that of sample 5 which is 
smaller. At high pressures the values are slightly lower than the 
nominal values for normal bulk PZT but they rise dramatically 
at low pressures. At low pressure this sample has a very high 
gh value of about 0.8 Vm/N 

Finally it may be noted that both Figures 3 and 6 show 
minima. This is explained by the fact that there are two contri- 
butions to charge generation: bending of the dome shaped 
samples and compression of the ceramic. These two contribu- 
tions are not independent but are coupled with the strain being 
relieved by the bending action of the monomorph. 

CONCLUSIONS 

The set of PLZT based rainbow specimens analysed by us 
have shown a strong piezoelectric response under low planar 
and hydrostatic pressures but there is a marked decrease in 
the strength of the response as the pressure is increased. The 
larger response at low pressures is thought to be due to the 
bending of the samples and the consequent release of charge. 

The resonance curves of the specimens were somewhat 
distorted by the presence of the bending modes. The material 
constants were determined for the radial and thickness modes 
of operation and these were found to exhibit geometric effects 
and dispersion. 

The rainbow samples that were not bonded to a base plate 
had hydrostatic properties in the same range as ordinary bulk 
PLZT with some variation depending on the orientation of the 
sample in the measurement apparatus. However the rainbow 
samples that were bonded to electrode plates showed sub- 
stantially better hydrostatic properties but, as the static pres- 
sure increased, these decreased to values similar to those of 
bulk PLZT. 

The dielectric properties of the rainbow samples were simi- 
lar to those of PLZT. 

In conclusion, the rainbow ceramic material shows consid- 
erable promise as an actuator material where large displace- 
ments are required (solid state speakers, pumps, switches, 
positioners etc..) and, possibly, for shallow water sonar projec- 
tors. The large pressure dependences exhibited by the mate- 
rial reduce its applicability in deep water applications, although, 
with proper design, it may be possible to maintain a pressure- 
independent sensitivity that will be somewhat greater than that 
of PZT, the current standard in sonar transducer materials. 
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Abstract - Fracture strength and stress-strain behavior under 
tensile stress in piezoelectric ceramics have been investigated with 
special emphasis on the effect of environmental temperature. The 
materials used in this work are the commercial piezoelectric ceramics, 
PbZr03-PbTi03 (PZT) and PLZT. An attempt was first made to 
evaluate the tensile strength properties at the room temperature of 
PZT samples having a specially designed specimen geometry. Not 
only fracture strength, but also elastic properties, tensile modulus and 
Poisson's ratio, were evaluated and then the stress-strain behavior 
under tension was investigated. As a result, stress-strain response 
under tension for piezoelectric ceramics, PZT and PLZT, was 
confirmed to be nonlinear. The nonlinearity in the stress-strain 
relationship under compression loading has already been reported by 
some investigators. However, very little work has been done on the 
tensile stress-strain relationship, as studied in this paper. The results 
of tensile test for PZT samples at the various environmental 
temperatures indicated that the stress-strain response of poled and 
nonpoled samples was nonlinear independent of test temperature. The 
strength of both the poled samples and the nonpoled samples 
increased linearly against test temperature. Moreover, acoustic 
emission monitoring was performed simultaneously during tensile 
tests, and thus the tensile failure process in piezoelectric ceramics was 
discussed. It was also pointed out that the tensile strength of PLZT 
increased monotonically against the amount of La. 

SPECIMEN PREPARATION AND EXPERIMENTAL METHOD 

The materials used in the present study are the commercially 
available piezoelectric ceramics, PbZr03-PbTi03 (PZT) and PLZT 
with various compositions. PLZT (Hayashi Kagaku Co., Ltd.) 
employed here had four kinds of composition, 
(Pbo.920, Lao.08o)(Zro.65, Tio.35)03, (Pbo.910, Lao.09o)(Zro.6S, Tio.3s)03, 
(Pbo.905, Lao.o95)(Zro,65, Tio.3s)03 and (Pbo.880, Lao.i2o)(Zro40, Tio6o)03 
(hereinafter referred to as 8/65/35, 9/65/35, 9.5/65/35 and 12/40/60, 
respectively). In general, it is considered that the tensile test for 
ceramic specimens is quite difficult to perform because fracture 
during a tensile test occurs easily at the gripping area. This is due to 
the inherent low fracture toughness of most ceramic specimens. In 
the present work, an attempt was made to evaluate the tensile strength 
properties of samples having a specially designed specimen 
geometry, as shown in Fig.l. In this method, tabs were bonded to 
both sides of the plate to prevent fracture at the gripping area. The 
tabs are tapered in order to reduce the stress concentration effect at the 
gripping area. The material selected for end tabs was chopped-glass- 
mat reinforced polyester. It is ductile and soft as compared to 
ceramic specimens, which is a requirement in this tensile test. The 
stress distribution in the vicinity of the tab was calculated by a finite- 
element method (MARC) to determine the validity of the adopted 
specimen geometry [1]. 

The tensile test was performed for both the nonpoled and the poled 
samples. In the poled sample, DC current was applied to the 
thickness direction of the plate. In the present tensile test, the stress 
was applied to the specimen perpendicular to the poling direction, as 
shown in Fig.l. Strain gauges were mounted on all tested specimens 
in two directions, parallel and transverse to the loading direction, in 
order to measure the longitudinal and the transverse strain, 
respectively. The specimen was led to failure at a constant cross- 
head speed of 0.5mm/min using the Instron universal testing machine 
(type 4206). The tensile tests were conducted under various 
temperatures (-30, -10, 23, 80 and 150°C) in the environmental 
chamber. 

Acoustic emission (AE) monitoring was performed during tensile 
loading to investigate the fracture process of the specimen. AE 
signals were measured using the Physical Acoustic Corporation 3000 
acoustic emission instrument. The transducer had a resonant 
frequency of 500kHz and the AE system threshold level was set at 
40dB. 

 ; pCai  + 
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(b) 
Fig.l Geometry of (a) PZT and (b) PLZT samples. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Our previous work [2] indicated that the compressive strength 
properties of PZT and BaTi03 samples in the direction parallel to 
poling were considerably improved by poling. In this case, residual 
tensile stress induced by poling, which occurred in parallel and 
reversed directions to external load, was thought to increase the 
fracture strength. Aging and repoling are believed to stabilize the 
polarization. 

Table I Comparison of tensile strength between nonpoled 
and poled PZT samples. 

Specimen Tensile strength (MPa) 
Type 31         nonpoled 

poled 
49.4 
51.3 

Type 33         nonpoled 
poled 

43.5 
38.8 
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Tensile stress-strain curves in longitudinal and 
transverse directions for PZT sample. 
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As shown in Table I, tensile fracture strength of PZT in the poling 
direction (TYPE 33 in which the poling was applied to the 
longitudinal direction of the PZT plate) decreased in comparison with 
that for the nonpoled sample. In this case, residual tensile stress 
induced by poling, in which the internal stress direction is in the same 
direction as applied external stress, probably decreases tensile 
fracture strength. On the other hand, tensile fracture strength in 
TYPE 31 in which the poling was applied to the thickness direction 
of the PZT plate was slightly increased by poling. It is extremely 
important to note that the deformation behavior observed for PZT is 
nonlinear (Fig.2). In Fig.2 the strain was measured in both 
longitudinal and transverse direction to the loading direction. Such 
behavior was observed in both TYPE 31 and TYPE 33, regardless of 
poling. These nonlinearities begin at lower stress levels. For 
example, in the case shown in Fig.2, the fracture strength for poled 
PZT was 57.6MPa, while nonlinearity occurred when the stress 
exceeded 2.0MPa. 

For a more detailed consideration of these effects, the correlation 
between tensile fracture strength and normalized stress at a 
proportional limit in the stress-strain relationship was investigated for 
TYPE 31 of PZT (Fig.3). In the abscissa, stress value at the 
beginning of nonlinearity is divided by its tensile fracture strength. A 
negative correlation was observed. As a result, tensile fracture 
strength is said to increase with decrease in the normalized stress at 
the proportional limit. In other words, the stronger the nonlinear 
behavior is, the higher the fracture strength is. Next, the correlation 
between the fracture strength and ultimate strain at failure was 
examined, as shown in Fig.4. The positive correlation observed 
suggests that fracture strength can be enhanced by increasing ultimate 
fracture strain. Fig.5 shows the tensile stress-strain curves of the 
poled samples at test temperature of -30, 23 and 150°C. The strain 
was measured in both longitudinal and transverse direction to the 
loading direction. Therefore the tensile stress-longitudinal strain 
curve and the tensile stress-transverse strain curve are shown in 
Fig.5. The nonlinearity of stress-strain curve became remarkable as 
the test temperature became higher. In particular, the stress- 
longitudinal strain curve at 150°C indicated the significant nonlinear 
behavior. Nonlinearity in stress-transverse strain curve is much 
smaller than that in stress-longitudinal strain curve. The stress-strain 
curve at -30°C was almost linear up to relatively high stress. 
Therefore it is considered that the stress-strain behavior turns from 
ductile to brittle nature at about -30° C. The tensile fracture strength 
was higher at higher test temperature. It is considered that the tensile 
fracture strength is closely related to the nonlinear stress-strain 
behavior. Fig.6 shows the relation between the normalized strain at 
proportional limit and the test temperature. The proportional limit is 
the point where the stress-strain curve begins to indicate the 
nonlinearity. The normalized strain is defined as the ratio of the 
strain at proportional limit to the strain at failure. The normalized 
strain at proportional limit decreased monotonically against the test 
temperature. This result means that the PZT sample behaves as if it 
were a viscoelastic material with increase of test temperature. The 
temperature dependence of the tensile strength is shown in Fig.7. 
The strength of both the poled samples and the nonpoled samples 
increased linearly against test temperature. The tensile strength of 
PZT samples with tetragonal structure and spontaneous strain below 
the Curie point, becomes higher, as the test temperature is raised and 
the crystalline structure approaches cubic. According to the present 
test result, the fracture strain increased with increase of test 
temperature. This tendency is more remarkable in the poled samples 
than in the nonpoled samples. As mentioned above, the nonlinear 
stress-strain behavior is remarkable at higher test temperature. 
Therefore the nonlinear stress-strain behavior may lead to the increase 
of strain at failure. In addition, positive correlation was observed 
between the strength and the strain at failure independent of 
environmental temperature, and the strength is higher with increase of 
strain at failure. The effect of poling never appeared in this relation. 
The tensile fracture strength may be enhanced as a result of increased 
ultimate fracture strain at higher test temperature, as shown in Fig.7. 

In order to further investigate nonlinear response in this material, a 
cyclic loading and unloading test was performed. In this test, cyclic 
stress was gradually increased in a stepwise fashion. The test result 
for nonpoled PZT (Fig.8(a)) indicates that there exists plastic 
deformation even at low stress levels. Hysteresis in 
loading/unloading is apparently irreversible. On the other hand, 
plastic deformation for poled PZT is reduced, as can be seen in 
Fig.8(b).    Mechanical nonlinearity and the nonrecoverable nature is 

0.00 0.05 0.10 0.15 
Normalized stress at 
proportional limit 

Fig.3 Correlation between tensile strength and normalized stress 
at proportional limit for PZT sample. 
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Fig.8 Stress-strain histories during cyclic loading and unloading test 
for (a) nonpoled and (b) poled PZT. 

Table II Comparison of tensile modulus between nonpoled 
and poled PZT. 

Specimen Tensile modulus (GPa) 
Tangent           Secant 

PZT       nonpoled 

poled 
65.3 

62.3 
52.5 

50.0 

Table III Comparison of Poisson's ratio between nonpoled 
and poled PZT. 

Specimen Poisson's ratio 
Corresponding to 
tangent modulus 

Corresponding to 
secant modulus 

Type 31    nonpoled 

poled 
0.30 

0.33 
0.35 

0.35 

attributable to ferroelastic domain movement. The mechanism 
responsible for the nonlinear deformation in the piezoelectric 
materials involves 90° domain movement. Cao and Evans [3] have 
already reported a similar nonlinearity in the stress-strain response 
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Fig.9 Acoustic emission during loading-unloading test of PZT. 

Fig.10 SEM micrographs of the fractured surfaces in tensile test for 
(a) nonpoled and (b) poled PZT samples. 

under compressive stress for piezoelectric and antiferroelectric 
materials. They explained these effects from the viewpoint of 
ferroelastic domain switching, with a yield criterion controlled by a 
deviatoric effective stress. A further detailed study of such nonlinear 
behavior in the mechanical stress-strain response may lead to 
development of advanced piezoelectric ceramics which can withstand 
large displacements and/or large forces. 

It is of little value to evaluate Young's modulus of this material 
because of the severe nonlinearity in stress-strain behavior. Thus, 
two kinds of elastic moduli, tangent modulus and secant modulus, 
were evaluated. The former is a tangent modulus at the proportional 
limit, and the latter modulus was obtained from the slope of the line 
connecting the original point and the ultimate stress at fracture. As 
shown in Table II, which shows results for TYPE 31, both tangent 
modulus and secant modulus were significantly decreased by 
polarization in PZT. In addition, the values of Poisson's ratio 
obtained for the definition of the respective moduli indicate that 
Poisson's ratio is also markedly affected by polarization (Table III). 
It is reasonable to assume that the presence of internal stress induced 
by poling will probably increase the transverse contraction when 
subjected to tensile loading. As pointed out in our previous work 
[2], mechanical properties of piezoelectric ceramics are considerably 
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affected by differences in poling conditions, such as applied voltage 
values in poling, aging treatment after poling, and repoling. For 
example, compressive strength and fatigue resistance are enhanced 
with an increase of applied DC voltage. These findings may lead to 
the possibility of designing piezoelectric ceramics having desired 
modulus and Poisson's ratio by choosing optimum poling 
conditions. 

During the loading-unloading test, acoustic emission monitoring 
was performed simultaneously in order to obtain information on the 
fracture process. As can be seen in Fig.9, no AE signal occurred 
before exceeding previously experienced stress levels in 
loading/unloading histories. The so-called Kaiser effect [4] holds for 
this material. This suggests that the fracture process of this material 
under tensile loading corresponds to indominant crack propagation in 
conventional metallic materials. 

The SEM micrographs of the fractured surfaces in tensile tests for 
nonpoled PZT and poled PZT are shown in Fig. 10. In the nonpoled 
sample, the fracture was found to be intergranular with rather brittle 
appearance. In the poled sample, on the other hand, the appearance 
of fracture in the vicinity of the grain boundary appears ductile, and 
wrinklelike deformation may be observed. Further investigation on 
this difference in the fracture pattern is necessary to explore the 
reason for nonlinearity and irreversibility of the stress-strain response 
of piezoelectric ceramics. This may enable us to develop piezoelectric 
ceramics possessing high deformability and high strength, which is 
required, for instance, in application to high deformation and large 
force actuators. 
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12/40/60. The PLZT of 12/40/60 showed transgranular appearance 
and it is quite different when compared with PLZT of 8/65/35. 
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Fig. 11 Tensile stress-strain curves in longitudinal and 

transverse directions of PLZT samples. 

Table IV Tensile test results of PLZT samples. 

Streneth Tangent Secant     Poisson's      Poisson's 
Specimen   /»XTA modulus modulus ratio (tangent  ratio (secant 
 K      }     (GPa) (GPa)      modulus)       modulus) 

8/65/35      67.3       91.5 75.4 
9/65/35      69.2       92.2 84.8 

9.5/65/35    73.2      112.9 94.0 
12/40/60     76.6       84.3 63.3  

The tensile stress-longitudinal strain curve and the tensile stress- 
transverse strain curve for PLZT samples are shown in Fig.11. The 
nonlinearity of stress-strain curve became marked as the amount of 
La is increased. Particularly, the stress-longitudinal strain curve for 
PLZT of 12/40/60 composition indicated significant nonlinear 
behavior. It is extremely important to notice from Table IV that the 
tensile strength of PLZT increased monotonically against the amount 
of La. As the PLZT samples with tetragonal structure approaches 
cubic structure, with increasing the amount of La, tensile fracture 
strength increases. This is similar to the above-mentioned 
temperature dependence of fracture strength in PZT samples. It is 
also observed that the Poisson's ratio increases with increase in the 
amount of La. Young's modulus increased with increase in the 
amount of La with respect to PLZT samples of 8/65/35, 9/65/35 and 
9.5/65/35. On the other hand, the Young's modulus for PLZT of 
12/40/60 is lower when compared with above-mentioned PLZT 
samples (8/65/35, 9/65/35 and 9.5/65/35). As a result, the amount of 
La was found to significantly affect the mechanical properties of 
piezoelectric ceramics. Fig.12 shows the SEM micrographs of 
fractured surface in tensile test for the PLZT samples of 8/65/35 and 
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Fig.12 SEM micrographs of the fractured surfaces in tensile test for 
PLZT samples of (a) 8/65/35 and (b) 12/40/60. 

CONCLUSIONS 

The present investigation on tensile stress-strain behavior of 
piezoelectric ceramics under various temperatures led to the following 
conclusions. 
1. The stress-strain response in PbZr03-PbTiC>3 (PZT) under tensile 

loading is confirmed to be nonlinear. The nonlinearity of stress- 
strain response is stronger with higher test temperature. As a 
result, it was clarified that the stronger nonlinearity is, the higher 
the fracture strength is. 

2. Test results also suggest that the tensile fracture strength can be 
enhanced by increasing the ultimate strain at failure. The 
enhancement of ultimate fracture strain may be a key in 
developing advanced piezoelectric ceramics possessing high 
deformabUity and high strength, which we required, for instance, 
in application to high-deformation and large-force actuators. 

3. The fracture of the nonpoled samples was found to be 
intergranular with rather brittle appearance. On the other hand, 
the appearance of fracture in the vicinity of the grain boundary 
appeared ductile in the poled samples. 

4. The nonlinearity of stress-strain curve became marked as the 
amount of La is increased in PLZT samples. It is very interesting 
to note that the tensile strength of PLZT increased monotonically 
against the amount of La. As a result, the amount of La was 
found to significantly affect the mechanical properties of 
piezoelectric ceramics. 
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Abstract : A nickel(Ni) alloy has been applied to bottom 
electrodes of BaTi03 thin films and 2-6 mole % La 
modified BaTi03 thin films prepared by sol-gel 
processing. The gel films on a substrate of soda-lime 
glass with Ni alloy bottom electrodes were crystallized at a 
temperature of 600 °C. The grains with the size of 1-2 
JU. m consisted of subgrains(20 nm) and the grain size was 
decreased with increasing La substitution. The remanent 
polarization of the films decreased with the increase of La 
substitution and with the decrease of the grain size. 

INTRODUCTION 

A special Ni alloy has been utilized for electrodes in 
conjunction with (Pb,La)Ti03 thin films prepared by rf 
magnetron sputtering [1-4] and PZT thin films by 
excimer laser ablation [4-8]. The principal reason for use 
of the Ni alloy include the following: Electrode materials 
formed on substrates resist oxidation up to 600 °C in the 
oxygen gas atmosphere during preparation of the 
ferroelectric thin films. Furthermore, electrode materials 
which don't react with PbO are required. This alloy 
possesses excellent thermal stability and oxidation - 
resisting properties compared to inconel 601 [9]. These 
properties were obtained for the alloy film as well as the 
alloy bulk [1,2]. The superior characteristics were due to a 
thin layer of alumina(Al203) precipitated on the surface of 
the alloy electrode. This layer prevented oxidation and 
PbO from diffusing into the alloy electrode. It has been 
confirmed that the Ni alloy was suitable for the bottom 
electrodes of the ferroelectric thin films prepared by PVD 
such as sputtering and laser ablation [1-8]. 

In this pursuit, therefore, the Ni alloy electrodes were 
applied to bottom electrodes of BaTi03 thin films prepared 
by sol—gel processing which is one of chemical 
processings. 

EXPERIMENTAL 

as follows. In PVD, after sputtering the Ni alloy target on 
the substrate in the presence of pure Ar gas at a substrate 
temperature(Ts) of 400 °C, (Pb,La)Ti03 films were 
fabricated in an atmosphere with 10 % 02 gas by volume 
[1] (100 vol % 02 gas in case of PZT films by ablation [6]) 
at a Ts of 600 °C . In the beginning of this process, while 
the substrate temperature was being raised to 600 °C, the 
surface of the alloy film was oxidized, and as a result, a 
dense oxide film composed primarily of AI2O3 was 
produced on the surface of the alloy electrode. In sol-gel 
processing, soda-lime glass plates were used as 
substrates, of which dimensions were 40 mm in length, 10 
mm in width and 1 mm in thickness. Ni alloy films were 
deposited on the substrates in pure Ar gas by sputtering to 
form bottom electrodes at a Ts of 400 °C , and then they 
were heated in air at 400 °C for 1 hour in order to form 
the AI2O3 thin layer on the surface of the alloy electrodes. 
After the glass substrates with the Ni alloy bottom 
electrodes were dipped into Ba, Ti and La alkoxide as 
precursor solutions, the substrates were dried up to 500 °C. 
Their mixing ratios of the alkoxide were set to be the 
compositions as shown in Table I. The processes from 
dip—coating to drying were repeated 5 times, finally the 
glass substrates were fired at a temperature of 600 °C for 
2 hours. Figure 1 shows the sample preparations of 
BaTi03 (BT) and (Ba,La)Ti03(BLT) thin films. 

Table I   The compositions of sol solutions 
for dipping. 

No. Composition 

(a) 
(b) 
(c) 
(d) 

BaTi03 

Bao.98l_ao.02Ti03 
Bao.96Lao.04Ti03 

Bao.94Lao.o6Ti03 

Most of the difference to prepare the alloy bottom 
electrodes between  PVD  and  sol-gel  processing  was 
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Soda-lime glass plate 

Deposition of Ni alloy] 

Heat treatment 

5 times 
Dip coating 

T 
Drying 

400 °C, 1hr 

500 °C 

Precursor gel 

Firing ^}      600 °C,  2hrs 

BT.BLT films 

Fig. 1   Sample preparation of BaTi03 
and (Ba,La)Ti03 thin Films. 

The precursor gel films were investigated by thermal 
analysis and the films annealed at various temperatures 
were studied by X-ray diffraction(Cu K a ). The film 
surfaces and the depth analysis at the interface between 
the Ni alloy bottom electrodes and BT films were 
investigated by FE-SEM(TEOL JSM-6300F) and XPS 
(Shimadzu ESCA K-l) respectively. Measurements of 
electrical properties were carried out using the 
sandwich-type capacitor with 5X5 mm2 area. The 
relative dielectric constant( £ r) and tan Ö were 
measured at 1 kHz by Impedance/ Gain-Phase Analyzer 
(HP4194A). The D-E hysteresis loops were observed 
using a Sawyer-Tower circuit at 60 Hz. 

RESULTS AND DISCUSSION 

Drying and annealing gel films 
The thermal analysis of the precursor gels of 

Bao.98Lao.02Ti03, Bao.96Lao.04Ti03 and Bao.94Lao.oeTi03 
were shown in Fig. 2. The weight of the gels decreased 
monotonously at a temperature of 200 °C to 500 °C and 
reach a constant over 500 °C. The two exothermic peaks 
were observed at 280 °C and around 550-600 °C. We 
believe that the peak at 280 °C was due to burn out 
alcohol and the peak around 550-600 °C corresponded to 
crystallization of the films. The two endothermic peaks 
came from vaporization of organic compounds. Therefore, 
the drying condition was decided from above results of the 
thermal analysis of the gels. 
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Fig. 2   Thermal analysis(TG, DTA) of precursor gels; 
TG sample, Bao.94Lao.06Ti03. 

Figure 3 shows the X-ray diffraction patterns of thin 
films on the glass plates with the alloy electrodes after 
annealing at 500 °C and 600 °C. The films annealed below 
500 °C were amorphous and the films annealed at 600 °C 
became polycrystal. It was clarified that the exothermic 
peaks around 550-600 °C were the crystallization tem- 
perature of the amorphous gels, which decreased with the 
increase of La substitution as shown in Fig. 2. 
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Fig. 3 X-ray diffraction patterns of gel films on glass 
substrates after annealing at 600 °C (a) and 500 °C 
(b). Diffraction lines from Ni alloy electrodes are 
shown by * marks. 
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Interface between Ni alloy electrode and BT film 
Figure 4 showed a depth profile of a structure of Au 

top electrode/ BLT film/ Ni alloy bottom electrode/ glass 
substrate investigated by XPS. An Ar+ ion etching was 
used on the condition of 2 kV- 20 mA. As the depth was 

Au    (Ba,La)Ti03 
+4*—— >k 

N i-a 11oy Glass 
-=H< > 

0       20      40      60      80     100    120     140     160     180 
Ar ion etching time (min) 

6       100     200    300    400    500    60Ö    TOO     800    900 
Analytical  depth (nm) 

Fig. 4   Depth profile of Au/Bao.94Lao.06Ti03/Ni alloy/glass. 

estimated by the etching ratio of SiCte, the thicknesses of 
the BLT film and alloy film were 300 nm and 400 nm 
respectively. These thicknesses well fitted the ones by 
evaluating SEM observation of the fracture surface of the 
films. The depth analysis at the interface between the alloy 
electrode and BT film was shown in Fig. 5. The small 
peaks at 75.2 eV which would belong to AI2O3 were 
observed in the total etching time between 68 and 70 min, 
therefore, the thickness of the AI2O3 layer was estimated 
to be 10-20 nm. 

Surface ofBT and BLT films 
The surface morphology of BT and BLT films on the 

Ni alloy electrodes was shown in Fig. 6. The grains with 
the size of 1-2 /im consisted of subgrains with 20 nm in 
diameter, as it were cauliflower-like morphology. It was 
thought that the grain growth was promoted by the AI2O3 
thin layer on the Ni alloy electrode. In addition, the grain 
size was decreased with increasing La substitution from 0 
to 4 mole%, and the cauliflower-like morphology was not 
clear in case of 6 mole% La. We believe that these 
microstructures of the films were assumed to have a close 
relation with the electrical properties. 

76 74 72 

Binding energy (eV) 

Fig. 5  A12p peak profiles at the interface between 
the alloy electrode and BT film. 

h •H M m 

Fig. 6   FE-SEM images of BT and BLT film surfaces; 
(a)BaTi03, (b)Baos8Lao.02Ti03, (c)Bao.96Lao.04Ti03, 
(d)Bao.94Lao.06Ti03. 
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Dielectric and ferroelectric properties of BT and BUT films 
Dielectric and ferroelectric properties were measured 

for the structure of Au top electrode/ BT and BLT films/ 
Ni alloy bottom electrode/ glass substrate. Table II 
summarized the results of dielectric measurements and 
D-E hysteresis loops of the BT and BLT films at room 
temperature. The £ r and tan 6 of the 0.4 JU m-thick 
BT films were 100 and 4.0 % respectively. The £ r 
slightly decreased and the tan 6 increased with La 
substitution. Further, the remanent polarization(Pr) and 
coercive field(Ec) of the BT film were 3.6 £1 C/cm 2 and 
150 kV/cm under an applied field of 500 kV/cm. A typical 
D-E hysteresis loop of the BT film was shown in Fig. 7. 

Table II   Dielectric and ferroelectric properties of 
Bai-xLaxTi03 Thin Films. 

tan 6 
(%) 

£ r E 
(kV/cm) 

Pr Ec 
(jU C/cm 2)    (kV/cm) 

0.00 4.0 100 
0.02 2.9 73 
0.04 4.1 90 
0.06 ' 10.3 98 

500 
500 

1000 

3.6 
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Fig. 7   D-E hysteresis loop of the BT film. 
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Fig. 8   La substitution dependence of the grain size of 
films and Pr. 
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Fig. 9   Grain size dependence of Pr. 

The clear hysteresis loop, however, could not be observed 
for the film with 6 mole % La substitution, because of a 
relatively large tan Ö . The Ec increased with increasing 
the amount of La substitution. In case of the films with 
higher La substitution, it was necessary for high applied 
fields(E) to obtain saturated hysteresis loops. The Pr 
decreased with increasing La substitution, even if high E 
was applied to the films. Figure 8 showed the La 
substitution dependence of the grain size of the films and 
Pr. Since the grain size decreased with increasing La 
substitution, it was concluded that the Pr decreased with 
decreasing the grain size of the films as shown in Fig. 9. 

The Pr in this study was considerably higher than ones of 
the BT films in other reports [10-11] but smaller than 
those of bulk ceramics by a conventional powder 
processing [12]. It was thought that the difference in Pr 
was due to the bottom electrode materials. Basically 
platinumCPt) has been utilized for bottom electrodes in 
conjunction with BT, PbTiCte and PZT because Pt 
possesses low chemical activities at a high temperature. Pt 
electrodes, however, are likely to promote resolving the 
BT and BLT compositions into its elements and to 
produce the second phases. 

402 



We believe that the decomposition on Pt electrodes came 
from a small sticking coefficient of BaO, Ti02 and La203 
on Pt electrode; that is, oxide-metal contact. In this 
study, the surface of the Ni alloy electrode is coated with 
AI2O3 layer. Since this layer promoted to produce the 
perovskite oxide phase because of oxide-oxide contact, 
relatively high Pr were obtained at the films on the alloy 
electrodes in comparison with the one of the films on Pt 
electrodes. Figure 10 shows the temperature dependence 
of £ r of BT and Bao.94Lao.06Ti03 films. The peaks were 
observed around 180 °C. Since the £ r's of the films were 
almost same at room temperature, the peak £ r of the 
Bao.94Lao.06Ti03 film was higher than the one of the BT 
film. It was thought that this phenomenon was due to the 
film with small grains by La substitution. 
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Fig. 10   Temperature dependence of £ r 
(A :BaTi03 film, 0 :Bao.94lao.06Ti03 film). 

SUMMARY 

A Ni alloy electrodes were applied to bottom 
electrodes of BaTiCte thin films prepared by sol-gel 
processing. The alloy electrodes possessed low reactivity 
with BaO, in addition to excellent thermal stability and 
resistance to oxidation. Since the dielectric and 
ferroelectric properties were evaluated with the alloy 
electrodes, it has been confirmed that the alloy was 
suitable for the bottom electrodes of BaTi03 thin films 
prepared by chemical processings such as sol-gel 
processing. 
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Rapid Thermal Processing of Sol-Gel Derived PZT 53/47 Thin Layers 
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University ot Illinois at Urbana-Champaign, Urbana, IL 61801 

Abstract: The method of rapid thermal processing 
(RTP) has been suggested to be a means by which the 
formation of intermediary phases in sol-gel derived 
Pb(Zr,Ti)03 (PZT) thin layers can be suppressed before 
the crystallization of the desired perovskite phase. 
However, the dependence of densification and 
crystallization processes in sol-gel derived materials on 
thermal processing conditions such as heating rate, a, and 
firing temperature, Tf, can lead to differences in the 
properties of otherwise identical materials prepared by 
different thermal profiles. In this paper, the effects of 
thermal processing conditions on the properties of PZT 
53/47 (i.e., Zr:Ti = 53:47) thin layers are reported. The 
evolution of structure after RTP was examined by diffuse 
reflectance FTIR spectroscopy, and electron microscopy. It 
was found that crystallization of the perovskite phase 
shifted to higher temperatures, and the shrinkage normal 
to the plane of the substrate decreased, with increasing 
heating rate. 

INTRODUCTION 
Despite the widespread interest in integrated 

ferroelectrics, the lack of control over a large number of 
process variables has been reflected in the scatter of 
property values reported in the literature [1]. Factors which 
can influence the measured properties include 
microstructure and compositional heterogeneities [2, 3, 4], 
variations in the degree of structural perfection of the 
crystallites [5, 6], space charge effects, and intrinsic size 
effects [1], among others. Of these, microstructure and 
compositional heterogeneities, and crystallite perfection 
can be related to the processing conditions. 

The formation of non-ferroelectric intermediary 
phases prior to crystallization of the desired perovskite 
phase during the sol-gel processing of PZT thin layers is 
commonly recognized [2, 3, 4, 7, 8]. Diffraction patterns 
obtained from these intermediary phases have generally 
been attributed to a pyrochlore structure [7], however, 
there has recently been some speculation that the 
structure is fluorite rather than pyrochlore [8]. 
Nevertheless, the consequences of the coexistence of 
secondary phases with perovskite are that values of 
measured properties are somewhat deteriorated 
compared with those of phase-pure materials. 

One of the methods that has been proposed to 
avoid the formation of undesirable additional phases is 
rapid thermal processing (RTP). By kinetically limiting the 
nucleation of second phases, improvements in properties 
have been reported for thin layer PZT [9]. However, few 
details have been reported on the relationships between 
the heating rate and the densification and crystallization 
behavior of sol-gel derived PZT. Densification of sol-gel 
derived materials is frequently described in terms of 
viscous flow, in which the energy dissipated by the 
reduction of surface area of a porous body is expended at 
a rate proportional to the square of the strain rate [10]. 
However, such models assume either isothermal sintering, 
or, in a few constant heating rate experiments, a simple 
dependence of material viscosity on temperature. Since 
the viscosity of gels evolves constantly during heating, and 
is complicated by pyrolysis, these models have had limited 
success in predicting densification behavior. In this paper, 
we describe various processes which occur during heat- 

treatment of sol-gel derived Pb(Zro.53Tio.47)03 (PZT 
53/47) thin layers which have been deposited on 
platinized silicon substrates, and address the effects of 
different heating rates on shrinkage and perovskite phase 
formation. 

EXPERIMENTAL 
The preparation of precursor solutions was carried 

out by a method similar to that of Budd et al. [11], and is 
described in detail elsewhere [12]. Amorphous PZT 53/47 
thin layers were deposited onto platinized silicon 
substrates by spin-coating pre-hydrolyzed alkoxide 
precursors. Each layer was heat-treated at 300°C on a 
hot-plate before the subsequent deposition and heat- 
treatment of sequential layers to build up the desired 
thickness. Specimens were heated at 50°C/min, 
500°C/min, and 5000°C/min to temperatures between 
350°C and 700°C in 50°C intervals in a Research Inc. 
Micristar 828D/E RTP system. Immediately upon reaching 
the desired temperature, specimens were quenched in 
order to obtain a snapshot of the structure which had 
evolved to that temperature. In other words, the 
specimens were at the peak temperature for less than 1 
second (Figure 1). The thickness of each coating was 
measured before and after heat-treatment on a Dektak 
3030 profilometer. Plan-view specimens were prepared 
for TEM analysis from as-deposited coatings, and from 
those fired at selected temperatures. The microstructure 
and microchemistry of the thin layers were examined on 
Phillips CM 12 and 420 transmission electron 
microscopes, equipped with Kevex energy dispersive 
X-ray analysis (EDXA) systems. The evolution of structure 
during higher temperature treatment was also monitored 
by diffuse reflectance fourier transform infrared (FTIR) 
spectroscopy (IBM model IR-32 fitted with a Spectratech 
diffuse reflectance assembly). An uncoated substrate was 
used to obtain the background spectrum. 

800r 

600f 
ü 
o 
"cD 

5 400 co \— 
CD 
Q. 

E 
CD 

 ! ! Iprr 
5-GQHC/min i..~*fc \1. 

"_0^"5b°C/min' %.' 

■%- 

200 r 

_! i I I I_ 

200        400        600 
time/s 

800      1000 

Figure 1   Rapid thermal processing 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 404 



RESULTS AND DISCUSSION 
We have previously reported the general features of 

the evolution of structure and composition in sol-gel 
derived PZT thin layers which were heated at 50°C/minute 
[13]. It was determined that medium-range order develops 
during low-temperature (300°C) heat treatment. 
Microstructural and microchemical data indicate the 
existence of compositional heterogeneity at the nano- 
scale level in low-temperature heat-treated thin layers. 
This is in agreement with EXAFS data for heat-treated gels 
of the same composition [14], and follows from chemical 
models of similar precursors [15], [16]. After higher 
temperature heat treatment, structural rearrangement 
occurred, and the composition became more uniform. An 
intermediate phase crystallized before the perovskite 
phase, at temperatures between 500°C and 550°C. The 
perovskite phase was observed to nucleate from the 
intermediate phase which was in agreement with previous 
studies [7], [8]. 

Figure 2 compares the shrinkage of PZT thin layers 
as a function of temperature for different heating rates up 
to ~700°C. Until 450°C, there was little difference in the 
shrinkage of specimens fired at the three different rates, 
however, at higher temperatures, it became apparent that 
for faster heating rates, the onset of the major portion of the 
shrinkage was shifted to higher temperatures. In addition, 
for very fast heating rates (5000°C/min), the overall 
shrinkage was significantly less than for slower heating 
rates. As discussed earlier, it is difficult to model the 
densification behaviour of sol-gel derived materials due to 
the complexity of the temperature-dependent viscosity and 
pyrolysis behavior, however, from these results, it is 
apparent that the conditions under which sol-gel PZT thin 
layers are fired significantly influence their final properties 
due to induced structural variations. Thus, in order to 
evaluate the differences induced by different heating rates, 
a study of the evolving structure by TEM and FTIR methods 
was undertaken. 

XRD data reported elsewhere indicate that 
crystallization was shifted to higher temperatures as the 
heating rate increased [17]. TEM indicated that coatings 
which had been heated at 500°C/minute to 650°C showed 
evidence of initial crystallization (Figure 3 a)). A few 
isolated perovskite grains were found in a matrix of an 
intermediary phase. There was also some evidence of a 
second non-perovskite phase (Figure 3 b)) which had a 
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Figure 2 Shrinkage of sol-gel derived PZT 53/47 thin layers 
on platinized silicon substrates as a function of rapid thermal 
processing conditions 

similar structure to the bulk of the matrix, but which was 
less well crystallized, as determined by electron diffraction. 
EDXA was used to determine that there was compositional 
heterogeneity in the microstructure. The major phase was 
found to be of a similar composition to the desired PZT 
53/47 perovskite phase, however, the other non-perovskite 
phase was found to be lead-deficient and zirconium-rich. 
Nevertheless, by heating to 700°C a fully perovskite 
coating was formed (Figure 4). Interestingly, a few strain 
contours were observed in the perovskite grains formed 

Figure 3 Transmission electron photo-micrographs of PZT 
53/47 thin layers heated at 500°C/minute to 650°C. a) 
Structure typical of most of the coating; b) pocket of poorly 
crystallized Zr-rich pyrochlore-type phase phase. 

Figure 4 Transmission electron photo-micrograph of PZT 
53/47 thin layer heated at 500°C/minute to 700°C. 
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under these conditions. Similar features were previously 
reported by Kwok and Desu, and were attributed to the 
strain which would arise due to a volume decrease 
(-5.7%) at the "pyrochlore to perovskite" transformation [7]. 
It is believed that the strain contours were not observed in 
coatings heated more slowly [13], since a longer time at 
temperatures above the crystallization temperature 
allowed for some thermal strain relief. 

On very rapid heating (5000°C/min) a different 
crystallization pathway was observed. Under these 
conditions, coatings heated to 695°C were amorphous as 
determined by electron diffraction. Figure 5 a) indicates 
the coatings showed non-uniform contrast similar to that 
observed in low-temperature (i.e., 300°C, 450°C) treated 
coatings which was previously attributed to compositional 
heterogeneity [13]. On heating to 712°C, a high perovskite 
phase content resulted (Figure 5 b)). However, there were 
more strain contours observed for these coatings than in 
those heated at 500°C/min, supporting the argument 
that slower heating rates allow for strain to be 
relieved thermally. In addition, significant compositional 
heterogeneity was observed by EDXA, even in perovskite 
coatings (Figure 6). The dominant perovskite phase was 
found to be slightly titanium-rich when compared with the 
bulk stoichiometry (Figure 6 i)), however a few grains with 
high contrast were observed which were determined to be 
zirconium-rich, with almost no titanium (Figure 6ii)). Also, 
a nanocrystalline minor phase was also observed, which 
was found to be lead-deficient, and zirconium-rich when 
compared with perovskite (Figure 6 iii)). 

Figure 5 Transmission electron photomicrographs of PZT 
53/47 thin layers heated at 5000°C/min to a) 695°C, and b) 
712°C. Note i) bright grains, ii) dark grains, and iii) 
pockets of nanocrystalline phase. 
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Figure 6 EDXA spectra from PZT 53/47 thin layer heated 
at 5000°C/min to 712°C; i) major perovskite phase, ii) dark 
perovskite grains, iii) nanocrystalline phase (see figure 5 
b). 

Some of these differences can be addressed after 
comparing the FTIR spectra taken from thin layers as a 
function of heat treatment conditions. Figure 7 compares 
the room temperature FTIR spectra taken from coatings 
heated under the different heating rates just before 
crystallization. There are 3 features to note in these 
spectra. First, the position of the B06 stretching mode 
absorption (~680cm-1 [18]) shifts to higher frequencies 
with increasing heating rate. Second, the band remains 
comparatively broad at a high temperature, and third, there 
is evidence in the spectra from coatings heated at 
5000°C/min of peak splitting. These features may be 
attributed to structural rearrangements which could occur 
at higher temperatures. A shift of the absorption to higher 
frequencies may suggest a stiffening network, whereas a 
broad absorption indicates a poorly defined environment 
around the B06 octahedra. The splitting of the absorption 
may be attributed to separate Ti06 and Zr06 environments 
in the gel structure. These features were all observed in 
spectra taken from coatings which were processed at 
lower temperatures [13]. In another paper, we proposed 
that structural rearrangements would occur during heating 
which would lead to densification and compositional 
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homogeneity prior to crystallization of the perovskite phase 
[13]. These data suggest that rearrangement processes 
are limited under more rapid heating rates, and that 
compositional variations may persist in rapidly heated 
coatings. 

Extremely rapid heating ("up-quenching") of 
aqueous precursors of doped (e.g., MgO) zirconia has 
been reported to result in crystallization of metastable 
solid solutions rather than the expected mixtures of phases 
[19]. For high temperature annealing (T> 900°C), the 
thermodynamically predicted phases evolved [19]. Balmer 
and co-workers described this phenomeneon in terms of 
kinetically limited crystallization. In the precursors, it was 
assumed that there was a uniform distribution of the 
components. With very rapid heating, there was 
insufficient time for material transport to take place, with 
the result that normally segregated components (i.e., MgO) 
were held in solid solution to much higher concentrations 
than predicted from the phase diagram. Since the 
precursor solutions were aqueous solutions of acetates 
and nitrates, the assumption of uniform distribution is 
reasonable, since they had not undergone any significant 
polymerization or precipitation reactions. 

The argument can now be reversed and applied to 
sol-gel derived PZT thin layers in which compositional 
heterogeneity is found in the precursors. In this case, 
rapid crystallization results in the formation of a mixture of 
phases as the thermodynamically metastable state, and 
subsequent high temperature annealing results in 
compositional uniformity. However, extended time at 
elevated temperatures would be deleterious to the 
dielectric and ferroelectric properties of the coating due to 
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Figure 7 Room temperature diffuse reflectance FTIR 
spectra from gel-derived PZT thin layers heated at 
different rates, just before crystallization. 

interfacial reactions and electrode boundary conditions. 

SUMMARY 
The evolution of structure in sol-gel derived PZT 

53/47 thin layers which were deposited on platinized 
silicon was monitored by analytical electron microscopy, 
and diffuse reflectance FTIR spectroscopy. During high- 
temperature heat-treatment, structural rearrangement 
reduced the compositional heterogeneity which was 
inherent in the as-deposited coatings [13]. However, if the 
heating rate was too rapid, compositional fluctuations 
remained in the dense crystalline microstructure which 
resulted in lower values of the measured dielectric and 
ferroelectric properties. For slower heating rates, an 
intermediary phase crystallized first, from which the 
perovskite phase eventually nucleated and grew. For the 
most rapid heating rate, the formation of the intermediary 
phase was circumvented, but at the cost of residual 
compositional heterogeneity. 
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The Formation of a Fine-Patterned Ferroelectric Thin Film from a Sol-Gel Solution 
Containing a Photo-Sensitive Water-Generator 
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Abstract - A fine-patterned PZT film was successfully formed from 
a photo-sensitive sol-gel solution by means of UV-irradiation. This 
solution was prepared from lead acetate, zirconium n-butoxide, 
titanium i-propoxide,2-methoxyethanol. O-nitrobenzyl alcohol (NBA) 
was used as a water-generator. Spin-coated PZT gel films on various 
substrates were irradiated with UV rays through a photo-mask pattern 
to facilitate hydrolysis reaction and developed with developer. The 
obtained pattern was a negative of the mask. The films were finally 
annealed for crystallization. The obtained films had perovskite 
structures and good electrical properties. 

Introduction 

Ferroelectric thin films, such as PZT, PLZT and Bi4Ti3019, 

have been recently drawing attention as attractive materials for 
application to electronic devices such as dynamic random access 
memory [1] and nonvolatile random access memory [2] and are being 
actively studied. There are many formation techniques of ferroelectric 
thin films such as sputtering, metalorganic chemical vapor deposition 
and sol-gel method. Among them, the sol-gel method is the best 
method in precise control of composition and cost performance. 

On the other hand, in order to apply these materials to devices, 
the development of a fine-patterning technique is essential. There are 
many reports on fine-patteming techniques of the thin films by dry- 
etching processes [3]. But such techniques have many problems such 
as too many steps in the processes and high cost. 

We have studied the photo-sensitivity of sol-gel solutions and 
developed simple fine-patterning techniques by the wet-etching 
process. We reported that 1) fine patterns of PZT thin film were 
fabricated using a photo sensitive sol-gel solution by UV-irradiation 
whose energy was estimated to be 9 J/cm2 [4], and 2) by using a more 
photo-sensitive sol-gel solution with an photo-reacted acid-generator, 
patterns were fabricated using less UV-irradiation than the first 
samples, and its estimated energy was U/cm2 [5]. However both 
solutions also had problems. Though the PZT film fabricated from the 
former solution had good crystallimty and good electrical properties, 
the solution's photo-sensitivity was too low photo-sensitive, and the 
required energy to obtain patterns was too high. On the other hand, 
the latter solution was ten times more photo-sensitive than the former, 
but the PZT film fabricated from the latter solution had bad 
crystallimty and bad electrical properties due to sulfur left over from 
the decomposition of the acid-generator. 

In this study, we prepared a new photo-sensitive sol-gel 
solution containing o-nitrobenzyl alcohol (NBA) as a water-generator, 
which generated water through a photo-reaction. By using this 
solution, we fabricated fine-patterns of PZT thin films by UV- 
irradiation and evaluated their properties. 

Experimental procedure 

Lead acetate [Pb(CH3COO)2*3H20], zirconium n-butoxide 

[Zr(OC4H9)4] and titanium i-propoxide [Ti(OCH(CH3)2)4] were used 

as starting materials. 2-mefhoxyethanol was used as solvent. Lead 
acetate was dissolved by heating in 2-methoxyethanol, and the 
solution was boiled in order to remove water. After the dehydrated 
solution was cooled to below 50 °C, zirconium n-butoxide and 
titanium i-propoxide were added to the solution. Next, the solution 
was diluted with 2-methoxyethanol. The concentration of the obtained 
solution was 10wt% PbZr0 52Ti0 4g03. Finally, an amount of NBA 

equal to 5wt% of the total solution was added to this solution. UV 
absorption spectra of this solution was measured using an UV-Vis 
spectrometer. 

PZT thin films were fabricated following the method outlined 
in fig.l and table 1. The used substrate were silicon for patterning and 
Pt/Ti/Si02/Si for electrical measurement. 

Spin-coating ^ 
1st :  500rpm    3sec 

^2nd :3000rpm lösec^ 

(ÜV-irradiat ion) 

(Development) 

(Annealing    for   pyrolysis^  
^             400°C 10 min.                 J 

Annealing    for    crystallization^ 
v                        600°C Ihr                          J 

Repeat 

Fig.l  Flow diagram for fablication of fine patterned PZT 

thin film 

Table 1 UV irradiation and development condition 

Light source: generic UV lamp 

Irradiation energy: 0~1800mJ/cm2 

Developer: 1:1 mixture of 2-methoxyethanol and 

2-propanol 

Development time: 0~120sec 
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The film thickness was measured by ellipsometer. The 
composition of the film was analyzed by electron probe microanalysis 
(EPMA). The crystalline phase was identified by a X-ray 
diffractometer. The shape and surface morphology of the patterned 
film was observed by optical microscopy. The electrical properties 
such as dielectric constant, poralization-electric field (P-E) 
characteristics and current-voltage (I-V) characteristics were measured 
using a LCR meter, RT-66A(Radiant technology) and Keithley 236 
respectively. To study the effect of NBA, the film fabricated from a 
PZT solution without NBA was also measured electrical properties 
(conventional process). 

Result and Discussion 

Properties of a photo-sensitive solution 
It has   been  known  that  NBA  generates  water through 

photoreaction as shown in eq. 1 [6]. 

CHO 

+  H20 

But it is difficult to think of NBA existing in the PZT sol-gel solution 
alone. It is thought that NBA is bound to zirconium or titanium atom 
through a alcohol exchange reaction in the solution as shown in eq. 2. 

above-mentioned reactions were caused by light of this wavelength 
area. 
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Fig.2 UV absorption spectra of NBA and PZT solution 
with and without NBA 

N02 

/    ^  CH2OH     +     M(OR)n 

(2) 
N02 

-►    V     \  CHaO-MtOR)^   +   ROH 

Moreover, recently an interesting photo-reaction of Sn NBA alkoxide 
as shown in eq. 3 has been reported by a University of New Mexico 
research group [7]. 

CH20-SnR3 

(3) 

hv 

Patterning of PZT film 
The films fabricated on Si substrates from the photo-sensitive 

PZT solution with NBA were irradiated by UV rays at various energy 
levels and then each sample was developed varying the development 
time. After annealing at 400°C for 10min, film thickness of the 
samples were measured. The relationship between development time 
and remaining film thickness on the substrate is shown in fig.3. From 
these results, one can see that while the non UV irradiated film 
dissolved completely, the film became increasingly insoluble as the 
the irradiation level was increased. 

600 

-*~     R3Sn-OH   +    /   \-N02 

CHO 

It is thought that 1) the same photo-reaction is taking a place in the 
UV-irradiated gel film fabricated from the photo-sensitive PZT 
solution and 2) the generated titanium and zirconium hydroxides in 
the film are polymerized to form long chains and 3) the polymerrized 
area in the film becomes insoluble. 

Fig. 2 shows UV absorption spectra of NBA and PZT 
solution with and without NBA. The absorption peak of NBA can be 
seen at about 260nm and the absorption peak of PZT solution with 
and without NBA can be seen at about 240nm. It is presumed that the 
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Fig.4 shows the relationship between irradiation energy and 
etching time. From this result, one can see that the film became 
insoluble when the irradiation energy was above 1260mJ/cm2. 

fabricated by this new process. The results are shown in table 2. From 
these results, it is clear that no particular elements in the film dissolved 
preferentially in developer during the development process. 

Table 2 Composotion of PZT films 
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Fig.4 The relationship between irradiation energy and 
etching time 

Fig.5 shows the optical micrograph image of patterned PZT 
film, which was fabricated under the following conditions: the light 
source was a KrF laser; the irradiation energy was 2000mJ/cm2; the 
developer was 1:1 mixture of 2-methoxyethanol and 2-propanol; the 
development time was 30sec. One can see lines running parallel to one 
another about 10 to 20 microns apart from one another. From this 
result, one can see this method's potential versatility in making PZT 
films. 

100pm 

Fig.5 Optical micrograph image of patterned PZT film 

Pb 

wt9? 

Zr Ti O 

Pre-developed    70.33 
developed       70.17 

16.05 
15.96 

5.96 
6.12 

7.70 
7.76 

Properties of the obtained PZT films 
Fig.6 shows X-ray diffraction pattern of the obtained PZT 

film. The film fabricated by this new process had only the perovskite 
structure. 

Pt(111) 

(100) 

A      JN 

(200) 

20 30 
~~T" 
40 50 60 

2 6/deg 

Fig. 6 X-ray diffraction pattern of the obtained PZT film 

Electrical properties of PZT films such as dielectric constant 
and dielectric loss were measured and are shown in table 3. A film 
fabricated by conventional process was compared with a film 
fabricated by this new process. The properties of both films showed 
almost the same values as well. 

Table 3 Electrical properties of PZT films  

dielectric constant dielectric loss 

Conventional process 1032 
New process 897 

0.13 
0.14 

The composition of PZT films were analyzed by EPMA. A 
pre-developed  PZT  film was   compared   with  a  developed  film 

410 
Fig.7 shows P-E characteristics of PZT films. Both showed 



similar hysterisis loop and similar ferroelectric properties. Remanent 
polarization of the film fabricated by conventional and new processes 
were 17.3 and 15.8 fi C/cm2 and coercive field of the both were 62.6 
and 72.0 kV/cm, respectively. 

* 
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Pr=17.3uacm2, fc=62.6 kV/cm     Pr=15.8uC/cm2, fc=72.0 kV/cm 

Conventional process New process 

Fig.7 P-E characteristics of PZT films 

Fig.8 shows current I-V characteristics of PZT films. Both 
had good and similar I-V characteristics. The leakage current density 
at 3 volts for both samples was about 1.3 x 10"7A/cm2. 
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Summary 

A new highly photo-sensitive PZT sol-gel solution was 
prepared by adding NBA as a water-generator. A fine-patterned PZT 
film was successfully formed from this solution by UV irradiation. 
The minimum irradiation energy of UV rays to obtain the pattern was 
estimated to be about 1.2J/cm2. The properties of a film fabricated by 
this new process was the similar as those of a film fabricated by the 
conventional process. The obtained film had perovskite structure. The 
leakage current density at 3volts was 1.3 X10"7A/cm2, the remanent 
polarization was 15.8^C/cm2and the coercive field of the film was 
72.0 kV/cm, respectively. 
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Abstract - The preparation - structure - property 
relationships on relatively thick (0.5 ... 1.5 urn) 
polycrystalline PZT-films have been studied. The PZT-films 
were prepared by sol-gel processing from high molarity 
precursor sols (>2M) on Pt-metallized polycrystalhne A1203- 
substrates. Special emphasis was given to the dependence of 
film properties on Zr/Ti-ratio, Pb-concentration, and 
thickness. Particularly, new approaches are necessary to 
deduce the familiar material data of compact PZT on films. 
Laser induced surface acoustic waves proved to be useful to 
deduce mechanical and geometrical parameters. Electrical 
scanning force microscopy made nanoscaled poling 
experiments possible in areas less than 300 nm x 300 nm. In 
order to qualify the material system for application in the 
printing process the investigations were directed to higher 
thickness of films, enlarged coating area and improvement 
of material properties. 

INTRODUCTION 

The background of the here dicussed development concerns 
the use of ferroelectric films as image memory in the 
printing process [1]. Therein, local poling of the 
ferroelectric films regulates the lateral surface charge 
pattern and thus the distribution of deposited toner particles. 
Technical system are based on ferroelectric film coatings on 
metallized A1203 rollers. The application implies two 
signifcant differences to the so fare known approaches of 
ferroelectric film processing: need of relatively thick films 
> 5 urn and large coating areas of about 10 dm2. We are 
investigating two different approaches, at the moment. One 
uses thick film technolgy based on a slurry containing low 
sintering PZT-powders [2]. The second one uses thin film 
technology based on sol-gel process with high molarity sols 
and is discussed in the present paper. 
The functional properties of the obtained films must be 

valuated with respect to the application needs. Serious 
problems are the simultaneous control of mechanical and 
electrical properties as well as their homogeneity over large 
areas. 

PREPARATION 

Film processing 

The PZT-films were deposited on polycrystalline A1203- 
substrates (99.6 %, grain size 2 (im). Pt was used as an 
intermediate electrode. 
The applied sol precursor is characterized by high soild 

phase concentration (about 40 mass%) and excelent long 
term stability under atmosphere [3]. The flow-chart of 
Figure 1 illustrates the procedure of PZT-film preparation. 
Excess lead in the sol promotes the crystallization of PZT 
in the film. Concentrations of Pb in the sol and films within 
the range between 1 ... 1.2 mol have been studied. 

xZr(OPr% 1-xTi(OPi")4 

1W 

1) mixing 
2) chefating 
3) diluting 

Reaction Mixture 
PbyZrxTi1_x03 

1) Removal of volatiles 

2) Addition of endowments 

PZT Coating Sol 

Spin or Dip Coating 

PZT Wet Film 

Pyrolisation in Furnace 

Amorphous PZT Film 

Crystallisation in Furnace 

Polycrystalline PZT Film 

Figure 1 : General procedure of PZT-film preparation used 
in this work 
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Further, the Zr/Ti-ratio was varied in the a wide range 
(0.50/0.50, 0.53/0.47, 0.56/0.44, 0.63/0.34 and 0.69/0.31) in 
order to tailor the electrical material properties. 

Inspection of pyrolysis, cristallization and sintering by 
means of IR-spectroscopy and TGA/DTA measurements as 
well as X-ray diffraction showed crystalline films to be well 
formed at 700 °C. 
A final film thickness of 0.5 - 0.7 uni was usually reached 

with one coating step, but the formation of crackfree up to 
2 urn thick films could also be demonstrated. 

RESULTS AND DISCUSSION 

Quality of the PZT-films 

The SEM micrograph in Figure 2, showing the fracture edge 
of a dip coated PZT-film, demonstrates the state of the art. 
The film has been prepared in one coating step. The film 
thickness is 2 um and the PZT grain size is 100 nm. 

Figure 2 : Fracture edge of a 2 um thick PZT-film; grain size 
is about 100 nm. 

Dielectric and ferroelectric properties : mm scaled 
electrodes 

Circular gold electrodes 1 mm in diameter were sputtered on 
the surface to form capacitorlike structures. Then dielectric 
and ferroelectric properties were measured at contacted areas 
with isolation resistance of > 10 MOhm, which can be 
regarded to be close to the material defined value. Areas 
with defects were thus excluded. The electrical properties 
were measured at room temperature using standard 
equipment and methods: impedance bridge for permittivity 
and loss factor measurement and integrating series capacitor 

circuit for recording the ferroelectric hysteresis loop with 
typical 5 Hz. Results of electrical material data are given in 
Figures 3 to 5. 
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Figure 3: Permittivity and dielectric loss factor vs. Pb- 
concentration at Zr/Ti-ratio of 0.53/0.47. 
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Figure 5: Coercitivity and remanent polarisation vs. Zr- 
concentration (Pb (Zrx Tii_x) 03). 
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The electrical properties of the films revealed the following 
trends: excess lead improves the dielectric (Figure 3) as well 
as the ferroelectric properties markedly. An excess 
concentration of 0.2 mol was chosen in the series with 
variation of Zr/Ti-ratio. Pr increases and Ec decreases with 
growing Zr content, e.g. the PZT becomes soft. At Zr/Ti- 
ratio of 0.53/0.47 E, shows it's highest value due to 
morphotropic phase composition. These results correspond 
to the literature [4]. 

The curve a) was used to determine Pt layer thickness (126 
nm) and ceramic substrate elastic modulus (388 GPa).From 
this, case b) can be treated to derive PZT layer data: mass 
per area (thickness times density) 6.9X10"4 g/cm2, and E- 
modulus 41 GPa. Curve c) delivers top metallization data: 
thickness 149 nm of Ag-layer. 
The mechanical influence of metal layer should be elimi- 

nated by two step metallization if the piezoelectric efficiency 
is deduced by electric shorting of the surface. 

SAW-analysis 

A method to characterize PZT-films in a non-destructive 
manner is the analysis by laser induced surface acoustic 
waves (SAW). The method was developed to determine 
mainly mechanical (density, elastic moduli) and geometrical 
(thickness) parameters from SAW dispersion curves in the 
frequency region 30 - 500 MHz [5], [6]. 
These frequencies allow to evaluate films with thicknesses 

in the nanometer range. The measuring area is about 
3x3 mm2 and can be placed at any point of the surface. If the 
experimental conditions are chosen very carefully, the 
method delivers also piezoelectric data. In this case the dis- 
persion curves of free and metallized surfaces of PZT-films 
have to be compared. 
High performance of this method has been achieved due to 

accuracy of velocity measurement < 10^ and using a 
computer program on nonlinear regression of SAW 
propagation in layered structures [7]. 
Figure 6 shows measured (dotted) and calculated (solid) 

dispersion curves obtained from the fitting procedure, for the 
cases: a) Pt ground electrode on Al203-ceramic substrate, b) 
with additional PZT-layer, and c) with silver top electrode. 

1 
5700 j ~"~~- --. . 

56B0i 

55BQ1 

5400i 

\\ b) 

530Bi c) ''■■. \ 

5203":; 

frequency [MHz] 

Figure 6 : Dispersion curves of surface acoustic waves of a) 
Pt ground electrode on AbOvsubstrat, b) additionally, 
PZT-film and c) silver top electrode on PZT. 

Electrical SFM 

A scanning force microscope with light fiber sensor has been 
used [8] to detect the in-plane spatial distribution of 
remanent polarization state of ferroelectric layers depending 
on applied poling fields. Figure 7 shows both the topography 
and polarization distribution of the same area of a PZT-layer 
on A1203 substrate. The groove in the upper left part of 
topographic picture comes from the ceramic substrate. The 
size of PZT-crystallites is in the order of 100 ... 200 nm. The 
polarization pattern was obtained after application of 30 V 
by a scanning poling procedure using the microscope tip 
(one second at each point) in order to create the same initial 
state for the whole investigated area. After this, in a second 
step -7 V were applied only within the marked square. One 
can see a more or less elevated polarization level within the 
square due to the -7 V poling process (that comes true also 
for the upper part of the figure if the perspective view is 
taken into account). 

Topography 

with 

Polarization 

Figure 7 : Topography and polarization distribution after 
local poling. 
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Figure 8 shows local poling characteristics. In our case, a 
local poling characteristic is the result of successive applying 
of voltages to the SFM tip in steps of 1 V, interchanged with 
measurement of the actual remanent polarization value after 
each poling process. In this way, local differences of 
ferroelectric switching behaviour can be made visible as 
shown for the points (+) and (*) in Figure 7. Note 
asymmetric hysteretic behaviour also in the case of only one 
electrode (ground). 

Polarization [arb. un.] 

+^1 

Upol M 

Figure 8: Local poling characteristics (remanent 
polarization after succesive raised poling voltage) at different 
points obtained from electrical SFM measurements. 

CONCLUSION 

Sol-gel processing was qualified to give PZT-films with 
thicknesses of about 1 pm per coating step. This opens the 
possibility of an effective fabrication of PZT-coatings 
> 5 pm on Pt-metallized A1203 -substrates. 
Remanent polarization can be tailored to meet the demands 
of application in the printing process, which is > 10 uC/cm2. 
SAW-analysis proved to be usefull to deduce mechanical 

and geometrical parameters. Determination of piezoelectric 
efficiency is expected by further improvement of the method. 

Electrical SFM opens the possibility of inspection of 
nanoscaled poling behaviour and is seen as the key for 
improving the functional properties for printing application. 

REFERENCES 

[1]        A.Hirth, R.Weis, „Printing with Ferroelectric 
Material" in Proceedings of the Conference Soc. 
Imaging Science and Technology 9, pp. 181-184, 
1993. 

[2]        H.-J. Gesemann, L.Seffner,L, Preparation and 
Apllication of PZT Thick Films, to be presented at 
Electroceramics IV, Aachen, Sept. 1994. 

[3]        S.Merklein,D.Sporn,and ASchönecker: 
"Preparation of Ferroelectric Lead Zirconate 
Titanate Thin Films Using High Molarity Precursor 
Sols", in Proceedings of Ferroelectric Thin Films 
III, Mat.Res.Soc.Symp. 310,1993,263-268. 

[4] K. Iijima, I, Ueda and K. Kugimiya, „Ferroelectric 
Films" ed. by A. S. Bhalla and K. M. Nair, The 
American Ceramic Society, 1992, pp. 33 - 40. 

[5] D. Schneider, T. Schwarz, and B. Schultrich, 
"Determination of elastic modulus and thickness of 
surface layers by ultrasonic surface waves", Thin 
Solid Films, vol.219,1992, pp. 92-102. 

[6] D. Schneider, T. Schwarz, H. Ollendorf, arid M. 
Weihnacht, "Nondestructive evaluation of coated 
materials by laser induced surface waves", ASNT 
Fall Conference Paper Summaries Book, 1994. 

[7] R. Wobst, "The generalized eigenvalue problem and 
acoustic surface wave computations", Computing, 
vol.39, pp.57-69,1987. 

[8] K. Franke, J. Besold, W. Haessler, C. Seegebarth, 
"Modification and detection on ferroelectric PZT 
films by scanning force microscopy", Surface 
Science Letters, vol.302, pp.L283-L288, 1994. 

ACKNOLEDGEMENTS 

The authors wish to thank D.Schneider, Fhl MatPhys.& 
Thin Film Engin., for measuring the dispersion curves by 
laser induced SAW. 

415 



Antiferroelectric To Ferroelectric Phase Switching Thin 
Films In The Lead Zirconate Stannate Titanate Solid 

Solution System 

C.J. Gaskey, K.R. Udayakumar, H.D. Chen, L.E. Cross, Materials 
Research Laboratory, The Pennsylvania State University, University Park, 

PA, 16802 

Abstract 

Thin films of lead zirconate stannate 
titanate (PSZT) with slight additions of niobium 
and lanthanum have been prepared by the sol-gel, 
spin coat process. Antiferroelectric tetragonal 
and orthorhombic compositions have been 
evaluated on the criteria of P-E loop squareness, 
maximum polarization and field induced strain 
for the applications of energy storage and 
conversion in integrated devices. The 
orthorhombic compositions in both the niobium 
and lanthanum doped systems have shown square 
loop hysteretic behavior with large switchable 
polarizations (30-40uC/cm2), and field-induced 
strains of 0.33% have been measured in the 
niobium doped system, thus both systems provide 
attractive possibilities for practical use. 

Introduction 

Amidst the recent explosion of ferroelectric 
and dielectric thin film research, brought about 
by the the utility of such films in both computer 
memory  and  microelectromechanical  system 
applications,  antiferroelectric phase switching 
systems  have  been  relatively  overlooked;   a 
surprising fact considering that as early as 1961 
lead zirconate ceramics, modified with tin and 
titanium, were hailed by Jaffe1 as a "new circuit 
element" with applications in electromechanical 
and electrothermal energy conversions, as well as 
energy storage.   Due to the small difference in 
free   energy   between   the   ferroelectric   and 
antiferroelectric states in these systems, switching 
between the two states can be easily occasioned by 
temperature, pressure and electric field.    The 
actual     usefulness     of     these     ceramic 
antiferroelectrics was limited due to the fact that 
the AFE-FE switching fields are on the same 
order as the  breakdown fields, a problem which 
is inherently overcome in thin films, due to their 
much larger breakdown fields, on the order of 
lMV/cm. 

Brooks2 et al has conducted an investigation 
of the switching behavior of sol-gel prepared thin 
films in the La-doped PSZT system, focusing on 
compositions previously studied by Pan3 et al in 
the bulk ceramic form. Switching was observed 
in the P-E loops and confirmed by the double 
butterfly appearance of the C-V plots, and strains 
of 0.16% were measured in an AFE tetragonal 
composition; however the nature of the switching 
as seen in the P-E loop seems to quite different in 
the films when compared to the bulk, with the 
switching arms of the loop showing less 
verticality and more polarization remaining at the 
zero field position in the films. Stresses induced 
by the substrate and a possible metastable 
coexistence of FE and AFE phases were named as 
possible culprits for the degradation of properties. 

In this study greater attention has been 
devoted to the Nb-doped PSZT system in the hope 
of developing compositions that show the square 
type of hysteresis, as delineated by Berlincourt in 
the bulk ceramic, and higher strains, 
characteristics necessary to meet modern device 
requirements. In addition it has been noted by 
Taylor4 that the Nb-doped PSZT ceramics are 
characterized by higher resistivities, greater 
resistance to aging, and lower free energy and 
coercive fields in the ferroelectric phase than 
their La-doped counterparts. Compositions in 
both the AFE tetragonal and orthorhombic phase 
fields have been investigated, and through suitable 
tailoring of the compositional and precursor 
chemistry, square loop compositions have been 
developed in both the Nb and La-doped PSZT that 
would appear to be highly useful as decoupling 
capacitors in multi-chip modules and as an 
electromechanical energy conversion medium in 
microsystems. 

Experimental Procedure 

Films in this study were prepared by a 
modified sol-gel technique, the details of which 
are described elsewhere.5 Lead acetylacetonate 
was used as an alternative lead precursor due to 
its superior chelating properties, which impart to 
the solution an extended lifetime before 
hydrolysis and increased hydrolysis resistance 
upon spinning. Crystallization was achieved by 
furnace annealing at 700°C for 15 minutes, after 
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which sputtered platinum top electrodes with 
diameters ranging from .0.8-6.35 mm were 
applied and annealed at 550°C for 60 minutes to 
improve electrical contact. 

Polarization-electric field loops were 
recorded by a modified Sawyer-Tower circuit, 
with samples driven by 5-20 V, 30 Hz signals; 
small signal dielectric permittivities and loss 
tangents were measured using an HP impedence 
analyzer both with and without bias, at room 
temperature and as a function of increasing 
temperature. Film thicknesses were determined 
from a profilometer trace, crystal phases were 
characterized by a grazing incidence x-ray 
diffractometer, and field induced strains were 
measured using a double beam laser 
interferometer, capable of resolving surface 
displacements down to 10~2A. 

Results and Discussion 

Film thicknesses ranged from 0.15-0.7(J.m, 
with distinct switching observed down to 
approximately 0.2|J.m. The films had no problem 
crystallizing into a pure perovskite phase as seen 
in Fig. 1, the diffraction pattern for the 
tetragonal composition #1 (see Table 1 for 
compositional information). 

< 

40 50 60 

Two  Theta   (Degree) 

Fig. 1 X-ray diffraction pattern of composition 
#1, showing crystallization into the perovskite 
phase. 

Fig. 2 shows the dependence of dielectric 
constant on temperature for Nb-doped 
orthorhombic composition #3; two phase 
transitions can be seen corresponding to AFE-FE 
and FE-PE, although the former is very slight. 
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Fig.   2 
Temperature 

Dielectric   constant 
CO 

as   function hig. 2 Dielectric constant as function of 
temperature for composition #3. Applied voltage 
= 5mV. 

The difference in switching behavior 
between tetragonal and orthorhombic 
compositions is illustrated by figures 3 and 4. A 
slanted type loop is exhibited by tetragonal 
composition #2, while a square loop is seen for 
composition #3. 

Fig. 3 

 1— 
-400     -200 200       400 

E(kV/cm) 

Table 1:       Summary  of phase  switching  characteristics  of Nb-doped  lead  zirconate  stannate 
titanate  thin  films 

Film Composition Thick- 

ness 
(um) 

sr at 

1kHz 

tan 8 EAFE->FE 

(kV/cm) 

EFE->AFE 

(kV/cm) 

"max 

(uC/cm2) 

1)  Pbo.99Nbo.02(Zro.57Sno.38Tio.05)o.9803 0.56 530 0.015 60 30 26 

2) Pbo.99Nbo.o2(Zro.65Sno.3iTio.o4)o.9803 0.44 530 0.016 85 45 35 

3) Pbo.99Nbo.o2(Zro.85Sno.i3Tio.02)o.9803 0.45 240 0.005 175 75 40' 
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Fig.   4      Square   P-E   behavior   as   seen   in 
composition #3. 

Switching and dielectric properties for the 
Nb-doped PSZT compositions studied are 
summarized in Table 1. All compositions were 
characterized by very low losses, and properties 
were stable over the entire range of electrode 
sizes, up to 6.35 mm in diameter. 

Square hysteresis is also shown in figure 5 . 
for a La-doped composition otherwise equivalent 
to composition #3; the switching fields for this 
composition are much higher. 

Fig. 5 P-E response of La-doped composition 
equivalent to composition #3. Pmax = 33 
^iC/cm2, EF = 350 kV/cm, EA = 250 kV/cm. 

The field induced longitudinal strain for a 
film of composition #3 is shown in Fig. 6. The 
values increased as a function of ac driving field 
up to 0.33% at 100 kV/cm with an applied dc bias 
of 100 kV/cm. 
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Fig. 6   Field induced strain as a function of ac 
driving field at 1 kHz for composition #3.   The 
film was maintained at a dc bias of 100 kV/cm. 

Conclusions 

Thin films of AFE Nb-doped PSZT have 
been prepared by a modified sol-gel method and 
phase-switched with the application of appropriate 
electric fields.  "Square" switching behavior, with 
maximum polarizations of 40u\C/cm2 have been 
shown   in   an  orthorhombic  composition;   in 
addition, strains of 0.33% have been measured. 
These properties make the composition a viable 
choice for applications in decoupling capacitors 
for mulitchip modules and in micromechanical 
actuation. 
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ABSTRACT 

Transparent glass with a composition of PbO-TiO,-Si02 

have been prepared by hydrolysis and polycondensation 
of mixed metal alkoxides in solutions containing 
Pb(Ac),3H20, Ti(OC4H9)4, Si(OC2H5)4, C4Hl0O, and 
C5H802. The crystallization behaviour in the gels were 
analyzed by differential thermal and thermogravimetric 
analyses(DTA-TG), X-ray diffraction(XRD) and infrared 
spectroscopy(IR) in detail, the linear refractive index was 
measured by ellipsometer, the refractive index at 632.8 
nm was as high as 1.885, the optical energy band gap 
was estimated as 2.35eV from the UV-optical absorption 
spectrum. The third-order nonlinear optical susceptibility 
(X<3,)was determined by the degenerate four-wave 
mixing(DFWM) method, the x'31 value was as high as 
6.63xl0""esu. It was shown that the materials exhibit 
large third-order susceptibility. 

glass preparation because it provides glasses of unusual 
composition, high purity, and good homogeneity at 
temperatures significantly lower than those required by 
the conventional melting technique. In this study, PbO- 
Ti02-SiO,(PTS) gels under different composition were 
prepared by the sol-gel method using metal alkoxides, 
and structure changes of gels with different heat 
treatments were carefully analyzed by means of DTA- 
TG, XRD and IR, and optical absorption spectra and 
refractive index were studied. Experimental results 
indicated that the optical absorption edge of samples 
was blue-shifted about 0.2eV, and the materials exhibit 
large third-order nonlinear susceptibility. 

EXPERIMENT  PROCEDURE 

INTRODUCTION 

Nonlinear optical properties have recently stimulated 
great interest because of their high potential for optical 
functional devices, such as optical modulators, optical 
switches, or optical memories which were demonstrated 
using optical nonlinearity. So far, there have been 
reports of many organic and inorganic compounds 
having large optical nonlinear susceptibility, among 
them, inorganic glasses possess a great potential for 
practical uses from the viewpoint of transparency, ease 
of fabricating planar waveguide, thermal stability, and 
high durability under laser irradiation. To obtain 
effective functions, large third-order nonlinear 
susceptibity is naturally preferable. The studies of 
developing materials with large x°> can be divided into 
two categories[l], one is the study of large 
homogeneous %(3) glasses, such as high index glasses. 
Vogel et al[2] examined the optical nonlinearity of 
silicate glasses containing Ti4+ and Nb5+ ions in order to 
design compositions for nonlinear optics, Nasu et al[3] 
found that chalcogenide glasses with refractive indices 
from 2.0 to 2.5 have x<3) as high as 10""esu. The other 
is kind of the glasses containing oxide semiconductor 
microcrystals, for example, Jain and Lind first reported 
high nonlinear susceptibility ( %(3)) is high 10"9esu in 
CdSxSe(,.x) microcrystals doped glasses[4], in which the 
electron and hole are quantum confined by a deep 
potential well, the large, resonant third-order 
nonlinearity of these small particles expands their 
application to new optical devices. 
Recently, a lot of work has been done on the 
preparation of microcrystalline semiconductor doped 
glasses such as CdS, PbS, CuCl[5-7]. However, almost 
no work has been reported on optical properties of lead 
titanate microcrystal doped silica glasses derived from 
the sol-gel process, this new process is attractive for 

1. Preparation of the starting solution and gelation 

Gels with the composition of PTS by weight ratio have 
been prepared   by hydrolysis and polycondensation of 
metal     alkoxide    using     lead     aceta 
tetrihydrate[Pb(Ac),.3H,0],     tetrabutyl 
t i t an a t e [ T i ( O C 4H9) 4]      and     silicon 
tetraethoxide(TEOS)[Si(OC2H5)4].   Firstly,   the   lead- 
titanium(Pb-Ti) complex alkoxide as a starting materials 
were mixed in solution in the same molar ratio to form 
directly Patio3 microcrystal in Si02 matrix . 
The prescribed amount of lead acetate trihydrate first 
dissolved in 2-methoxyethanol in a molar ratio of 1:3 at 
70 °C in a vessel, followed by heating to 120 °C so as 
to remove water. After cooling to 70 °C, tetrabutyl 
titanate was added under stirring, and the mixed solution 
was heated again to about 120 °C under refluxing for 
lh,  the formation  of Pb-Ti  complex  alkoxide was 
demonstrated   by   using   IR   spectroscopy   of   the 
CH3COOC4H9 solution[8]. Because the speed of TEOS 
hydrolysis-polymerization  is  much  slower than  the 
reaction   of titanium  butoxide,   in   our  experiment, 
acetylacetone(C5H802) was first added to the solution of 
Pb-Ti complex solution to slow the reactivity, then 
TEOS was added to the solution under stirring. No base 
and acid, or DCCA such as N-dimethyl formade catalyst 
was used in this system. 
The homogeneous and transparent solution prepared 
above was poured into a polypropylene beaker, and kept 
temperature at 25 °C with a loose cover. The solution 
increased in viscosity as the hydrolysis-condensation 
reaction proceeded, then the container was again tightly 
sealed and the wet gel was aged at 60 °C for one week. 
After shinkage due to syneresis, the gel was open to air 
and kept temperature at 80 °C in an oven for about one 
week. 
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2. Drying of gels 

The drying rate of gels is very important for obtaining 
a big gel glass. The monolithic dried gel thus obtained 
was heated to 150 °C at a rate of 0.5 °C/min and there 
for 2h, and then heated to 300 °C at the same rate and 
held there for 2h, to remove residual organic matter, 
then heated up to the desired temperature and holding 
for 2h. In this paper, properties of the samples(#4) was 
mainly investigated except note composition. 

RESULTS AND DISCUSSION 

1. Crystallization behaviour of gels 

On heating both residual organic matter and water 
incorporated during the synthesis of the gels were 
removed by heating to temperature above 400 °C, DTA 
and TG curves are shown in Fig.2. The gels show two 
endothermic peaks at temperature between 90 and 200 
°C, accompanied by a large weight loss, primarily due 
to the removal of water and alcohol trapped in 
micropores. The exothermic peaks accompanying the 
weight loss at temperatures between 300 and 400 °C are 
probably attributable to oxidation of acetate groups, or 
to the decomposion of unhydrolyzed alkoxy groups. 
Another two exothermic peaks are observed in DTA 
curves between 550 and 680 °C, with no corresponding 
decrease in TG curve, which may correspond to 
crystallization of PTS gels. 

337°c 

,. 

680°C 

608°C 

> ' 

> 

50 200 400 600 8oo 

TEMPERATURE °C 

Fig.l   DTA and TG curves of the PTS gel 

Fig.2 shows XRD patterns of PTS glasses heated at 
various temperature. Because of the small fraction of 
microcrystals precipitated in the glass, a slowly speed in 
XRD experiment is required. Heating at a temperature 
lower than 500 °C, only shows the typical amorphous 
halo pattern, several broad peaks on the background are 
observed with increasing temperature above 500 °C. 
From Fig.3(a),(b) as shown, the size of the 
microcrystalline precipitated in the matrix is very small 
by Scherer equation, and they consist mainly of PbTi_,07 

below 650 °C. On heating at higher temperature(e.g.680 
°C) from Fig.2(c), the XRD peaks height of sample 
increase rapidly and the structure of sample changes 
from PbTi307 to perovskite phase(PbTi03) mainly, a 
new phase is formed around 680 °C , the samples appear 
translucent due to the larger crystallines with the higher 
temperature, this is in agreement with DTA curves that 
there are two exothermic peaks appeared. 
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Fig.2 XRD patterns of PTS gels heated at various 
temperature for 2h: (a) 550 °C , (b) 600 °C and (c) 
680 °C 

Some clues to the bonding in complex glass systems 
may be obtained by making infrared absorption 
measurements under various conditions which are 
known to provide an important tool in studying the 
structural changes of materials. Samples were ground in 
a clean mortar into a fine powder, and mixed with KBr 
to make the thin pellets by pressing. The IR absorption 
spectra of the series of PTS gels with different heating 
temperature are shown in Fig..3, the numerical values 
of the detectable absorption band maxima in the infrared 
spectra of samples are compiled in table I. It is observed 
from Fig.3 and Tab.I that the positions of the absorption 
bands are in very close agreement with those reported 
by earlier workers about silicate-titanium glass 
system[9-10]. The absorption peaks in the range 1200- 
1600cm"1 are assigned to unhydrolyzed acetate groups, 
peaks of acetate groups decrease in intensity with an 
increase of heat-treatment temperature and almost 
disappear around 350 °C. The nonheated gels show a 
relatively intense absorption band around 3400cm"', 
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which is attributed to water and OH groups. However, 
the intensity of the band decreases with increasing 
temperature of heat-treatment, and reaches a very small 
level corresponding to that of water merely absorbed 
by the KBr pellets above 500 UC, this indicates that the 
compositions scarcely contain water or OH groups after 
acetate groups are removed. The absorption peaks over 
400-1080cm'' in all of the examined gel heated to 600 
°C are assignable to Si-O-Ti bond and Si-O-Si bond, 
another, two new absorption peaks appears around 570 
and 620 cm"1 when temperature is over 600 °C, it is 
suggested that vibration peaks of lead titanate 
microcrystalline precipitated in glasses. 

3800 2200 1400 800 400 

WAVENTJMBERS (cm"1) 

Fig.3 Change of IR spectrum of PTS gels with 
different temperature: (a) gel, (b) 350 °C, (c) 500 °C, (d) 
600 °C and (e) 680 °C 

Table I   Analysis of the IR absorption spectra from 
Fig.3 

Absorption peak corresponding variation tendency 
position(cm'') vibration with increasing Tem. 

3400 Si-OH, H-OH Abating 
1600 C=0 Abating 
1400 CH, ,   CH3 Vanishing at 350 °C 
1080 Si-O-Si No significant change 
950 Si-O-Ti Abating 
800 Si-O-Si No significant change 
620 C* Strengthening 
570 C* Strengthening 
450 Si-O-Si, O-Si-O       Strengthening 

C* Microcrystal vibration peaks 

2. Optical absorption spectra 

The measurement of optical absorption and particularly 
the absorption edge is important especially in 
connection with the theory of the electronic structure of 
materials. According to Davis-Mott theoryfll], the 
absorption coefficient cx( co)    is given by 

oc(co) = A ( hco- Egilp)
2 / hco (1) 

where oc(co) is the absorption coefficient, A is a 
constant, Egap is the optical gap energy and hco is the 
photon energy of the incident radiation. Fig.4 shows the 
absorption spectra of PTS glasses under different 
temperature for two hours. It is observed that the 
absorpton edges of samples show a long tail, suggesting 

a broad distribution of microcrystal size precipitated in 
glasses. It is also cleared that the position of the 

fundamental absorption edge shifts to longer 
wavelengths with an increase of heating temperatures. 

400 500 

Wavelength (cm) 

600 

Fig.4 Optical absorption spectra of PTS glasses: (a) 500 
°C, (b) 550 °C and (c) 600 °C for 2h 

The absorption coefficient a(co) can be determined near 
the absorption edge from the relation by [12] 

a (co) = 1/d Ln( I0 /I) (2) 

where d is the thickness of the sample, I0 and I are the 
intensities of the incident and transmitted beams, in our 
work, the thickness of the sample is 1.1mm, so cx(co) is 
calculated from Fig.4 and formula (2). According to 
formula (1),  it is given below 

(ochco) "2 = A "2 (hco - Ew) (3) 

Fig.5 represent (ochco) "2 as a function of photon energy 
hco for PTS glasses. The values of the optical energy 
gap are obtained by extrapolating from the linear region 
of the plots of (ochco) "2 against hco to (txhco) "2 = 0, 
it can be seen that the values of optical gap Egap 

decrease from 2.35eV to 2.15eV, the shifts exhibit a 
microcrystal size in matrix dependence mainly upward 
in energy as the microcrystal size decrease. 

2.0 2.4 2.8 3.2 

ENERGY(eV) 

3.6        4.0 

Fig.5 (ochco) m as a function of photon energy hco for 
PTS glasses : (a) 500 ° C, (b) 550 °C and (c) 600 °C 
for2h 
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3. Refractive index and nonlinear optical   properties 

The refractive indices of the glasses with four 
composition are measured by elimpsometer at 632.8nm, 
and calculated using theoretical glass compositions. 
Experiment and theory results of samples are shown in 
table II 

Table II    Glass composition and refractive indices 

Sample Compos ition(Wt%) Refractive index 
number PbO TiO, SiO, nmcas n». 

#1 22.08 7.92 70.0 1.885 1.837 
#2 25.75 9.25 65.0 1.898 1.889 
#3 29 AS 10.55 60.0 1.909 1.937 
#4 33.13 11.87 55.0 1.915 1.989 

5. M.Nogami, K.Nagasaka and M.Takata, J.Non-Cryst 
Solids,   122(1990),   101. 

6. M.Nogami, Y.Q.Zhu, Y.Tohyama and  K.Nagasaka 
J. Am. Ceram. Soc, 74(1991),   238. 

7. B.G.Potter Jr. and J.H.Simmons, Phys   Rev 
37(1988), 10838. 

8. J.B.Blum and S.R.Gurkovich, J. Mater Sei 
20(1985),  4479. 

9. E.M.Ernsberger, J.Amer. Ceram. Soc,     60(1977) 
91. 

10. M.Yamane, J.Non-Cryst. Solids,     144(1981), 181. 
ll.E.A.DavisandN.F.Mott, Phil.Mag., 22(1970), 903. 
12. R.H.Sunds, Phys. Rev.,     99(1955),   1222. ' 
13. S.H.Kim, T.Toko and S.Sakka,  J. Amer. Ceram 

Soc, 76(1993),   865. 

It is seen from table II that the refractive indices of 
glasses increase with increasing in PbO-TiO, content of 
samples, when lead titanate content is 45%(#4 sample) 
refractive index of the sample is much higher(1.9) than 
that of pure silica(1.5). Experimental results indicate 
refractive index of the samples can be enhanced due to 
the greater concentration of atoms with high atomic 
number doped glasses. 
Degenerate four-wave mixing was tested at wavelength 
of 1.06 um using a Nb:YAG pulse laser at a repetition 
rate of 2Hz and plus width of 10ns, a standard DFWM 
setup with an angle of 2 degrees between the forward 
pump beam and the probe beam, the sample thickness 
is about 2mm, variation of beam diameter over the 
sample thickness is low, third-order optical nonlinear 
susceptibilities of PTS glasses are obtained, the highest 
%{}) of PTS glass(#4) is 6.63x10'" esu, while x°' of the 
silicon oxide glass is about on the order of 10"15 

esu[13]. The third-order susceptibility of the PTS 
glasses is largely enhanced due to exist of 
microcrystalline and high refractive index of the 
samples possessed. Therefore, it is believed that the 
higher %<3) would be obtainable if high content PbO- 
Ti02 microcrystal doped silicate glasses were prepared, 
which is a future objective of our research work. 
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Abstract: Thin films of barium strontium titanate, 
Bai-xSrxTi03, were deposited on Si and ITO/glass substrates 
with 200 ~ 300 nm thickness by sol-gel method. The 
precursor solution of BST was prepared by mixing the 0.2 M 
precursor solutions of BaTi03 and SrTi03 with proper molar 
ratio. The    x-ray    diffraction    (XRD)    patterns    show 
characteristic peaks with weak and broad features indicating 
that the polycrystalline BST film has poor crystallinity. The 
grain size and the surface morphology of the films were 
investigated by atomic force microscope (AFM). Especially, 
dependence of the film structures on the treatments of 
precursor solution such as hydrolysis and modification with 
acetic acid was investigated. The I-V (current-voltage) 
characteristics of the films was also dependent on the 
precursor structure. The C-V (capacitance-voltage) behavior 
of the films with MIS (metal - insulator - semiconductor) 
and MIM (metal - insulator - metal) structures were studied. 
Also, dielectric permittivity which was very strongly 
dependent on the crystallinity of the films was discussed in 
conjunction with precursor structures. 

INTRODUCTION 

Ferroelectric thin films have been promising 
candidates for applications such as high dielectric capacitor 
of DRAM(dynamic random access memory), non-volatile 
memories, electro-optic devices and IR detectors because 
of their ferroelectric and pyroelectric properties. Among 
the various ferroelectric materials, Sr-doped BaTiÜ3 (BST) 
has outstanding properties since its ferroelectric transition 
temperature is shifted from 120 °C to -200 °C according 
to the doping rate of Sr. The dielectric constant of 
Bao.65Sro.35Ti03 ceramic at room temperature can be raised 
up to 1000 on paraelectric phase. 

BST thin films usually have been deposited by 
sputtering[l,2] or laser ablation[3] while much works have 
not been reported with sol-gel method. The main 
advantage of the sol-gel processing in depositing 
ferroelectric thin film is that some materials can easily 
and accurately be doped to change the composition of the 
films because the precursors are mixed at molecular level. 
Also, large area of homogeneous film can be obtainable 
with relatively low temperature heat treatment. In this 
study, Bao^Sr0.5Ti03 and Bao.6sSro.3sTi03 thin films have 
been deposited on a Si wafer and ITO (indium tin oxide) 
coated glass by sol-gel method and dependence of film 
quality on the precursor structure has been investigated. 

The precursor structures have been modified by 
pre-hydrolysis and acetic acid additive. Hydrolysis plays 
an important role in the sol-gel processing. Metal 
alkoxide solution reacts readily with water to form 
hydrolyzed molecules and these molecules can link together 
in a condensation reaction. If enough water is supplied to 
the solution, large molecules containing metals can be 
formed and these become ferroelectric ceramic through the 
heat treatment    Thus, pre-hydrolyzed precursor solution 

is ready to condensate during the coating process. Acetic 
acid additive was used for controlling the condensation 
reaction. The condensation rate can be controlled by 
varying pH of the precursor solution since reduction of 
the pH is known to reduce the condensation rate during 
deposition and drying stage[4]. 

The thin films were investigated by x-ray 
diffractometer to observe the microstructure of the films. 
AFM was used to investigate the dependence of grain size 
and surface morphology of the films on the precursor 
solution. Also, electrical properties of the films have been 
investigated by I-V and C-V measurements. 

EXPERIMENTALS 

The choice of starting materials and solvent is 
very important for a good quality of thin film in sol-gel 
processing. BaTi03 precursor was prepared by using 
barium di-isopropoxide [Bad'-CaB^y and titanium 
tetra-isopropoxide [TUI'-CSHTW as starting materials. 
2-methoxyethanol (ethylen glycol) was used as the 
solvent. Since 2-methoxyethanol acts as a chelating agent 
to form a chelated derivative with metal complexes[5], 
precursor solution becomes more stable and it reduces 
cracking of the film during drying and annealing 
processes. Ba(i-CsH7)2 was added dropwisely to the 
diluted Ti(i-C3H7)4 solution in excessive isopropanol for a 
molar ratio Ba:Ti = 1:1 with stirring. By refluxing and 
distilling the solution in 2-methoxyethanol at 124 °C for 
24 hours, 2-methoxyethanol based 0.2 M BaTi03 precursor 
solution was obtained. On the other hand, strontium 
hydroxide [Sr(OH)2-8H20] and Tid'-QsHTh were used for 
the SrTiOs precursor. Sr(OH)2-8H20 was dissolved under 
N2 atmosphere in 2-methoxyethanol and dehydrated by 
refluxing and distilling in the solution for 12 hours to 
make metal organic solution. Tid'-CsH7)4 was added to 
that solution dropwisely, and refluxed and distilled at 124 

°C for 24 hours in 2-methoxyethanol. The 0.2 M SrTi03 

precursor solution was resulted from the reaction process. 
Powders obtained from these solutions were confirmed to 
be BaTi03 and SrTiOs by x-ray powder diffraction 
experiment. The final precursor solutions of Bao^Sro^Ti03 

and Bao.65Sr0jsTi03 were prepared by mixing the BaTiOs 
and SrTiQs precursor solutions for a molar ratio of 50:50 
and 65:35 respectively. In addition to an untreated 
precursor solution, the other two types of precursor 
solutions were prepared by adding water with a molar 
ratio of Ti:H20 = 1:3 or acetic acid. These solutions gave 
somewhat different film structures from that of the 
untreated precursor which will be discussed in the 
following section. 

For the substrates, (100) Si (p type) wafers with 
the size of about 1 X 1 cm2 without etching silicon oxide 
layer and ITO coated glasses were used. Small 
particulates in the precursor solution were removed using 
0.2  ftm microfiber syringe filter, and then spin-coated on 
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the substrates at about 3500 rpm. Since the wet film 
contained much solvent and water, it was necessary to 
heat the film on a hot plate maintained at 150 °C for 15 
min. Thicker films can be made by using concentrated 
precursor solution but the film is apt to be cracked during 
the heat treatment. Therefore thickness of the film was 
controlled by repeating coating process for several times. 
Because the films obtained in this way were amorphous, 
heat treatment of the films at 500 ~ 700 °C was 
necessary for crystallized film. 

RESULTS AND DISCUSSIONS 

Mlcrostractare and surface morphology 

Fig. 1 shows the XRD patterns of the 
Bao.sSro.5Ti03 films of about 0.3 /im thickness deposited on 
(100) Si substrate with heat treatment at 700 °C. 
Thickness of the films was measured by a-step 
profilometer. Weak and broad characteristic peaks may 
result from poor crystallinity of the films. Samples of 
heat treated at lower temperature, which are not shown in 
the figure, have much poor crystallinity. As to the 
precursor dependence of the XRD patterns, the film 
deduced from acetic acid modified precursor shows weaker 
features of the peaks while there are no clear differences 
in the crystallinity for the other films deduced from 
untreated and pre-hydrolysed precursors. It is considered 
that the restricted condensation of the precursor with 
acetic acid additive may result in the insufficient 
crystallization of the film. In the drying stage, the 
competition between evaporation (which compacts the film) 
and condensation (which stiffens the film increasing its 
resistance to compaction) is known to affect the. film 
structures[4]. 

Observation of the surface morphology of the films 
shows clear dependence of grain growth on the precursors. 
AFM images of the surface morphology of the 
Bao.sSro.5Ti03 films are shown in Fig. 2. Surface 
roughness is smooth within 200 Ä. Grain size of the 
films is about 1000 ~ 2000 Ä, which is much larger than 
other previous reports[l,6]. Films deduced from the 
untreated   precursor   and   the   pre-hydrolyzed   one   show 
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Fig. 1 XRD patterns of the Bao-sSro^TiOs films grown by 

using (a) untreated, (b) pre-hydrolyzed and (c) acetic acid 
modtfied precursor solution on (100) p-type Si. 

uniform distribution of grains of size about 1000 A. On 
the other hand, the film deposited using acetic acid 
modified precursor shows unique feature of grains. 
Rod-like grains of about 2000 A long are aligned in the 
same direction. It is thought that a directional grain 
growth may also be due to the restricted condensation of 
the precursor. However, it is not clear yet whether this 
directional morphology is related to the oriented grain 
growth because of its poor crystallinity. 

The XRD patterns and the surface morphology of 
Bao.65Sro.35Ti03 thin films show similar features. The 
difference in XRD shown in Fig. 3 is a shift of the (110) 
peak position to the left, which is due to the change of 
the lattice constant along the Sr doping rate. The change 
of the lattice constant calculated from the data is about 
0.02 A increase compared to Bao.sSro^Ti03 film. Surface 
morphology of the film of this composition shows another 
feature for untreated precursor. Smaller grains attached 
to the larger grains could be observable. The size of 
smaller grains is estimated to be 500 A while that of 
larger ones is about 1500 A. This result would be due to 
slow   grain   growth   process   of   this   film.      Increasing 

Fig.2 AFM images of (a) BaasSrcsTiOs and (b) 
Bao.6sSro.35Ti03 films. 1, 2 and 3 come under the films 
grown by using untreated, pre-hydrolyzed and acetic acid 

modified precursor._ solution, ^respectively. 
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Fig. 3 XRD patterns of the BaaosSro^sTiCb films grown 
by using (a) untreated, (b) pre-hydrolyzed and (c) acetic 
acid modified precursor solution on (100) p-type Si. 

tendency of the grain size with increasing Sr contents has 
been reportedll]. Smaller grains in the film of Ba rich 
composition may grow much slowly during heat treatment. 
All the samples of our observation were heat treated in air 
at 700 °C for 1 hr. The possibility of slow grain growth 
process will be tested in future investigations. 

film prepared from the pre-hydrolyzed precursor solution 
shows very leaky behavior, which is larger than the film 
deduced from the untreated precursor solution to an order 
of magnitude. In conjunction with the film structure, 
amounts of void distribution along intergranular boundaries 
may cause larger leakage current. In contrast, acetic acid 
additive would make the film more compact, and this 
results in much lower leakage current of the film as 
shown in the Fig. 4. In addition, though not shown in the 
figure, heterojunction effects have been observed, which 
means that the polarity of the bias voltage affects the 
leakage current of the film. This effect was most 
pronounced for the film deduced from acetic acid modified 
precursor. Oxygen deficiency in the films resulted from 
annealing process[7] may be the origin of this effect. 
From our observations, it is conjectured that the control of 
hydrolysis and condensation rate may affect on the 
formation of oxygen deficiency during heat treatment. 

At low electric field less than 50 kV/cm, ohmic 
conduction behavior is observed suggesting that the 
leakage current is dominated by the thermally activated 
free carriers caused by impurities or vacancies. In the 
high field region, the leakage current depends on E " with 
n = 2 ~ 5. For the film deduced from acetic acid 
modified precursor, n has a value of 4.8. This result may 
be originated from the injection of trapped charges by the 
bias field. 

Capacitance-voltage characteristics 

Current-voltage characteristics 

The I-V characteristics of the Bao.6sSrojsTi03 thin 
films grown by using three different types of the 
precursor solution in log-log plot are shown in Fig. 4. 
The leakage current was measured in MIS structure using 
the Keithley 617 programmable electrometer with 
negatively biased Au top electrode.   Current density of the 

10* 

c lo3 

I    102 

1 101 

I 

p 

[   (a)   - 
^ 

;   (b) • 
r 

r 

r (C) 

:> 
■ 

£ io° 
I lo-1 

w 
Q   10-2 
H 
| io-3 

|   \0Ak 
U    10-5 

1 10 100 

ELECTRIC FIELD (kV/cm) 

Fig. 4 log(J)-log(E) plot of the leakage current of the 

Bao.65Sro.35Ti03 films grown by using (a) pre-hydrolyzed, 
(b) untreated and (c) acetic acid modified precursor 

solution in MIS structure. Top electrode is negatively 
biased. 

C-V characteristics of the Bao.sSro5Ti03 thin film 
grown by the untreated precursor solution in MIS 
configuration are shown in Fig. 5. A 10 mV ac signal 
with frequency of 100 kHz was applied to the film. The 
MIS structure can be considered as a series connection of 
capacitors originated from BST layer, SiÜ2 and the 
transition region of the inversion layer. However, since 
transition-region capacitance goes to large value at low 
frequency (^ 100 kHz) [8], only the capacitances of BST 
and SiÜ2 contribute to the total capacitance. The 
dielectric constant calculated from the data, when 
transition-region capacitance is supposed to be infinite, is 
about 50 which is relatively small. This result may be 
due to the poor crystallinity and void distributions in the 
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film, or perhaps the approximation of infinite value of the 
transition-region capacitance is not appropriate to this 
case. 

C-V characteristics of the BacesSrojsTiOs thin film 
grown on the ITO coated glass were also measured in 
MEM configuration (Fig. 6). All the films were annealed 
at 600 °C to avoid melting of glass. Amorphous film 
deduced from acetic acid modified precursor did not show 
the voltage dependence of the capacitance. For the 
crystallized film deduced from untreated precursor, 
asymmetric C-V characteristics with bias field was 
observed. This result may be caused by Schottky 
emission over the two dissimilar metal-insulator interface 
barriers with top (Au) and bottom (ITO) electrodes. 

CONCLUSIONS 

Bao.sSro.5Ti03 and Bao.65Sro.3sTi03 thin films were 
deposited on the silicon and ITO coated glass substrates 
with ~ 0.3 ^m thickness by sol-gel method using three 
different types of precursor solution. Film structures and 
the surface morphology were found to be dependent on the 
precursor structures. The films grown by using acetic 
acid modified precursor have relatively poor crystallinity 
compared with other films from XRD patterns, but leakage 
current of these films is about three order of magnitude 
lower than the film deduced from untreated precursor. 
The dielectric constant of Bao.6sSro^sTi03 thin film 
calculated from the C-V data is greater than 50. 
Relatively higher leakage current and lower dielectric 
constant may be due to voids distributed along grain 
boundaries. 
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SOL-GEL PREPARATION OF BARIUM STRONTIUM TITANATE 
THIN FILMS 
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ABSTRACT 

Barium strontium titanate, ((Bax,Sri-x)TiC>3), thin films of 
various compositions were prepared by a spin coating technique. 
Processing parameters were optimized to develop stable solutions 
which yielded crack-free films with relatively low crystallization 
temperatures. XRD and thermal analysis techniques were used to 
characterize the films and gels. The dielectric constant and 
dissipation factor of the films were measured as a function of 
temperature and frequency. Leakage current was measured as a 
function of voltage and time. It was determined that ethylene glycol 
was a necessary component of the solution to increase stability and 
to decrease the crystallization temperature of the films. A dielectric 
constant of 400 and a dissipation factor of 0.04 was measured at 1 
kHz for films of the approximate composition (Bao.8.Sro.2)Ti03 
with a thickness of 400 nm. Films of this composition maintained 
low leakage current densities for extended time periods when 
measured at an applied field of 0.08 MV/cm. The BST thin films 
therefore exhibited properties sufficient for application as DRAM 
capacitors. 

INTRODUCTION 

Barium titanate is well known for its application as a 
capacitor material. It exhibits a narrow dielectric peak with a high 
dielectric constant at a Curie temperature of 120°C. This dielectric 
peak can be broadened and shifted to lower temperatures with the 
incorporation of strontium into the lattice[l]. The properties of 
barium strontium titanate (BST) can therefore be tailored for specific 
applications including capacitors, piezoelectric transducers, and 
optical signal processing[2,3]. Increasing the strontium content in 
BST allows the Curie temperature to be shifted below room 
temperature. In this way, BST can be made paraelectric at room 
temperature, exhibiting a high dielectric constant, low leakage 
current and a large dielectric breakdown strength[3]. These 
characteristics make BST thin films particularly useful for 
applications as DRAM capacitors[3,4]. 

Although some reports exist on the fabrication of BST thin 
films by sputtering and laser ablation, little information has been 
published on the production of these films by sol-gel techniques. 
Sol-gel offers significant advantages over alternative film fabrication 
methods such as purity, homogeneity, stoichiometry control, the 
ability to coat large and complex area substrates, ease of processing, 
and the possibility of lower processing temperatures[5,6]. It was 
therefore the objectives of this research to optimize a sol-gel process 
to obtain (Bax,Sri.x)Ti03 thin films with properties suitable for 
DRAM capacitors through analysis of the solution and film 
characteristics such as crystallization temperature as well as dielectric 
properties. The effects of composition and processing parameters 
on the final film properties were studied. 

EXPERIMENTAL PROCEDURE 

(Bax,Sri_x)Ti03 solutions with a concentration of 0.75 M 
and compositions of x=1.0, 0.8 and 0.6 were prepared by 
dissolving the appropriate ratio of barium and strontium acetates in 
acetic acid under a nitrogen atmosphere. This was followed by the 
addition of a stoichiomerric amount of titanium IV isopropoxide. 
Ethylene glycol was then added to a portion of this solution, in an 
acetic acid to ethylene glycol ratio of 3 to 1. This ratio allowed the 
acetates to dissolve easily, along with increased solution stability. 
This solution was then heated at 90°C for approximately 1 hour to 
permit reaction between the acetic acid and the ethylene glycol. Both 
the acetic acid and the acetic acid/ethylene glycol solutions were 
studied in terms of solution stability, crystallization temperature and 
film quality. DTA was performed with a rate of 20°C/min in air on 
solution samples which were dried at 100°C for a period of 24 
hours. 

Films were prepared by spin coating the solutions at 7500 
RPM for 90 seconds onto (100) Si and (100) Pt/Ti/Si02/Si 
substrates. The films were heated on a hot plate at 300°C to dry and 
pyrolize the organics, followed by a heat treatment in air or oxygen 
at elevated temperatures. This process was repeated to produce 
multilayer films. 

The crystallinity of the films was characterized by XRD. A 
Pt top electrode was sputtered on the films to characterize the 
electrical properties. Properties such as the capacitance and 
dissipation factor of films coated on the Pt sputtered Si substrates 
were measured as a function of frequency, temperature and 
composition using a HP4194A Impedance/Gain-Phase Analyzer. 
Leakage currents were measured as a function of voltage and time 
using a programmable electrometer (Keithley 617). 

RESULTS AND DISCUSSION 

Upon comparing the acetic acid solution to the acetic 
acid/ethylene glycol solution, it was noticed that the former solution 
yielded a white precipitate after only a couple of days, while the 
latter remained ^stable to precipitation. The crystallization 
temperatures of the gels and films were determined by XRD and 
DTA. Figures la and b show XRD patterns of BST (80/20) films 
which were heated at various temperatures. Perovskite BST began 
to crystallize at 600°C and 500°C for films made from the acetic acid 
and the acetic acid/ethylene glycol solution, respectively. DTA 
patterns for the dried solutions can be seen in Figures 2a and b. 
These patterns support the XRD data in that the exothermic 
crystallization peak was shifted from 600-670°C for the acetic acid 
solution to 510-580°C for the acetic acid/ethylene glycol solution. 
These results support the conclusion that ethylene glycol is a 
necessary component of the solution to increase stability and also to 
decrease crystallization temperatures. 

The dielectric constant and dissipation factor of films 
approximately 400 nm thick as a function of strontium content at 
different frequencies is illustrated in Figures 3a and b, respectively. 
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figure 1. XRD of films heated at various temperatures made from 
the a.) acetic acid solution, and b.) acetic acid/ethylene glycol 
solution. 
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Figure 2.   DTA of dried a.)   acetic acid solution and b.)   acetic 
acid/ethylene glycol solution. 

The room temperature dielectric constant was approximately 350, 
400, and 425 for films of the compositions x=1.0, 0.8, 0.6, 
respectively. The dielectric constant was not seen to vary 
significantly with frequency for a fixed composition. The- 
dissipation factor remained constant over all compositions tested, 
with a value of approximately 0.04. The minimum dissipation 
factor for each composition, approximately 0.03, was measured at a 
frequency of 10 kHz. 
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Figure 3a.) Dielectric constant versus composition. 
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Figures 4a and b plot the dielectric constant and dissipation 
factor versus temperature for the compositions of x=0.6 and 1.0 
(pure BaTi03), respectively. The dielectric peak for the composition 
x=0.6 was very broad, with a maximum dielectric constant of 
approximately 600 at a temperature of -40°C. The dissipation factor 
ranged from 0.03 to 0.05 over the temperature range of -80 to 
100°C. The plot for the composition of x=1.0 does not show a peak 
at 0°C as is expected for pure barium titanate. The dielectric constant 
remained relatively constant at approximately 400 over the entire 
temperature range with a dissipation factor not exceeding 0.05. 
Similar results were explained by the effects of a submicron grain 
size[7]. 
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Figure 4.    Dielectric constant and dissipation factor versus 
temperature for films of the compositions a.)   x= 0.6  and b.) 
x=1.0 (pure barium titanate). 

Leakage current is a limiting factor of DRAM capacitors. 
High leakage currents are undesirable because they require more 
frequent refreshing, use more power, and limit the maximum field 
that may be applied across the device[8]. Figure 5 is a typical graph 
of leakage current density as a function of applied voltage for a film 
of the composition x=0.8. The current density increased gradually 
up to a voltage of approximately 6 volts. An applied voltage greater 
than this was seen to increase the current density dramatically. It 
has been reported that the current density for a practical 256 Mb 
DRAM capacitor must not exceed 3 |iA/cm2[3]. Analysis of the 
leakage current data shows that these films fit this criterion. 

Figures 6a and b are typical plots of leakage current density 
versus time for an x=0.8 film measured at 3 and 5 volts (fields of 
0.080 and 0.133 MV/cm), respectively. The leakage current 
remained low over the time span of 10,000 s for an applied voltage 
of 3 V, while an applied voltage of 5 V caused the leakage current to 
exceed the 3 pA/cm2 criterion after only several seconds. 

Voltage (V) 

Figure 5. Leakage current density versus applied voltage for films 
with x=0.8. 
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Figure 6. Leakage current density versus time at an applied voltage 
of a.) 3Vandb.) 5 V. 

A typical plot of the capacitance as a function of applied 
electric field for films of the composition x=0.8 is illustrated in 
Figure 7a The capacitance had a maximum value of 1.7 nfr witn a 
slight applied field, and did not change drastically with voltage over 
the range of -10 to 10 V (electric fields of -0.26 to 0.26 MV/cm). 
This data was used to calculate the charge storage density using the 
eauation 0=eeoE, where e is the permittivity, eo is the permittivity 
of free space/and E is the applied field[3] The charge storage 
density is plotted against the applied field in figure 7b. A practical 
256 Mb DRAM capacitor requires a charge storage density ot 
approximately 40 fC/^m2[3], which is obtained by the x=0.8 films 
as seen in the diagram. 
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Figure 7a.) Capacitance versus applied electric field for films with 
x=0.8. 
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CONCLUSIONS 

(Bax,Sri_x)Ti03 thin films of various compositions were 
prepared by a sol-gel technique. Ethylene glycol proved to be a 
necessary component of the solution, increasing stability and 
decreasing the film crystallization temperature. A dielectric constant 
of approximately 400 was obtained for x=0.8 films (thickness = 400 
nm), with a tan 5 less than 0.05. The films were presumed to have 
a submicron grain size, explaining the dielectric behavior as a 
function of temperature. The electrical properties of the films, such 
as charge storage density and leakage current as a function of 
applied voltage and time, proved to be sufficient for application of 
the films as DRAM capacitors. 
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Abstract: The possibility of combining ferroelectrics and 
superconductors has been of interest for use in memory storage 
devices. Additionally, superconductors offer crystal structures 
compatible to the epitaxial growth of the ferroelectric, 
Bao.6Sro.4Ti03 (BSTO), which is cubic at this stoichiometry. 
BSTO has a lattice constant of 3.94 Ä as compared to the 
superconducting Pr2-xCexCu04 tetragonal single crystal which 
also has a lattice constant of a=3.94 Ä. 

In this study, ferroelectric thin films of BSTO were 
deposited on single crystals of P^CuCU and Pr2-xCexCu04. The 
optical constants of the substrates, single crystals of Pr2CuÜ4 and 
Pr2-xCexCu04 were determined using Variable Angle Spectroscopic 
Ellipsometry (VASE) and the composition and crystal structure 
were examined using Rutherford Backscattering Spectrometry 
(RBS) with ion beam channeling. The substrate/film interfaces and 
the compositional variation in the films were also studied with RBS 
and with SEM / EDS. Glancing angle x-ray diffraction was used to 
verify the epitaxial nature of the films. The effect of the deposition 
parameters (laser repetition rate, oxygen backfill pressure, and 
deposition geometry) on the quality of the films was experimented 
with and the optimized parameters were used. 

INTRODUCTION 

There has been a significant interest in the possibility of 
combining superconductors with ferroelectrics for application in 
memory storage devices by using the superconductors for 
electrodes [1]. The idea of using single crystal superconductors 
for substrates however, has not been rigorously investigated. 
There are advantages to using these oxides as substrates. One of 
which is the excellent lattice match between the Barium Strontium 
Titanate, Bao.6Sro.4Ti03, BSTO, and the crystal. Also the 
possibility of using the substrate itself as the bottom electrode is 
an attractive alternative to a metallic bottom electrode which can 
cause shorting [2]. 

In this study, the Top Seeded Solution Growth technique 
has been used to obtain single crystals of Pr2-xCexCu04 (x=0 and 
x=0.17). This technique, unlike other growth procedures, can 
produce large specimens that contain fairly uniform dopant 
distributions [3]. The P^CuCU substrate has been annealed in an 
attempt to decrease its resistivity. The effect of the Ce doping 
and annealing on the optical constants has been monitored using 
VASE and the effect of both the Ce doping and annealing on the 
crystal structure of the substrates has been examined using RBS 
with ion beam channeling. 

Films of Bao.öSro.4Ti03 have been deposited onto the 
crystals using Pulsed Laser Deposition (PLD); the films were then 
examined using RBS, SEM / EDS, and glancing angle x-ray 
diffraction. The effect of the deposition parameters on the quality 
of the films as measured by the above named analytical techniques 
will be discussed. 

EXPERIMENTAL 

The single crystal specimens were c-axis oriented such that 
the c-axis is perpendicular to the crystal surface. The as-grown 
crystals were analyzed using the techniques mentioned above. The 
details of the  RBS   and  VASE   experiments will    be    given 

below. The Pr2Cu04 crystal was annealed at 950°C for about 15 
hours in flowing argon. The crystal was then re-examined [4]. 

The PLD was accomplished using a krypton-fluoride 
excimer laser with a wavelength of 248 nm and a repetition rate of 
10 Hz. The average pulse energy was 300 mJ. The oxygen partial 
pressure in the chamber was 200 mT and the substrate temperature 
was 520°C . The substrate temperature was monitored by 
clamping the thermocouple in-between the heater and the substrate. 
The ceramic targets were prepared according to a description 
published previously [5], The ablation target chosen for this work 
was Bao.6Sro.4Ti03. 

The RBS technique involves the acceleration of He+ ions to 
2 MeV by a National Electrostatics Corporation (NEC) tandem 
pelletron accelerator. This He+ ion beam is collimated to a 1 mm 
diameter beam which is incident upon the crystal / film. The 
scattered helium ions were detected at a backscattering angle of 
170° with a surface barrier detector. The energy resolution of the 
detection system is 20 KeV to 25 KeV. The (001) channeled 
spectra were obtained by rotating the samples about the beam axis 
(<|>) and perpendicular to it (9), until a minimum yield was located. 
The minima in the backscattering yield occurs when the incident 
beam is aligned with certain planar and/or axial symmetry 
directions in the crystal, i.e., channeling. When the beam is not 
aligned in either direction, no channeling is present and the random 
spectrum is obtained. The energy detection system is calibrated 
with a standard prior to data acquisition. The elements in the 
crystal are determined from the detected energies of the 
backscattered ions which are related to the mass of the atoms. The 
composition of the crystals / films were obtained by utilizing the 
software program RUMP to fit the data [6]. 

The ellipsometry data was obtained using a J.A. Woollam 
VASE. In this system, the elliptically-polarized light produced by 
reflecting plane-polarized light from the surface under study is 
modulated by a rotating analyzer. Both the wavelength of the 
monochromatic incident light and the angle of incidence can be 
varied. At each wavelength, after 150 revolutions of the analyzer, a 
data acquisition program subtracts a reading obtained with the 
shutter closed from a reading obtained with the shutter open. 
During a measurement, the wavelength is scanned from 4000 A to 
8000 Ä at steps of 100 Ä. Two angles of incidence were examined 
at each spot. 

RESULTS AND DISCUSSION 

Analysis of the Single Crystal Substrates 

RBS Results: Figures 1 and 2 show the random and channeled 
RBS spectra of Pr2Cu04 and Pr2-xCexCu04 single crystals. The 
insets show an expanded energy scale (x-axis) of the channeled 
spectra. The horizontal axis is proportional to the energy at which 
the backscattered ion was detected. The vertical axis is the 
normalized yield. The ratio of the elements (in atomic %) were 
determined by the best fit of the RUMP simulation. The ratio of 
the elements and the minimum yield obtained for each element are 
given in Table 1. 
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Table 1. Elemental Proportions (Atomic%) and Minimum Yields 
(%) Obtained from the Best RUMP Fit to 

the RBS Data for Pr2Cu04 and Pr2-xCexCu04. 

Sample      Pr(%),     Ce(%),       Cu(%),   0(%),    Pt(%), 
Min. 
Yield 

Min. 
Yield 
(%)  

Pr2Cu04     29.0, 
5 

PT2.XC&A104 22.1, 
4 

N/A 
N/A 

4.5, 
4 

Min.      Min.      Min. 
Yield     Yield      Yield 

J%)__{%) f%)  
12.0,       58.0        1.0 
5 N/A       5 

14.4, 
40 

Energy (MeV) 

58.4, 
N/A 

0.6, 
40 

1000 

Figure 1. Random and channeled RBS spectra and simulation 
obtained from a fit to data for Pr2CuÜ4. Inset shows expanded 
energy scale (x-axis) for the channeled spectra. 

Energy (MeV) 

1.0 1.5 

200 400 600 
Channel 

800 1000 

Figure 2. Random and channeled RBS spectra and simulation 
obtained from a fit to data for Pr2-xCexCu04. Inset shows 
expanded energy scale (x-axis) for the channeled spectra. 

As indicated in Fig. 2, Pr and Ce atoms cannot be resolved 
in the RBS spectra due to similar mass; so in the simulation x = 
0.17 for Ce is used in place of Pr in the doped specimen. This value 
for x was determined from the x-ray diffraction data. As seen in 
the figures, Pt (up to 1%) is incorporated into the crystal through 
contamination by the crucible. It should be noted that Pt is seen to 
exhibit channelling behavior which can be observed by the definite 
appearance of a sharp peak and a low minimum yield in the 
channeled spectra. This indicates that Pt is in the substitutional 
sites. It is assumed that Pt substitutes for Cu in the specimen, as 
was seen in a previous report [7]; where substitution causes the 
critical temperature, Tc, to decrease. 

In general, the minimum yield obtained for the elements, as 
seen in Table 1, is very low indicating the crystal is well-oriented 
and the crystalline structure is very well-ordered. As shown in the 
figures, most elements appear predominantly substitutional since 
channeling occurs for all elements in both crystals. However, as 
shown in Figure 2 (inset), for the Pr2-xCexCuC>4 sample, Cu/Pt do 
not channel as well as indicated by the higher yield. Since both Cu 
and Pt appear to channel relatively poorly in this specimen, it is 
consistent with Pt substituting for Cu in the material. Also, the 
poor channeling may indicate that Cu/Pt are slightly displaced from 
their lattice sites. Previous workers have noticed a bending of Cu- 
O chains upon doping in the material [8]. The Ce doping may also 
cause this distortion in the crystal. The channeled spectrum for the 
annealed Pr2CuÜ4 sample is shown in Figure 1. As shown in the 
figure, the minimum yield for the Pr has increased to ~ 30%. 
However, the yield is not as high as for a random spectrum. This 
implies some disorder, from the creation of oxygen vacancies and/or 
surface realignment. Also, the back ledge of the spectrum does not 
have as low a yield as the unannealed sample. This could be due to 
the presence of oxygen vacancies throughout the sample or from 
dechanneling from the disordered surface. 

VASE Results: In Figs. 3 and 4, the VASE spectra of the imaginary 
part of the dielectric function for both Pr2CuÜ4 and the 
Pr2-xCexCuC>4 are shown. As shown in Fig. 3, an absorption peak 
appears at 1.5 eV (at 8000 Ä) This absorption peak has been 
assigned to a bound charge transfer excitation from the Cu(3d) to 
0(2p) in the Cu oxygen plane [9,10]. The sharpness of the 
transition may be due to the lack of a decay channel for the excited 
carrier [7]. In Figure 4, which shows the VASE spectrum 
of the Pr2-xCexCu04 specimen, the material becomes conducting 
upon doping with Ce, the 1.5 eV transition is suppressed from the 
introduction of free-carriers which act to produce screening of the 
Cu oxygen planes. In Fig. 5, the VASE spectrum of the imaginary 
part of the dielectric function of the annealed Pr2Cu04 sample is 
shown. The oscillator strength for the transition is decreased 
(transition is weakened) and it is shifted downward in energy. The 
weakening and downward shift of the peak may be caused by the 
opening of a decay channel for the carrier. The decay channel may 
be viewed as disorder in the material as also observed in the RBS 
data. 

Analysis of the Films and Film /Substrate Interfaces 

SEM / EDS Results: The SEM micrograph of the surface of the 
BSTO film on the P^CuCU substrate is shown in Fig. 6. As 
shown in the figure, the film surface is fairly uniform. However, 
particulates are evident on the surface. EDS was performed on the 
particulates, and results show that the particulates consist of Ba, 
Sr, Ti, and O. Pr and Cu are also present. It is apparent from the 
compositional analysis, that the particulates have been expelled 
from the target. Also as noted above, the compositional analysis of 
the film reveals the elements from the target and from the substrate. 
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Figure 3. VASE spectrum of the imaginary part of the dielectric 
function versus wavelength for the Pr2CuC>4 sample, 8 = 60 °, 70° 
and 80°. 
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Figure 4. VASE spectrum of the imaginary part of the dielectric 
function versus wavelength for the Pr2-xCexCu04 sample, 6 = 
60 ° and 70°, (inset shows an expanded y-scale of the sample). 
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Figure 5. VASE spectrum of the imaginary part of the dielectric 
function versus wavelength for the annealed Pr2-xCexCu04 sample, 
(inset shows an expanded y-scale of the sample), 9 = 60 °. 

Figure 6. SEM micrograph of the Bao.6Sro.4Ti03 film deposited 
on Pr2Cu04 single crystal substrate. 

The nominal thickness of the film was measured by a Dektak 
profilometer to be 3000 Ä which made it transparent to the 
electron beam. The EDS analysis of the BSTO film deposited on 
Pr2-xCexCuC>4 specimen also revealed Ba Sr, Ti and O as well as 
Pr, Ce, and Cu. 

RBS Results: The RBS spectrum for the BSTO film on the 
Pr2CuC>4 substrate is shown in Fig. 7. The dotted line is the 
measured data for the RBS spectra and the solid line is the RUMP 
fit to the data. As shown in the Fig. 8, this fit was done by 
subtracting the measured RBS spectra for the P^CuCU single 
crystal and by adding the stoichiometrically correct peaks for Ba, 
Sr, and Ti. Therefore it is evident from the fit to the data, that the 
film that was deposited was stoichiometrically identical to the 
target, which is Ba = 0.60, Sr = 0.40, and Ti = 1.03 , and O = 3.0. 

However, as shown in Fig. 9, the simulated spectrum does 
not show a good fit to the RBS spectrum of the BSTO film (inset 
shows the expected positions for Ba, Sr, and Ti) on Ce doped 
Pr2Cu04. This may be attributed to the poor surface quality of 
the substrate. As observed for the substrate, from the RBS data, it 
is apparent that the crystal has a oxygen rich and disordered 
surface as indicated by the poor channeling for Cu/Pt sites. 
Therefore the front part of the spectrum is seen to slope 
downward or "roll-off'. Therefore, the RBS data cannot make any 
conclusive analysis of the film deposited on this substrate. 

Glancing Angle X-ray Diffraction: The glancing angle x-ray 
diffraction data for the BSTO film deposited on Pr2Cu04 is shown 
in Fig. 10 (inset shows the x-ray diffraction pattern for the 
Bao.6Sro.4Ti03 target material). A rotating anode x-ray unit 
emitting Cu-Ka (1.5415 Ä) emission was used as the source. The 
x-ray beam was incident on the sample at an angle of 1 degree to 
the surface of the film. The x-ray pattern matches closely to that 
forBao.6Sro.4Ti03. The M/values for these peaks are indicated on 
the figure. However, another phase is also present in the film. This 
phase corresponds to Bao.9iSro.o9Ti04 and the x-ray peaks for 
this phase are indicated on the figure by an asterisk. As shown in 
the inset the target material does not contain this secondary phase 
and it is not observed when the films are deposited on other 
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Figure 7. RBS spectrum for the BSTO / Pr2Cu04 sample (dotted 
line) and a fit to the data (solid line) obtained from the measured 
data for the Pr2CuC>4 substrate and the film containing 
Bao.6Sro.4Ti03. 
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Figure 8. RBS spectrum for the BSTO / Pr2Cu04 sample (solid 
line) and the RBS spectrum for the Pr2CuÜ4 crystal (dotted line) 
and the corresponding peaks for Ba, Sr, and Ti. 
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Figure 9. RBS spectrum for the BSTO / Pr2.xCexCu04 sample 
(dotted line) and a fit to the data (solid line), (inset shows the 
expected position of the Ba, Sr, and Ti peaks). 

Figure 10. Glancing Angle X-ray Diffraction pattern for BSTO 
deposited on Pr2Cu04 (inset shows the x-ray diffraction pattern 
for the Bao.6Sro.4Ti03 target material). 

substrates. The presence of this phase may be attributed to the 
film-substrate interaction, possibly due to the presence of surface 
disorder (oxygen vacancies) as indicated by the RBS and VASE 
data of the substrate. Further investigations on the specimen are 
currently being done. 

CONCLUSION 

The crystal structures and composition of the cuprate 
crystals were investigated using RBS with ion beam channeling. 
The minimum yields obtained for the elements in the crystals 
indicate that the crystals are well-oriented and very ordered. The 
addition of Cerium to the material causes a slight displacement of 
Cu from its normal lattice site. Also, Pt was included in the 
crystals due to the contamination from the crucible. The spectrum 
of the annealed crystal shows disorder which was confirmed by 
RBS and VASE data. 

The RBS spectrum of the laser ablated BSTO / Pr2Cu04 

film indicated similar film and target compositions. However, the 
presence of a barium rich secondary phase (Bao.9iSro.o9Ti04) was 
evident from x-ray studies. This phase may have been created due 
to the presence of the oxygen vacancies present in the substrate 
due to annealing. The RBS data of the BSTO / Pr2-xCexCu04 
sample is inconclusive due to the poor surface quality of the 
substrate. The incorporation of superconducting electrodes with 
ferroelectric materials is presently under investigation. 
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Abstract —Lead scandium tantalate (PST) was prepared 
by sol-gel processing, and the crystallization into the 
perovskite phase was determined at reduced temperatures 
(600-700°C). The extent of B-site cation ordering was also 
determined as a function of cooling conditions. Results are 
reported for the integration of capacitors on silicon with a 
capacitance density greater than 200fF/fim2. A preferred (111) 
orientation was obtained, with (|yj) B-site cation partial 
ordering. No evidence was obtained for A-site Pb vacancy 
ordering. Results are reported for X-ray diffraction and 
selected-area electron diffraction investigations. 

INTRODUCTION 

Lead scandium tantalate (Pb(Sco.5Tao.s)03) in the 
perovskite structure (ABO3) is an important candidate material 
for pyroelectric imaging and other advanced dielectric 
applications [1]. In addition, Pb(Sco.5Tao.5)03 (i.e., PST) is a 
complex perovskite (A(B'B")03) in which cation ordering on 
the B-site (i.e., Sc and Ta) can be manipulated by thermal 
processing conditions. This makes modifications to the 
dielectric response characteristics possible by appropriate heat- 
treatment procedures. 

Despite the attractive potential for PST in various dielectric 
applications, a major practical problem has been the high firing 
temperatures (>1500°C) required for the densification of 
insulating ceramics [2]. In addition, temperatures greater than 
1200°C are usually required for the development of the 
perovskite structure, and the elimination of a lower 
temperature intermediary phase, which has deleterious 
properties. 

In the past few years, the chemical sol-gel route has gained 
increasing attention as a practical alternative to conventional 
mixed-oxide processing for the deposition of electrical 
ceramics in thin-layer form. Several advantages of the sol-gel 
method include, lower densification and crystallization 
temperatures, and the ability to coat complex shapes. A wide 
variety of perovskite materials have been processed at reduced 
temperatures [3-7]. In our previous work on the preparation of 
perovskite PST thin-layer ferroelectrics [8,9], we reported an 
improved one-step method for the sol-gel processing of dense 
insulating thin layers at 750°C. In this paper, we report further 
on reduced temperature crystallization (650°C), with preferred 
orientation, and B-site cation ordering. 

B-site cation ordering was suggested by Smolenskii as a 
mechanism for relaxor behavior [10]. The dispersion in weak- 
field dielectric properties with temperature was attributed to a 
distribution of B-site cations between two equivalent 
crystallographic sites. This was confirmed by Setter and Cross 
for the diffuse phase transition behavior for PST [2,11,12]. The 
degree of order for B-site cations can be enhanced by 
annealing at temperatures below the sintering temperature and 
with slow cooling. Ordered structures exhibit normal 
ferroelectric behavior with a sharp phase transformation 
temperature (Tc), whereas disordered materials exhibit a diffuse 
phase transformation behavior.   Ordered microregions were 

observed by Harmer et al. in PST single crystals by 
transmission electron microspopy (TEM) [13,14]. 

High sintering temperatures (>1500°C) are often required 
for the densification of perovskite PST ceramics [2, 11, 18], 
which leads to the possible creation of A-site vacancies by Pb 
loss. A crystallographic model for the ordering of A-site lead 
vacancies has been proposed [15], with a doubling of the unit 
cell, similar to the case for B-site ordering. However, ordered 
A-site vacancies would give {h + {,k+j,0] superlattice spots 

whereas ordered B-site cations would give {h +\,k + \,l + \} 
reflections in selected-area electron diffraction patterns 
(SAED). This would lead to two types of ordering in PST, if A- 
site vacancies were formed. 

In this paper, we report recent results for the reduced 
temperature crystallization and ordering in sol-gel derived PST 
thin layers. B-site cation ordering was determined, but A-site 
Pb vacancy ordering was not observed. 

EXPERIMENTAL PROCEDURE 

We follow a procedure previously reported for the 
synthesis and processing of PST by a sol-gel method [9]. 
Briefly, scandium acetate (Sc(CH3COO)3«xH20) was 
dehydrated in vacuum at 60°C for 2 h and dissolved in 2- 
methoxyethanol (CH3OCH2CH2OH). An appropriate amount 
of tantalum ethoxide (Ta(OCH2CH3)s) was introduced and the 
mixed-solution was heated to reflux for the formation of a 
scandium tantalate (ST) precursor solution. The ST solution 
was hydrolyzed by addition of 1 equivalent of H2O for each 
mole of total B-site cation and refluxed for 24 h, and aged for 
48 h to promote oligomer complexation in the Sc-Ta precursor 
solution. Similarly, anhydrous lead acetate (Pb(CH3COO)2) 
was mixed with 2-methoxyethanol and heated under reflux for 
4 h, followed by vacuum distillation. The procedure was 
repeated twice to obtain a clear viscous solution, which was 
diluted with 2-methoxyethanol. The as-prepared ST and Pb 
precursor solutions were combined at room temperature with 
vigorous stirring. An excess amount (18 mole%) of the Pb 
precursor solution was used to compensate for any possible Pb 
loss during subsequent heat-treatment. 

Bulk translucent PST gels were formed on addition of 
excess H20 (mole of H20:mole of Sc=560:l); and thin layers 
were deposited on platinized Si(100)/SiO2/Ti/Pt substrates by 
spin-casting partially hydrolyzed PST precursor solutions 
(H20:Sc=2:l).   After each deposition, the specimens were 
heated on a hot plate at 300°C, followed by heat treatment in 
a box furnace at 600°C. Thicker coatings were formed by 
sequential deposition and heat treatment of spin-cast layers (4- 
5 times). Different annealing conditions were investigated for 
the development of ordered structures. 

Phase development and B-site cation ordering was 
monitored by X-ray diffraction (XRD) and transmission 
electron microscopy (TEM). Gold electrodes (-4.5 x IO-4 cm2) 
were sputter-deposited through a mask for electrical contacts. 
The bottom and top electrodes were probed by 
micropositioners and contacted to an impedance analyzer. A 
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Fig. 1 Crystallization of the perovskite phase and the 
development of structural ordering. (The perovskite phase 
content (%) is defined by eq. (1) in the text) 

weak a.c. signal (0.25 V/cm) was used. P-E hysteresis loops 
were recorded on a Sawyer-Tower circuit at 50 Hz. 

RESULTS AND DISCUSSION 

3.1   Crystallization and B-site cation ordering in PST 
powders 

Figure 1 gives XRD data (26=15-65°) for PST powders 
which were heat treated at a particular temperature for lh 
before quenching to room temperature.   The amorphous gel 
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Fig. 3 XRD data for three PST thin layers with different 
degrees of structural ordering after different heat treatment 
conditions. 

crystallized initially into an intermediary phase (designated by 
pyr) at 550°C before transforming into the desired perovskite 
structure (per) at higher temperatures.   The extent of phase 
conversion was estimated from peak intensity data, by 

1(110W % perovskite = -xlOO. 
I(222)pyr+I(110)per 

The perovskite phase content was estimated at 90.1% after 
heat treatment at 650°C, 96.6% at 750°C, 97.3% at 850°C, 
and 98.7% at 950°C. This was a substantial reduction in 
crystallization temperature compared with conventional 
mixed-oxide processing. 

In addition to the primary perovskite reflections, Fig. 1 
indicates superlattice reflections attributed to B-site cation 
ordering, and indexed by (\\\) and (|-j|). From the (jjj) 
superlattice reflections, a long-range order parameter (S) can be 
calculated according to [11] 

(h 

(2) 

0.5 

0.4 

^ 3000 - 

2000 

- 0.3 

0.2 

<Q 
cw 

1000 

-150  -100   -50 0    50   100   150 

Temperature(°C) 

Fig. 2 Preferred (111) orientation and the development of B- Fig. 4 Dielectric properties as a function of temperature and 
site cation ordering in PST thin layers crystallized on platinized the diffuse phase transformation behavior observed for an 
Si(100). integrated PST capacitor on silicon. 
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Fig. 5 SAED patterns along the three zone axes (from left: 
<00l>, <10l>, <lll>), after slow cooling from elevated 
temperature. Arrows indicate the superlattice spots attributed 
to B-site ordering. 
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Fig. 6 Projection of calculated SAED patterns for the three 
primary zone axes of cubic perovskite, where the open circles 
represent superlattice reflections for B-site cation ordering, the 
shadowed spots indicate superlattice reflections for A-site Pb 
vacancy ordering. 

Values of S were estimated at 0.76 for 750°C, 0.83 for 850°C, 
and 0.88 for 950°C. 

3.2 Crystallization and B-site cation ordering in PST thin 
layers 

XRD data for a crystallized PST thin layer are given in Fig. 
2. Preferred orientation (111) was detected between 28=15- 
65° for material heat treated at 650°C. After heat treatment at 
700°C, and with slow cooling(-l°C/hr) to 350°C, (jf£) 
superlattice reflections were detected. That is, (111) preferred 
orientation with (JJJ) partial ordering. There was a 
systematic absence of other reflections. Figure 3 indicates that 
the partial ordering could only be detected after slow cooling 
from elevated temperature. A high degree of (111) preferred 
orientation was obtained with only a minor (100) reflection, 
from which the long-range order parameter (5) could not be 
estimated (Eq. (1)) unlike the previous discussion for random 
powders (3.1). 

After heat treatment and various annealing conditions, the 
PST thin layers were found to be dense and insulating, and 
exhibited a diffuse phase transformation with a peak value of 
dielectric constant between 3000 and 5000 at Tc (Fig. 4). This 
was for a 0.3|im thin-layer, with a capacitance density of 100- 
200fF/nm2. 

3.3 TEM of ordering in PST thin layers 
Figure 5 gives selected-area electron diffraction (SAED) 

patterns for the <00l>, <10l>, and <111> zone axes observed 
from grain-oriented (111) and partially-ordered PST thin-layers 
deposited on Pt/Si(100). Some superlattice spots can be seen 
along the <10l> projection. Figure 6 indicates the possible 
SAED patterns which can be calculated for a cubic perovskite 
structure. The open spots are possible {h + j,k+j,l+j}-type 
reflections for B-site cation ordering; the shadowed spots are 
[h + j,k + ^,0}-typc reflections which are structurally 
forbidden for B-site cation ordering. The latter are possible for 
A-site vacancy ordering in Pb-based perovskites  [15]. 

Fig. 7 Central dark-field image of an ordered PST layer 
illustrating APBs between ordered domains. 

Evaluation of Figs. 5 and 6 indicates the observed superlattice 
reflections are in accordance with B-site cation ordering. 
Apparently, A-site vacancy ordering (which has been reported 
for PST single crystals with B-site ordering [13,14]) was not 
detected in this case. This could be due to the greatly reduced 
temperatures (600-700°C) developed for the crystallization of 
sol-gel PST and the excess PbO used in the present study. 
Figure 7 illustrates the anti-phase boundaries (APBs) which 
were detected between ordered regions, in accordance with B- 
site ordering. The APBs were obtained for the <10l> 
projection. 

3.4 Reduced-temperature crystallization and ordering 
A significant reduction in crystallization temperature was 

determined for perovskite phase development in sol-gel 
derived powders and thin layers (600-700°C) compared with 
conventional mixed-oxide processing (1560°C) [2, 11]. B-site 
cation ordering was also detected in this temperature region 
(600-700°C) for slowly cooled specimens. The ordering 
occurred at temperatures which were 200-300°C less than for 
conventional powder processing [2, 18]. The ordering appears 
to be associated with the reduced-temperature crystallization 
behavior for sol-gel derived PST. No association with A-site 
Pb vacancies was detected, unlike previous reports for B-site 
cation ordering in PST [17,18]. In the present study, the lower 
temperatures obtained for the crystallization and ordering in 
perovskite are attributed to the molecular mixing of Sc and Ta 
in the precursor prior to sol-gel processing [9]. 

SUMMARY 

Sol-gel processing was used to prepare dense insulating 
thin layers of perovskite PST with (111) orientation on 
platinized Si(lOO). B-site cation ordering was obtained under 
slow cooling conditions and appeared to be associated with 
material which contained a high perovskite phase content. 
The reduction in crystallization temperature for sol-gel derived 
PST resulted in ordered structures at lower temperatures. 
SAED results were consistent with B-site cation ordering, and 
no evidence was obtained for A-site vacancy ordering. The 
results should contribute to the fabrication of PST devices at 
reduced temperatures. Integrated capacitors were formed with 
dielectric constants of 4500 at 25°C and with capacitance 
densities of approximately 200fF/um2. 
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Abstract - The effect of substrates on the crystallinity and 
interdiffusion behaviors in sol-gel derived LiNbC>3 films 
were investigated using X-ray diffraction, transmission 
electron microscopy and secondary ion mass spectroscopy. 
The epitaxial films were obtained on (OOOD-sapphire, 
(0001)-LiTaO3 and (0001)-5%MgO doped LiNbC>3 substrates 
with similar crystal structures, but with a variety of lattice 
constants. When sapphire, which has the largest lattice 
mismatch with the film, was used, the resulting films 
heat-treated at 500 °C showed a low degree of crystallinity. 
On the other hand, the films on LiTa03 and 5% MgO 
doped LiNb03, which have smaller lattice mismatches, 
showed better degrees of crystallinity. Furthermore, these 
epitaxial films were formed without serious 
interdiffusion. Our study shows LiNb03 films, for the 
practical application such as optical waveguides, can be 
prepared by the sol-gel method using a substrate with a 
small lattice mismatch. 

I. INTRODUCTION 

Lithium niobate (LiNb03> is one of the promising 
ferroelectric materials for optical waveguides and surface 
acoustic wave (SAW) devices etc.. Films of single 
crystalline LiNb03 are required for practical applications 
as integrated electo-optical devices. For the preparation of 
the hetero-epitaxial films, physical vapor deposition and 
liquid phase epitaxy processes have been widely used [1-4]. 
However, chemical processes, such as a sol-gel method, 
have become of major interest lately. There are many 
advantages to the sol-gel method such as a low process 
temperature, better control of the composition and high 
productivity. 

Partlow et al. reported that homoepitaxial LiNb03 
films were obtained by the sol-gel method using metal 
alkoxides [5].   Afterwards, hetero-epitaxial LiNb03 films, 
with preferred orientation on sapphire substrates, were 
prepared using double metal alkoxide (LiNb(OC2H5)e) [6]. 
Then films, without any misoriented planes on sapphire, 
were  synthesized using non-hydrolyzed  metal  double 
alkoxide [7].   However, grain growth and a large amount 
of faults, such as dislocations and twins, were observed for 
the hetero-epitaxial LiNb03 films [8-9].  This shows that 
the  crystallinity  of the  resulting films  on  sapphire 
substrates was low, and therefore improving the quality of 
the films appears to be still important. 

So far only sapphire has been reported as the substrate 

for making hetero-epitaxial LiNb03 films by the sol-gel 
method [6-7,9-10]. For preparation of epitaxial films by 
physical vapor deposition methods, it is well known that 
the lattice mismatch between the films and the substrate 
considerably influences the crystallinity of the resulting 
film. In our study, three kinds of substrate ((OOOD- 
sapphire, (0001)-LiTaO3 and (0001)-5%MgO doped LiNb03) 
with crystal structures similar to that of LiNb03, but with 
a variety of lattice constants, were used for the preparation 
of hetero-epitaxial LiNb03 films. The mismatch of the 
lattice parameters between the LiNb03 films and the 
sapphire, LiTa03 and 5%MgO doped LiNb03 substrates is 
8.18%, 0.13% and 0.06% for a axis, respectively. For the 
lattice parameter of c axis, the sapphire substrate has the 
largest lattice mismatch, the same as that for a axis [11]. 
The formed films on these substrates were characterized 
in an attempt to clarify the conditions for making better 
quality films by the sol-gel method. 

II. EXPERIMENTAL PROCEDURE 

Figure 1 shows the flow chart for the synthesis of 
LiNb03 films. The preparation procedure is based on the 
synthetic method reported by Hirano et al. [6]. Lithium 
ethoxide (LiOC2Hs) and niobium pentaethoxide 
(Nb(OC2H5)5) were used as raw materials. Equal molar 
amounts of these alkoxides were dissolved in absolute 
ethanol to give the mixed alkoxide solution (0.3 M%). The 
mixed solution was refluxed for 24 hrs. to synthesize a 
double metal alkoxide (LiNb(OC2H5)6). 

The prepared solution of double metal alkoxide, 
without the addition of water, were spin coated on 
substrates at 2000 rpm, because it is known that films with 
better quality are obtained using the non-hydrolyzed 
alkoxides [7,12]. Optically polished single crystalline 
(OOOD-sapphire, -LiTa03 and -5%MgO doped LiNb03 were 
used as substrates. Prior to coating, these substrates were 
cleaned in a mixed solution of acetone and benzene, an 
aqueous hydrochloric acid solution and deionized water 
using an ultrasonic bath, then dried in a oven at -200 °C. 
The coating step were repeated to achieve a desired 
thickness (150-200 nm). As-coated precursor films were 
heated to 500 °C for 30 min. at the heating rate of 5 °C/min. 
in an atmosphere of oxygen and water vapor, and then the 
furnace was cooled to room temperature. 

Structural characterization was performed by X-ray 
powder diffraction (XRD: Philips PW-1800), X-ray rocking 
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curve measurements (Rigaku RAD-C model) and 
transmission electron microscopy (TEM: JEOL 2000EX). 
The specimens for TEM observation were prepared by 
polishing and ion-milling. Interdiffusion behaviors 
between the films and the substrates were investigated by 
secondary ion mass spectroscopy (SIMS: CAMECA IMS- 
4F). 

III. RESULT AND DISCUSSION 

The smooth and dense textures of the resulting 
films, after heat-treatment at 500 °C, were observed on the 
substrates (sapphire, LiTaC>3 and 5% MgO doped LiNb03) 
by scanning electron microscopy and atomic force 
microscopy [11]. The value of the average roughness was 
4.45 nm for the film on 5% MgO doped LiNb03. Figure 2 
shows a High resolution electron microscopy (HREM) 
image of cross-sectional films on (OOOl)-sapphire 
substrate. The fringes corresponding to lattice plane 
(0112) run continuously across the interface as observed in 
the HREM image of the film and substrate. Because of the 
difference between the spacing of the lattice planes for 
LiNb03 (3.75 A) and sapphire (3.48 A), misfit dislocations 
(indicated by arrows in the figure) were observed at about 
every fourteenth of the fringes. The HREM image 
confirms that the film grows epitaxially on sapphire 
substrate. The selected area diffraction pattern, including 
both the LiNb03 film and the sapphire substrate, is shown 
in Figure 3. The diffraction pattern further demonstrates 
the epitaxial growth. The film grew with the same 
orientation as that of the sapphire substrate.   The shift of 
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Figure 2. High resolution electron microscopy image of cross- 

sectional films on (OOOl)-sapphire substrate. Arrows indicates misfit 
dislocations. 
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Figure 3. Selected area diffraction pattern for the interface between the 
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Figure 1. Flow chart for preparing LiNbC>3 films. 
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reflection position between the film and the substrate is 
caused by the difference in lattice parameters. The 
epitaxial growth behavior of LiNbOß films on sapphire 
was also suggested by Hirano et al. and Nashimoto et al. 
using reflection high energy electron diffraction and TEM 
[8,13]. 

The XRD patterns of the films on sapphire, LiTa03 
and 5% MgO doped LiNbÜ3 substrates, after heat- 
treatment at 500 °C, are shown in Figure 4. All resulting 
films showed the highly preferred orientation along the 
substrates orientation (0001). The prepared films on the 
sapphire, with the large lattice mismatch, showed a small 
XRD peak of the (1014) reflection, indicating a different 
orientation. On the other hand, no peaks of other 
reflections were observed for the films on LiTaOß and 5% 
MgO doped LiNbÜ3 with small lattice mismatch. The 
XRD result suggests that the films on these substrates 
grow epitaxially, but a small amount of different 
orientation grain was easily formed on the sapphire 
substrate which has a larger lattice mismatch. 

Table I shows the results of X-ray rocking curves for 
the films which are the same as those shown in Figure 4. 
The values in the table are in full-width at half maximum 
(FWHM) of the diffraction peak for the films and the 
substrates [11]. The FWHM value for the film on sapphire 
was very large compared to that of the single crystal 
substrate. On the other hand, the FWHM values for the 
films on the LiTa03 and 5% MgO doped LiNbOß substrates 
were small, and approached the values of the single 
crystal substrates. The results of the rocking curves show 
that the crystallinity of the epitaxial films improves with 
decreasing lattice mismatch. 

to c 
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(0006)-5%MgO doped LiNb03 

on 5%MgO-LiNb03 I 
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on sapphire              (10T4)-LiNbO3               J u , 
I I ■ 
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Figure 4. X-ray diffraction patterns of the prepared LiNbOs films 

after heat- treatment at 500 °C on the substrates. 

Table 1 

Data of X-ray rocking curve measurements for 

the epitaxial films and  substrates. 

Substrates 
Values of FWHM (w /sec.) 

LiNb03 films         Substrates 

sapphire 1458.0 25.2 
LiTa03 150.0 26.0 

5% MgO doped 
LiNbOa 118.8 26.9 

The interdiffusion behaviors of the films on LiTa03 
and 5% MgO LiNb03, after heat-treatment at 500 °C, are 
shown in Figures 5 and 6, respectively. The interdiffusion 
behaviors of Mg, Nb and Ta ions were observed. Among 
these ions, the small divalent Mg ion interdiffused 
relatively fast, but the diffusion distance in the films was 
only -50 nm. It is reported that the interdiffusion between 
LiNb03 films and sapphire substrate is scarcely observed 
by Rutherford back scattering measurements [13]. These 
results mean that epitaxial films on these substrates can 
be prepared without serious interdiffusion. 

In conclusion, we investigated the effect of the 
substrate on the quality of LiNbÜ3 films prepared by the 
sol-gel method. Epitaxial films were obtained on all 
substrates (sapphire, LiTa03 and 5% MgO doped LiNb03) 
with similar crystal structure, but with a variety of lattice 
parameters. The crystallinity of the resulting films, after 
heat-treatment at 500 °C, improved with decreasing lattice 
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Figure 5. SIMS profile of the epitaxial films on LiTaC>3 substrate. 
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Figure 6. SIMS profile of the epitaxial films on 5% MgO, doped LiNb03 

substrate. 

mismatch. When using the LiTaOß and 5% MgO doped 
LiNb03 substrates, with smaller lattice mismatch, the 
crystallinity of the resulting films approached that of a 
single crystal. Furthermore, the films were obtained 
without serious interdiffusions. Our results suggest 
LiNb03 films, for practical applications such as optical 
waveguides, can be prepared by the sol-gel method using a 
substrate with a smaller lattice mismatch than sapphire. 
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Preparation and  Characterization of Manganese Doped  Lead Titanate Films 
By SOL-GEL Techniques 

R.P.   Tandon,   V.   Raman,   Ramadhar Singh  and  Amarjeet  K.   Narula 
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Abstract - In the present investigation, sol- 
gel method has been adopted to make manganese 
doped lead titanate (PT) films with perovskite 
structure by reacting liquid precursors to form 
a sol. The films were deposited on stainless steel 
substrate by using multilayer spin coating 
technique. The     films     were     then     annealed     at 
temperatures close to 550°C. The films were crack 
free and the ferroelectric behavitsr was established 
by studying their hysteresis loop measurements. 
Dielectric constant was found to be around 300 and 
coercive field was greater than 60 kv/cm for films 
with finer grain sizes. The films fired at 550° C 
exhibited     remanent     polarization     values     close     to 

2 
25   micro-coulomb/cm   . 

INTRODUCTION 

Numerous attempts [1-4] have been made in the 
past to investigate thin films of ferroelectric 
materials      such      as      PZT[Pb,Zr(Ti03)] ,    PT(PbTi03) 

and    more    recently    (Ba      Srx)Ti03.       Inspite   of   the 

processing difficulties, these films are receiving 
lot of attention due to their possible applications 
for non-volatile memories, infrared sensors, display 
devices and several other allied applications. 
Of these, lead titanate has been particularly 
fascinating for many years from both fundamental 
and applied point of view. This material has very 
high Curie temperature (^490°C) and large lattice 
anisotropy   (c/a ~J 1.064)   in the tetragonal phase. 

The main emphasis of the present day research 
on these materials is to integrate them with micro- 
electronics at affordable production costs. 
Unfortunately, even at the present level of 
understanding and experience, the sol-gel derived 
films of lead titanate have found limited utility 
as it is extremely difficult to get crack free film 
and they often develop cracks on drying due to 
shrinkage and stresses taking place during gel to 
oxide    conversion. To    overcome    this    problem,    a 
number of different approaches [5,6] have been 
adopted to get superior films and the future 
prospects of these devices rest on the success of 
making  crack free ferroelectric films. 

In the present paper we report the results of 
our investigations in which an attempt has been 
made to obtain good quality films of lead titanate 
having     composition     Pb       M^TiO       (x     =    0.01)     by 

sol-gel    route. The    films    were    characterized    by 
Fourier transformed infrared spectroscopy and X- 
ray     diffraction     investigations. Their     dielectric 
constant and hysteresis loop behaviour are also 
presented. 

EXPERIMENTAL 

Lead       acetate        trihydrate (3.75      gm)       and 
manganese acetate (0.025 gm) were dissolved in 
5 ml of methoxy ethanol at 70° C to get a clear 
solution. The solution was allowed to cool to room 
temperature ( <—* 25° C) and was mixed with 4 ml 
of acetyl acetone and 3 ml of titanium isopropoxide 
with constant stirring. The solution was heated 
to 100° C with constant stirring and then it was 
allowed to cool down to room temperature before 
it was coated on a stainless steel substrate by 
spin coating technique. The films so obtained were 
^8 - 10 >um thick. 

The sol obtained above was hydrolyzed by adding 
mixture of methoxy ethanol and distilled water 
(1:1) and kept for gelling, ageing and drying at 
60°C in an oven. The gel was sintered at different 
temperatures ranging from 400 - 650°C. It was 
noticed that while sintering at 650°C the gel lost 
around 25% wt which can be attributed to the loss 
of water molecules, alcohols and organic molecules 
present in the gel. 

The FTIR spectra of the Mn doped lead titanate 
films was obtained by KBr method using a Fourier 
transformed infrared spectrometer (Nicolet). The 
X-ray diffraction pattern of the films was taken 
by  X-ray   diffractometer   (Siemens,   D-500). 

A   parallel   plate   capacitance   was   formed   by   using 
2 

gold    electrodes     (area     ~'  0.8    mm  )    patterned    by 
vacuum      evaporation     through      the      masks. The 
dielectric parameters were evaluated by a HP-4192A 
LF Impedance Analyser at 10 kHz. Modified Sawyer 
Tower Circuit was used to carry out hysteresis 
loop   measurements at  50  Hz. 

RESULTS  AND   DISCUSSION 

It is well-known that titanium alkoxides are very 
susceptible to the presence of moisture and 
therefore, it was complexed with chelating agent 
(acetyl acetone) to inhibit the precipitation of 
titanium oxide. In the present case, we added 
acetyl acetone to titanium isopropoxide which 
yielded clear solution stable in nature. Pure lead 
titanate films usually develop cracks which render 
them unsuitable for any meaningful device 
application. Addition of manganese certainly helped 
in yielding crack free, dense and superior lead 
titanate films. 

The films were subjected to IR examination and 
the results are shown in Fig. 1. The IR spectrum 
of   this    material    shows   a    broad     absorption    band 

around 600 cm- which is attributed to the metal- 
oxygen bonding. This lattice mode is due to a 
stretching    vibration    of    TiO      octahedra    in    which 

the Ti atom  moves opposite to the O    octahedra. 
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The     strain     along     'a'     and     'c' be 
evaluated 
relation 

from     the     lattice     constants     using     the 

4600     3800       3000        2200 1800 1400 1000 

WAVENUMBERS  (cm"') 

600        400 

Fig.  1     FTIR  spectra  of  Mn-doped   PbTiO    film. 

X,   =   (a  - a  )/a    and   X_ 1 c      c 3 (C c      c (2) 

where and are     the     tetragonal     lattice 
constants     and     a       is     the     equivalent     cubic     cell 

C       2     1/3 constant   given    by    (a c)   '.        From   this,    the   room 
temperature       value      of      tetragonality       (c/a)       was 
estimated   to   be   1.071   which   nearly   half   a   percent 
greater    than    the    value    obtained    for    bulk    PbTiO 

indicating    thereby    that    the    films    were    elongated 
along     c-axis. This     difference     in     the     lattice 
constants   of   bulk   PbTiO     and   films   clearly   suggests 

that the films  were under  strain. 

There were significant changes in the dielectric 
constant values (measured at 10 kHz) of the film 
with the sintering temperature as is evident from 
Fig. 3. A large increase in the dielectric constant 
was observed at 525° C which marked the onset 
of the crystallization after they assumed near 
constant values. The highest values achieved for 
dielectric constant was ^ 300 (at 10 kHz) and 
the dissipation factor  was found to be —' 0.009. 

The formation of the tetragonal phase in lead 
titanate was ascertained by X-ray diffraction pattern 
shown   in   Fig.   2.      The   calculated d      values   were 
found to be in agreement with the values reported 
earlier. It was also evident that Mn addition did 
not cause any changes in the perovskite type 
tetragonal lattice of the lead titanate. The average 
grain size (t) of the films was calculated from 
Scherrer's  equation   [7]   given as 

t = 0.9 
B cos © (1) 

where    B    is    the    broadening    of   the    diffraction   line 
at       6      measured    at    half   its    maximum    intensity. 
The   average    grain    size    was   found   to   be   about 

o 

500      A      and      remained      unaffected      by      manganese 
addition. 

ii SM^J**»" »**>-*»-wl lrffWrar ■ .JclHnCJ 

40 50 

26 (degrees) 

60 

The existence of the ferroelectricity was 
confirmed by studying the hysteresis loop of the 
films. One such typical hysteresis loop is shown 
in Fig. 4 which gave a coercive field values close 
to    65    kv/cm    and    remanent    polarization    around    25 

2 
micro-coulomb/cm  . It    appears    that    this    lower 
value of remanent polarization may be due to the 
smaller grain size and the strains present in the 
films. These values are not the ideal ones yet 
sufficiently high for a possible device application. 
The addition of manganese has clearly helped in 
yielding a crack free, dense and relatively superior 
quality  films  of lead  titanate. 
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Fig. 3 Effect of sintering temperature on the 
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Fig.  4    Typical   hysteresis   loop   of   Mn-doped   PbTiO 
film. 
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Abstract - Sol-gel derived lead zirconate titanate (PZT) films 
were deposited and crystallized on platinized Si/Si02 and A1203 
wafer substrates in the film thickness range of 500 - 7000 A. 
Electrical testing was conducted to evaluate the effect of PZT 
film thickness on capacitor performance. Optical microscopy 
and AFM data were used to identify factors which might cause 
shorting in crystallized PZT films. Thin films of Ti or TiOx 

were used for Pt bottom and top electrode adhesion in the 
substrate/Pt/PZT/Pt structured device. The effect of these 
adhesion layers has been investigated for several electrode 
composites. The fatigue behavior of these devices has been 
analyzed and compared. 

INTRODUCTION 

Sol-gel derived PZT thin films have been used extensively in 
the development of MFM structured capacitors for non-volatile 
memory applications. One of the major problems in this area 
has been the limited choice of bottom electrode materials for 
which the sol-gel derived PZT is nucleated. Among the most 
popular electrode materials at present are Ru02 and Pt. The 
RuO, and Pt systems have been compared in several studies12. 
Although the Ru02/PZT/Ru02 electrode system has exhibited 
better fatigue performance than Pt/PZT/Pt structured 
capacitors, the use of Pt as a bottom electrode material 
continues to attract attention in research and industry3,4. 

The focus of this study is to evaluate the range of sol-gel PZT 
film thicknesses which can be nucleated to produce reliable 
MFM structured capacitors on platinized Si/SiO, and A1203 

substrates. The composite electrodes fabricated for this study 
are listed as follows: 

a) Al203/Ti/Pt/PZT/TiOx/Pt or "Al203/Ti(TiOx)" 
b) Si/Si02/Ti/Pt/PZT/TiOx/Pt or "SiO,/Ti(TiOx)" 
c) Si/Si02/Ti/Pt/PZT/Ti/Pt or "Si02/fi(Ti)" 
d) Si/Si02/TiOx/Pt/PZT/Ti/Pt or "Si02/TiOx(Ti)" 

EXPERIMENTAL PROCEDURE 

All test devices were fabricated using polished 2" (111) Si, or 
basal A1203 wafer substrates. Initially, a 2400 Ä Si02 layer was 
grown on the Si substrates by dry thermal oxidation. The A1203 

and Si/Si02 substrates were then sputter coated with films of 
either 500 A Ti, or 100 - 150 A TiOx for Pt adhesion. A film of 
Pt approximately 3000 A thick was then sputter coated over the 
adhesion layer, and the bottom electrodes were annealed at 
500 ° C for 15 minutes in N2. Layers of 53/47 sol-gel PZT were 
deposited over the platinized substrates by spin coating. The 
sol-gel films were deposited in the 500 - 7000 A thickness range 
by using multiple densified coatings of IM or 0.5M sol-gel, and 
different spin RPMs to vary the PZT film thickness. The sol- 
gel films were densified at 500 °C for 30 minutes per spin-on 
coat. The densified coatings were then crystallized in one step 
at 700-C for 30 minutes (0.1 1/min O,). Following PZT 
crystallization, films of either 200 - 300 A ti, or 40 - 60 A TiOx 

were deposited for Pt top electrode adhesion. A 1500 A Pt top 
electrode was then patterned over the PZT/adhesion layer 
using a lift-off technique. The MFM structured devices were 
then post-metallization annealed at 700 °C for 30 minutes to 
equilibrate device capacitor response. 

Hysteresis, pulse response, retention, and fatigue behavior 
were measured using the Radiant Technologies RT-66A test 
system. All data were collected using two probe, top to bottom 
testing of individual 130 x 130 ßm2 Pt top electrodes, and 
monolithic Pt bottom electrode. Sample fatiguing was 
performed using an external function generator. All sample 
capacitors were fatigued using an alternating square wave (10 
ns rise time). Remanent polarization refers to the value of 
switched minus unswitched charge (P* - P*) from RT-66A data. 
Peak voltages used for fatigue, charge, and hysteresis testing 
were normalized with respect to PZT film thickness, i.e. 2000A 
PZT = 5 volts, 3000 A PZT = 7.5 volts, etc.. 

RESULTS AND DISCUSSION 

Bottom Electrode Effects on PZT Film 
One of the main goals of this study was to determine the 

minimum sol-gel PZT film thickness which could be crystallized 
to produce reliable Pt/PZT/Pt structured capacitors. Major 
factors that limit the minimum thickness of sol-gel films include: 
1) Formation of hillocks during Pt bottom electrode annealing5, 
2) excessive diffusion of Ti in Ti/Pt bottom electrodes causing 
a high level of Pt surface roughness6, 3)pinholes in fired PZT 
films, 4) incomplete nucleation of very thin PZT films, and 5) 
reaction of the Pt bottom electrode during PZT nucleation, i.e. 
the Pt surface roughness increases below the PZT during firing7. 

Three types of bottom electrodes were evaluated for this 
study. Al203/Ti/Pt, Si/Si02/Ti/Pt, and Si/Si02/TiOx/Pt. Prior 
to sol-gel deposition, the annealed Al203/Ti/Pt and Si02/Ti/Pt 
electrodes had a peak to valley Pt surface roughness of 400 - 
500 A. The Si02/TiOK/Pt electrodes had a surface roughness of 
200 - 300 A, but hillocks were also present on the Pt surface. 
These hillocks had a density of about 1 hillock/25 ßm2, and had 
a height of 2000 - 3000 A as measured by AFM. After sol-gel 
crystallization, it was found that Si/Si02/TiOx/Pt electrodes 
produced a high level of capacitor shorting with PZT films 
below 2300 A. This result suggests that shorting due to hillocks 
may place a limit on the minimum PZT film thickness which 
can be used with Si/Si02/TiOx/Pt electrodes. 

The Al203/Ti/Pt and Si/Si02/Ti/Pt devices also exhibited 
significant capacitor shorting below a PZT film thickness of 
about 2000 A. One of the probable causes of this shorting are 
pinholes in the fired PZT film. Figure 1 shows that pinholes 
are visible on the top surface of a 1700 A Pt top electrode 
covering a 2000 A PZT film (a). Pinholes were not observed in 
thicker PZT films which did not short (b). Pinholes were 
present despite using multiple PZT coatings. This may be due 
to the fact that the IM PZT solution was diluted to 0.5M in 
order to deposit thinner PZT films. PZT films from IM 
solutions did not typically display pinholes. Only the 
Si02/TiOx/Pt/PZT/Ti/Pt structured capacitors were fabricated 
using IM sol-gel PZT. In this case, the IM sol-gel was spun at 
higher RPMs to achieve thinner coatings. 

Another issue is the reconfiguration of the Pt surface during 
sol-gel nucleation. Figure 2 is the top surface of a 4000 A PZT 
film nucleated on Si/Si02/Ti/Pt (left) and Si/SiO,/Pt (right), 
where half of the Si/Si02 substrate was coated with 500 A Ti 
prior to Pt deposition. Figure 3 is the etched-back Pt surface 
of the same Pt electrode in Figure 2. The Pt surface appears 
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to have acquired a surface roughness consistent with the general 
shape of the crystallizing perovskite rosettes. In prior work , 
AFM showed that the annealed Pt surface of a Si/SiO2/500 A 
Ti/Pt bottom electrode increased from around 200 A to over 
500 A following PZT crystallization and etch-back. In Figure 3, 
the Si/Si02/Ti/Pt side appears to have reacted much more 
significantly than the Si/Si02/Pt side. This is probably due to 
Ti diffusion up through the Pt film during PZT crystallization. 

Microstructure 
Figure 2 clearly shows the difference in PZT film 

microstructure for Si02/Ti/Pt (left) or Si02/Pt (right) bottom 
electrode composites. The PZT grain size is much smaller and 
more homogeneous on the Si02/Ti/Pt electrode side compared 
to the Si02/Pt electrode side. Si02/TiOx/Pt electrodes 
produced the same PZT microstructure as Si02/Pt electrodes. 
Pinholes, hillocks, or excessive surface roughness are thought to 
typically cause immediate capacitor failure due to shorting. In 
contrast, the difference in PZT microstructure is thought to 
have an impact on capacitor electrical performance. If Figures 
4 and 5 are examined closely, it is apparent that electrodes 
using Ti for Pt bottom electrode adhesion display a significant 
drop in initial remanent polarization upon fatiguing. In 
contrast, capacitors using the SiO,/TiOx/Pt bottom electrode do 
not exhibit as significant a loss, but fatigue more quickly (Figure 
6). This difference in behavior is thought to be a PZT 
microstructure related phenomenon. XRD studies need to be 
conducted to determine the degree of orientation in the two 
distinctly different films. By reducing the electric field strength, 
it is possible to eliminate the initial remanent polarization loss 
observed for Si02/Ti/Pt bottom electrode capacitors. Figure 7 
shows that as the peak voltage was decreased for fatigue cycle 
testing, the initial remanent polarization loss for the three 
composite bottom electrodes decreased. Figure 8 is a graph of 
fatigue behavior for the 2600 A PZT test capacitors fatigued at 
peak voltages where initial remanent polarization loss is 
minimized, and polarization response is maximized. In Figure 
8, the fatigue behavior is nearly identical for the three different 
bottom electrode based capacitors when the peak voltage is 
reduced to avoid the initial remanent polarization drop. 
Additionally, the fatigue performance of the devices improves 
dramatically. Most notably, the SiO,/TiOx/Pt electrode 
capacitor displayed a loss of only 28% of initial remanent 
polarization after 5.0 x 1010 fatigue cycles. This is a significant 
improvement over fatigue behavior observed in Figure 6. 
Figure 9 is the RT-66A charge printout for the 
SiO2/TiOx/Pt/2600 A PZT/Ti/Pt capacitor after it was fatigued 
to 5.0 x 1010 cycles at 2.5 volts peak. Despite extensive 
fatiguing, the capacitor exhibits excellent symmetry, and a 
remanent polarization of 7.8 MC/CITT. Coercive voltages are 
below 0.5 volts. 

Electrical Testing of PZT Films 
Electrical testing was conducted to evaluate the behavior of 

PZT films of different thickness. Figure 10 is a graph of the 
initial remanent polarization of PZT films of different thickness 
on various composite electrodes. The standard deviation is 
shown for five test capacitors per data point. These statistics 
were used to select representative capacitors for fatigue testing. 

From Figures 4 - 6, the remanent polarization values 
increased with increasing PZT film thickness, but did not 
sustain the values when tested at normalized voltage conditions 
beyond about 108 fatigue cycles. In general, the spontaneous 
polarization values increased marginally with increasing PZT 
film thickness. The dielectric constants were in the 1700 - 2000 
range for PZT films of 2000 - 2600 A. The dielectric constant 
seemed to level off at about 2300 - 2400 with thicker PZT films 

at normalized voltage conditions. The values for coercive 
voltage increased with increasing PZT film thickness. Electrical 
shorting was observed for nearly all PZT films below 2000 A 
thickness. This is thought to be caused by either pinholes in the 
PZT film, bottom electrode Pt hillocks, excessive surface 
roughness due to excessive Ti diffusion, incomplete PZT 
nucleation, or a combination of these factors. Thicker PZT 
films above 3000 A shorted an extremely low percentage of the 
time. The retention of PZT films was also evaluated. All the 
test capacitors tested displayed nearly flat line retention out to 
18 hours. The maximum loss in initial remanent polarization 
was at most 1 - 2 %. Further retention tests was not conducted. 

Effect of Top Electrode Adhesion Layer 
The effect of using 200 - 300 A Ti vs. 40 - 60 A TiOx can be 

seen by comparing Figures 4 and 5. The difference in fatigue 
behavior for the Si02/Ti(TiOx) and Si02/Ti(Ti) composites 
were minor. The most significant difference was that the 
coercive voltages for Si02/Ti(TiOx) composites were 
considerably higher than for Si02/Ti(Ti) composites by 0.5 -1.0 
volts. Spontaneous polarization and pulse response values were 
also somewhat higher for Si02/Ti(Ti) composites. The specific 
reason for this behavior is a topic for future research. 

Performance of Sapphire Substrates 
The only major difference observed using sapphire vs. silicon 

substrates is that the initial remanent polarization values for 
sapphire were much higher than for identically prepared silicon 
based devices. See Figures 5 and 10. Above 109 fatigue cycles, 
the sapphire and silicon based capacitors had nearly identical 
behavior when tested at normalized voltage. At very low 
voltages (1.5 V), the sapphire and silicon substrate devices also 
had similar fatigue behavior. 

CONCLUSIONS 

For this study, the reliability of nucleated PZT films on 
platinized silicon and sapphire substrates was evaluated. It was 
found that pinholes in the PZT film, bottom electrode surface 
roughness, or hillocks may limit the useful PZT film thickness 
to above 2000 A due to capacitor shorting. PZT films above 
3000 A were extremely reliable. The general electrical behavior 
of PZT films was evaluated with respect to PZT film thickness. 
An extensive evaluation of the fatigue behavior of PZT films on 
various electrode composites was conducted. It was found that 
lowering the peak fatigue testing voltage could significantly 
improve capacitor fatigue performance, while still maintaining 
high capacitor pulse response values. Figure 9 shows the 
hysteresis and pulse response measured for a 2600 A PZT film 
which operated at 2.5 volts peak out to 5 x 1010 cycles with only 
a 28% drop in initial remanent polarization (9.7/iC/cm2). The 
device coercive voltages were below 0.5 volts. This is excellent 
performance for a Pt/PZT/Pt structured capacitor. 
Additionally, the effect of using sapphire vs. silicon substrates, 
and the use of Ti vs. TiOx for Pt top electrode adhesion were 
discussed. 
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a) Pt on PZT film. PZT: 2000 Ä, 500x mag. 

b) Pt on PZT film. PZT: 5600 L 500x mag. 

Figure 1: View of 130 x 130 ßm2 Pt top electrodes. Pin holes 
appear in the Pt film when PZT films 2000 A thick and below 
are used. These pin holes may contribute to device failure. 

Figure 2:   Top surface of nucleated PZT film.   Left side of 
micrograph is PZT nucleated on a Si/SiO,/500 Ä Ti/Pt bottom 
electrode. Right side of micrograph is PZT nucleated on a 
Si/Si02/Pt bottom electrode.  500x mag. 
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Figure 4: Fatigue behavior for Si/Si02 substrate MFM 
capacitors using 500 A Ti for Pt bottom electrode adhesion and 
200 - 300 A Ti for Pt top electrode adhesion. 
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Figure 5: Fatigue behavior for Si/Si02 and A1203 substrate 
MFM capacitors using 500 A Ti for Pt bottom electrode 
adhesion and 60 - 100 A TiOx for Pt top electrode adhesion. 
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Figure 3: Etched back Pt bottom electrode from Figure 2. The 
Pt°surface shows visible surface roughness consistent with PZT 
grain size. 500x mag. Figure 6: Fatigue behavior for Si/Si02 substrate MFM 

capacitors using 60 - 100 A TiOx for Pt bottom electrode 
adhesion and 200 - 300 A Ti for Pt top electrode adhesion. 
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Figure 9: Hysteresis and pulse response measured at 2.5 volts 
peak for SiO,/TiOx(Ti) composite MFM capacitor. 2600 Ä PZT 
film. Capacitor was fatigued to 5 x 1010 cycles prior to testing. 

449 



Electrical Properties of PZT Thin Films Derived From Sol-Gel solution 

Containing Photo-Sensitive Water-Generater 

Yuichi NAKAO, Takashi NAKAMURA, Akira KAMISAWA, Hidemi TAKASU. 

Nobuyuki SoYAMA1, Go SASAKI
1
, Tsutomu ATSUKI1, Tadashi YONEZAWA1, and Katsumi OGI

1 

Rohm Co.,Ltd., 21 Saiin, Mizosaki-cho, Ukyo-ku, Kyoto 615, Japan 
1 Mitsubishi Materials Corporation, Central Research Institute, 

1-297 Kitabukuro-cho, Omiya, Saitama 330, Japan 

Abstract 1.   Introduction 

The photo sensitivity of sol-gel solution of FbZrxTii-x03 

(PZT) was confirmed. A coated film of the sol-gel solution 

on Si and Ir/Ir02/Si02/Si substrates was exposed to an ex- 

cimer laser and developed with 2-methoxyethanol diluted with 

isopropyl alcohol. More than 900 mJ/cm2 of exposure was re- 

quired to obtain the micro patterns. The film was finally an- 

nealed at 700°C for 60 s by rapid thermal annealing (RTA). 

From this process, half-micron patterns of PZT films were ob- 

tained. The 200-nm-thick film showed Pr of 16.6 /j.C/cm and Ec 

of 38.8 kV/cm. After 1 x 1012 cycles of switching pulses, the films 

showed no degradation of remanent polarization. Studying for 1- 

transistor-type ferroelectric memory, metal-ferroelectric-metal- 

insulator-semiconductor (MFMIS) structure was prepared with 

this process. 

Sol-gel spin-coating 

T 
KrF excimer laser 

Exposure 

Development 

T 
Prebake 

 J  
Anneal 

T 
RTA 

500rpm   5sec. 
3000rpm  15sec. 

100-2500 mJ/cm2 

2-methoxyethanol 
+ isopropyl alcohol 

150°C    10min. 

400°C  10min. in 02 

700°C  1 min. in 02 

Top electrode lift-off 

Fig. 1 Process flow diagram for micro patterns of PZT. 

PbZr.,.Tii_.r03 (PZT) thin films are being investigated as 

highly potential materials for micro-device applications, such 

as capacitors for dynamic random access memory (DRAM),1' 

nonvolatile random access memory,2' self-learning metal ferro- 

electric semiconductor (MFS)3' and many kinds of sensors. It is 

important and essential to develop a fine patterning technique 

for device application of PZT thin films. However, there are few 

reports on fine patterning techniques of ferroelectric thin films. 

Dry-etching processes for the submicron patterning have been 

reported.4' 

We have studied micro patterning technique using photo- 

sensitive sol-gel solution.5' However, shapes of micro patterns 

and the electrical properties of the film were not satisfactory. 

Moreover, higher energy was needed to obtain patternings than 

the ordinary photo-resist. In order to achieve higher sensitivity, 

the photo-sensitive water-generater was added to PZT sol-gel so- 

lution. In this paper, we reported a micro-patterning technique 

of PZT thin films using a photo sensitive sol-gel solution con- 

taining water generate!'. 

2.   Experimental 

2.1.   Sample preparation 

The process flow diagram for sample preparation is shown in 

Fig. 1. Substrates used were p-type (100) silicon wafers and ind- 

ium wafers (Ir(200nm) / IrO2(50nm) / SiO2(600 nm) / Si(100)). 

Ir and Ir02 were deposited by RF magnetron sputtering system. 

PZT sol-gel solution prepared was spin-coated on the wafers. 

There were two types of sol-gel solution which were different in 

concentration: 10 wt% and 20 wt%. After spin coating, the 

wafers were exposed to UV light (248 nm) using Nikon KrF ex- 

cimer laser stepper (NSR-2005 EX8A.). Step-and-repeat expo- 

sure was done with the resolution chart reticle at the intensity 

ranging from 0.1 to 2.5 J/cm2. The exposed area of the sol-gel 

thin film became insoluble in 2-methoxyethanol (which is the sol- 

vent of sol-gel solution) and negative patterns were obtained by 

development with 2-methoxyethanol diluted with isopropyl alco- 
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hol. In the case of using only 2-methoxyethanol for developer, it 

was too fast to stop the development just the proper time. From 

the exposure energy, the minimum irradiation energy required 

to obtain fine patterns was estimated to be 900 mJ/cm2.(Fig. 2) 

The sensitivity became about 10 times higher compared with 

last experiment.5' 

After development, samples were baked at 90°C for 10 min. 

In the next step, developed patterns were heated at 400°C for 

30 min in O2 in order to eliminate organic components. Finally 

the patterned films were annealed at 700° C for 60 s in 02 by 

RTA. After heat treatments, 10 wt% sol-gel solution formed 50 

nm thick PZT film. 20 wt% solution formed 100 nm thick film. 

2.2.   Micro patternings with the excimer laser stepper 

Figures 3 and 4 are scanning electron microscope (SEM) pho- 

tographs of the developed pattern. We were able to obtain micro 

patternings of PZT thin films. The minimum size of the patterns 

was 0.3 itm. Final annealing reduced the film thickness by 35%. 

However, this photo lithography technique we developed is not 

satisfactory in that there is a residue of PZT around the patterns 

after development. 

The film thickness was 50 nm which was measured from SEM 

photograph. The film consisted of a perovskite phase of (111) 

orientation and other peaks were also observed. 

to 
to 
CD c x: o 

E 
«= 0.5h 
-o 
CD 
N 

CO 
E 

-1 1 1 1 p 

0 

Si substrate 

KrF excimer laser 
(110 mW/cm2) 

Development 90 s 

1000 
J I L- 

2000 
Exposure (mJ/cm2) 

Fig. 2 Photo-sensitive sol-gel solution characteristic curve. 
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Fig. 5 Pr and Ec vs. applied voltage 

for 100 nm and 200 nm thick PZT. 

Fig. 3 SEM photograph (0.36-0.44 /xm L/S). 

After development, on Si. Exposure energy: 9 J/cm2 

Fig. 4 SEM photograph (0.8 /xm lines and dots). 

After RTA, on Ir/Ir02. Exposure energy: 25 J/cm2 

451 



2.3.   Electrical properties 

Special samples were prepared for electrical measurements. 

Electrical properties of the samples fabricated with excimer laser 

stepper were not measured because of large leakage current 

caused by very thin PZT film thickness. So, we tried to get 

thicker PZT film. Spin-coated films without patterns were irra- 

diated with UV light. After heat treatment and annealing, plat- 

inum top electrodes with thickness of 200 nm were deposited on 

the film by RF magnetron sputtering through a mask. 

A hysteresis loop was measured by a digital oscilloscope using 

a Sawyer-Tower circuit with 100 kHz sinusoidal waves and volt- 

age of 1-6 V applied. Remanent polarization (Pr) and coercive 

field (Ec) were plotted in Fig. 5. Pr and Ec of 200 nm-thick-PZT 

were 16.7 //C/cm2 and 40.0 kV/cm, respectively (Fig. 6). Dielec- 

tric constant and loss tangent were 1100 and 0.05, respectively, 

measured with a LCR meter at 1 MHz, 30 mV rms. Capacitance 

of 200 nm thick PZT film was plotted along the applied voltage 

in Fig. 7. Fatigue properties of 200 nm- thick- film were shown 

in Fig. 8. After 1012 of switching pulses applied, no change of 

remanent polarization was observed. 

Leakage current density were 8.65xl0~5 A/cm2 at 2.0 V (100 

kV/cm). Electrical properties were almost same as those of the 

PZT films fabricated by the ordinary sol-gel process except for 

leakage current. 
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Fig. 7 C-V curve of PZT thin film (200 nm). 
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2.3.   MFMIS Capacitor 

Metal - ferroelectric - metal - insulator - semiconductor 

(MFMIS) capacitors were prepared (Ir / Ir02 / PZT / Ir / Ir02 

/ Si02 / p-Si). Ir(200 nm) and IrO2(50 nm) were deposited as 

electrodes by lift-off process with sputter. PZT patterns were 

formed on bottom electrodes by 20 wt% photo-sensitive sol-gel 

solution. The areas of top and bottom electrodes were 5.03 xlO-5 

and 7.85xlO-5 A/cm2, respectively. Capacitance-voltage char- 

acteristic curve was shown in Fig. 9. Hysteresis caused by ferro- 

electric polarization was observed. 

4.   Conclusions 

It was confirmed that PbZr^Ti^^Oa (x=0.52) thin films pre- 

pared using the sol-gel solution could be patterned up to the 

minimum size of 0.4-0.6 pm by excimer laser (KrF: 248 nm) ex- 

posure and 2-methoxyethanol development. The minimum expo- 

sure energy to obtain patterns was estimated to be 900 mj/cm2. 

The typical remanent polarization and coercive field are 16.7 

fiC/cm and 40.0 kV/cm, respectively. The obtained PZT thin 

films between Ir/Ir02 electrodes which were annealed at 700° C 

in oxygen showed no fatigue after lxlO12 switching cycles. It is 

certain that this technique is one of the promising candidates for 

high-density integration of ferroelectric capacitors. 
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Abstract - Factors controlling the formation of the 
perovskite phase in sol-gel prepared PZT film were 
studied. Perovskite was found to form quite easily, 
even in very thin films on sapphire, polycrystalline 
A12°3 and NaC1 but only in relatively thick films on 

quartz, glass and Si. Formation of the perovskite 
phase is also favoured in (a) films with low Zr/Ti 
ratio and high Pb content (b) films heated rapidly 
to annealing temperature and (c) films annealed in 
Nz ambient. RBS studies show that large deficiency 

of Pb develops in films which remain in the 
pyrochlore structure due to reaction at the 
interface or due to diffusion into the interface. 
The initial transformation from amorphous to 
pyrochlore is believed to be due to enhanced strain 
energy barrier for the amorphous  > perovskite 
transformation. 

I. INTRODUCTION 

Thin films of PZT with composition near the 
morphotropic boundary are often found to have a 
paraelectric pyrochlore structure unlike the powder 
and the bulk forms which almost invariably exist in 
the ferroelectric perovskite phase. Formation of 
this phase has been reported to depend on parameters 
such as film thickness, nature of the substrate, 
chemical composition of the film etc. However, this 
dependence has not been systematically studied and 
the underlying mechanisms are still poorly 
understood. We have carried out a systematic study 
of the effect of these parameters on the structures 
of the film. Concentration profiles across the 
substrate - film interface have also been measured 
with a view to understand the role of the diffusion 
across the interface on the stability of the phase. 

II. EXPERIMENTAL PROCEDURES 

A sol-gel method, shown schematically in Fig 1, 
was used to deposit film of desired thickness on 
various substrates. 

Prepare the sol 

X 
Spin coat (8000 rpm) on 

substrate 

X 
Dry 80 C/20 min 

1. 

Sol compos!ti on 
mole ratio 

Lead acetate 1.05 
Acetic acid 6.60 
Zr-n-propoxide 0.53 
Ti-4-butoxide 0.47 
Ethylene Glycol 0.54 
Hater 0.52 

Hnlri Ann 

5°C/min to 600°C 
Hold 6 hours 
Furnace cool 

(Normal treatment) 

Insert in preheated 
furnace (600°C) 
Hold 6 hours 
Quench in air 
(Rapid treatment) 

Fig 1. Schematic of the sol-gel method for PZT film 
preparation. 

The thickness of the film was measured using a 
surface profilometer. Phases in the film were 
determined by X-Ray diffraction. RBS spectra were 
obtained using 1.7 MeV He* ion and analysed using 
the RUMP software package [1]. 
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III. RESULTS AND DISCUSSION 

From amongst the substrates used, the perovskite 
phase forms quite easily, even when the film 
thickness is small (< 0.6 jim), on Sapphire, 
polycrystaline Al 0 and  NaCl but not on quartz, 

glass, Si, and stainless steel (Fig 2). However, 
when the film thickness is increased substantially 
(> 1.5 fim), perovskite phase forms on all the 
substrates. Formation of the perovskite phase is 
also favoured in (a) film with low Zr / Ti ratio and 
high Pb content, (b) films heated rapidly to 
annealing temperature and (c) films annealed in a N 

ambient. 

Film thickness : 0.6 um 

(a) Glais: Incipient Pyrochlore 

(b) Fused Quartz : Pyrochlore 

(d) Sapphire (IlIO): Perovskite 

= _ § 

60 40 
28 (degrees) 

Fig 2. X-ray diffractograms of 0.6 fim PZT film on 
different substrates. 

The RBS data indeed shows striking difference in 
the concentration profiles of Pb in the films on 
sapphire and quartz. Fig 3 shows the RBS spectra and 
the analysis. It can be seen that on sapphire there 
is only a slight loss of Pb, due to volatilisation 
and there is no reaction or diffusion of Pb across 
the interface. On quartz, however there is 
substantial migration of Pb - concentration in the 
surface layer is drastically reduced from the 
initial Pb  to Pb   . Similar deficiencies in Pb 

1.05      0.32 
are also expected to be produced in case of Si, 
glass and stainless steel substrates, all of which 
are known to react with PZT [4]. 

Energy (MeV) 
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100       200      300      400      600      600 
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Similar effects of film thickness, substrate, 
rate of heating and excess PbO have also been 
reported in a scattered manner in the literature 
[2-8]. Conflicting results have been reported on the 
effect of Zr / Ti ratio [9-10]. 

To explain these results, we have looked at the 
deficiency of Pb that may arise in the film due to a 
reaction at the interface or diffusion of Pb from 
the film into the substrate. As reported [6-8] and 
as observed in this work also, a crucial factor 
favouring the formation of the pyrochlore structure 
is the presence of a large Pb deficiency in the 
film. This may be because of the difference in the 
pyrochlore and perovskite structures. The deficient 
pyrochlore structure (ABO   with 0<x<l ) consists 

. 2 2 7-x 
of a network of corner shared octahedra with 0*- A- 0* 
chains going through them [11]. The latter do not 
contribute significantly to the stability of the 
structure so that the pyrochlore structure can 
tolerate large deficiency of A(Pb) and 0, unlike the 
perovskite structure. 

Substrate   R 

Sapphire 
(1120) 

Quartz 

3S Simulation Structure _ayer No 
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Pb      Zr    Ti    O, 
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Fig 3. RBS spectra of of PZT films of different 
thicknesses on (a) sapphire (b) quartz 
(c) results of analysis of RBS data for the 
70nm films. 
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Although it has been known that Pb deficiency 
inhibits the formation of the perovskite structure, 
the above results clearly show that a deficiency in 
Pb caused by a reaction of the film with the 
substrate or diffusion of Pb into substrate is 
almost the sole reason for not attaining the 
perovskite structure in thin films on substrates 
like Si, quartz, glass, stainless steel etc. Other 
factors which have been proposed from time to time 
such as strain energy or size effect, lattice 
mismatch between the substrate and the film etc, do 
not seem to be important. 

When the film thickness is increased, the 
concentration of Pb does not fall significantly in 
the top layers so that perovskite phase is able to 
form near the top surface. Films with higher Ti 
content also form perovskite more easily because Ti 
binds Pb more strongly than does Zr. 

The role of strain energy, in fact, appears to be 
in making it easier for the amorphous —> pyrochlore 
transformation to be favored over the amorphous 
perovskite transformation as the latter involves a 
larger reduction (6.627. more) in volume. The sol-gel 
prepared films undergo considerable shrinkage on 
annealing and get stressed in tension. It is 
therefore energetically favourable for the amorphous 
film to first transform to pyrochlore rather than 
perovskite (Fig 4). The pyrochlore can then 
subsequently, at higher temperatures transform to 
perovskite if excessive Pb deficiency has not 
already developed. 

Method,     vol.B9, pp. 

Fig 4.  Schematic comparison of the free energy 
changes  involved  in  the  amorphous   > 
pyrochlore  and  amorphous   >  perovskite 
transformation. A larger shrinkage in the 
latter makes the transformation to 
perovskite more difficult. 

IV. SUMMARY 

Thin films of PZT form a pyrochlore phase on some 
substrates like Si, quartz, glass etc essentially 
because of depletion of Pb from the film due to 
reaction and diffusion into the substrate. If the 
film is thick (a 1.5 tun) then Pb depletion near the 
top of the film is not so severe in the times used 
for heat treatment, and the top layer can exist in 
perovskite structure. In substrates which do not 
react with PZT (eg. sapphire, platinum) the 
perovskite phase forms even in very thin films. In 
the films, such as sol-gel prepared films, which 
initially have an amorphous structure the 
pyrochlore phase forms first due to lower strain 
energy and subsequently transforms to perovskite at 
higher temperature if no significant Pb deficiency 
develops. 
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Abstract   Ferroelectric  barium  titanate 
BaTi03, thin films and ceramics were prepared 
by polymeric Sol-Gel processing technique 
from barium acetate, Ba(CHCOO)2, and titanium 
isopropoxide, Ti[OC3H7]4, precursors. It is 
shown that the ceramic prepared from the sol- 
gel derived powder give higher packing 
density and piezoelectric coupling constant, 
d33, as compare to conventional ceramics 
prepared by solid state reaction. By properly 
adjusting the viscosity of the stock solution 
and using spin coating technique, it has been 
possible to fabricate homogeneous and uniform 
films of BaTi03 on different substrates. The 
as grown films are amorphous, which can be 
crystallized into ferroelectric tetragonal 
phase by a post deposition annealing at 

700° C. The lattice constants of the films 
are close to the bulk values. The 
polarization hysteresis, C-V and G-V 
measurements  as  well  as  the  dielectric 

anomaly at about 125° C clearly establish the 
ferroelectricity in the films. The dielectric 
and ferroelectric properties of bulk ceramics 
and thin films are compared and discussed. 

INTRODUCTION 
BaTi03 ceramics have been prepared 

mainly by conventional thermochemical 
reactions [1], which relies at high 
temperatures. Recently sol-gel technique have 
utilized for the fabrication of BaTi03 
ceramics [2]. BaTi03 thin films have been 
prepared using rf sputtering technique [3], 
activated reactive evaporation [4], 
hydrothermal [5], pulsed laser deposition [6] 
and sol-gel technique [7]. Sol-gel technique 
has the advantages of low cost, high purity, 
fine grain size, easier compositional control 
and short fabrication cycle. In this paper we 
report the structural, dielectric, and 
ferroelectric properties of BaTi03 bulk 
ceramics and thin films prepared by sol-gel 
technique. 

EXPERIMENTAL 

Barium acetate [Ba(CH3C00)2] and 
titanium isopropoxide [Ti(0C3H7)4] was first 
dissolved in acetic acid [CH3COOH] and an 
equimolar amount of Ti(OC3H7)4 was then added 
to the above solution. The stock solution was 
prepared by diluting the above miture with 
methoxyethanol [CH3OCH2CH2OH] and filtration. 
Thin films were deposited by spin coating of 
the above solution at 2000 rpm for 20 seconds 
on glass, quartz, silicon and stainless steel 
substrates. Thicker films were prepared by 
multiple depositions accompanied by prefiring 

at 350°C between layers for fifteen minutes. 

These films were finally annealed at 700°C 
for one hour in air for crystallization. For 
the preparation of bulk ceramics, the stock 
solution was set aside (for about 24 hours) 

till a white opaque gel was obtained. BaTi03 
powder was prepared from the gel by drying at 

350°C for 1 hour and the powder was again 

fired at 700°C for two hours in air for 
crystallization. The bulk ceramic in the form 
of circular disc (1 cm diameter, 0.01 cm 
thick) was prepared by pressing the powder 

and then sintering at 13 00°C for two hour in 
air. The discs were electroded with silver 
paste and poled. Thin films for electrical 
measurements were fabricated on stainless 
steel    substrates,    silver   electrodes, 

1.96X10"3 cm2 in area, were deposited on the 
films by vacuum evaporation to serve as top 
electrodes. 

The micostructure of the thin films and 
ceramics were characterized by a JEOL JSM-840 
scanning electron microscope (SEM). X-ray 
difractometer was used for structural 
characterization of the BaTi03 thin films and 

bulk ceramics. 
The polarization hysteresis in BaTi03 

bulk ceramics and thin films were obtained 
using a modified Swayer-Tower bridge in 
metal-ferroelectric-metal (MFM) 
configuration. The capacitance voltage (C-V) 
and conductance-voltage (G-V) hysteresis in 
thin films was measured at 1 MHz using PAR410 
C-V plotter. The dielectric constant and 
dielectric loss of the thin films and 
ceramics were measured by using GR 1616 
capacitance bridge. 

RESULTS AND DISCUSSIONS 

The compressed powder pallet gave a 
dielectric constant (e') of only 180. This 
lower value may be attributed to the lower 

density (3.59 g-cirf3) of the pallet. The 
dielectric constant was increase from 698 to 

800  foer  ceramics  sintered  at  1100 C and 

1300°C respectively. The thin films showed a 
thickness dependent dielectric constant, 
however, for films of thickness above 1 fim 
there was hardly any change in the dielectric 
constant. So the results of the film of 
thickness 1.2 urn are presented. The 
dielectric constant of the ceramics and thin 
films as a function of frequency and 
temperature are reported shown in figs. 1(a) 
and 1(b) respectively. It may me noted that 
the  sintered  ceramic  hardly  showed  any 

dispersion while a large dispersion was 
observed. The dispersion may be due to space 
charge dispersion. [8]. The lower frequency 
limiting value represents the dielectric 
constant of the film and high frequency 
limiting value that of the space charge. This 
is confirmed from the fact that the peak in 
e' is well defined at 0.1 KHz and decreases 
with frequency and finally disappears at 
100 KHz. It may be pointed out that the in 
thin film the dielectric constant is 
substantially lower than that of the sintered 
ceramics,even  if  contribution  for  space 
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The as gown films and powder was found 
to be amorphous. The x-ray diffraction 
pattern  of  powder,  thin  film  on  quartz 

substrate  annealed  at  700°C  and  sintered 

ceramic at 1300°C are shown in figures 2(a), 
2(b) and 2(c) respectively. The annealed film 
and powder have tetragonal structure with 
preferred orientation along (101 and 110) 
directions. But sintered ceramics have 
preferred orientation along (002) direction 
and the splitting of the peaks at (002 & 200) 
was apparently observed (fig.3). The c/a of 
the film and powder is 1.020 and that of the 
sintered ceramic is 1.013 respectively. 
Figures 3(a) and 3(b) show the SEM 
micrographs of the thin film on silicone 

annealed at 700°C substrate and sintered 
ceramic respectively. The thin film has 
average grain size of = 0.02 mi and that of 
the sintered ceramic -4.00 Mm. 

^^BBKfiS 
Ä%rt£ 

stA« 

^^^^P 
Fig.l Dielectric constant as a function of 
temperature   of   sol-gel   derived  BaTi03 
(a) ceramic and (b) thin film on stainless 
steel substrate 

charge dispersion are taken into account. The^ 
peak value is lower and the peak is broader 
in films. 

26- 
Fig.2. X-ray diffraction pattern of soi-ge± 
deriver BaTi03 (a) powder (b)thin film on 
quartz substrate and (c) ceramic. 

Fig.3. Scanning electron micrograph of BaTiO 

(a)   thin  film  annealed  at  700°C 

(b)ceramic sintered at 1300°C. 

3 

and 

The room temperature polarization-field 
(P-E) hysteresis of BaTi03 thin film on 
stainless steel substrate at an applied 
frequency 50 Hz is shown in Fi.4. Figure 5 
shows the capacitance-voltage (C-V) and 
conductance-field (G-V) characteristics. The 

Fig.4. P-E hysteresis loop of sol-gel derived 
BaTi03 thin film of thickness 1.2 urn 
on stainless steel substrate 

appearence of the butterfly loop in the C-V 
and G-V characteristics together with P-E 
hysteresis loop (Fig.5) confirms the 
ferroelectric nature of our films. Similarly, 
a perfect hysteresis loop was obtained for 
ceramic samples. The values of ceramic were 
found  to  be  Pr,  Ps  and  Ec  11.1 iiC-cm'2, 
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Fig.5. C-V and G-V characteristics of sol-gel 

derived  barium  titanate  ceramics,  J. 
Mater.   Science  Lett.   Vol.12,   1795- 
1796,1993. 
K..Sreenivas, Abhai Mansingh and M. Sayer, 
Amorphous barium titanate thin films, J. 
Appl. Phys. Vol.62, 4476-4473. 
K.Ijima, T.Terashima, K.Yamamoto, K.Hirata 
and Y.Bando, Preparation of ferroelectric 
BaTi03   thin   films   by   activated 
evaporation,    Appl.Phys.lett,    Vol.56, 
pp.527-529,1990. 
R.R.Bacsa, J.P.Daughty and L.J.Pilione,Low 
temperature synthesis of BaTi03 thin films 
on Si substrates by hydrothermal reaction, 
Appl.Phys.lett, Vol.63, pp.1053-1055,1993. 
H.F.Cheng, M.H.Yeh, K.Sunh and I.N.Lin, 
Characteristics of BaTi03 films prepared 
by pulsed laser ablation, Jpn.J.Appl.Phys. 
vol.32,pp.5656-5660,1993 
T.Hayashi, N.Ohji, K.Hirihara, T.Fukunaga 
and H.Maiwa, Preparation and properties of 
BaTi03    thin    films    by    sol-gel, 
Jpn.J.Appl.Phys. vol.32, pp.4092-4094,1993 
Abhai Mansingh and M. Sayer, To be 
published 

steel substrate 

19.2 fiC-cm"2 and 8 KV-cm, whereas that of the 
films were 5.4 nC-cnr2, 12.8 nC-cnr2 and 
79 KV-cm respectively. The value of pr and ps 
of the films is much lower than that of the 
film, whereas Ec of the films is higher than 
that of the ceramics. The difference in the 
values of pr, ps and Ec of the thin films are 
ceramics may due to the difference in the 
grain size and existence of the spaces charge 
region at the film-substrate interface. The 
value of piezoelectric coefficient, d33, of 
the poled ceramic samples increases with the 
increase of sintering temperature. Ceramic 

sintered at 1100°C gave a d33 of 110 C/N and 
saturated  to  a  value  of  187 C/N  after 

sintering temperature 1200°C onwards which is 
closed to the highest reported values. 

CONCLUSIONS 
The precursors and the procedure used 

for the preparation of BaTi03 thin films and 
ceramics by sol-gel technigue can give high 
quality thin films and ceramics of BaTi03. 
The dielectric constant and spontaneous 
polarization of thin films are lower than the 
ceramics, while coercive field of thin films 
is higher. These may be due to the smaller 
grain size of the films and the existance of 
space charge and film substrate interface. 
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ABSTRACT 

(Ba,.xSrx)Ti03 (BST) thin films with various x were deposited 
at various substrate temperatures by multi-ion-beam sputtering 
(MLBERS) technique. A strong correlation was found among 
processes, structures and properties of the films. For thin films 
grown at substrate temperature of room temperature and 
subsequently annealed at 700°C, the microstructure is polycrystalline 
through the film thickness with a presence of void layer which 
results in low dielectric constant (K) and continuous decrease of 
current in current-time (I-t) behavior. For films deposited at high 
substrate temperature and annealed at 700°C, the columnar structures 
are remained without void layer, and the dielectric constant become 
much higher. The I-t behavior resembles that of ceramics and single 
crystals. Nb-dopant in BST thin films lowered the dielectric 
constant, dissipation factor and leakage current, and improve the 
time-dependent dielectric breakdown (TDDB). Current-voltage (I-V) 
characteristics can be related to the process and microstructure as 
well. 

I. Introduction 

Ferroelectric materials in paraelectric phase, due to much higher 
dielectric constant over conventional nitride-oxide materials, are 
currently receiving much attention to be used as the capacitor 
materials in replace of traditional silicon oxide/nitride for ultra large 
scale integration (ULSI) dynamic random access memory (DRAM) 
applications, especially for memory densities higher than 64 Mb'. 
The higher dielectric constant of ferroelectric materials allows the 
capacitor remaining to be planar and still maintain high enough 
charge storage. Thus the manufacturing processes can be 
dramatically simplified. 

BST is the most promising candidate dielectric material to be 
used in ULSI DRAMs due to its paraelectric phase (for x>0.3) at 
room temperature and thus no aging and fatigue effects. Besides, 
BST solid solution ceramics has high dielectric constant at room 
temperature, low temperature coefficient of capacitance and is a 
thermally stable compound (compared with lead-based 
ferroelectrics) BST solid solution ceramics also have very low 
dissipation factors (-0.0015 for x=0.5).2 

In this paper, results on structures and electrical properties of 
BST films prepared by MIBERS techniques are reported. Close 
relationships between structures and electrical properties are 
constructed. MIBERS has been successfully applied to the growth 
of other ferroelectric materials, such as PZT films3. Details of the 
MIBERS technique have been described elsewhere4. The effects of 
doping on dielectric constant, leakage current and TDDB behavior 
are also presented. 

II. Exnerimentals 

Three focused Ar+ beams were used to sputter a SrO, BaO and 
a Ti-metal target respectively. The deposition chamber was first 
pumped down to a base pressure of ~2xl 0"6 torr by cryopump. Then 
the argon (as the precursor of Ar+) was bled through the ion guns 
and oxygen was bled into the chamber directly (molecular ratio of 
Ar/02 was 1), give rise to a total pressure about 4x10"4 torr. The 
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BST films were deposited onto unheated or heated Pt-coated Si 
substrates. The growth rates of near stoichiometric BST films were 
estimated to be -1.3 nm/min. All as-grown films were annealed in 
oxygen atmosphere at 700°C for 2-8 hrs. Nb-doping was performed 
by attaching a thin sheet of Nb metal onto the Ti-target surface 
during sputtering. The amount of doping concentration were 
determined by the area of Nb-sheet by trial and error. Crystal 
structures were examined by Scintag PAD V diffractometer. 0.3 mm 
diameter gold dots were deposited onto film surface as top 
electrodes. Low signal dielectric properties were measured with HP 
4194A impedance analyzer. I-V characteristics, time-domain 
dielectric response and TDDB were measured using HP 4140B pA- 
meter and computer. 

III. Results and Discussions 

A. Processes and Structures 
The structures determined by x-ray diffraction (XRD) for BST 

films grown ex-situ or in-situ (at substrate temperature (Ts) of 
400°C) and subsequently annealed at 700°C for 2 hrs were near 
random polycrystalline structure for various Sr content. However, 
the microstructure of ex-situ and in-situ crystallized films showed 
distinct differences. For ex-situ deposited films, which were grown 
under low adatom mobility conditions by physical vapor deposition, 
the microstructure is generally porous columnar structure, which is 
the Zone I of the well-known structure zone model (SZM).4 Post- 
deposition annealing may change the microstructure of as-deposited 
films due to thermally induced diffusion, nucleation and growth 
depending on the original structure. For amorphous as-grown films, 
the inhomogeneous nucleation and subsequent grain growth may 
lead to the breakdown of columnar structure, resulting in random 
polycrystalline grains through the film thickness. For well- 
crystallized films, however, notable recrystallization may not take 
place and grain growth may lead to the decrease of the number of 
columnar boundaries. In fact, we found that there are two types of 
microstructure of BST films grown by MIBERS technique after 
annealed at 700°C: ex-situ grown films showed multi-grains 
structures through the film thickness (Type I), and in-situ 
crystallized films showed columnar structure even after annealed at 
700°C for 8 hrs (Type II).5 

B. Electrical Properties 
All ex-situ deposited films, regardless of the compositions (Sr 

content), show relative low K (<200) even after annealed at 700°C. 
The reason is related to the void layer near film-substrate interface 
for films deposited under low adatom mobility. Figure 1 shows the 
K and dissipation factors (tan8) of in-situ deposited films 
(TS=400°C) and post-deposition annealed at 700°C for 2 or 8 hrs as 
a function of Sr content. As shown in the figure, only annealing for 
long times could tan8 be reduced and thus exhibit the real K of 
films without the contributions from dc conduction. To insure near 
complete oxidization for in-situ deposited films, we annealed the in- 
situ deposited MIBERS films at 700°C for 8 hrs by conventional 
oven annealing. The K increased from 237 for BaTi03 to a 
maximum of 563 for (Ba^Sr^TiOj and decreases again for higher 
Sr content. Note that the value -350 of K for SrTi03 is higher than 
the single crystal value -300. The higher value may be due to the 
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incomplete oxidation of SrTi03 grains and become the so called 
"grain boundary barrier layer capacitors" so that the effective 
dielectric constant is higher than the single crystal value. The higher 
K values of in-situ deposited films than that of ex-situ films is due 
to the elimination of void layer resulted from high adatom mobility 
during deposition. 

Fig. 1: Dielectric constant and dissipation factor of 0.4 um 
(Ba^SrjriOjfilms deposited at TS=400°C. 

Recently, impedance analysis in the time domain have been 
used to  investigate the different microstructure effects on the 
mechanism of the dc electrical conduction and breakdown of 
perovskite-type  titanate.6 It was  found that,  the  current  after 
applying dc voltage step is due to conduction through the bulk Ni- 
doped SrTi03 ceramics (grain size -2 \xm) at very short time (-« 0.03 
sec)  at 483°K and an electric field of 100 V/cm,  and then, 
pronounced Maxwell-Wagner polarization of the grain boundaries 
take place at t ~ 0.03 sec. In the single crystal of the same compo- 
sition, only a slightly polarization contribution of the electrodes at 
t ~ 2 sec was observed.7 In thin films, the transition time between the 
polarization and the conduction regime is ~ 0.3sec at 483°K, and an 
extrapolation to 298°K reveals the transition time of- 105 sec.18 The 
transition time also depends on electric field, with the transition 
time decreases as electrical field increases. There is a significant 
difference between the space charge polarization behavior of the 
ceramics/single crystals and thin films, with the former show a 
Debve relaxation: I x exp(-tft), where ris Debye relaxation time of 
Maxell-Wagner polarization of the grain boundaries and electrode, 
while the latter shows a Curie-von Schweidler law (or universal 
law): 1 occ" , where n is constant and less than 1. For our films, we 
found   that   there   are   two   types   of   time-domain   response 
corresponding to the two types of microstructures. Type I is shown 
in  Fig.   2,   with  the  polarization   behavior  follow  Curie-von 
Schweidler law for Type I films. The n values shown are between 
0.32 and 0.56 for BaTi03 films deposited at R.T. and annealed at 
700°C for 8 hrs. Type II of time-domain response is Debye-type 
relaxation, as shown in Fig. 3, for Type II films grown at high 
substrate temperature (> 400°C, i.e. as-grown films are crystallized) 
and subsequently annealed at higher temperatures. The relaxation 
times are shown in the figure and are larger for lower voltages. The 
main difference between these two types should be related to the 
corresponding microstructures. The Type II is also consistent to the 
results of Waser for ceramics, i.e. the grain size is large compared 
to the space-charge layer thickness (~0.1 um). For our case, the grain 
size of Type II should be referred to the length of the columns 
which are about the same size as of film thickness -0.4 |jm, but not 
the width of columns which are shown on the surface morphlogy 
with the size of -0.03 iim. 
The Curie-von Schweidler behavior is a relatively slow relaxation 
process and is intimately related to the inevitable presence of a 
finite amount of disorder in all orientally polarization media. The 
behavior is based on the fact that individual polarization or 
depolarization events do not take place independently of each other 
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but, rather interact cooperatively8. It is well known that the various 
order or disorder regions may have different physical properties, e.g. 
electrical conductivity and permittivity. It would be evident 
therefore that the presence of such non-uniformity might reflect 
itself on the dielectric relaxation of solids. For our case, the possible 
differences in the two types of films due to different processing may 
be that: i) More ordered structure in films deposited at high 
substrate temperature than that deposited at room temperature, ii) 
More numbers of grain boundaries through the film thickness for 
Type I films. Type I films may be regarded to be more disorder, 
and non-uniformity. Therefore, Type I films continously response to 
the electric field for a longer time. 

The I-V characteristics of our films shows two types of I-V 
dependence, as shown in Fig. 4. Curve (a) type is common in 
undoped MIBERS films, regardless they were deposited at R.T. or 
high temperature and the Sr content in BST films. Curve (b) type 
occurred in in-situ donor-doped films (deposited at high Ts). The 
conduction mechanism of our films is most likely been SCLC5. 
Curve (b) type behavior in Fig. 4 suggests that heavily donor-doped 
films deposited at higher substrate temperatures have discrete 
shallow traps, possibly donor state of NbTi. The near vertical regime 
(iii) which has a slope of 16 corresponding to trap-filled limit (TFL) 
law is preceeded by trap-distributed region (ii) (slope=2.6~3) and 
followed by a discrete trap-free but trap-distributed regime (iv) 
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Fig. 4: Two types of I-V characteristics of BST 
films. (0.4um). 

(slope=~3). Such a discrete trap embedded in a background of 
distributed traps was also seen in organic molecular crystals of 
anthracene by Helfrich and Mark9 and by Adolph et. al.'° The 
trapped electron density (nt) present in the films can be calculated 
from the trap-filled limit voltage (VTFL) and the equation:11 

V, 
en,d2 

(1) 

where e is electronic charge, d is film thickness, K is dielectric 
constant of the films and s0 is the permittivity of free space, to be 
~ 10   cm"3. From the ratio of current jump (6), i.e. regime (iii), one 

can readily calculate the energy level of the discrete traps by the 
equation:" 

n N E-E 

n,      g Nt k T 
(2) 

where n is the free electron concentration under injection, nt is the 
trapped electron concentration, Nc is the effective density of states 
in the conduction band, g is degeneracy factor (~2), Nt is 
concentration of traps, Et the energy level of the traps in energy 
band, Ec is the energy level of the bottom of the conduction band, 
k the Boltzman constant, and T the absolute temperature (°K). For 
our case, e.g. 20 mol% Nb films in Fig. 8, 9=5.7* 10"3, Nc=1.4*1021 

cm"3 at 298°K,12 N=4.29*1020 cm"3 assuming the' effective 
concentration of NbTi. Due to the difficulty of incorporation of 
donor dopant in thin films, the fraction of incorporation was 
estimated to be -0.15 at an annealing temperature of 700°C for 2 eV 
heat of solution. One then can obtain the energy level of the discrete 
traps by equation (5) to be -0.144 eV, which is in a good agreement 
with 0.12 eV of NbTi' from literature.12 

For undoped films deposited at TS=400°C, there was no such 
near vertical regime, indicating the absence of discrete-traps (either 
shallow or deep traps). The non-linearity at high electric fields was 
believed to be due to the distributed-traps induced by the 
unavoidable acceptor impurities in titanate perovskite systems.'3 

These acceptor impurities may come from the target or the 
sputtering chamber. As described in Sec. A, the microstructures of 
films are the same (Type II) for both undoped and Nb-doped films. 
The difference between undoped and Nb-doped films thus must 
attribute to the differences in chemistry, i.e. doping effect. 

Another source resulting in curve (a) type I-V behavior is due 
to microstructure variations. Structural disorder or defect is well- 
known to be one kind of electron traps. This kind of disorder can 
occur even in materials with high chemical purity. These structure 

disorders may not have a uniquely defined environment. There will 
be differences from one trap site to another, from nearest neighbor 
to next nearest neighbor.8 The net result will be a broad smearing 
out of the level. For our curve (a) type films deposited at low 
substrate temperature, we believe that the grain boundaries are the 
dominant structure disorder, and are the trap centers. This can be 
realized from the Nb-doped films with the same composition as 
curve (b) type but deposited at lower substrate temperatures 
(TS<300°C). The effects of discrete-traps are overshadowed by 
distributed traps, so that curve (a) type looks like been stretched out 

from curve (b) type. The difference between these films is that the 
films deposited at low substrate temperature and annealed at 700°C 
contain more number of grain boundaries through the film thickness. 
This argument can be supported by our MOD films doped with high 
donor concentration, which only show curve (a) type behavior, and 
the slopes at high field regime are in the same range (7.5-10).'4 

Waser6 also observed the same I-V characteristics in doped BaTi03 

and SrTiOj thin films with no vertical regime. 
TDDB is also referred as resistance degradation of dielectrics 

which shows a slow increase of the leakage currents under dc field 
stress at room temperature or elevated temperatures. Degradation 
may take place at much lower electric field than the field for 
dielectric breakdown or thermal breakdown. This type of failure is 
a reliability issue and is the limiting factor for the lifetime of 
capacitors, including thin film capacitors. TDDB is charactristic of 
the intrinsic materials, the processing and electrode materials. Our 
results show that Nb doping in BST thin films can significantly 
improve the endurance of TDDB. The undoped films last only -90 
min. long at electric field of 0.25 MV/cm and the current increased 
up to the instrument limit (10 2A), while the endurances are much 
longer for Nb-doped films (517 and >1298 min. for 10 mol% and 
20 mol% doped films respectively). The donor-doped materials 
apparently can reduce the concentration of oxygen vancancy and 
thus increase the time to breakdown. The TDDB behavior of Type 
I films is also better than that of Type II films, due to the oxygen 
vacancies have to electromigrate longer paths for films with multi- 
grains through the film thickness. 

IV. Conclusions 

Close relationships among processing, structures and properties 
have been established for BST thin films deposited by MIBERS. 
The relationships can be schematically shown as Fig. 5. Some major 
conclusions may be summarized as followings: 

1. Microstructure of BST thin films could be classified into two 
types: (a) Type I structures with multi-grains through the film 
thickness for amorphous as-grown films after high temperature 
annealing, and (b) columnar structure (Type II) which remained 
even after high temperature annealing for well-crystallized films 
deposited at high substrate temperatures. 

2. Dielectric constant as high as 563 was observed for 0.4 Lim 
(Ba^Sr^TiO, films depositedat TS=400°C and annealed at 700°C 
for 8 hrs. 

3. Two types of time-domain response corresponding to the two 
types of microstructure have been observed, with Type I response 
(Curie-von Schweidler law) for Type I films and Type II response 

(Debye relaxation) for Type II films. Type I behavior may be 
attributed to the presence of high densitiy of disordered grain 
boundaries. 

4. Two types of I-V characteristics could be seen depending on 
the chemistry of the films (doped or undoped) and substrate 
temperature during deposition. Only the films doped with high 
donor concentration and deposited at high substrate temperature 
showed space-charge-limited conduction with discrete shallow traps 
embedded in trap-distributed background at high electric field. The 
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trapped electron density was determined to be ~1018 cm'3 and the 
energy level of the shallow discrete traps was calculated to be -0.144 
eV below the conduction band. All other non-bombarded films 
showed trap-distributed SCLC behavior with slope of-7.5-10 due to 
the presence of grain boundaries through the film thickness or traps 
induced by unavoidable acceptor impurities in the films. 

5. Donor-doping could significantly improve the TDDB 
behavior of BST thin films, most likely due to the lower oxygen 
vacancy concentration resulted from donor-doping. 
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STUDY OF Ba1.xSrxTiO3(100) EPITAXIAL THIN FILMS PREPARED 
BY LASER DEPOSITION 
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Texas Center for Superconductivity and Space Vacuum Epitaxy Center 

University of Houston, Houston, Texas 77204-5507 

Abstract 

Heteroepitaxial Ba^S^TiC^ (x = 0.4 and x = 0.5) 
thin films of thickness from 20 nm to 500 nm were grown on 
high Tc superconducting YBa2Cu307.x (YBCO) thin film 
substrates by laser ablation. Perovskite-type BST(100) on c- 
oriented YBCO/LaAlO3(100) started to form at 500 °C and 
exhibited good crystallinity at 550°C - 620°C. The films were 
characterized in the temperature range of 20 K to 300 K by 
polarization-versus-electric field (P-E), capacitance-versus- 
voltage (C-V) and current-versus-voltage (I-V) measurements. 
Both BST(IOO) thin films with x = 0.4 and x = 0.5 showed 
ferroelectric behavior below room temperature with maximum 
polarization of 3 jiC/cm2 and 1.4 nC/cm2, respectively. 
Resistivity above 1011 Ohm-cm were obtained in the 
temperature range from 30K to 300K. The properties of 
interface and phase transitions will be discussed. 

Introduction 

The interest in Ba(_xSrxTi03 (BST) thin films has been 
motivated by potential applications in memory devices, 
dielectric capacitors and electro-optic devices. When Ba2+ 

ions in BaTi03 are partially replaced by Sr2+, the electronic 
and optical properties of solid solution Bai.xSrxTi03 can be 
tailored over a broad range with a molar ratio x from 0 to 1. 
The Curie point of BaTi03 decreases linearly with increasing 
concentration of Sr.O Our recent interest is to develop single 
crystal BST ferroelectric films with Curie temperature near 
and below room temperature, and to integrate the 
ferroelectrics with high temperature superconductors. These 
efforts have driven this work in the integration of BST (x = 
0.4 and x = 0.5) with YBa2Cu307.x (YBCO) substrates. 

The lattice and chemical match between perovskite- 
type YBCO and ferroelectrics has allowed for the growth of 
epitaxial multilayers for fundamental and application 
studies/2'3) Oxide electrodes, such as YBCO and LSCO (La- 
Sr-Co-O) have been recently shown to reduce fatigue in 
ferroelectric materials, which could enhance the commercial 
value of the technology/2-4) The combining of both super- 
conducting and ferroelectric properties of the heterostructures 
can open new opportunities for novel opto-electronic devices 
and high-speed digital electronics.(5) 

Although there have been several investigations^.3) on 
the development of ABO3 oxide films on cuprate high Tc 

superconducting substrates, there have been few description 
of the ferroelectric properties for these heterostructure in the 
low temperature regime. In this paper, we report on the 
synthesis of BST (100) thin films (x = 0.4 and 0.5) deposited 
by pulsed laser deposition on c-oriented YBCO. The growth 
conditions, the crystalline structures and the interface 
properties of the BST(100)/c-oriented-YBCO hetero- 
structures, as well as the ferroelectric and dielectric properties 

of BST thin films on YBCO in the temperature range of 20 K 
to 300 K will be discussed. 

Fabrication of BST/YBCO Heterostructures 

Thin film laser deposition was performed in a vacuum 
chamber with controlled oxygen pressure. Bulk supercon- 
ducting YBCO and dielectric BST targets were irradiated at 
an incident angle of 45° with a KrF excimer laser (248 nm 
wavelength). C-oriented YBCO thin films were first 
deposited on LaAlO3(100) at substrate temperature of 745 °C 
in O2 pressure of 200 mTorr. The detailed deposition 
conditions and the target requirements for making high 
quality YBCO films have been described elsewhere/6) The 
lattice structures and superconducting transition temperatures 
Tc of YBCO thin films were measured before and after BST 
thin film growth and were found not to vary. The transition 
temperatures for the c-oriented YBCO films were nominally 
83-89 K in our Au/BST/YBCO heterostructures. 

BST thin films were deposited on top of the YBCO 
films which were partially covered by a contact mask during 
the deposition for the generation of a micro-capacitor. 
Optimization of the deposition conditions for BST thin films 
was undertaken by varying the deposition temperature from 
400 °C to 650 °C and the ambient O2 pressure from 50 mTorr 
to 300 mTorr. 

Composition and Interface 

The chemical composition of the deposited BST films 
was determined by electron probe microanalysis (EPMA) and 
Auger electron spectroscopy (AES). The content of Ba, Sr, Ti 
and O in the BST films could be determined by EPMA only 
for the thick BST films since barium existed in both the BST 
film and the bottom YBCO layer. This was done for lum 
thick BST films on YBCO substrates. Fig.l shows the 
composition of Bao gSro 4^03 films deposited in the tempe- 
rature range of 480°C to 600°C. The ratio of Ba to Sr did not 
show obvious change within the Ax = +0.01. However, the Ti 
concentration in BST (x = 0.4) was diminished at deposition 
temperatures above 540°C and was reduced ~ 2% in the films 
deposited at 600°C as compared to the films grown at 500°C. 
Such variation in Ti content with substrate temperature may 
be attributed to the high vapour pressure and poor sticking 
coefficients of Ti in comparison with Sr and Ba during laser 
ablation. Similar results of composition vs. deposition 
temperature have been obtained for Bao sSr0 5T1O3 thin films 
deposited on c-oriented YBCO. Thus, a narrow temperature 
window exists for BST film synthesis on c-axis oriented 
YBCO at elevated temperatures. 

BST/YBCO interface abruptness was investigate by 
AES and XPS measurements on the BST/YBCO samples. For 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 464 



Temperature (degree C) 

Figure 1. The temperature dependence of the composition of 
a Bao.6Sro.4Ti03(100) on c-oriented YBCO/LaAlO3(100). 

comparison, very thin BST films (~ 10-20 ran) were also 
deposited on YBCO/LaAlO3(100) under the same conditions 
as the thick BST films (~ 300 nm). Fig. 2 represents a depth 
profile of Bao 5Sro 5TiC>3 with thickness of 20 nm deposited 
at 540 °C on c-oriented YBCO film. The depth profile shows 
the composition of the BST film is near stoichiometric and 
constant from the surface. The BST/YBCO interface where a 
BST/YBCO transition or mixing region of about 20 nm wide 
was observed. We believe that the initial YBCO surface 
roughness may contribute to the measurement of an 
apparently wide BST/YBCO interface. 
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Figure 2.   AES-XPS depth profile for the Bao.5Sr0.5Ti03(100)/ 
c-YBCO heterostructure (one minute sputter time = 0.65 nm). 

Crystal Structure of BST Thin Films 

Both types of BST thin films (x = 0.4 and 0.5) 
deposited on c-oriented YBCO at substrate temperatures 
below 480°C did not show any crystallinity as determined by 
x-ray diffraction. Perovskite-type BaosSro5Ti03(100) films 
started to form at 500°C - 550°C growth temperatures, and 
exhibited good crystallinity in the temperature range of 550°C 
- 620°C, as shown in Fig. 3. The (100) direction of the 
Bao 5Sro 5T1O3 ^m 's parallel to the c-axis of YBCO film. 
The d{ioo) spacing obtained from the (100) peak of the BST 
film is 0.397 nm in the deposition temperature range of 500°C 
to 640 °C, which is close to that of bulk BST (a = 0.3947 nm). 
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Figure 3. XRD patterns for Bao 5Sr0 5TiO3(100) films on 

c-oriented YBCO/LaAlO3(100) at different deposition 
temperatures. 

The optimized growth condition for Bao gSty 4T1O3 nas found 
to be similar to that for Bao S^ro 5T1O3. The d(ioo) of the 
Bao 6Sr0 4Ti°3 thin fi,m on YBCO is 0.399 nm which is also 
close to that of bulk BST (a = 0.3966 nm). 

It is well known that the volume of the unit cell 
exhibits a linear decrease with increasing Sr concentration in 
the BaSrTi03 solid solution.^) It has also been reported that 
lattice compression in the (100) plane was observed in BST 
thin films grown on MgO with no preferential orientation.(7) 
Lattice compression would require Ba deficiency which 
would be consistent with the high vapor pressure of Ba. The 
ratio of Ba to Sr in the BST films has been determined by 
EPMA for lum thick BST films as described above, as well 
as for similar films directly deposited on LaA103 under 
equivalent conditions. EPMA analyses showed no obvious 
evidence of Ba deficiency or additional Ba in our BST (x = 
0.4 and x = 0.5) thin films. In fact, the measured a = 0.397 nm 
for Bao 5Sr0 5Ti03 and a = 0.399 nm for Bao 6Sr0 4Ti03 are ~ 
0.58% and 0.61% larger than the lattice constant in standard 
cubic bulk BST respectively. 

Expansion along the growth direction of thin films has 
been seen for the high Tc superconducting films and 
ferroelectric films.W Its effects on ferroelectric properties 
would be of interest for future studies. Since there is an in- 
plane lattice mismatch of 2% ~ 3.9% between YBCO and 
BST, XRD pole figure analyses and Raman scattering 
measurements are currendy underway to further understand 
the lattice structure, particularly in-plane structure changes 
and in-plane alignment in BST/YBCO heterostructures. 

BST thin films deposited on Pt coated-Si or Pd coated- 
Si are nominally polycrystalline because of both lattice 
mismatch and interface chemistry.(9) In contrast, the oriented 
YBCO oxide substrate offers a much better chemical and 
structural base for perovskite BST film epitaxy with resultant 
crystalline BST film growth on YBCO. 
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In addition, the surface morphologies of BST (100) are 
significantly smoother than that of Pb(Zr0 52Ti0 48)03 (PZT) 
thin films deposited on c-oriented YBCO. This is probably 
due to both a better lattice constant match for BST than PZT 
on YBCO, and/or stronger interatomic affinity between BST 
and YBCO. 

Ferroelectric Properties of BST Films 

The ferroelectric properties of the oriented BST films 
were studied in the temperature range of 20 K to 290 K, 
which is relevant to the ferroelectric phase transitions of BST, 
the superconducting transition of YBCO, and to the potential 
applications of integrated ferroelectric/superconducting 
devices. 

A metal-ferroelectric-metal (MFM) device configu- 
ration was used for capacitance measurements. Top gold 
electrodes with contact areas of 2x10"3 cm2 were deposited 
by sputtering Au onto the BST film surface, and the YBCO 
films were used for the bottom electrodes. 

The ferroelectric properties of the system were defined 
by hysteresis loop measurements using a Sawyer-Tower 
bridge circuit with a 1 kHz sine wave. Bao5Sr05Ti03(100) 
thin films showed ferroelectric behaviour below -250K by 
the hysteresis loop measurements. For a 100 nm thick 
BaO.5Sr0.5T'°3(100) fihn the remnant polarization and 
coercive field are nominally 1.4 uC/cm2 and 4.1xl04 V/cm 
respectively at T = 66 K, and 0.8 uC/cm2 and 3.3xl04 V/cm 
at 20 IK. Similar results were obtained for 
Ba0.6Sro.4T»03(100) films. For a 500 nm thick 
Ba0.6Sr0.4T'C>3(l00) film the remnant polarization and 
coercive field are 3 jaC/cm2 and 3.4* 104 V/cm respectively at 
41K. The polarization of the film decreased with increasing 
temperature, as shown in Fig. 4. At -250K the 
Ba0.6Sro.4Ti03(100) film became paraelectric, which is 
consistent with the Curie temperature of the bulk 
material(U°). 
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Figure 4.   Polarization versus electric field for a 
Au/Bao 6Sr0 4Ti03( 100)/ YBCO capacitors under different 
temperature (BST film thickness d=200 nm). 

Dielectric Properties of BST Films 

Capacitance measurements were performed using a 
Keithly 590 capacitance-voltage meter with a small ac signal 
(30 mV-100 mV) at 1 MHz while the dc bias voltage was 
swept back and forth between -15 and +15 volts at a sweep 
rate of 0.5 V/sec. The capacitance versus temperature plot for 
epitaxial BST(100)/c-YBCO shows one broad peak, as seen 
in Fig. 5. The maximum capacitance for the Bao5Sr05Ti03 

(100) film, Cmax(100) (x = 0.5) appeared at -100 K (Fig. 5a) 
whereas for Bao.6Sr0 4Ti03 thin films Cmax(100) (x = 0.4) is 
at -170K (Fig. 5b). This was only slightly influenced by the 
BST film thickness in the range of 70 nm to 600 nm, by the 
BST film deposition temperature in the range of 550 °C to 
620 °C, and by the measurement temperature from room 
temperature down to 20 K. It is interesting to note that the 
behavior  of capacitance  versus  temperature  shows  slight 
thickness   dependence  for  BST(llO)  films.   The  peak  in 
capacitance increases from 110 K to 156 K with increasing 
BST(110) thin film thickness/") This may be due to the fact 
that BST(110) films are not as high of crystalline quality in 
the thickness range of 100-500 nm as are the BST(100) films. 

300 

Temperature (k) 

Figure 5. Capacitance as a function of temperature for 
Au/Bai.xSrxTi03( 100)/YBCO heterostructures: (a) x=0.5, 
BST film thickness d = 320 nm, (b) x=0.4 d= 200 nm. 

The different structural phases of bulk BST have the 
same structures as BaTi03, e.g. cubic, tetragonal, orthor- 
hombic and rhombohedral. The Curie temperature, at which 
the ferroelectric-paraelectric transition occurs for bulk 
Bao.5Sro.5Ti03 is at ~ 230 K and for bulk Ba<) 6Sr0 4Ti03 at ~ 
250 K.O.'O) This is evidenced in the bulk by a peak in the 
capacitance vs. temperature curve (C-T). However, there is no 
equivalent peak in the capacitance-temperature curves for 
either the Bao.5Sr05Ti03(100) or the Bao6Sr04Ti03(100) 
thin films. It is not clear why the paraelectric-ferroelectric 
transition could be seen by hysteresis loop measurements, but 
not by C-T measurements, though it is usually difficult to 
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measure the phase transitions in ferroelectric thin films 
because of undefined contact effects, films being under 
tension or compression, or the lack of epitaxial completeness 
with different sizes of grains.*7. 12> A very broad peak 
identified down is, however, seen in the 
Bao.5Sr0.5Ti03(100)/c-YBCO and the Bao.6Sr0.4Ti03(100)/c- 
YBCO(IOO) system. It is not clear if these broad maxima 
correspond to structural phase transitions in the BST films. 
Again note that even in bulk BST single crystals the 
tetragonal-orthorhombic (Ti) and the orthorhombic- 
rhombohedral transitions (T2) produce only weak peaks in C- 
T curves at T, = -190K-220K and T2 = -150K-165K, 
respectively.*1'10) In addition, it is also not clear if the peak 
for the Bao6Sr04Ti03(100) films at ~ 170 K. is at a higher 
temperature than for the Bao.5Sr05Ti03(100) film at ~ 100 K 
due to an intrinsic behavior. It is obvious that for the complex 
BST/YBCO system additional studies of structure and 
electronic properties at low temperatures need to be done 
before determining the complete phase transition properties. 
A critical point to be made, however, is that both the 
BST(IOO) films with x = 0.4 and 0.5 are ferroelectric below 
250 K. 

A second peak in C-T curves (Fig. 5) often occurred at 
78 K - 85 K due to the normal-superconducting transition of 
YBCO layer. This second peak in C-T may be caused by the 
proximity effect of superconducting YBCO layer. The 
proximity effect of superconducting YBCO could improve the 
properties of the interface between BST and YBCO layers. 
But this capacitance peak is too large to be due only to the 
proximity effect. The non-linear normal-superconducting 
transition behavior and non-linear ferroelectric properties 
could form a complex LCR system and would induce a big 
signal at the normal-superconducting transition temperature 
Tc in ac-measurement. A theoretical model simulation is in 
progress to better understand this point. 

The dielectric constant measured for the BST films in 
this study ranges from 100 - 450, which is lower than that of 
single crystal bulk BST (> 2000). This difference may be due 
to the oriented grain crystalline nature of the BST films, and 
is supported by reports that the dielectric constant increases 
with increasing grain size.*12) 

The resistivity for the BST/YBCO (x=0.4 and x=0.5 in 
BST films) structure was found only slightly change with 
temperature in the temperature range of 20 K to 300 K. The 
resistivity for a 320 run thick Bao.5Sro.5Ti03(100) films is 
about 2x10' 'Ohm-cm, as shown in Fig. 6. 

Summary 

Both Bai_xSrxTiO3(100) (x = 0.4 and 0.5) thin films 
showed ferroelectric behavior below room temperature. 
Maximum polarization of 1.4 uC/cm2 for BaosSr05Ti03 

(100) and 3.0 uC/cm2 for Bao6Sr04Ti03 
on c-oriented 

YBCO were obtained. The paraelectric-ferroelectric transition 
occured at -250K for both BST(100) (x=0.4 and x=0.5) thin 
films. The capacitance versus temperature curves indicate 
principally one ferroelectric maximum in addition to a peak 
due to the YBCO normal-superconducting transition. The 
maximum capacitance Cmax(100) of Bao 5Sr0 5TiO3(10°) was 

at about 100K and Cmax(100) of Bao.6Sro.4Ti03(100) 
appeared at ~ 170 K. The dielectric constant of BST films 
ranged between 100 - 450 which is smaller than that of bulk 
BST, and maybe due to incomplete crystallinity in the thin 
films. The resistivity of-1011 Ohm-cm was attained in the 
temperature range of 30K-300K. 
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Processing and Characterization of Ferroelectric Thin Films in the PbsGejOn-PbZrojTiojOj System 
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Abstract- This work investigates the crystallization of pure Pb5Ge3Ou 

(PG) and compositions in the Pb5Ge3On-PbZro.5Tio.5O3 (PG-PZT) system. 
PG is of interest due to its low processing temperatures and possible 
application as pyroelectric sensors and nonvolatile ferroelectric 
memories. Compositions in the PG-PZT system crystallize to form 
multiple ferroelectric phases at relatively low temperatures, potentially 
offering a unique combination of ferroelectric properties and processing 
conditions. Ferroelectric thin films in the PG-PZT system were 
fabricated on (111) Pt-coated silicon substrates using sol gel processing 
techniques. Rapid thermal processing was utilized to investigate the 
time/temperature dependencies of crystallization, phase transformations 
and orientation of both PbjGejO,, and PbZro.5Tio.5O3. PbjGejO,, films 
with a thickness of 2000Ä crystallized with a c-axis orientation of greater 
than 90% when heat treated at 700°C for 30 seconds. 

INTRODUCTION 

Lead germanate, Pb3Ge30n (PG), is a uniaxial ferroelectric with 
a spontaneous polarization aligned with the c-axis. PG has a second 
order phase transition [1] from a ferroelectric trigonal phase to a 
paraelectric hexagonal phase at approximately 177°C [2]. Lead 
germanate has attracted interest for several possible applications in the 
microelectronics industry. Due to its uniaxial nature, lead germanate has 
only 180° domains, therefore internal strains should not cause any 
relaxation of the polarization [3]. This is a favorable characteristic for 
memory storage applications. Single crystal PG is reported to have a 
dielectric constant of 50 and a pyroelectric coefficient of 12xl0~9C/cm2oC 
[4] along the c-axis. The combination of these two properties makes PG 
an attractive candidate for pyroelectric elements. 

Polycrystalline PG has reduced ferroelectric properties, however 
orientation of the c-axis can increase the properties closer to those of 
single crystals [4], The rapid orientation of the PG (001) has been 
observed in both thick and thin films [5-10]. Thin films of PG have 
been fabricated through a variety of methods including; vacuum 
condensation [11], sputtering [7,12-16], thermal evaporation [17], flash 
evaporation [18,19], laser ablation [8,20] and sol gel [8,10], Lee and 
Dey [9] have reported excellent results for the sol gel processing of lead 
germanate thin films. Their results show the possibility of producing 
crack free, c-axis oriented, 1600Ä films on platinized silicon substrates 
with a processing temperature of 450°C. For these films they report well 
saturated P-E hysteresis loops with P,=3.3/zC/cnr\ 

The possibility of combining PZT with PG has been investigated 
to a limited extent [6,21-23]. The idea is to combine the excellent 
electrical properties of PZT with the low processing temperatures of PG. 
Cornejo [6] has found an enhancement of the pyroelectric coefficient for 
thick film compositions in the PG-PZT system when compared to pure 
PG. 

REFLUX AND DISTILL 
PblC,H,0,),>3H,0 

+ C,HtO, 

REFLUX AND DISTILL 
GelOCjH.I, 
+ CjH.O, 

REFLUX AND DISTILL 
TilOC,H,l, + 

Zr(OC,H,l. + C.H.O, 

REFLUX COMPLEX ALKOXIDE 
SOLUTIONS + C,H,0, 

DISTILL.AND REDUCE 
TO 1 MOLAR 

SPIN AT 4000 RPM 
30 SECONDS 

Pi/Si SUBSTRATE 

successive stages of 
reflux/distillation as outlined in 
Figure 1. Compositions studied 
include Pb5Ge3On (PG), 
PbZro.3Tio.5O3 (PZT), 4Pb5Ge3011- 
PbZro.5Tio.5O3 (4PG-PZT), and 
PbjGejO^PbZro.jTio.jOj (PG- 
4PZT). Because of the large 
difference between the formula 
weights of PG and PZT, the 
molar ratios are very different 
from the weight or volume ratios. 
The 4PG-PZT composition 
corresponds to volume percents of 
95% PG and 5% PZT, while the 
PG-4PZT corresponds to 56% PG 
and 44% PZT. 

Spin coating0 was utilized 
for the formation of the thin films 
on (lll)Pt-coated silicon 
substrates.d The    precursor 
solutions were filtered to 0.2/un 
immediately prior to spinning. 
Individual layers of 1500Ä were 
formed by spinning at 4000 RPM 
for 30 seconds. Final thicknesses 
were obtained by applying 
successive layers with a one 
minute annealing between each 
layer to remove residual organics. 
Rapid thermal processing was 
used to thermally process the thin 

films.      Heating   and   cooling   rates   were   adjusted   to   33°C/sec 
(2000°C/min). 

The degree of c-axis orientation attributed to the films was 
calculated using the technique described by Lotgerling [24]. Basically, 
this compares the (001) intensities in the oriented film with those of a 
non-oriented sample and can be thought of as a "quality factor" for the 
degree of orientation. 

RESULTS AND DISCUSSION 

Phase Development 

PbjGgjO,,: Single layer, 1500Ä films of PG were deposited and heated 
at a rate of 33°C/sec (2000°C/min) to a soak temperature without any 
prior annealing. The x-ray diffraction data (Fig.2) shows that by 60 
seconds at 600°C or 30 seconds at 700°C, the PG films have achieved a 

ANNEAL TO REMOVE 
ORGANICS AND 

CRYSTALLIZE FILM 

Figure 1. Flowchart of overall 
processing steps. 

PROCEDURE 

Precursors for the sol gel processing consisted of Iead(II) acetate 
[Pb(C2H302)2-3H20],a germanium ethoxide [Ge(OQ,Hj)„],b titanium 
isopropoxide [Ti(OC3H,)4],a and zirconium n-propoxide [Zr(OC3H7)J 

a 

with a solvent of 2-methoxyethanol [C3H802]." The processing followed 

• Aldrich, Milwaukee, WI 
b Gelest, Inc., Tullytown, PA 

' Specialty Coating Systems, Inc., Indianapolis, IN, Model P6204 
d Ramtron Corp., Colorado Springs, CO 
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degree of c-axis orientation greater than 90%. Films fired at 500°C did 
not reach this degree of orientation even after 10 minutes. Firing for 
30 seconds at 6C0°C or 10 seconds at 700°C crystallized an additional 
phase which appears to correspond to Pb3GeOj [25]. This 3-1 phase was 
metastable and disappeared at longer firing times indicating that the 
stoichiometry of the composition was not the cause of the 3-1 formation. 
The 3-1 phase did not appear in any samples fired at 500°C. 

(003) Pt(lll) 

25        30 

TWO-THETA (DEGREES) 

Figure 2.   X-ray diffraction data for single layer PG films 
(1500Ä).  Heating and cooling rates = 33°C/sec. 

The crystallization of films with multiple layers was also 
investigated. The application of successive layers increased the degree 
of orientation. Four-layer films with a one minute, 500°C annealing 
after each of the first three layers and 10 minutes at 500°C after the 
fourth layer show c-axis orientations in excess of 60%. Films annealed 
at 700°C for one minute after the first three layers and 700°C for ten 
minutes after the final layer show orientations greater than 98% (Fig.3). 

4Pb.Ge,0,1-PbZrn.Ti„<CX and Pb.Ge,0„-4PbZr,,Ti..O,: The 
influence of PZT on the crystallization behavior of PG in thin films is 
illustrated by the x-ray diffraction data in Figure 4. These films were all 
annealed at 500°C for one minute after each of the first three layers and 
10 minutes at 700°C after the fourth layer. The PZT shifted the PG (001) 
peaks to a lower d-spacing (higher 20). The 4PG-PZT composition 
shows a splitting of the (003) and (006) peaks. The PG(003) peak was 
located atd = 3.54Ä, and shifts to d = 3.44Ä in the PG-4PZT films. This 
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Figure 3.  X-ray diffraction data for 4-layer PG films (6000Ä). 
Heating and cooling rates = 33°C/sec. 
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Figure 4.  X-ray diffraction data for 4-layer films (6000Ä) of 
PZT, PG-4PZT,  4PG-PZT and PG.     Annealing 
conditions of 1  min at 500°C after each of the 
first 3 layers and 10 min at 700°C after the final 
layer. 
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progression of peak shifting can be seen in Figure 5 which shows x-ray 
diffraction data for single layer films of PG-4PZT and 4PG-PZT heated 
at a rate of 33°C/sec to 700°C. This structural change may be due to a 
partial solubility/substitution of either Ti4* or Zr4* into the PG, or from 
a combined stress effect of a high thermal expansion PG phase combined 
with an intermediate expansion PZT phase on a low expansion silicon 
substrate. Previous research [10] did not indicate any shift of the PG 
(001) lines in PG-PZT sol-gel compositions dried to form powders. 
Attempts were also made to to anneal at lower temperatures after heat 
treatments to crystallize the films, however these heat treatments did not 
affect the position of the diffraction lines. Additional research is needed 
to further understand this behavior. 

Figures 4 and 5 show that the PZT phase in pure PZT, 4PG-PZT 
and PG-4PZT compositions crystallized with a strong (111) orientation, 
epitaxially with the (111) platinum surface of the substrates. This 
orientation occured after 60 seconds at 700°C in the pure PZT and PG- 
4PZT compositions. The PZT and PG-4PZT compositions initially 
crystallized a randomly oriented pyrochlore phase which is completely 
converted to the perovskite phase by 60 seconds at 700°C (Fig.5). The 
pyrochlore to perovskite conversion was delayed until 120 seconds in the 
4PG-PZT films. In addition, the pyrochlore phase in this composition 
showed a cubic orientation, which was not observed in the PZT or PG- 
4PZT films. 

Pb6Ge;,0,, 
- 4PbZr06Ti0603 

25        30        35       40       45 

TWO-THETA (DEGREES) 

Figure 5. X-ray diffraction data for single layer PG-4PZT [A] 
and 4PG-PZT [B] films (1500Ä). Heating and 
cooling rates = 33°C/sec. 

Electrical Properties 
Figure 6 shows the dielectric constant and loss of a 1.2^m PG 

film fired at 700°C for 10 minutes. The very broad peak in the dielectric 
constant shows a room temperature value of approximately 25 with the 
peak located at approximately 170°C. These results are similar to other 
work reported on PG thin films [14,17,19]. Schmitt et al.[14] observed 
that a decrease in grain size dramatically increased the breadth of the 
transition, while reducing the maximum peak in the dielectric constant. 
They reported that a 170°C transition temperature corresponded to a 
grain size of approximately 500nm. Thin films formed by flash - 
evaporation [19] showed a room temperature dielectric constant of 
approximately 20 for a 1.6^m thickness. These films showed a very 
broad transition with a maximum dielectric constant of only a factor of 
1.6 above the room temperature value. PG films formed by thermal 
evaporation [17] showed a room temperature dielectric constant of 
approximately 12 with peak ratios of only 1.5-3 for 2/xm thicknesses. 
Glass et al.[3] also investigated grain size effects in PG crystallized from 
glass. They reported an unstable polarization in PG with grain sizes less 
than ljzm. 
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Figure 6.  Dielectric data for an 8-layer PG film (1.2/im). 
Annealing conditions of 1 min at 700°C after each of 
the first 7 layers and 10 min at 700°C after the final 
layer. 

Attempts at measuring the electrical properties of PG thin films 
were met with a variety of difficulties. The large difference in the 
thermal expansion of PG and silicon (and PZT) appears to be a source 
for the development of large stresses contributing to film cracking. The 
PG films also crystallize to a very porous structure. Both of these 
factors contributed to difficulties in electrically contacting the samples 
and obtaining realistic properties. The processing temperatures appear 
to play a critical role in the final integrity of the film. These problems 
and questions are being addressed by ongoing research, and data are 
being collected on dielectric, ferroelectric, and pyroelectric properties of 
the thin films. 
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SUMMARY 

PG thin films show a rapid crystallization to c-axis orientation. 
1500Ä films shoved orientations of greater than 90% after 60 seconds 
at 600"C or 30 seconds at 700°C. The deposition of successive layers 
with a one minute annealing between layers significantly increased the 
film orientations, especially at low temperatures. 

The addition of PZT to PG has the effect of shifting the PG(001) 
peaks to a lower d-spacing in thin films. The degree and rate of shifting 
is related to the amount of PZT present. A PG-4PZT (44% PZT by 
volume) composition appears to bring this shifting to completion with the 
magnitude being equivalent to a reduction of the PG c-axis cell parameter 
by approximately 0.3Ä. PZT, either in pure form or in a PG-PZT 
composition, shows strong (111) orientation epitaxially with the (111) 
platinum on the silicon substrates. 

Many difficulties were encountered in the processing of lead 
germanate thin films suitable for the testing of electrical properties. 
These problems include porous structures and film cracking and are 
being addressed through continuing research. Initial results on dielectric 
properties of PG films show a low, broad peak in the dielectric constant 
that is shifted to approximately 170°C. These results are similar to those 
reported by other investigators [14,17,19], 

ACKNOWLEDGEMENT 

This research was supported by the Office of Naval Research, 
Contract #N00014-92-M390, and the National Science Foundation, 
Contract #DMR-9158312. The authors would also like to thank Ramtron 
Corp. for their donation of silicon substrates. 

REFERENCES 

[1] K. Hisano and J.F. Ryan, "Raman Scattering from the ferroelectric 
Mode in 5PbO-3GeO„" Solid State Comm., Vol.11, No.l, pp.119- 
121, (1972). 

[2]  H. Iwasaki, K. Sugii, T. Yamada and N. Niizeki, "5PbO-3Ge02 

Crystal; A New Ferroelectric," App. Phys. Lett., Vol.18, No.10, 
pp.444-445, (1971). 

[3] A. Glass, K. Nassau and J. Shiever, "Evolution of Ferroelectricity 
in Ultrafine-Grained Pb5Ge3On Crystallized from the Glass," J. 
Appl. Phys., Vol.48, No. 12, pp.5213-5216, (1977). 

[4]  K. Takahashi, "Pyroelectric Sensors of Lead Germanate Thick 
Films," in Advanced Ceramics, edited by S. Saito (Oxford 
University Press, 1988), Ch.14, pp.240-253. 

[5]  K. Takahashi, S. Shirasaki, K. Takamatsu, N. Kobayashi, Y. 
Mitarai and K. Kakegawa, "Pyroelectricity of Preferably - Oriented 
Pb5Ge3.xSixOn Thick Films Prepared by the Printing Technique," 
Jpn. J. Appl. Phys., Vol.22, pp.73-76 (1983). 

[6]   I.A. Cornejo, "Low Temperature Crystallization of Pb5G&,Ou- 
PbTi03 and Pb3Ge3011-Pb(Zr„2Ti1,2)03 Glass-Ceramic Systems with 
Multiple Ferroelectric Phases for Pyroelectric Applications," Ph.D. 
Thesis, T-4631, Colorado School of Mines, Golden, CO, July, 
1994. 

[7]  G. Kleer, H. Schmitt, H. Müser and K. Ehses, "Sputtered 
Ferroelectric Thin Films of Lead Germanate," Ferroelectrics, 
Vol.26, pp.757-760, (1980). 

[8]  S. Krupanidhi, D. Roy, N. Maffei and C. Peng, "Pulsed Excimer 
Laser Deposition of Ferroelectric Thin Films," in Proceedings of the 
3rd International Symposium on Integrated Ferroelectrics, Colorado 
Springs, CO, April 3-5, 1991, pp.100-115. 

[9] J.J. Lee and S.K. Dey, "Processing of a Uniaxial Ferroelectric 
PbjGejOn Thin Film at 450°C with C-Axis Orientation," Appl. 
Phys. Lett., Vol.60, No.20, pp.2487-2488, (1992). 

[10]  S.M. Landin and M.J. Haun, "Solution-Derived Ferroelectrics in 
the Pb3Ge3On-PbTi03-PbZr03 System," Ferroelectrics, Vol.152, 
pp.91-96, (1994). 

[11]  Y. Tomashpol'skii and M. Pentebova, "Ferroelectric Behavior of 
Vacuum Condensates of Lead Germanate," Sov. Phys. Solid State, 
Vol.15, No.6, pp.1304, (1973). 

[12]   H. Schmitt and G. Kleer, "Reactive Sputtering of Ferroelectric 
Lead Germanate PbjGeA,," Proc. 4th Coll. Internat.S.I, Plasmas 
e.L, Pulverisation Cath., Nice, 1982, pp.137-141. 

[13] H. Schmitt, R. Karthein and G. Kleer, "Production and Properties 
of Undoped and Doped Lead Germanate Thin Films," 
Ferroelectrics, Vol.51, pp.35-39, (1983). 

[14] H. Schmitt, H.E. Müser, R. Karthein and G. Kleer, "Properties of 
Undoped and Doped Ferroelectric Lead Germanate Thin Films," 
Ferroelectrics, Vol.56, pp. 141-144, (1984). 

[15]   H. Schmitt and G. Kleer, "Transformation from the Glassy State 
in Sputtered Amorphous Films of the Ferroelectric Lead Germanate 
PbjGeA,," Mat. Res. Bull, Vol.20, pp.829-833, (1985). 

[16] H. Maiwa, N. Ichinose and K. Okazaki, "Preparation of PbjG&A, 
Thin Films by Multiple Cathode Sputtering," Proceedings of the 8th 
International Meeting on Ferroelectricity, Gaithersburg, MD, 
August 8-13, 1993. 

[17]   A. Mansingh and S. Krupanidhi, "Preparation and Properties of 
Thermally Evaporated Lead Germanate Films," J. Appl. Phys., 
Vol.51, No.10, pp.5408-5412, (1980). 

[18]  S. Krupanidhi, A. Mansingh and M. Sayer, "I-V & C-V 
Characteristics of Ferroelectric Lead Germanate on Silicon," 
Ferroelectrics, Vol.50, pp. 117-122, (1983). 

[19]  A. Mansingh and S. Krupanidhi, "Electrical and Structural 
Properties of Flash - Evaporated Ferroelectric Lead Germanate 
Films on Silicon," Thin Solid Films, Vol.80, pp.359-371, (1981). 

[20]  C. Peng, D. Roy and S. Krupanidhi, "Oriented Lead Germanate 
Thin Films by Excimer Laser Ablation," App. Phys. Lett., Vol.60, 
No.7, pp.827-829, (1992). 

[21] W. Schulze and J. Biggers, "Piezoelectric Properties of PbjGejO,, 
Bonded PZT Composites," Mat. Res. Bull., Vol.14, pp.721-730, 
(1979). 

[22] J. Collier, I. Cornejo and M. Haun, "Ferroelectric Thick-Films for 
Piezoelectric Applications," Proceedings of the 8th International 
Meeting on Ferroelectricity, Gaithersburg, MD, August 8-13, 1993, 
Accepted for publication in Ferroelectrics (1993). 

[23]  I. Cornejo, J. Collier and M. Haun, "Ferroelectric and 
Crystallization Behavior in the Pb5Ge3Ou-PbTi03-PbZr03 Glass- 
Ceramic System," Proceedings of the 8th International Meeting on 
Ferroelectricity, Gaithersburg, MD, August 8-13, 1993, Accepted 
for publication in Ferroelectrics (1993). 

[24]   F.K. Lotgerling, "Topotactical Reactions with Ferrimagnetic 
Oxides Having Hexagonal Crystal Structures - I," J. Inorg. Nucl. 
Chem., Vol.9, pp.113-123, (1959). 

[25] H. Hasegawa, M. Shimada and M. Koizumi, "Phase Relations and 
Crystallization of Glass in the System PbO-Ge02," J. Mat. Sei., 
Vol.8, No.12, pp.1725-1730, (1973). 

471 



PARAELECTRIC PROPERTIES OF PLT(28) REACTIVELY SPUTTERED BY 
MULTI-ELEMENT METAL TARGET 

H. H. Kim and K. S. Sohn 
Department of Electrical and Computer Engineering 

New Jersey Institute of Technology 
Newark, NJ 07102 

L. M. Casas, R. L. Pfeffer, and R. T. Lareau 
Army Research Laboratory-EPSD, AMSRL-EP-EC-M 

Fort Monmouth, NJ 07703 

ABSTRACT 

Lead lanthanum titanate (PLT, La=28 mol %) thin films were 
prepared by a multi-element metal target using reactive dc 
magnetron sputtering system. A post-deposition annealing treat- 
ment was applied to all as-deposited PLT thin films at the 
temperature ranges of 450-750 °C. Metal(Pt)-PLT-metal(Pt) 
(MDM) configuration as a planar capacitor of ULSI DRAM 
application is fabricated on Pt/Ti/Si02/Si multi-layer substrate. The 
best results of dielectric constant and dissipation factor, using the 
paraelectric PLT thin film of 200 nm thick, were 1216 and 0.018, 
respectively. The highest charge storage density was 12.5 uC/cm2 

and the lowest leakage current density was 0.1 \iAJcm7. 

INTRODUCTION 

With the successful development of dynamic random access 
memory (DRAM) technology, the reduction of memory cell is 
subsequently required, reducing the area of the storage capacitor. 
It is, therefore, necessary to increase the charge storage density of 
the capacitor to maintain adequate operation. The requirement for 
high charge storage density has been achieved through improve- 
ments in the processing technology, reduction of the dielectric 
thickness, and innovations in the cell design [1]. The film thickness 
of the dielectric has been reduced to less than 10 nm in order to 
retain a sufficient charge storage in current DRAM technologies. A 
further reduction in thickness may have a deleterious impact such as 
a direct tunneling through thin dielectric films and has reached the 
fundamental limit in device processing technology. Hence, the thin 
dielectric materials such as conventional dielectrics do not appear to 
be sufficient for ultra large scale integration (ULSI) DRAMs. As a 
result, a new dielectric material that permits a capacitor with higher 
charge storage per unit area and is compatible with semiconductor 
processing is required for use in ULSI DRAMs. 

Ferroelectric materials as an alternative dielectric with a higher 
dielectric constant have been widely considered by a number of 
researchers [1,2]. Lead lanthanum titanate (Pb^LajTij^Oj; 
PLT) of the various ferroelectrics has excellent dielectric, electro- 
optic and piezoelectric properties with the control of composition in 
this system [3]. For DRAM application, the hysteresis property of 
ferroelectrics is not actually desirable, and the capacitor operates 
only as a linear capacitor. Therefore, paraelectric PLT (28) films 
with extremely high dielectric constant and normal dielectric 
characteristics offer significant advantages for next generation of 
DRAM capacitor. 

The most important requirements in recent ULSI DRAM 
technologies with planar capacitor are high charge storage density, 
low leakage current density, and extremely high dielectric constant. 
In this paper, the dielectric and paraelectric properties of MDM 
capacitor using the PLT (28) thin films were investigated. 

EXPERIMENTAL PROCEDURE 

Paraelectric (non-ferroelectric) PLT (La=28 mol %) thin films 
were prepared by a multi-element metal target using reactive dc 
magnetron sputtering system. The ratio of each component area on 
the multi-element metal target was set by the modified Sigmund's 
method, suggesting sputtering yields for Pb, La, and Ti metals. A 
post-annealing treatment to all as-deposited PLT thin films was 
applied at temperatures ranging from 450 to 750 °C for 
crystallization into the cubic perovskite structure. The composition 
of paraelectric PLT thin (200 nm) films by Auger electron 
spectroscopy (AES) showed 28 mol % of La content and the 
crystalline structure by X-ray diffraction (XRD) measurements 
allowed obviously the paraelectric perovskite phases at the 
annealing temperature above 550 °C. 

All electrical measurements for DRAM application are 
performed utilizing a MDM configuration capacitor using the 
paraelectric PLT (28) thin films of 200 nm thick as a dielectric 
layer. Dielectric measurements are carried out on a Boonton 7200 
capacitance meter with a peak voltage of 10 mV (i.e. 500 V/cm) 
and a frequency of 1 KHz. The most frequently used test to 
characterize ferroelectric or paraelectric PLT thin films is a typical 
Sawyer-Tower circuit [4]. This is an excellent measurement 
technique for establishing the relationship of polarization to electric 
field. Polarization-electric field (P-E) characteristics for charge 
storage density (Qc) is investigated by an HP54501A digitizing 
Oscilloscope and Wavetek (Model 270) Function Generator. 
Additional electrical characteristics such as, current-voltage (I-V) 
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Fig. 1. Dielectric constant and dissipation factor of PLT (28) thin 
films as a function of post-annealing temperature. 
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plot for leakage current density and voltage-time (V-t) measure- 
ments for charging transient, are of interest for a capacitor 
dielectric of the 1-T DRAM cell. These topics are the subject of 
reliable characteristics and the transient behavior of paraelectric 
PLT (28) thin films. The current-voltage characteristics for leakage 
current density are measured by an HP4145B Semiconductor 
Parameter Analyzer. 

RESULTS AND DISCUSSION 

Dielectric properties 
The dielectric constant and dissipation factor (loss tangent) as a 

function of post-annealing temperature are presented in Figure 1. 
The dielectric constant increases significantly and the dissipation 
factor decreases slightly, as the annealing temperature is increased. 
The dielectric properties are dependent on the changes in the 
stoichiometric composition as well as in relative quantities of 
amorphous and crystalline structures with variation of annealing 
heat treatment. Thus, with a rise in annealing temperature, the 
amorphous phase and the excess PbO structure with poor dielectric 
properties disappear. It is transformed into the crystalline structure, 
i.e., the paraelectric perovskite PLT phase. Conversely, the 
dissipation factor is reduced from 0.051 to 0.018 with the 
increasing annealing temperature. It also depends on the existence 
of the amorphous and excess PbO phases. 

The dielectric constant of the PLT thin films was sometimes 
difficult to measure, because of the low resistance of the films and 
the presence of microcracks and porosity caused by high 
temperature treatment. Fox et al [5] have commented that the 
dielectric properties can be expressed by morphological conditions 
of the thin films with coexistence of the three phases such as 
perovskite PLT phase, excess PbO and air. The excellent dielectric 
properties of PLT thin films are achieved by the continuity of the 
perovskite PLT phase. The PbO phase and porosity resulting from 
Pb evaporation give rise to the discontinuity of the perovskite PLT 
phase in the thin films. The PbO phase has a higher conductivity 
than the perovskite PLT phase. The dielectric constant decreases 
and the dissipation factor increases due to the presence of excess 
PbO phases in the films annealed at lower annealing temperature. 
The best results of dielectric constant and dissipation factor at low 
field measurement (500 V/cm), as shown in Figure 1, are 
approximately 1216 and 0.018, respectively. 

Charge storage density 
The   polarization-electric  field   (P-E)   characteristics   of the 
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Fig. 3. Leakage current density as a function of annealing tempera- 
ture for PLT films at 150 KV/cm (3 V). 

paraelectric PLT (28) thin films are measured using a typical 
Sawyer-Tower circuit with a 500 Hz sine wave. The P-E 
measurements of the films under different peak voltages are 
presented in Figure 2. The paraelectric PLT (28) thin film is 
annealed at 750 °C for 5 min. The P-E curve at low peak voltage 
of 1 V (50 KV/cm) is similar with the linear behavior of a normal 
dielectric material as shown in Figure 2 (a). The P-E characteristics 
are gradually developed to the paraelectric state of nonlinear 
behavior, as the peak voltage increases enough. The P-E curve at a 
peak voltage of 2 V presents the prominent paraelectric nonlinear 
behavior. The charge storage density at the peak voltage of 4 V 
(200 KV/cm) is around 12.5 uC/cm2 as shown in Figure 2 (c), and 
the effective dielectric constant is about 706. 

Leakage current density 
The leakage current density is one of important limiting factors 

for the DRAM capacitor dielectric. High leakage current places 
important limitation in the operation of a unit memory cell. It is 
necessary therefore to reduce the leakage current per unit area in 
order to prevent the capacitor from discharging between refreshing 
cycles. The leakage current density as a function of post-annealing 
temperature is shown in Figure 3. The lowering trend of leakage 
current with different annealing temperature at the electric field of 
150 KV/cm (3 V) is presented.    The leakage current density 
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Fig. 2. P-E characteristics with different peak voltages for 200 nm 
PLT (28) thin film at 750 °C for 5 min. 

Fig. 4. The phenomena of dc voltage-induced resistance degrada- 
tion suddenly rising in the leakage current level prior to dielectric 
breakdown. 
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diminishes slightly except at 750 °C, as the post-annealing 
temperature increases. It is noted that the leakage current density 
with the increasing annealing temperature is closely related to the 
degree of crystallinity. Since the intensity of each diffraction peak 
is proportional to the effect of a rise in post-annealing temperature, 
the paraelectric PLT (28) thin films are further crystallized into the 
cubic perovskite phase. The PLT thin film annealed at 750 CC 
exhibits larger leakage current density than that at 650 °C. This 
elevation in leakage current observed at high heat treatment shows 
a similar tendency with the results from Chikarmane et al [6], 
suggesting that the vaporization of Pb at high annealing 
temperature leads to the augmentation of oxygen vacancies. 

Figure 4 shows the dc voltage-induced resistance degradation 
and the dielectric breakdown in the paraelectric PLT thin film (200 
nm) annealed at 650 °C. The leakage current is 85 nA (2.5 u 
A/cm2) at a reference voltage of 5 V. The resistance degradation 
starts slowly at 5 V (250 KV/cm) prior to the dielectric breakdown 
at 13.5 V (675 KV/cm). Waser et al [7] and Baiatu et al [8] 
discussed in detail the phenomena of resistance degradation in the 
perovskite-type titanates, SrTi03 films. The resistance degradation 
under dc voltage stress is closely related to the ionic current in the 
interior of the dielectrics caused by the electromigration of oxygen 
vacancies across grain boundaries and the specific defect structure 
in the films. The electromigration of oxygen vacancies, which are 
positively charged, tend to segregate toward the cathode under the 
applied dc voltage. The oxygen vocancies are depleted in the 
anode side and concentrated into the cathod side. The oxygen 
vocancy concentration is increased in the cathod region between 
both electrodes with a rise of the dc voltage. Therefore, such a 
field-induced segregation results in the increase of the electrical 
conductivity in the dielectric titanate, and then leads to the 
phenomena of dc voltage-induced resistance degradation. It is 
supposed that the dc voltage-induced resistance degradation is 
observed at a somewhat low electric field because the top electrode 
is biased positively. 

Charge storage density 

10% i. 

Fig. 5. (a) Schematic test circuit with a peak voltages of unipolar 
pulse and a load resistor, (b) the estimation of triangular area from 
transient response of I-t curve shows charge storage density. 

Figure 6 presents the voltage-time curves with the different peak 
voltage of the unipolar pulse experiments for the estimation of 
charge storage density and charging time. The triangular area (i.e., 
charge storage density) is also increased, as the peak voltage of 
unipolar pulse increases. The detailed results, compared with the 
data of P-E measurements, are summarized in Table 1. It is noted 
that the charge storage density is 11.3 uC/cm2 at 4 V (200KV/cm) 
peak voltages. The charge storage density estimated by the above 
equation produces an inaccuracy of about 9.7 % by comparison 
with the P-E characteristics. 

CONCLUSION 

The reactively sputtered PLT (28) thin films by multi-component 
metal target appeared to have the paraelectric properties with high 
charge storage density, low leakage current density, and extremely 
high dielectric constant. The dielectric constant and dissipation 
factor in the paraelectric PLT thin film, annealed at 750 °C, are 

Voltage time measurements 
Voltage-time (V-t) characteristics are another method used to 

estimate the charge storage density which is calculated from the 
transient response of a MDM capacitor using the unipolar pulse 
measurement technique. The switching voltage is monitored with 
an oscilloscope by measuring the voltage drop across a grounded 
resistor in series with the film capacitor. Figure 5 (a) shows the 
schematic test circuit with a peak voltage of the unipolar pulse and 
a 1 KQ load resistor as a series resistance to simulate the transistor 
of the DRAM unit cell. The charge storage density is gained by the 
estimation of the triangular area as shown in Figure 5 (b). The 
switching time (ts) is defined as the time that decays to a point 90 
% down from the maximum current transient value. The simple 
approximation for the charge storage density is estimated as the 
following [9]: 

V„. 1   t lr» 
— \ idt = — \    -a**- e • dt 
A   J A   Jo K 
v   t ' max 'S 

2RLA 

where, Vmax is the maximum response voltage, 

RL is the load resistance, and 
A is the area of the paraelectric MDM capacitor. 

The transient response is nearly exponential as shown in Figure 5 
(b). 
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Fig. 6. Voltage-time characteristics of PLT (28) MDM capacitors 
with different peak voltage of unipolar pulse. 
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Table 1. Charge storage density calculated by V-t measurements in comparison with the results 
of P-E measurement. 

Peak Electric 
Field 

(KV/cm) 

V-t plot P-E plot 

Voltage 
(V) 

Charge Density 
(nC/cm2) 

Effective Dielectric 
Constant 

Charge Density 
(uC/cm2) 

Effective Dielectric 
Constant 

1 50 5.22 1179 3.2 723 

2 100 6.80 768 6.0 678 

3 150 8.59 647 — — 

4 200 11.30 638 10.3 580 

5 250 13.26 599 — — 

1216 and 0.018, respectively. The charge storage density of PLT 
thin film annealed at 750 °C is around 12.5 uC/cm2. The leakage 
current density of film treated at 650 °C was 0.1 uA/cm2 at the 
electric field of 0.25 MV/cm2. It is clear from the results mentioned 
above that the optimization between minimum leakage current 
density and maximum charge storage density is essentially adjusted 
by the conditions of the post-deposition annealing process. 

Paraelectric PLT thin films are a potentially attractive candidate 
for the storage dielectric capacitor in future DRAMs. PLT thin 
films with a linear dielectric characteristic offer significant 
advantages over conventional dielectrics and are also preferable to 
nonlinear ferroelectric thin films for the operation of ULSI 
DRAMs. 

[9] J. Carrano, C. Sudhama, V. Chikarmane, J. Lee, A. Tasch, W. 
Shepherd, and N. Abt. "Electrical and Reliability Properties of 
PZT Thin Films for ULSI DRAM Applications." IEEE Ultra. 
Ferro. Freq. Control, vol. 38, no. 6, pp. 690, 1991. 
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Abstract (Pb,La)Ti03 (PLT, La/Ti=0.17, 0.20 and 0.24) 
thin films were prepared by multiple cathode 
rf-magnetron sputtering. Perovskite PLT could be 
obtained on various substrates at 460 ~ 540 °C. The 
electrical properties of these films were 
investigated. The PLT thin films deposited on Pt/MgO 
substrate exhibited higher crystalliriity, squarer 
hysteresis loops and higher remanent polarization (Pr) 
values compared to the films on the Pt/SiOs/Si 
substrate. By lowering substrate temperature, 
ferroelectric properties were improved. By 
controlling the Pb/Ti incident ratio, thin films with 
different Pb contents were formed at 460°C. The 
Pb-deficient PLT film showed weak ferroelectric 
behaviour. While, the Pb-rich PLT film showed a 
saturated hysteresis loop. The fatigue resistance was 
increased with the Pb content. The relation between 
ferroelectric properties and the Pb content are 
discussed in terms of the build-up of space charge. 

INTRODUCTION 

In recent years, ferroelectric thin films such as 
lead zirconate titanate (PZT) have been attracting 
great attention because of their potential 
applications in nonvolatile random access memory 
(NVRAM) 11], dynamic random access memory (DRAM) and 
pyroelectric sensors [2J[3]. 

NVRAM devices will require 
performance to be successful 
ferroelectrics lose their remanent 
as the number of switching cycles increase. This 
phenomenon is generally called ferroelectric fatigue, 
and is one of the major concern in terms of the 
reliability of NVRAM devices. Though acceptable 
fatigue performance has been achieved by several 
groups [4]|5][6J[7], the exact reason for the 
improvement of the fatigue resistance is unknown. 
Several groups have suggested different fatigue 
mechanisms which include the growth of conducting 
dendrite [8], build-up of space charge due to mobile 
oxygen vacancies [9], defect entrapment at 
electrode-ferroelectric film interface [10] and 
physical device degradation [11]. However, none have 
been fully understood yet. 

In this study, multiple cathode rf-magnetron 
sputtering was used to deposit (Pb,La)TiOa (PLT) thin 
films on various substrates. This method offers a 
highly controllable deposition process because the 
sputtering rate of each target can be changed 
individually [12]. Compared to a compound target, 
larger rf power can be input to the metal target. PLT 
was chosen because it can be grown at lower substrate 
temperatures compared to PZT, and because its 
properties can be controlled with lanthanum content. 
An attempt has been made to understand the role of 
substrate temperature, La and Pb content on 
ferroelectric properties. 

stable  long-term 
[1].    However, 

polarization (Pr) 

EXPERIMENTAL 

The apparatus employed in this experiment is shown 
in Fig.l. The sputtering targets used were 3-inch 
disks of PbO (99.99%), La (99.9%) and Ti (99.99%) 
metal, and each target was individually controlled by 
rf power supply. The substrates were 
Pt/SiO2(1000nm)/Si, Ru02/Ru/Si02(1000nm)/Si, Pt/MgO 
and Ru0;?/Ru/Mg0. A ruthenium oxide (Ru02) film was 
formed by reactive sputtering in an atmosphere of 
argon/oxygen gas mixture [13]. The substrates were 
fixed to the rotary-type substrate holder through a 
load-lock chamber. The substrate holder was rotated 
at a speed of 11.25rpm. Input RF power for Ti was 
kept at 450W, and that for PbO was at 55W ~ 75W. 
Reactive sputtering was carried out in a mixed gas of 
argon and oxygen [14]. 

The chemical composition of the films was 
determined by inductively coupled plasma spectroscopy 
(ICP) and electron probe microanalysis (EPMA). Thin 
film crystallography was performed by X-ray 
diffraction (monochromated CuK a radiation). The 
surface morphology was observed by a field-emission 
scanning electron microscope (FE-SEM). A typical 
deposition rate was 0.8 ~ 0.9nm/min. 

270nm-thick film was used for electrical 
measurements. Au thin films were evaporated at room 
temperature as the top electrode with a diameter of 
0.2mm. Ferroelectric properties were measured using 
the Radiant Technology RT66A tester operating in the 
virtual ground mode. Fatigue measurement was also 
conducted with the RT66A tester. 

Load Lock 
Chamber 

Fig.l Schematic of a cross section of multiple cathode 
sputtering. 
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RESULTS AND DISCUSSION 

Film preparation 

Figure 2 shows X-ray diffraction patterns of the 
PLT(La/Ti=0.17) thin films deposited on various 
substrates at 460 °C. Films having a perovskite 
structure could be obtained. This result suggests 
that multiple cathode sputtering using metal target 
was effective in lowering the substrate temperature 
compared to the sputtering using compound target [3]. 

i§ Pt/MgO 

Pt/Si0,/5i 

Ru0./Ru/Mg0 
O 

o § 
o Q 

^ 

RuO. /Ru/SiO»/Si 

ill 
10 20     30 40      50     60 

Cu Kcc 29 (de gree) 

Fig.2 X-ray diffraction patterns of PIT thin films 
deposited on various substrates at 460 X,- 

■■■•■ -iTTrS1*- "" 

- -"^   ; ,_,_„.   ,_ 

"1     t!   rv. .\J.-"tT    5« 

000 0000 15 5KU X20, 1 4mm 

(b)     ^ 

Fig.3 FE-SEM photograph of the surface of PLT thin 
films deposited on (a)Pt/MgO and (b)Ru02/Ru/Mg0 

at 460 t:. 

PLT films with preferred c-axis orientation were 
formed on Pt/MgO and Ru(WRu/Mg0 substrates. On the 
other hand, films deposited on Pt/Si02/Si showed 
preferred orientation in the (111) plane. In the case 
of Ru0s/Ru/Si02/Si, perovskite PLT films formed did 
not show any preferred orientation. 

Figure 3 shows FE-SEM micrographs of the PLT thin 
films deposited on (a)Pt/Mg0 and (b) Ru02/Ru/Mg0 at 
460 V,. The PLT thin film on Pt/MgO consists of fine 
grains. While the one on Ru02/Ru/Mg0 consist of 
larger grains of about 300nm. The difference in grain 
size may be attributed to the difference of the 
electrode. In the case of the platinum electrode, the 
Pt grains were not observed by FE-SEM. On the other 
hand, the grain size of ruthenium oxide was 300 ~ 

400nm [13]. 

Lanthanum content dependence 

Figure 4 shows that hysteresis loops of the PLT 
(La/Ti=0.17, 0.20, 0.24) thin films deposited on 
Pt/SiOs/Si substrates at 460 °C. With increasing 
lanthanum content, coercive field (Ec) and Pr 
decreased. In PLT (La/Ti=0.17, 0.20) films, their 
polarization decreased after +5V 107 cycle switching. 
On the other hand, PLT (La/Ti=0.24) film exhibited 
slim loop, nearly paraelectric behavior, because its 
Curie temperature is near room temperature. Its 
hysteresis loop almost unchanged after ±5V 10v cycle 
switching. This film is considered to be suitable for 
DRAM application. 

Substrate and substrate  temperature dependence 

Figure 5 shows that hysteresis loops of the PLT 
(La/Ti=0.17) thin films deposited on (a) Pt/SiOs/Si 
and (b) Pt/MgO at 460 °C and 540 "C. The PLT films 
deposited on Pt/MgO substrate exhibited squarer 
hysteresis loops and higher Pr values, compared to the 
films on the Pt/Si0s/Si substrate. In the film on 
Pt/MgO, remarkable hysteresis shift on E-axis was 
observed. 

Compared to the film deposited at 540 °C, the film 
deposited at 460 *C showed lower Ec, suggesting the 
film deposited at lower temperature contained less 
strain derived from substrate and/or defects. Their 
fatigue characteristics were shown in Fig.6. It is 
noted the film deposited at 540X1 exhibited worse 
fatigue resistance. We reported previously that, from 
XPS analysis, Pb-deficient layer were formed at 
film/substrate interface probably due to the Pb 
re-evaporation from substrate [14]. Therefore, it is 
presumed that the defect at film/substrate interface 
decreased by lowering substrate temperature, then 
ferroelectric properties and fatigue resistance were 
improved. 

The fatigue resistance on ruthenium oxide was 
improved by using Ru02 as both the top and bottom 
electrode. These results will be reported in another 
paper [13]. 

Lead content dependence 

In order to clarify the Pb content dependence, PLT 
(La/Ti=0.20) films with various Pb content were 
deposited on Pt/SiOE/Si substrates at 460 °C. The 
hysteresis loops and the fatigue characteristics of 
these samples are shown in Fig.7 and Fig.8, 
respectively. Pb-deficient, Pbo. TsLaQ. SDTi03 film 
exhibited a slim loop, which suggests this film showed 
weak ferroelectric behavior. With increasing lead 
content, hysteresis loop became saturated and their Pr 
increased compared to the Pb-deficient film. Fatigue 
resistance increased with increasing Pb content.  It 
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Fig.4 Hysteresis loops of PLT (La/Ti=0.17, 0.20, 0.24) 
thin films deposited on the Pt/SiOE/Si substrate 
at 460 °C   before and after 10' switching cycles. 
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Fig.6 Fatigue characteristics of PLT thin film 
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Fig.7 Hysteresis loops of PLT thin films deposited on 
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Fig.8 Fatigue characteristics of PLT thin films 
deposited on the Pt/Si03/Si substrate at 460 °C. 
Pbn. BiLao. 2oTi03 and Pbo. BsLa0. EaTi03. 

is considered that excess Pb content compared to the 
stoichiometric composition inhibited the build-up of 
space charge at film-substrate interface [14]. On the 
other hand, in the film with too excessive Pb content, 
Pbo. 3*La0. 2oTi03, degraded film quality. This is 
probably due to the appearance of PbO as second phase 
in the films. 

CONCLUSIONS 

This paper has shown that perovskite PLT thin films 
could be obtained at 460 °C by multiple cathode 
rf-magnetron sputtering. And the substrate 
temperature and Pb content of the PLT thin films 
affected the ferroelectric properties. The PLT thin 
films deposited on Pt/MgO substrate exhibited squarer 
hysteresis loops and higher Pr values compared to the 

films on the Pt/SiOs/Si substrate. By lowering 
substrate temperature, fatigue resistance increased. 
In Pb-rich film exhibited better ferroelectric 
properties and fatigue resistance, compared to the 
film close to the stoichiometric composition. From 
the results presented in this paper, it is presumed 
that the Pb-deficiency at the film/substrate promoted 
the build-up of the space charge, thus accelerating 

fatigue. 
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Properties of PbTi03 Grown by the Multiple 
Magnetron Sputtering Method 

R. C. Hoffinan, K. K. Deb and D. A. Jackson 
Army Research Laboratory, Infrared/Optics Technology Office, 

Ft. Belvoir VA 22060 

^&>/rac?-Deposition behavior of lead titanate as grown on 
silicon substrates by the multiple magnetron sputtering 
method from metallic titanium and lead targets has been 
investigated. The films have been analyzed by RBS, SEM 
and x-ray diffraction to determine film composition, structure, 
and morphology. The perovskite phase of PbTi03 has been 
observed. Preliminary dielectric measurements indicate an sr 

of about 75 with a high loss tangent. The films will be used 
to fabricate a dynamic test device with the ultimate goal of 
fabricating a high performance uncooled infrared sensor 
array. 

Introduction 

Recently, ferroelectric thin films have found 
application in uncooled infrared sensors having low power 
consumption and light weight coupled with relatively high 
sensitivity. PbTi03 has a high spontaneous polarization and a 
high pyroelectric coefficient, giving PbTi03 a relatively high 
figure-of-merit for pyroelectric detectors [1-5]. Deposition of 
PbTi03 on Si substrates is crucial to integration of the sensor 
material with the thermal isolation structure and the readout 
circuitry. Sputtering has long been used as a method for 
depositing PbTi03, but conventional sputtering from a 
PbTi03 ceramic target suffers from a variety of deficiencies. 
These include shifting target composition during deposition 
and negative-ion effects which etch the film during 
deposition. Off-axis sputtering alleviates the negative-ion 
effect to a large extent, but suffers the disadvantage of low 
deposition rate. Multisector metallic targets composed of lead 
and titanium wedges allow for sputtering in oxygen at high 
deposition rates with reduced negative-ion effect [6]. The 
disadvantage of this method is the tedious adjustment of the 
surface area of the lead or titanium wedges to achieve 
stoichiometry. This adjustment process necessitates opening 
the system to perform adjustments. By sputtering from two or 
more metallic targets independently, one simply needs to 
adjust only the relative power delivered to the lead and 
titanium targets to achieve stoichiometry. 

In this paper we present experimental data on the 
preparation of PbTi03 thin films by the multiple magnetron 
method [7], as well as results of the compositional, dielectric 
and structural analyses. 

Experimental 

Description of Apparatus 

The apparatus for thin film PbTi03 deposition by the 
multiple magnetron method consisted of a vacuum chamber 
containing a rotating heater/substrate holder, gas feedthroughs 
and a three-gun magnetron sputtering head.     The  entire 

chamber was pumped to a 10"5 Pa background pressure by a 
turbopump. Samples were placed and removed by a movable 
sample arm. A load-lock chamber eliminated having to vent 
the sputtering chamber to air to remove or place samples. 
Argon was supplied to the Ti gun and oxygen was supplied to 
the substrate via a gas ring surrounding the substrate. This 
reduced the oxygen concentration near the Ti gun, increasing 
the sputtering rate of Ti. Because of the disparity in 
sputtering rates between Ti and Pb, two Ti targets were used. 

Deposition Conditions 

Typical sputtering conditions showed 600W of RF 
(Radio Frequency) power delivered to the two Ti targets and 
20-25W delivered to the Pb target. Ar pressure was typically 
5.3x10-' Pa, and O2 pressure was typically 6.0X10"1 Pa. The 
targets were presputtered for one hour prior to deposition. A 
typical deposition was 3 hr, giving a deposition rate of about 
100 nmhr1. The thin films were deposited on a variety of 
substrates. Si was used as a substrate to grow films needed 
for Rutherford backscattering (RBS) compositional analysis 
or x-ray diffraction. Si substrates coated with 200 nm of 
Zr02 as a passivation layer and 200 nm of Pt as a bottom 
electrode were used to conduct electrical measurements as 
were Si/RuOx substrates, which are known to exhibit superior 
electrical properties [8]. 

Properties of Deposited Films 

The as-deposited films were yellowish in color and 
adhere well to the substrate. The films were annealed at 
650C for one hour to form the perovskite phase. The x-ray 
diffraction data for a typical film are shown in Figure 1.  The 

40 30 29 (deg) 

Figure 1. X-Ray diffraction pattern of PbTi03 annealed thin film. 

(101) reflection is the strongest, but the (201), (111), (110) 
and (100) perovskite reflections are also present. There is 
also a residual pyrochlore peak. 

An SEM micrograph of two annealed films are shown 
in Figure 2. The split view shows a film as grown and 
annealed on a Si substrate (upper left), and a film as grown 
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Si Substrate 
about 10 at 30 Hz. In this test device the RuOx layers were 
approximately 200 ran thick and the PbTi03 layer about 300 
nm thick. 

l±-.-:.;\ 
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Future work 

The film growth techniques described will be used to 
integrate PbTi03 into a Si-based monolithic test device 
containing Pt resistance thermometers and internal heating 
devices to measure the dynamic properties of PbTi03 thin 
films as a detector material. Additional dielectric 
measurements will undertaken to determine and optimize the 
pyroelectric coefficient, dielectric constant, loss tangent and 
figure-of-merit of the PbTi03 devices. 
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Figure 2. SEM micrograph of annealed PbTi03 thin film. 

and annealed on a Si/Zr02/Pt substrate (lower right). The 
morphology of the film as grown on Si is essentially smooth, 
with some texture visible on the order of 1-3 micrometers. 
Micrographs of films grown on Si/Zr02/Pt substrates revealed 
the deleterious effect of bottom Pt electrode hillock formation 
on the subsequent growth of PbTi03. These films showed 
raised features on the order of 0.5 to 1 micrometer on the 
surrounding smooth area. It is suspected that these areas may 
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Figure 3. RBS compositional analysis of unannealed PbTi03 thin 
film. 

also be PbO rich. These raised areas apparently caused 
shorting of the bottom and top contacts in completed devices 
using Pt electrodes. 

RBS analysis of the unannealed as-deposited film 
showed a composition of PbTi0 7403 8 (Figure 3). The film 
showed a significant surplus of Pb which was probably 
largely lost on crystallization. The excess Pb was not 
necessarily detrimental as it has been shown to aid film 
crystallization [6]. 

Preliminary Dielectric measurements using a 
Si/RuOx/PbTi03/RuOx capacitor configuration showed a 
dielectric constant er of about 75, with a high loss tangent of 
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Abstract - A high quality BaTiOyp-Si interface was achieved at 

substrate temperature of 500°C by using RF magnetron sputtering. 
In-situ annealing at the same temperature was carried out to study the 
charge behavior of BaTi03 films on Si substrate. Depending on the 
annealing oxygen pressure and annealing condition, both polarities of 
effective oxide charge in the metal-ferroelectric-semiconductor, Au/ 
BaTiOyp-Si, structure was observed. It is believed that the density of 
electronic states, generated at the interface due to the asymmetry of 
the structure between BaTi03 and Si substrate, and the positive oxide 
charges, depending on the degree of the metal-oxygen reaction for 
different annealing oxygen pressures and annealing durations, deter- 
mine the behavior of oxide charge. 

INTRODUCTION 

Barium titanate (BaTi03) is a ferroelectric material possessing a 
very high dielectric constant which shows promise in future micro- 
electronic and photonic applications [1-3]. The electrical and struc- 
tural properties of the BaTi03 films are well characterized from 
different aspects based on a capacitor configuration of metal/ferro- 
electric/metal (MFM) [4]. However, depositing BaTi03 films on Si 
substrates is inevitable since the operation of many proposed devices 
relies on the field effect in silicon [5]. Characterization of the charge 
behavior and interface properties of BaTi03 films on Si have been 
studied through various deposition techniques with different deposi- 
tion conditions [6-9]. However, the study of the annealing effect, 
which is an important technique to improve the interface quality and 
control the charge polarity of the metal/ferroelectric/semiconductor 
(MFS) structure, on BaTi03 films, has been very few [10]. 

The charge behavior and interface characteristics of the capacitor 
with a configuration of Au/BaTiOyp-Si was studied in this experi- 
ment by using RF magnetron sputtering. The best performance of as- 
deposited BaTi03 films in terms of electrical and interface properties 

was carried out at a substrate temperature in the range of 470°C to 

550°C. By controlling different annealing oxygen pressures and 
annealing durations, both polarities of oxide charges were observed. 

EXPERIMENTAL DETAILS 

In this study, BaTi03 thin films were deposited on p-type (100) 
Silicon with resistivity of 1-4 ß-cm by using RF (13.56 MHz) mag- 
netron sputtering. The silicon wafers were ultrasonically cleaned in 
trichloroethylene, acetone, and methanol, followed by rinsing in 
deionized water several times. Buffer HF was used to remove the 
native oxide on the Si surface before Al was thermally evaporated on 
the back surface as a back ohmic contact. 

The total pressure, Ar + 02, of the sputtering chamber was main- 
tained at 10 mTorr with 02 partial pressure of 0.5 mTorr. A power 

density of about 4.9 W/cm2 was applied on one inch BaTi03 target 
with purity of 99.98%. The substrate temperature during sputtering 

was kept at 500°C. In-situ annealing durations, from 10 to 60 min, 
and annealing oxygen pressures, from vacuum to 1 mTorr, were con- 

ducted to study the charge behaviors and the interface properties of 
BaTi03 films on Si substrates. The thickness of the BaTi03 films was 
measured by an ellipsometry with a wavelength of 632.8 nm. The 
thickness of the BaTi03 films studied in this experiment was around 
240- 320 nm. To complete the MFS capacitors, Au dots, with a diam- 
eter of 0.66 mm, were thermally evaporated onto the BaTi03 films. 

The charge state densities of the MFS capacitors were deter- 
mined by high frequency (1 MHz) C-V measurements from a HP 
4280A 1 MHz C meter/plotter. Quasistatic C-V measurements were 
carried out to evaluate the interface state densities by a Keithley 
model 595 Quasistatic CV meter. 

RESULTS AND DISCUSSION 

High frequency (1 MHz) room temperature C-V measurements 
were carried out on the MFS, Au/BaTiOyp-Si capacitors. By com- 
paring with the ideal MFS C-V curves, the flat band voltage will be 
obtained for the ferroelectric films with a certain amount of trapped 
charges. A negative flat band shift implies effective positive charges 
residing at the BaTi03/Si interface. On the other hand, effective neg- 
ative charges cause the C-V curve to shift to more positive of gate 
bias with respect to the ideal C-V curve. Experimentally, it was found 
that the total charges in the ferroelectric BaTi03 film could be posi- 
tive or negative. The polarity of the oxide charges of the sputtered 
Ba1i03 films depends on annealing oxygen pressure and annealing 
duration under which the BaTi03 films were deposited. 

It has been found that MFS capacitors with a deposition tempera- 

ture in the range of 470°C to 550°C gave the best performance in 
terms of the electrical and interface properties. Fig. 1 shows the typi- 

cal high frequency C-V curve for BaTi03 films deposited at 500°C. 

Negative charges with a density in the range of 4.46xlOn/cm2 was 
found in Fig. 1. It was reported that by using the partially ionized 
beam deposition technique, the charge density at the BaTiOySi inter- 
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Fig. 1 Typical high frequency (1 MHz) C-V characteristics for BaTiC^ films 

deposited at 500°C. 
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Fig. 2 High frequency C-V characteristics for BaTi03 films deposited on Si 

at 500°C followed by in-situ annealing at the same temperature for 
30 min in (a) vacuum, (b) oxygen pressure of lxlO"5 Torr, and (c) 
oxygen pressure of 5X10"4 Torr. 

face can be dramatically controlled [7]. The positive oxide charges 
were believed to generated in the BaTi03 films due to the incomplete 
reaction between the oxygen and the metal atoms during BaTi03 film 
deposition. However, certain amount of the electronic states will 
reside at the interface due to the asymmetry of the structure between 
BaTi03 and Si substrate. If the oxygen ions have sufficient surface 
mobility, a more complete reaction between the oxygen and the metal 
atoms will be achieved. Different annealing oxygen pressures and 
annealing durations will determine the amount of positive oxide 
trapped charges in the BaTi03 film due to the degree of metal-oxygen 
reaction. Depending on the annealing conditions, insulator charge of 
both polarities in the Al/YSZ/Si3N4/Si02/Si structure was reported 

[5]. 
Fig. 2 shows the high frequency C-V curves for BaTi03 films 

deposited at 500°C followed by in-situ annealing at the same temper- 

ature for 30 min in (a) vacuum, (b) 02 pressure of lxlO"5 Torr, and 

(c) 02 pressure of SxlO"4 Torr. The charge densities of the corre- 

sponding films are in the range of positive 2.17xl012 /cm2, negative 

-4 -2 -1        0 1 
VOLTAGE(V) 

Fig. 3 High frequency C-V characteristics for BaTi03 films deposited on Si 

at 500°C followed by in-situ annealing at the same temperature in 
oxygen pressure of 5x 10"4 Torr for (a) 10 min, (b) 30 min, and (c) 60 
min. 

l.OlxlO12 /cm2, and negative 2.04xl012 /cm2, respectively. 
It is believed that in-situ annealing in proper oxygen ambient 

will provide more completion of the Ba-Ti-O reaction for the as- 
deposited film and consequently further reduce the amount of posi- 
tive oxide trapped charges in the bulk BaTi03. However, in-situ 
annealing in vacuum for as-deposited BaTi03 films resulted in oxy- 
gen deficiency in the bulk BaTi03 film which may introduce trapped 
holes into the oxide. The trapped holes which have been generated by 
impact ionization located at the Si/Si02 interface was also reported 

[11]. The shift of flat band voltage to more negative values and a little 
distortion of C-V curve were observed in Fig. 2(a) to support the 
deduction. If as-deposited BaTi03 films were in-situ annealed in a 
sufficient oxygen pressure, a more complete Ba-Ti-O reaction can be 
obtained resulting in the reduction in the number of sputtering posi- 
tive oxygen ions which remain unreacted in films during deposition. 
The results were confirmed by Fig. 2(b) and Fig. 2(c). For in-situ 

annealing in oxygen pressure greater than 5x10^ Torr, the C-V mea- 
surements showed no significant difference from Fig. 2(c) with the 
same annealing duration. 

Table 1:    Summary of the flat band voltage shift and the total oxide charge density for BaTi03 films deposited 

on Si at 500°C with different in-situ annealing oxygen pressures and annealing durations. 

Annealing oxygen 
pressure (Torr) 

Annealing duration 
(min) 

Film thickness 
(nm) 

C; (PF) <H VFB(V) Nox(/cm2) 

(as-deposited) (as-deposited) 300 788 78.1 -0.31 4.46xlOn 

Vacuum 30 268 1152 102 -1.03 2.17xl012 

lxlO'5 30 286 1038 98 0.53 l.OlxlO12 

5x10^ 30 303 1041 104.2 1.07 2.04xl012 

lxlO"3 30 305 1042 105 1.11 2.11xl012 

5X10-4 10 302 941 93.8 0.6 1.03xl012 

5x10^ 60 305 1092 110 1.09 2.17xl012 
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Fig. 4 High frequency and Quasistatic C-V characteristics of the MFS 
capacitors with BaT103 films deposited on Si at 500°C followed by 

in-situ annealing in 02 pressure of 5X10"4 Torr for 10 min. 

Fig. 3 shows the high frequency C-V curves for BaTi03 films 

deposited at 500°C followed by in-situ annealing at the same temper- 

ature in 02 pressure of 5X10"4 Torr for (a) 10min, (b) 30 min, and (c) 

60 min. The negative charge densities of the corresponding films are 

in the range of 1.03xl012/cm2, 2.04xl012/cm2, and 2.17xl0I2/cm2, 
respectively. Different annealing durations also determined the 
amount of positive oxide trapped charges in the bulk BaTi03 due to 
the degree of complete metal-oxygen reaction. This resulted in the 
electronic states at the interface making enough compensation for or 
exceeding the remanent positive oxide charges in bulk BaTi03 

depending on the annealing durations. However, for films annealed in 
02 ambient for more that 30 min, no further flat band voltage shift 
was observed. This is attributed to the saturation of metal-oxygen 
reaction under such annealing temperature. 

The flat band voltage shift and the effective oxide charge density 

for BaTi03 films deposited on Si at 500°C with different in-situ 
annealing oxygen pressures and annealing durations are summarized 
in Table I. 

Fig. 4 shows the typical high frequency and quasistatic C-V 

curves for BaTi03 films deposited on Si at 500°C followed by in-situ 

annealing in 02 pressure of SxlO'4 Torr for 10 min. The interface-trap 
density, located over the onset of inversion but not strong inversion 
evaluated base on a simplified approach [12], was in the range of 
9xl0n/eV-cm2 

CONCLUSION 

BaTi03 thin films have been successfully deposited on Si sub- 

strate with high quality BaTi03/Si interfaces at 500°C by using RF 
magnetron sputtering. 

Both polarities of effective oxide charge, depending on the 
annealing oxygen pressure and annealing duration, in the metal-ferro- 
electric-semiconductor, Au/BaTiOyp-Si, was observed. The density 
of electronic states, generated at the interface due to the asymmetry 
of the structure between BaTi03 and Si substrate, and the positive 
oxide charges, depending on the degree of the metal-oxygen reaction 
for different annealing oxygen pressures and annealing durations, 
determined the polarity of oxide charge. For the as-deposited film at 

500°C, a positive charge density in the range of 4.3xl0n /cm2 was 

detected. The negative charge density in the range of 1x10 /cm , 
however, was observed after in-situ annealing of the as-deposited 

BaTi03 film in an 02 pressure of 5x10   Torr for 10 min. 
Controllable polarity of oxide charge was achieved for the 

BaTi03 films deposited at 500°C through different annealing oxygen 

pressures and annealing durations. 
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PREPARATION OF Bi4Ti3012 THIN FILMS BY REACTIVE MAGNETRON 
SPUTTERING USING METAL TARGET AND THEIR EVALUATIONS 

Takashi Yamamoto and Hiroyuki Matsuoka 
Department of Electrical Engineering 
The National Defense Academy, Yokosuka, 239 Japan 

Abstract 
As sputtered ferroelectric and (001) oriented Bi4Ti30]2 thin films were prepared 

on a Pt/Ti/SiO /Si substrate at a comparatively low temperature around 330 C, by 
a reactive magnetron sputtering using Bi and Ti metal target. The chemical composition 
of deposited film is determined by the multi-element structure of target desinged by 
a sputtering yield of Bi and Ti, which was changed by the gas ratio of the Ar* and 02 

and the value of input rf-power. Dielectric constant was 100 at 1kHz. 
The remanent polarization and the coercive field were 7uC/cm and 
51.2 kV/cm, respectively. 

l.Intoduction 
Recently, with the progress of thin film technology, ferroelectric 

random-access memory (FRAM) have attracted much attension 
from the viewpoints of high density, nonvolatility and high 
access speed. As a candidate in FRAM material, PT, PZT, PLZT, 
BaTi03 and bismuth titanate(Bi4Ti3012), were studied mainly. 

Bi4Ti3012 (BIT) is a typical ferroelectric material with a high 
Curie point around 675°C and a strong anisotropy of crystal 
structure and resulting electrical properties. However, only 
several papers have reported on BIT for FRAM application, 
compared with above-mentioned other materials. 

Toyoda et al. reported the synthesis and properties of BIT thin 
films by sol-gel processing. A pyrochlore-free and (001) 
perovskite phase was formed only above 670 C. The remanent 
polarization and coercive field were 4 jtC/cm2 and 1.8 kV/cm, 
respectively and dielectric constant was 120.1' Nakamura et al. 
reported the preparation of oriented BIT thin films by MOCVD. 
The c-axis-oriented BIT films were grown on Bi2Ti207 buffer 
layer/Pt/Si02/Si substrate above 550*C. The remanent 
polarization and coercive field were 0.6 uC/cm2 and 
13 kV/cm, respectively and dielectric constant was 180.2) 

In this paper, stoichiometric BIT thin films were prepared on 
Pt/Ti/Si02/Si substrate by a reactive rf-magnetron sputtering 
in Ar and 02 pre-mixed gas using Bi and Ti metal targets 
with a multi-element structure. Ferroelectric properties were 
measured for FRAM application. 

2. Experimental procedure 
Schematic figure of multi-element target is given in Fig. 1. 

The inner and outer diameters of metal Bi and Ti were 
determined by some considerations of sputtering yield of Bi 
and Ti metal; ion energy = 380eV (input rf-power of 100W), 
used gas; Ar:02 = 50:50, chemical composition; Bi:Ti = 4 
:3. Table I shows the fabrication conditions of Ti and Pt lower 
electrode on Si02/Si substrate. The orientation of Ti and 
Pt films were (010) and (111), respectively. Table II shows 
the fabrication conditions of BIT film. 

3. Results and discussions 
Figure 2 show the X-ray diffraction patterns (XRD) of as- 

sputtered BIT films on Pt/Ti/Si02/Si substrate. As can be 
seen, any as sputtered BIT films showed a perovskite single 

B   i 

T   i 

90.00mm 

Fig. 1 Schematic figure of metal target for Bi4Ti3012 film. 

Materials Ti Pt 
RF power                         (W ) 100 100 
Substrate temperature       (°C) 220 400 
Gas pressure                    ( Pa) 1.0 1.0 
Sputtering time                 (min.) 15 2 
Target-substrate distance ( mm ) 35 35 
Sputtering gas                     a Ar Ar 
Thickness                         (A) 3500 8000 

Table I Sputtering conditions for Ti and Pt films as lower 
electrodes 

RF power (W) 
Substrate Temperature     ( C) 
Gas pressure ( Pa) 
Sputtering time (min.) 
Target-substrate distance ( mm ) 
Sputtering gas 

Table II Sputtering conditions for Bi4Ti3012 films 

100 
250-400 
0.7-5 
30-90 

35 
Ar:O2=50:50 

phase,(see 29 = (0010) and (0012) peaks), although a pyrochlore 
phase (Bi2Ti207) (29 = 30 deg.) was reported on the 
low substrate temperature below 630 C by sol-gel and 560 C 
by MOCVD.1'2' With changing the sputtering conditions, such 
as sputtering gas pressure and substrate temperature, grown BIT 
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thin films could be devided into four kinds of perovskite 
phases as shown in Fig. 2(a), 2(b), 2(c) and 2(d). The (0010) 
XRD peak in Fig. 2(a) is weak, while that in Fig.2(b) is strong 
and can be observed the c-axis orientation of BIT. 
The non-perovskite phases showed by black circles coexisted 
in Fig. 2(d). With increasing the substrate temperature, 
the (0010) XRD peak decreased and the back ground at the low 
29 angles region in XRD pattern increased. By such four kinds 
of XRD patterns, the sputtering conditions can be classified. 
Figure 3 shows the BIT crystallinity by various sputtering gas 
pressure (Pa) and substrate temperature ( C). Open triangles, 
squares, circles correspond to the crystallinity shown by the 
XRD patterns in Fig. 2(a), 2(c), 2(b). Moreover, with incresing 
the substratetemperature above 380 C, the crystallinity 
decreased as shown in Fig. 2(d) independent on sputtering gas 
pressure. In previous paper, we reported the fabrication of 
Pb(Zr0 53Ti0 47)03 (PZT) thin films on the same substrate, 

:(a) Pt(Hl)    |                    Si(004) 

: 

.____1__J , ^-,.       J 
2 8    angle      (deg) 

(b)   i     i 
rnoioi 

-P 

'■ 

■ i 

0- . v—.-___J *-,- 1 i i , , ,-, A , 1 ,' TT, : 

such as Pt/Ti/Si02/Si substrate by the same reactive 
magnetron sputtering using the Pb, Zr and Ti metal.3* 
The fabrication temperature of PZT perovskite phase was above 
500 C and is comparatively low, compared with those using the 
ceramic target (700t). In those fabrication process, first 
of all, a pyrochlore phase was fabricated and with increasing 
the substrate temperature, a single perovskite phase was 
fabricated. The pyrochlore phase of BIT was Bi2Ti207. 
As can be seen in Fig. 2, it was found that the pyrochlore 
phase was not easy to fabricate in the reactive magnetron 
sputtering. Figure 4 shows the typical cross section of BIT 
film on Pt/Ti/Si02/Si substrate by SEM. The surface of 

CO 

co 

co 
ca 

CD 

C 

Q. 
CO 

2d    angle      (de 8) 

250    300   350   400 

Substrate Temperature CO 

Fig. 3 BIT crystallinity at various sputtering gas pressure (Pa) 
and substrate temperature (°C). 

film was smooth and the same layer structure as that of the 
ceramics was not found. From the cross section, it was 
estimated that the deposition rate was 1.7 um/h under the 
sputtering conditions of 100 W, lPa, 330°C. That of PZT film 

n g 1 e      (et e g) 

j(d) 
;                    : ; 

: 1 

1 

. 

1 1 ' 1 •'■"■ 
L __u__J^ 

29    angle      (a eg) 

Fig. 2 X-ray diffraction patterns of Bi4Ti3012 film prepared by 
various sputtenng gas pressure (Pa) and substrate 
temperature (°C). (a); 5Pa, 330 C, (b); 3Pa, 330°C, 
(c); 3Pa, 300 C and (d); 2Pa, 380°C. 

BIT film 

Fig. 4 Cross section of BIT film on Pt/Ti/Si02/Si. 
Sputtenng conditions; 100W, lPa, 330 C 
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was 0.18 um/h under the sputtering conditions of 100 W, 5Pa, 
550°C. As the deposition rate was independent on the 
sputtering conditions in the reactive sputtering, 
the difference of deposition rates of BIT and PZT films was 
dependent on the chemical composition. Figure 5 shows the 
typical top surface morphorogy of BIT thin film. The piled 
up area with a diameter of 0.3 to 3 urn can be seen in every 
places and the hollow areas were divided into the smooth 
areas witha diameter of 5 urn. Figure 6 shows the typical 
micrograph of D-E hysteresis curve of c-axis oriented 
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Fig. 7 Displacement and stress distribution in BIT(1 urn) thin 
film on Pt(0.1pm)/Ti(0.1um)/SiO2(0.1um)/Si(lmm) 
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Fig. 5 Top surface of BIT thin film on Pt/Ti/Si02/Si 
Sputtering conditions; 100W, lPa and 330°C 
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Fig. 6 D-E hysteresis curve of BIT thin film on 

Pt/Ti/Si02/Si. Film thickness is 1.7 urn. 

BIT film on Pt/Ti/Si02/Si. The remanent polarization 
(Pr) and coercive field (Ec) were 7 uC/cm2 and 51.2 kV/cm, 
respectively, where the film thickness was 1.7 urn. 
The value of Pr was comparatively large in reported BIT 
thin films. It was reported that the values of Pr in single 
crystal BIT were 50 uC/cm2and 4 uC/cm2, respectively along 
the am- and cm-axis with 5 deg. with respect to a- and c- 
axis in monoclinic crystal structure and the value of Pr 
in ordinary BIT ceramics was 18 uC/cm2. When compared 
those values with our data, it might be certainly 
considered that the value of Pr was increased by the slight 
decline of crystal axis. 

Figure 7(a) and 7(b) show the displacement and stress 
distribution in BIT thin film on Pt/Ti/Si02/Si substrate, 
when cooled to 25°C from 500 C by a finite element method. 
The large displacements in x and y directions, i.e. into 
the plane were calculated, compared with those in z 
direction. As shown in Fig. 7(b), the compressive and 
tensile stress maintained the balance, because the BIT film 
was uniformly shrinked.   Therefore, the dielectric 
properties were not so affected by the stress. The dielectric 
constant was 100 at 1 kHz. 

4.Conclusions 
Oriented Bi4Ti3012 thin films were prepared by a 

reactive magnetron sputtering using a Bi and Ti metal. 
Some of the conclusions that have been made are: 
(a) C-axis oriented perovskite phase was prepared by a 
comparatively low substrate temperature around 350 C 
independent on the sputtering gas pressure. 
(b) BIT thin films were strongly oriented on Pt/Ti/ 
Si02/Si substrate. 
(c) Deposition rate was 1.7 um/h. 
(d) The remanent polarization and coercive field were 
7 uC/cm2 and 51.2 kV/cm, respectively and the dielectric 
constant was 100 at 1 kHz. 
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Abstrakt. Polycrystalline LiNbC>3 films on the stainless steel polycrystalline LiNbÜ3 and heteroepitaxial PbTiO3/(001)MgO 
substrates   fabricated   by   rf   cathode   sputtering   with   no films the origin of which is not yet elucidated is a fairly 
preliminary    polarisation    had    the    effective    longitudinal "convenient" phenomenon for applications. In this connection, 
piezoelectric modelus d33 = (6.0 -s- 8.5)-10"12 C\N. This value the present paper deals with a study of rf-sputtering LiNbC>3 

EXPIREMENTAL PROCEDURE 

is 60 • 80 percent of d33 for the poled ceramics of the same films. 
composition [9] and 30 -s- 40 percent of d33 for the ceramics 
determined from the dy values for a single crystal (a superficial 
estimation). The high "self-polarisation" of LiNbC>3 films first 
observed by N. Foster [2] may bearesult of their growth in a The 2 pm to 4 urn thick films were deposited on alumina, 
ferroelectric phase stainless steel and Pt substrates by rf cathode sputtering from 

Some characteristics of models of the dynamic strain the   LiNb03   powder   target   in  an   02   -atmosphere.   The 
sensors based on LiNb03 films are described. sputtering conditions were as follows: for the specific high- 

INTRODUCTION frequency power of 15 W/cm2 the substrate temperature varied 
from 360 to 500 °C, the oxygen pressure from 30 to 60 Pa and 

One of the fields of application of ferroelectric films is the target-to-substrate distance from 9 to 12 mm. The film 
connected with the use of the piezoelectric effect (devices on growth rate was 0,4-0,7 pm/h. 
surface acoustic waves, dynamic strain sensors, accelerometer From the data of X-ray studies  (x-ray diffractometer 
etc.) [1]. DRON- 3, CoKa , ß-filter) it follows that the films obtained at 

The   piezoelectric   effect   in   ferroelectric   films   was any combinations of parameters are the polycristallin LiNb03 

observed for the first time for LiNb03, films on the fused with no marked preferred orientation of crystallites.  X-ray 
quartz    substrates    fabricated    by    three-electrode    cathode diffraction showed no reflections of impurity phases, 
sputtering at the deposition temperature ranging from 330-390° The crystallites of LiNb03 films (electron microscope 
C   [2].    The   electromechanical   coupling   factor   Kt   for Tesla-613,  the Pt-C replica technique) had no clear faces, 
longitudinal thickness modes was found to be   -0,08 for the Their mean sizes increased from 0,01-0,02 pm to 0,2 - 0,3 um 
unpoled polycrytalline films obtained by this technique (for with ^ increase of substrate temperature and gas pressure 
LiNbC>3 crystals in the z-direction Kt=0.07). within above limits. 

The "self-polarization" of this kind during film growth The   unit  cell   parameters  of  the   films  having   the 
was    observed    for    heteroepitaxial    rf-sputtered    PbTiC>3 crystallite sizes of 0,1 - 0,3 pm in the hexagonal state were as 
/(OOl)MgO films [3-5]. It was established from domain etch follows: a = (5,146 + 0,003) A, c = (13,818 + 0,005) A and 
patterns that the value of "self polarisation" was about 0,7 of c/a = 2,69 (for bulk polycrystalline samples [9] and the target 
Ps  of the  single-domain  PbTi03  crystal  that  is  in  good powder a = (5,150 ± 0,001) A, c = (13,816 + 0,001) A and 
agreement with the pyroelectric coefficient value of 2,5-10-4 C- c/a = 2,69). Some properties of the films such crystallite sizes 
m'2-K"1 at room temperature reported in rf [4] for the same are described below. 
films   (for  single-domain  PbTiC>3   crystals  the  pyroelectric At room temperature the dielectric permittivity e = 35 - 
coefficient is (4 ± 0,5)-10~4 C-m^-K"1 [6]). 50 and the dielectric loss angle tangent tg5 = 0,05 - 0,07 at the 

It chould be noted that, as far as we know, such a "self- frequency f = 1,6 kHz and the measuring electric fild strength 
polarisation"   in the  films  of other  ferroelectrics  was  not E^ = 104 V/m (for boulk polycrystalline samples e = 42-48 
observed.   The   negligible   "self-polarisation"   seems   to   be and tgg = 0010 . 0013 [9])   M T > 3QQ OQ     g rapidly 

characteristic   of all   the   ferroelectric   films   fabricated  by increased that made measurements difficult. It should be noted 

^°d^APUtle
i
ring   (BaTu°3   ulmS   ™   VUbStrfS*,[I]' that for the LiNb03 ceramics the increase of tg8 took place at Pb(Zr,Ti)Ch   films  on  the  substrates   of platinised  AI2O3 u. .     ,           „      ,-, .   ,momrm v    .   '  ■>                                                 f                  z  J higher temperatures (T > 450  C) [9]. 

erami       j      .).                        ,.,„,,,,..„     , The dielectric hysteresis loops at the 50 Hz frequency 
At   the   same   tune,   the   high     self-polarization     of ,  ,       .      ,      .    _ ,,            ,             , , „i, 

were not recorded at the electric field strength up to 510' 
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V/m. 
The effective longitudinal piezoelectric modulus d33 of 

the films (the X3 axis is a normal to the substrate surface) 
measured by the quasistatic method [7] was in the range of (6,0 
- 8,5)-10"12 C/N (for the modified poled LiNbC>3 ceramics 
d33 = (10 + 0,5)-10"12 C/N [9]). The application of the 
external d.c. "depoling" 5-107 V/m electric field and the 
repeated heating to 500 °C did not result in the change of the 
d33 value of the films. 

The models of dynamic strain sensors having a mass less 
than 0,05 g were based on the LiNbC>3 films deposited on 
stainless steel substrates. They were flat chips with dimentions 
of 3 x 3 x 0,1 mm. The tests of these sensors were conducted 
using a standart fish-bellied beam which is usually osed in 
calibrating such sensors made of the bulk material at low 
frequencies. The sensors were pasted or welded (point electric 
welding) to the flat beam surface the strain of which was 
determinated by independent methods. It is clear that the 
piezoelectric signal of the sensor having no directivity diagram 
(complete rotational symmetry with respect to X3) must be 
proportional to the sum of main components of the strain 
tensor in the plane of conjugation with the surface of the object 
under test. In the case of the fish-bellied beam this sum is e(l-v 
), where s is the strain in direction of its axis and v is the 
Poisson's coefficientof the metal of which it is made. 

V 

ZH-V) 

Fig.l The piezoelectric signal of the isotropic sensor with the 
unpoled LiNbC>3 film as a function of the sum of 
main components of the strain tensor of the fish- 
bellied beam surface. 

Fig. 1 shows the piezoelectirc signal of one of such 
isotropic sensor as a funcion of the sum E(1-V). It can be seen 
from this figure that this dependence is linear in a wide range 

of measurements of this sum (from 10~9 to 10~4) and the sensor 
respose is great. 

DISCUSSION 

The polycrystalline LiNbÜ3 films very close in structure 
and properies to the bulk polycrystalline samples of the same 
composition were fabricated by rf cathode sputtering from 
stoihiometric targets. 

The lowering of the temperature at the beginning of the 
increase of tgö in the films is attributed to a small Li deficiency 

which, as shiwn in rf [2], may be eliminated by introducing the 
Li excess into the target. 

A direct support to the conclusions made in rf [2] that 
the substratial "self-polarisation" arises in rf-sputtered LiNbC>3 
films was given by the present study. Indeed, in a simple 
geometric model of noninteracting crystallites for the 
completely poled ceramics (all possible 180° domain 
reorientations) it is easily to obtain the following relation: 

-,   nil Inn 

d33 = — "2_1d^{6,ß)imededß 
In 0=0 ß=0 (1) 

where 
d33(d,ß) = (d15 + ^31)cos#sin2 0+d22sm3 6(4 cos3/?-3 cos/7) 

+d33 cos3 6,(2), 
where dy is the piezoelectric modulus of the LiNbC>3 crystal 
and d33 is the effective longitudional piezoelelctric modulus 
of the ceramics. Using the dy values of given in rf [10] d33 
was calculated (d33= 18-10-12 C/N). Hence, the effective 
longitudial piezoelectric modulus of the films ranges from 30 
to 40 percent of the maximum one for, the ceramics the 
relations (1) and (2) give virtually only the superficial 
estimation). 

It should be noted in conclusion that the high "self- 
polarization" of LiNbC>3 films seems to be a result of their 
growth in a ferroelectric phase. 
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Abstract 
The PLZT films highly textured in (110) orientation 

have been successfully grown on SrTi03-bufferred silicon 
substrates. The films deposited by pulsed laser deposition 
process are assumed to be formed via a two-sttp process, 
i.e., cluster adherence and phase transformation. The 
beneficial effect of using STO as buffer layers involves 
enhancing the kinetics of phase transformation from 
amorphous to perovskites. Thereby, the loss of Pb-species 
in the films is thus suppressed. The optimum dielectric 
constrants obtained are around Er=490 for PLZT/STO/Si 
films deposited at 550°C (1 mbar Po2) and post-annealed 
at 550 °C (1 arm Po; ) .Furthermore, the corresponding 
charge storage density is around Qc « 1.5^c/cm: ,at 50 
KV/cm,applied field strength. 

I. INTRODUCTION 
Lead base ferroelectric thin films, e.g. PbTiC>3 (PT), 

Pb(Zri_xTix)03   (PZT)  and  Pb1.xLax(ZryTi1.y)1.x/403 

(PLZT), have attracted a substantial amount of attention '~3 
due to their great potential for applications as pyroelecrric 
detectors, piezoelectric vibrators, electro-optic devices and 
nonvolatile random access memories. The pulsed laser 
deposition (PLD) technique, which has been successfully 
used   for    depositing    high-Tc    Yba2Cu307_x    (YBCO) 

superconductor films^-S, possesses several advantages in 
synthesizing oxide films and has, therefore, found extensive 
usage in synthesizing PZT-series thin films. 

Synthesis of PZT series thin films on Si-substrate, 
which is important for practical application, is even more 
difficult to obtain. . Therefore, the primary purpose of this 
paper involves systematically examining the effects of 
processing parameters on the characteristics of the 
deposited PLZT films. The sources which cause the 
formation of pyrochlore phase and the factors which result 
in Pb2+-ions deficit in the films are also discussed. 

II. EXPERIMENTAL 
The laser beam from XeCl laser (308 ran, Lambda 

Physik 205i) of an energy density of 3 J/cm2 was used for 
growing PLZT films via a pulsed laser deposition technique. 
In the single-step process, the films were deposited at 350° 
C~750°C in 1 mbar oxygen pressure (P02), which was 

followed by 10 minutes of annealing at depositing 
temperature (1 arm P02). In the two-step process, the films 

were  deposited  at  room  temperature  (0.01   mbar P02), 

which was followed by post-annealing at 350°C~550°C for 
10 minutes in 1 arm P02. The substrates used for growing 
PLZT via the above mentioned process were Pt-coated 
silicon (Pt/Ti/Si02/Si). Various kinds of materials were 

also used as substrates. Synthesizing the (110) textured 
PLZT films necessitated using the (110) SrTiOß (STO) 

films as a buffer layer. The textured buffer layer was 
obtained by growing the STO films onto P-type (100) 
silicon substrate at 650°C and 1 mbar oxygen pressure. 
The PLZT (5/70/30) films were then deposited on top of 
STO films, in situ, at 350°C to 650°C substrate temperature 
and 1 mbar, 0.1 mbar or 0.01 mbar oxygen pressure for 10 
minutes. The crystal structure of the PLZT films was 
examined via the X-ray diffraction technique (Rigaku, 
D/max-IIB). The capacitance-voltage properties of the films 
were measured using an H.P.4194A impedance analyzer; in 
addition, the charge storage density of the films was 
evaluated from charge-discharge signals in response to a 
square shaped pulse. 

III. RESULTS 
The effect of substrate temperature on the crystallinity 

of the PLZT films is shown in Fig. 1. This figure reveals 
that the phases which dominate the structure of the films 
change with the depositing temperature. Crystalline films 
can be obtained when the substrate temperature is higher 
than 350°C. However, those films deposited at either 350°C, 
400°C or 450°C are predominated with pyrochlore (7c) 
phases. Only when the substrate temperature has been 
increased to 550°C can the formation of the undesired 
pyrochlore phase be suppressed, which subsequently results 
in perovskite (P) phase. But the secondary phases (Z), 
which are zirconium containing oxides (Zr|.xTix02), start 
to appear and its proportion increases with depositing 
temperature. Only the diffraction peaks corresponding to 
the secondaiy phase are observable for the films deposited 
with the substrate temperature higher than 650°C. These 
results indicate that the temperature range at which the 
perovskite phase can be formed is very narrow when the 
oxygen pressure is controlled at 1 mbar for deposition and 
at 1 arm for annealing. 

Another set of experiments, which are to deposit the 

films at room temperature (0.01 mbar) and then post-anneal 
them at 550°C in a high oxygen pressure environment (1 
arm), are designed for the purpose of suppressing the 

vaporization of Pb2+-ions. Figures 2a~2d reveal that the 
crystal structure of the films changes with the annealing 
temperature. The as-deposited films are amoiphous with 
very diffuse peaks, which is of a relatively small intensity. 
Those appear at around 29=31°. The films annealed at 350 
°C still contain a significant amount of pyrochlore phase. 
The diffraction peaks which correspond to pyrochlore 
phase completely disappear when the films were annealed 
at 450°C or even at a higher temperature. The success in 
obtaining perovskite phase free of pyrochlore phase in 
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these cases implies that the cationic concentration supplied 
by the laser induced plume is of proper composition for 
forming the perovskite phase. No deficit in Pb2+-ions 
occurs in the as deposited amoiphous films; in addition, the 
post-annealing proceeded under 1 atm oxygen pressure at 

550°C does not cause any Pb2+-ions loss. Therefore, the 
occurrence of pyrochlore phase shown in 350°C-annealed 
films (Fig. 2b) must arise from mechanisms other than the 
Pb2+-ions deficiency in the films. 

The sequence of phase transformation of the room 
temperature deposited films closely resembles that of the 
sol-gel derived PLZT powders20. From this, it has been 
proposed that lead titanates compound (e.g. PbTiC>3, 

Pb2Ti2Ü6 etc.) were formed preferentially at an early stage 

of phase transformation; in addition, these compounds 
converted into the perovskite structure later through means 
of reacting with the residual Z1O2 and La2Ü3 particles. 

The same reacting sequence might also occur for the 
crystallization process of the PLZT films during annealing. 
Furthermore, a significant proportion of pyrochlore phase 
would be expected to coexist with the perovskite phase 
when the annealing temperature is not high enough. The 
transformation of pyrochlore phase into perovskite phase 
by combining with the unreacted Z1O2 (or La2Ü3) clusters 

can be completed only when annealed at a sufficiently high 
enough temperature. This is in accordance with the 
phenomenon observed in Figs. 2a~2d. Therefore, this 
phenomena implies that the PLZT perovskite phase 
synthesized by pulsed laser deposition process is possibly 
formed via a two-step process, i.e., (i) the adhere the 
species contained in the laser induced plume onto the 
substrate as clusters and then followed by (ii) transform 
those phase into a crystalline structure. 

Examining the mechanisms which influence the 
formation of the  phases other than the perovskite was next 
undertaken by precoating a thin layer of Pb or PbO on the 
substrate for the puipose of compensating for the loss of 

Pb-+-ions. The PLZT films were then deposited at 550°C 
(1 mbar P02) for 10 minutes and annealed at 550°C (1 atm 

Po2) for 10 minutes. Precoating a thin layer of Pb or PbO 

underneath the PLZT films is shown in Figure 3 a to have 
enhanced the formation of perovskite phase; in addition, the 
formation of pyrochlore phase has also been completely 
suppressed. However, a significant amount of PbO and Z 
phases appears. The presence of PbO peaks, which are 
indicated  by  the  triangular symbols,   suggests  that  the 
amount of PbO is abundant enough to compensate for the 
possible  Pb-loss  which  might potentially  occur during 
depositing process. The appearance of Z phase, which is 
similar to the one observed in the films in-situ deposited at 
a high substrate temperature (c.f. Fig. 1), can apparently be 

ascribed  to  the   loss   of Pb2+-ions.   These  piienomena 
therefore imply that the underlying PbO layer, which can 
effectively suppress the formation of pyrochlore phase in 
the initially grown PLZT films, is incapable of diffusing 
through the films to the surface so as to compensate for the 

Pb2+-ions loss. The deficiency in Pb2+-ions always occur 
for the thin film surface whenever they are synthesized at 
550°C in low oxygen pressure. 

The above results indicate that the substrate 
temperature should be limited when the films were 
deposited under 1 mbar P02, i.e. less than 550°C, in order 

to avoid the formation of Z phase in the in-situ deposition 
process. However, formation of perovskite phase has to be 
enhanced such that the presence of preferentially formed 
pyrochlore phase can be reduced. For this purpose, various 
kinds of substrates were tested. The PLZT films were in- 
situ deposited at 450°C/1 mbar and followed by 450°C/1 
atm   post-annealing.   Figure  3b   shows  that  among  the 
substrate materials examined only the SrTi03 surface can 

actually enhance the formation of the perovskite structure. 
The silicon surface can trigger the growth of the perovskite 
phase as effective as the Pt surface does; however,  a 
significant   amount   of   pyrochlore   phase   still   persists 
(labelled as Si and Pt). The Si02 surface of the fused 

quartz   substrates   completely   fails   in   nucleating   the 
perovskite phase such that only the pyrochlore phase is 
observable (labelled as Qz). The SrTi03 (STO) surface, no 

matter  whether  deposited   on   the   bare   silicon   or  the 
platinum coated silicon substrate, can completely suppress 
the formation of pyrochlore phase (labelled as STO(Si) and 
STO(Pt)). The success in synthesizing the perovskite phase 
on SrTi03 coated materials implies, again, that the species 
provided by the laser ablated plume are actually of proper 
proportion to grow PLZT films. 

The phenomenon that the SrTi03 buffer layer can 
markedly enhance the nucleation of perovskite structure has 
also been observed in the synthesis of Yba2Cu307 (YBCO) 
superconducting films, in which the preferred orientation of 
YBCO  films completely  imitate  the  orientation of the 
SrTi03 single crystal substrate.2' This phenomenon has 
been ascribed to the close match in the ciystal structures 
and the lattice parameters between STO and YBCO phases. 
This   same   mechanism   may   also   be   applied   towards 
PLZT/STO thin film system. Thereafter, the arrangement of 
cations and anions of STO layer would affect the atomic 
arrangement   of   PLZT   films.    Restated,   the   textured 
characteristics of the PLZT films might thus be modified by 
controlling the preferred orientation of the STO buffer 
layers.   Examining   such   an   effect   was   performed   by 
depositing the PLZT films on (110) preferred-oriented STO 
buffer layer. This layer was synthesized by pulsed laser 
deposition on (100) Si-substrate, at 650°C and 1 mbar P02. 

Figures 4 shows that the atomic arrangement of the 
PLZT films thus obtained are actually related to that of 
STO buffer layer. Those films are highly textured in (110) 
orientations. It demonstrates, again, that a sufficiently high 
enough substrate temperature (>450°C) is still required for 
triggering the growth of perovskite phase. The pyrochlore 
phase would be preferentially formed whenever there is no 
high enough driving force to overcome the energy barrier 
for nucleating the perovskite phase. This behavior is similar 
to that of the films deposited on Pt-coated silicon in the 
annealing   experiments   (c.f.   Figs.   2a~2d).   The   lowest 
substrate temperature required for completely converting 
the adhered species into perovskite phase is 550°C. Too 
high  of a  substrate  temperature  (650°C)  would,  again, 
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induces the loss of Pt>2+-ions and subsequently result in 
second (Z) phases. However, the conditions required for 
growing the perovskite phase on SrTi03 buffer layer are 

not as stringent as those placed on Pt-coated silicon. 

IV. CONCLUSIONS 
The PLZT films highly textured in (110) orientation 

have been successfully grown on SrTiC>3-bufferred silicon 

substrates. The films deposited by pulsed laser deposition 
process are assumed to be formed via a two-step process, 
i.e., cluster adherence and phase transformation. The 
beneficial effect of using STO as buffer layers involves 
enhancing   the   kinetics   of phase   transformation   from 

amorphous to perovskites. The loss of Pb2+-ions in the 
films is thus suppressed and is ascribed to the higher 

sticking coefficient of Pb2+-ions onto the SrTiC>3 surface 
than that onto Pt surface. The optimum dielectric constants 
obtained are around sr=490 for PLZT/STO/Si films 

deposited at 550°C (1 mbar P02) and post-annealed at 550° 

C (1 ahn P02). Furthermore, the corresponding charge 

storage density is around Qc=1.5 uC/cm2, at 50 KV/cm, 
deposited at 550°C (1 mbar P02) and post-annealed at 550° 

C (1 arm P02) Furthermore, the corresponding charge 

storage density is around Qc~1.5 nC/cm2, at 50 KV/cm, 

applied field strength. 
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Fig. 1 The x-ray diffraction patterns of PLZT films in-situ 
deposited on Pt-coated silicon (Pt/Ti/SiC^/Si) 

with substrate temperature varying from 350° 
C to 750°C under 1 mbar oxygen pressure. 
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Fig. 2 The   x-ray   diffraction   patterns   of  PLZT   films 
deposited  at  room  temperature  (Po2=0.01 

mbar), followed by (a) no annealing and (b) 
350°C, (c)450°C and (d) 550°C annealing (1 
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Fig. 3 The x-ray diffraction patterns of PLZT films 
deposited on Quartz (Qz), Si, Pt/Ti/SiC>2/Si 

(Pt), STO/Si (STO(Si)), STO/Pt/Ti/Si02/Si 

(STO(Pt)) at 450°C71 mbar, followed by 450° 
C (Po2=l atm) annealing. 
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Fig. 5 The variation of effective dielectric constant of the 
(110) PLZT/STO/Si films with the thickness 
of the films. 
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Fig. 4 The x-ray diffraction patterns of PLZT films 
deposited on (110) textured SrTi03 buffer 
layer with (a) deposition temperature varying 
from 350°C to 650°C under 1 mbar oxygen 
pressure . 
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ABSTRACT 

Fabrication of thick films of lead zirconate 
titanate (PZT) on buffered silicon substrates, 
and evaluation of its dielectric, ferroelectric, 
and electromechanical properties constitute the 
subject matter of this study. It has been 
demonstrated, for the first time, that crack free 
thick films of PZT can be fabricated on silicon. 
Films 12 urn-thick obtained by screen printing 
on a single pass show dielectric permittivity of 
200, tangent losses of 0.05, remanent 
polarization of 2.5 uC/cm2, and coercive field of 
40 kV/cm. The field induced longitudinal 
piezoelectric coefficient recorded 50 pC/N at 
appropriate drive and dc bias conditions. The 
piezoelectric voltage coefficient was calculated 
to be 36x10-3 V-m/N, larger than that of a poled 
bulk ceramic. These results are promising for 
the utility of PZT thick films in micromachined 
acoustic sensor arrays, vibration sensors and 
other applications. 

INTRODUCTION 

In the area of microelectronics, "thick 
film" has traditionally meant the application of 
specially formulated pastes onto an insulating 
substrate in a certain processing sequence to 
produce passive components; this, when 
connected to active devices and other discrete 
components results in the hybrid integrated 
circuit. Major applications for dielectric inks in 
a hybrid circuit include insulating layers in 
MLCs, crossovers, capacitors, encapsulation, 
and hermetic seals. Thick film circuits are 
printed on 99+% alumina, 96% alumina, 
beryllia and aluminum nitride, as conductors 
and dielectrics. With the enormous strides 
made in silicon micromachining, fabricating 
sensors and actuators on silicon, instead of 
ceramic substrates, in conjunction with on-chip 

electronics, provides the possibility of creating 
true micromechanical systems, a precursor to 
the integrated machines of the future. 
Ferroelectric films such as lead zirconate 
titanate (PZT) useful for sensing and actuation 
have, for the most part, been investigated for its 
utility in semiconductor memories where the 
thickness range of interest has been 100-350 
nm, primarily from considerations of 
polarization reversal voltage to be held lower 
than the operating voltage of 5 Volts. For the 
thicker films required for elasto-dielectric 
devices, in this study, the screen printing 
technology has been adopted from the now- 
mature hybrid microelectronics field to 
engineer "thin" thick films on silicon substrates; 
the films have been evaluated for its dielectric, 
ferroelectric and electromechanical properties 
to assess its utility in advanced 
micromechanical sensors. 

FILM PROCESSING 

The following ingredients constituted the 
thick film dielectric ink: sub-micron sized 
undoped lead zirconate titanate powders, 
obtained commercially, as the primary 
functional component; lithium carbonate and 
bismuth oxide as the bonding agent; a DuPont 
proprietary organic thixotropic printing 
vehicle; and oc-terpineol as the solvent. PZT 
powders and the additives were dispersed in 
alcohol, mixed in a vibratory mill for 24 hours, 
dried at 400°C, and screened through a 200 
mesh sieve. The powders were then mixed with 
the organic portion of the constituents which 
defines the rheological characteristics, and 
determines the printability of the ink; a three- 
roll mill aided in the final blending of the mix. 
The thixotropic paste is allowed to flow through 
the pattern on the screen by a rubber squeegee 
blade that traverses the surface of the screen at 
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a controlled speed, and deposits on to the 
substrate. After printing, the substrate is 
allowed to stand to remove the mesh marks, 
dried at 110°C for an hour to remove the 
solvents, and then fired in air. The maximum 
temperature at which the films could be fired 
was 850°C for 15 minutes; higher 
temperatures led to the blistering of the Ti/Pt 
underlayer. Densification studies by other 
researchers [1] of PZT thick films 10 um-thick 
on alumina substrates indicate that the films 
have to be sintered to 1150°C to reduce the 
number of pores. The solid loading of the inks 
was such as to yield a film thickness of 12 pm in 
a single pass, the thickness profiles being 
recorded by an Alpha-Step 100 profilometer. 
The X-ray diffraction pattern of the films fired 
at 850°C indicated the formation of single phase 
perovskite structure. 

ELECTRICAL CHARACTERISTICS 
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Fig. 1 Leakage current density plotted as 
function of applied electric field, to determine 
the breakdown field. In this figure, the 
breakdown field is at around 440 kV/cm. 

The dielectric permittivity and dissipation 
losses were measured on an HP 4274A multi- 
frequency LCR meter at frequencies ranging 
from 100 Hz to 100 kHz, with top platinum 
electrode diameters varying from 0.8 mm to 
6.35 mm; this is recorded in Table I. The lower 
permittivity of the PZT films, compared to the 

bulk, may be attributed to the less than 
completely densified films. The dielectric 
breakdown strength of the films were obtained 
by measuring the leakage current as a function 
of applied field (Fig. 1) at 5 kV/cm intervals; the 
leakage current density at fields lower than the 
breakdown voltage was in the pA/cm2 range. 

Table 1 Frequency and electrode size dependent 
dielectric properties of 12 pm-thick screen 
printed PZT films 

Electrode 
diameter 

Relative Permittivity, e r tan 8 

100 Hz 1kHz 10 kHz 100 kHz 100 Hz 1kHz 10 kHz 100 kHz 

0.8 mm 320 220 270 250 0.06 0.06 0.06 0.09 

1.6 mm 240 220 200 180 0.05 0.05 0.06 0.08 

2.77 mm 210 190 160 130 0.06 0.08 0.12 0.33 

3.175 mm 190 170 150 120 0.06 0.08 0.12 0.35 

3.56 mm 200 180 150 100 0.095 0.09 0.15 0.59 

5.94 mm 230 200 170 110 0.099 0.105 0.16 0.65 

6.35 mm 230 200 170 90 0.08 0.095 0.17 0.86 
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The breakdown strength of the films is 
approximately 450 kV/cm. The high 
temperature capacitance measurement 
showed that the Curie point of the films was at 
about 360°C, slightly lower than the bulk 
ceramic value. 

The polarization hysteresis plot of the 
films is shown in Fig. 2; the remanent 
polarization and coercive field are 2.5 uC/cm2 

and 40 kVcm, respectively. The hysteresis 
traces in the figure has been taken at applied 
fields of 100 kV/cm to 175 kV/cm, at 25 kV/cm 
intervals. The remanent polarization is higher 
than that reported on PZT films with PbO 
additive [2], and comparable to that of PZT films 
with lead germanium silicate additive [3]. 

The field-induced displacements of the 
films were measured with a double beam laser 
interferometer that has the capability to 
measure strains of the order of 10"2 A with a 
lock-in amplifier [4]. Plotted in Fig. 3 are the 
film surface displacements as a function of ac 
exciting electric field at two different dc bias 
fields. The linear plot shows that the films 
confirm to the converse piezoelectric effect. 
The longitudinal piezoelectric strain coefficient 
d33 calculated from the strain and the probing 
field is plotted in Fig. 4 as a function of dc bias. 
The maxima is at 50 pC/N, beyond which d33 
drops; this is predominantly a reflection of the 
weak field dielectric response under cyclic bias, 

what with the polarization charge saturating at 
high applied fields. The piezoelectric voltage 
coefficient g33 derived from d33 and the low 
signal relative permittivity £33 under the same 
conditions is shown in Fig. 5. At 40 kV/cm dc 
bias and 4 kV/cm driving field, at which d33 is 
maximum (Fig. 4), the piezoelectric voltage 
coefficient is 36x10-3 V-m/N; the poled PZT 
bulk ceramic of equivalent composition shows a 
magnitude of 20x10-3 V-nVN [5]. 
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Fig. 3 Displacement of the film surface as a 
function of ac field at constantly held dc bias of 
40 and 120 kV/cm. 
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Fig. 2 Polarization-electric field hysteresis 
traces of the 12 um-thick PZT film at applied 
fields varying from 100 (inner loop) to 175 
kV/cm (outer loop), at 25 kV/cm intervals. 

Fig. 4 Effective longitudinal piezoelectric strain 
coefficient d33 variation with dc bias; the slope 
of displacement-voltage curve yields the 
effective d33 
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Fig. 5 Piezoelectric voltage coefficient g3 3 
which is the ratio of open circuit field to 
mechanical stress plotted at varying dc bias. 
The data has been culled from the dielectric 
response and d33 response to dc bias. 

SUMMARY 

This is the first study to demonstrate that 
crack-free thick films of PZT can be fabricated 
on silicon substrates; earlier studies have used 
alumina or stainless steel substrates. The 
motive    has    been    to    combine    silicon 

micromachining with screen printing with the 
expectation of realizing a broad range of sensors 
including vibration sensors and arrays of 
ultrasound detectors. To assess its utility in 
these devices, the dielectric, ferroelectric and 
piezoelectric properties were evaluated. The 
magnitude of the longitudinal piezoelectric 
voltage coefficient is indicative of its feasibility 
in the thickness and hydrostatic mode for 
sensing. 
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Abstract. The Pb(Zr,Ti,W,Cd)03 (PZT) films were 
deposited by rf-sputtering of stoichiometric targets in an 
oxygen atmosphere. Epitaxial films had a tetragonal unit 
cell at room temperature. The unit cell parameter vs 
temperature curve showed a kink at phase transition 
temperature characteristic of the bulk material. 
Polycrystalline films had a pseudocubic unit cell. In spite 
of the presence of a full set of ferroelectric properties no 
anomalies in the temperature dependence of the unit cell 
parameter at phase transition were observed. The only 
evidence of the presence of the structural phase transition 
to ä cubic phase was the essential decrease of intensity of 
X-ray reflections with an odd sum of indices as in the 
epitaxial films. Just these reflection intensities are most 
sensitive to the displacement of Zr and Ti cations with 
respect to Pb on approaching the Curie point temperature. 

Introduction 

A study of the properties of thin ferroelectric films is 
of great interest because of the "possibility of their 
microelectronic applications. A study of characteristics of 
polarization switching (switching time, polarization value, 
ageing, fatigue etc.) is now the focus of attention that is 
due to the possibilities of using films as nonvolatile 
memory devices. All available data on the film crystal 
structure of the film (type of distortion of the unit cell, 
special features of manifestation of structural phase 
transitions, domain structure type etc.) determining to a 
large extent their physical properties are insufficient and, 
sometimes, contradictory. There are many published works 
on distinction of the film structure from the structure of 
the bulk material of the same composition [1-6]. For 
instance, the possibility for the boundary between the 
tetragonal and rhombohedral phase in PZT films to be 
displaced either to the PbTi03 side [1] or to the PbZr03 
side [2] was reported. The essential distinction of the 
unit cell parameters of the films from those of the 
ceramics [1,3,4-6] and the rise [2,3,5,7] or the lowering 
[2] of the structural phase transition temperature in the- 
films was found to be also possible. ! 

The distinction between crystal structures of the film 
and the bulk material discussed in rare cases is expected 
to be due to the difference in the film and substrate unit 
cell parameters and their thermal expansion coefficients 
[4,7-9]. However, in the limits of only these 
assumptions we shall be hardly able to explain the 
observed considerable increase (to 4.22 Ä [6]) or 
decrease (to 4.08 Ä [3]) of the unit cell parameter c of 

the PbTi03 film in comparison with the normal one (c = 
4.15 Ä). Furthermore, it is impossible to explain in terms 
of film-substrate interaction the additional increase of the 
Curie point temperature Tc in PbTi03 films from 550 to 
600 °C after removal of the substrate [5] (Tc of the bulk 
material is 490 *C). The present paper reports new results 
on a study of peculiarities of structure and phase 
transitions of epitaxial and polycrystalline PZT films 
which give rise to some other questions. 

Experimental Procedure 

PZT films were rf-sputtered in the pure oxygen atmos- 
phere. The hot-pressed ceramics of the composition 
Pb(Zr,Ti,W,Cd)03 corresponding to the region of co-ex- 
istence of the tetragonal (T) and rhombohedral (R) 
phases with the unit cell parameters aT= 4.06, cT= 4.12 A, 
and aa= 4.075 Ä, <^= 89.76°, respectively, were used as 
targets. The films were deposited on (OOl)MgO crystal 
cuts and polycrystalline Pt and alumina under the oxygen 
pressure P = 0.8-1.4 torr and at the substrate temperature 
T = 500-600"C. The thickness of epitaxial and 
polycrystalline films ranged from 0.3 to 0.5>um and from 
1 to 2 .um, respectively. X-raying was performed on 
difractometer DRON-3 (Cu Kot, Co Yd) in the attachment 
GP-13 for polycrystalline samples supplied with a furnace. 

Results and Discussion 

Epitaxial films At room temperature, only different 
orders of the same reflection corresponding to the 
parameter c,= 4.100 + 0.002 X close to the c parameter 
of the initial target were recorded from the surface of the 
films deposited on single-crystal substrates. The data on 
reflections recorded from the crystallographic planes of 
the films not parallel to the surface (hkl,hkl,hkl) indicated 
that the films were epitaxial with [100] ,(001)//PZT 
[100],(001) MgO orientation. Interplanar spacings from 
the (224), (2^4) and (22?) - planes were found to be 
the same within the experimental error (&d = 6*10"* A) 
that allowed one to regard the unit cell distortion as 
tetragonal. The parameter c* vs temperature curve having 
the drop characteristic of the parameter cTof the 
tetragonal unit cell of the bulk material on approaching 
Tc and the kink in the vicinity of Tc (the Curie 
temperature of the bulk material is 365°C) is an evidence 
in favour of this assumption (see Fig.l). The unit cell 
parameter a** along the substrate surface calculated under 
this assumption was found to be 4.074 + 0.01 A that is 
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Figure 1. The temperature dependence of unit cell 

parameters of the epitaxial (1) and polycrystalline (2) 
PZT film. 

slightly larger than aTfor the bulk material. The unit cell 
parameters calculated on the assumption of rhombohedral 
distortion a =4.100 A, §tf-J<0.04° were in much worse 
agreement with those of the initial target. 

The observed absence of the tetragonal splitting in 
XRD patterns and the preferred c-orientation in epitaxial 
PZT/(001)MgO films were not surprising. Previously, we 
have proposed a model which allowed the prediction of 
the domain structure type of epitaxial films (the preferred 
a- or c-orientation) under the assumption of a rigid 
adherence of the film with the substrate [10]. This 
assumption implied the equality of the tangential 
geometrical sizes of the film to those of the substrate both 
at the deposition temperature and at room temperature. 
This model took account cf the values of thermal 
expansion coefficients of the film and the substrate and 
the value of spontaneous deformation of the film unit cell. 
The model was expected to be valid for relatively thick 
(0.2^um) films and it correctly predicted the absence of 
a-domains in epitaxial (Ba,Sr)TiO3/(001)MgO films and 
the presence of approximately 30 per cent of a-domains 
in the case of PbTiO3/(001)MgO ones. These predictions 
were confirmed by X-ray studies and the observation of 
domain structure (electron microscopy) [10]. In the 
limits of this model, on cooling the epitaxial 
PZT/(001)MgO films the phase transition is expected to 
take place under the conditions of strong planar 
compression which can be only partially decreased at the 
expense of the formation of the completely c-domain 
structure. However, the dependence of the diffraction 
reflection half-width on temperature induced us to doubt 
the complete c-orientation of the films. Figure 2 repre- 
sents these dependences for PZT/(001)MgO (curve 1) 
and BST/(001)MgO (curve 2) films. It can be seen from 
this Figure that unlike the completely c-domain BST films 
where one can observe the increase of the reflection half- 
width on approaching the Curie temperature, the reflection 
half-width markedly decreased in PZT films upon heating. 
A possible explanation of the different behaviour of 
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Figure 2. The temperature dependence of the 
diffraction reflection width of epitaxial PZT/ (OOl)MgO 
(curve 1) and c-domain (Ba,Sr)Ti03/ (OOl)MgO [7] 
(curve 2) films. 

temperature dependences of the reflection half-width in 
BST and PZT films is in the assumption of the 
polydomain state of the PZT film. In this case, the 
reflections observed in XRD patterns must consist of the 
hOO- and 001- type components which are not splitted 
because of the increased half-width of individual 
reflections. The artificial separation of the observed lines 
into two reflections showed the possibility of existence of 
25 per cent of a-domains in the epitaxial PZT films. The 
tetragonal unit cell parameters (c = 4.108 and a = 4.075 
A) defined after the separation were found to be closer to 
the starting material than those determined initially. 

The appearance of a-domains in epitaxial 
PZT/(001)MgO films in spite of their predicted absence 
in accordance with the above mentioned model of rigid 
adherence of the films with the substrate may be due to 
the existence of the transition layer of the impurity phase. 
The presence of this layer was established by electron 
microscopy studies of the side cuts of the films and 
confirmed by X-ray studies after chemical removal of the 
perovskite film. This layer may play a role of a damping 
one partially releasing the film from the mechanical 
influence of the substrate. 

Figure 3 represents the variation in integral intensity 
of the 003 reflection as a function of temperature. The 
considerable drop accompanying the phase transition is 
observed in the region corresponding to the kink in the 
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c(t) curve (Fig.l, curve 1). The estimations of the 
possible variation in intensities corresponding to the 
P4mm -»Pm3m phase transition were made by calculating 
the structural factors for both space groups. In the 
tetragonal phase the coordinates of Pb, Ti, and 0 atoms 
in PbTi03 were used as coordinates of Pb, Ti(Zr), and 
0 atoms in the PZT film. In the cubic phase the 
coordinates of Pb, Ti, and O atoms were supposed to be 
000, 1/2 1/2 1/2, and 1/2 1/2 0, respectively. The ratio 
of thus calculated intensities before and after phase 
transition was expected to be "2. The probable presence 
of a 300 component in the reflection would decrease this 
ratio. However, the observed ratio was about 5. The 
difference of the observed and calculated data may be due 
to the structure imperfection of the material in both film 
phases which does not allow the use of the formulae of 
structural factors valid for the ideal perovskite structure. 
The second possible reason of the difference is the 
presence of accidental point defects. 

Polycrystalline films The films on polycrystalline 
substrates were polycrystalline with no preferred crystallite 
orientation. The unit cell could be determined only to a 
pseudocubic approximation with the parameter a = 4.110A 
that is close to the parameter c of the tetragonal unit cell 
of the starting ceramics. As can be seen from Figure 1 
(curve 2), however, no anomalies in the temperature de- 
pendence of the unit cell parameter in polycrystalline 
films were observed. In contrast to epitaxial films, the 
diffraction reflection widths remained practically constant 
over a whole temperature range (20-550*C). At the same 
time, the films possessed a set of ferroelectric properties 
such as the presence of switchable polarization, 
piezoactivity, and the maximum on the dielectric 
permittivity vs temperature curve. The only "structural" 
evidence of the transition of the film to a cubic phase 
was, as in the case cf epitaxial films, the drop in integral 
intensity of reflections with an odd sum of indices. 
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The Control of Ferroelectric Film Texture upon RF Sputtering 

Azamat Bakirov, Evgeny Sviridov and Vladimir Dudkevich 
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Abstrakt. Polycristalline Pb(Zro.53Tio.45Wo oiCdo.01)^3 
films on the strainless steel substrates were fabricated by rf 
sputtering the stoichiometric ceramic targets in an O2- 
atmosphere. The effect of potential U^ biasing the substrate 
with respect to the high-frequency discharge plasma on film 
microstructure was studied. It was established that the main 
effect is the formation of the (001) texture at U^ < -20V on 
nonorienting substrates. The origin of this effect is discussed. 

Introduction 

The appearence of the preferred crystallite orientation 
(texture) in the ferro-electric and superconducting films of 
complex oxides fabricated by vacuum evaporation [1] and 
cathode sputtering [2-4] was observed by many investigators. It 
is common knowledge [2-4] that in the sputtering technique 
the texture character depends on the substrate temperature, the 
gas pressure and, to a lesser degree, on the substrate material. 
The effect of the potential shifting the substrate with respect to 
the high-frequency discharge plasma on the texture of PbTiC>3 
films was reported in RF [3]. However, the complex studies 
the results of which could be a foundation for understanding 
the mechanism of the texture formation in the future were not 
carried out. In this connection, the present paper deals with a 
study of the effect of the bias potential on the texture of 
Pb(Zr0.53Tio.45Wo.OlCd0.ol)03 films. 

Sputtering Condition and the Film Composition 

Raw polycrystalline Pb(Zr0.53Tio.45Wo.oiCdo.oi)03 

films of about 3 urn thickness were deposited on stainless steel 
substrates (40 x 30 x 0,1 mm3 ) by pulse rf sputtering from 
stoichiometric ceramic targets in the pure O2 -atmosphere. The 
gas pressure was 90 Pa, the target-to-substrate distance was 7 
mm, the substrate temperature was 600 °C, the mean high- 
frequency power was 18 W/cm2, the pulse duration was 200 u 
s, the pulse pause was 300 us and the potential biasing the 
substrate with respect to the earth setup base plate and the earth 
high-frequency oscillator pole (13,6 MHz) varied from -80 to 
+ 80 V. 
The electron microscope Tesla-613 (the direct Pt-C replica 
technique) and the X-ray diffractometer Dron-3 (CuKa,FeKa, 

ß-filter) with the Bragg-Brentano focusing were used to control 
microstructure and the texture character. The Bragg-Brentano 
focusing is useful in studying the textures because only the 
crystallites the corresponding crystallografic planes (hkl) of 
which are parallel to the sample surface contribute to the 

formation of the HKL reflection. 

Results and Discussion 

The film composition in its main metallic components 
(Zr/Ti and Pb/(Zr+Ti)) was the same as the target one. The 
error of determination of the above ratios was ± 0,03 due to 
the averaging over twenty "points" for every sample. The 
oxygen, W and Cd contents were not determined. 

The effect of the bias potential Uj, on the film 
composition was negligible; however, the mean crystallite size 
slightly increased (from 0,4 to 0,6 um) on varying Uj, from 
+ 80 to-80 V. 

No splitting of reflections into multiplets connected with 
the existance of spontaneous deformation and 90° twinning was 
observed in X-ray diffraction patterns and only the component 
of each multiplet corresponding to the largest interplanar 
spacing was recorded. This effect seems to be a result of two- 
dimensional compression of the film by the substrate because 
the splitting of reflections was observed after the separation of 
the films from the substrates for polycrystalline (K,Na)Nb03 
films obtained by rf cathode sputtering [5]. 

It was established from X-ray diffraction patterns (that the 
bias potential Uf, had no marked) effecton the angular 
position of reflections but caused the relation of their 
intensities to be changed. Fig. 1 represents the results of 
measurements of integral intensities. Here, the relations of 
intensities of the three brightest reflections (002, 011 and 
112) to their total intensity, that is, the values of Io02^' 
IOli/E and l\\2^, where I = I002+ !oil+ Jm» were 

plotted as ordinate to characterize the texture. Horisontal 
lines show the corresponding relations for the powder of the 
same composition, that is, for the nontextured sample. It can 
be seen from this Figure that the formation of nontextured 
polycrystalline films took place at Ub > +20 V, and at Ut, 
< +20 V the (001) texture was formed, that is, the 
unnormally large number of crystallites occupied the (001) 
plane parallel to the substrate. The degree of the texture 
increased with the decrease of Uf, and at Uj, < -60 V the 
formation of the 100 per cent (001) texture took place. This 
result agrees well with the data on the formation of the (001) 
texture in PbTiC>3 films on Si substrates biased negatively 
with respect to the high-frequency discharge plasma. 

We have carried the test which was a direct evidence of 
the important role of selective sputtering of nuclei of different 
orientattion on the nigatively biased substrate. The target 
being a dielectric substrate was sputtered. One part of the 
substrate was covered with a film having the strong (001) 
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texture and other part with a nontextured film. It was found 
that the rate of ionic etching of the second part is four times 
as high as that of the first part. Moreover, X-ray difraction 
patterns of the second part showed the drastic increase of the 
relative intensity of 001 and 002 reflactions after etching. 
Further work is needed to discuss the origin of texture in 
more detail. 

SO  -60   -W  -20    0    20   HO     %.V 

Fig. 1. The change of the crystallite orientation in 
the Pb(Zro.53Tio.45Wo.OlCdo.ol)03 film 
depending on the potential U^, biasing the substrate 
with respect to the high-frequency discharge plasma. 
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Abstract    -        The    ac    conductivity    and    dielectric 
relaxation behavior of        uniaxially stretched 
polyvinylidene fluoride (PVDF) films ( ~ 25 urn 
thick) has been measured in the temperature range 
77-400K and in the frequency range 100 Hz - 10 
MHz. In the low temperature region up to 100K, 
the measured ac conductivity is nearly independent 
of temperature and shows strong frequency 
dependence    which    could    be    well    described    by   the 

relation, a(0ü) = Ato , where the exponent 's' has 
been found close to unity. At temperatures above 
200K, the ac conductivity shows a strong 
temperature    dependence. The     measured    dielectric 
constant in this temperature region shows a 
frequency     dispersion. The    activation    energy    of 
the    relaxation    calculated     by    Fuoss    approach    is 
~0.18      eV       confirms      the      existence      of      dipolar 
relaxation    around    260K    and    is    identified    as    the 
ß-relaxation. 

year the PVDF film poled at 378K retain about half 
of    their     initial     properties     [3] . A     review     of 
physics and chemistry of PVDF reveals that it is 
a unique polymer and its ferroelectric behavior 
combined with its superb mechanical properties 
and ease of fabrication makes it more useful for 
piezoelectric and pyroelectric applications. PVDF 
is a serious contender with its more conventional 
ceramic counter part and exhibits advantages over 
it for use as hydrophones and also in the design 
of new transducers especially a needle type 
hydrophone     [4]. Very    little    data    on    dielectric 
relaxation behavior of PVDF have been reported 
in literature [5,6] , however, the detailed studies 
of mechanism of low frequency ac conduction and 
dielectric    relaxation    behavior    are    lacking. The 
present investigation is an attempt to provide data 
for low frequency ac conduction and dielectric 
relaxation of solution grown and uniaxially stretched 
PVDF  films. 

INTRODUCTION EXPERIMENTAL 

The practical applications of polymeric materials 
have given a great stimulus to the studies of their 
dielectric    and     electrical    properties     [1] . There 
have been a large number of studies [1,2] of long 
chain linear polymers but the interpretation of their 
relaxational behavior remains uncertain. The study 
of dielectric constant ( e' ) and loss ( e") as a 
function of frequency and temperature is very useful 
in understanding the relaxation phenomena in 
polymeric     materials     [1,2]. These     studies     have 
revealed two or three types of relaxation processes 
namely; a, ß, Y respectively which in their turn 
appears from high temperature side to low 
temperature side or low frequency side to high 
frequency side [2]. The a-relaxation or the primary 
relaxation process is attributed to the rotation of 
dipoles from one quasi-stable state to another in 
which the diffusional motion of the segment occurs 
whereas   the ß-relaxation    is   associated    with   the 
partial orientation of dipoles in the range of local 
environments where the large scale rearrangement 
of the   main  chain is frozen. 

After    the    discovery    of    piezoelectricity    in    PVDF 
[3] ,     the     interest     has      been     generated     for     its 
piezoelectric     and     pyroelectric     applications     during 
the    last   two    decades.        PVDF   is   polymerized    from 
its    monomer    VDF    which    has   a   large   dipole    moment 

-13 (u)   of  7.56   x   10      cm  and   then  this   polymer   (PVDF) 
may   also   exhibit   a   large    net   dipole    moment   if   it 
crystallizes   into   a   suitable   phase    [3] .       At   present 
four   crystalline   phases       a ,     ß,    Y   and     6   of   PVDF 
are     known. The     crystallization     from     melt     at 
atmospheric    pressure    produces       a-phase    which    is 
nonpolar,      nonpyroelectric     and     nonpiezoelectric     in 
nature.        However,    the     ß-phase   of   PVDF    has    made 
it      most      important      because      it      is      intrinsically 
piegoelectric.       The       ß -phase  is achieved by uniaxial 
or   biaxial   stretching   of   the   melt   crystallized   PVDF. 
Investigations    have    revealed   that   PVDF    has   a   long 
term     temperature    stability     which     even    after    one 

PVDF    in    white    powder    form    was    obtained    from 
M/s.    Polysciences,    USA. Films    of    PVDF    ( ~    100 
Urn - 300 um thick) were prepared by solution 
evaporation technique described elsewhere [7] . 
The films were very smooth and translucent in 
appearance. Small pieces were cut from the films 
and were uniaxially stretched at an elevated 
temperature 433K    by    using   a   especially   designed 
stretching device. A stretching ratio of 1:5 was 
achieved. Aluminium films were vacuum deposited 
on both sides of the stretched film thus making 
a       metal   - polymer-metal       structure. The       ac 
conductivity     [      a        ( w )]     and     dielectric    constant 

(e' ) were measured by using a GR1615A capacitance 
bridge in the frequency range 100 Hz - 100 kHz 
and by HP4192A-LF Impedance Analyser in the 
frequency range 100 kHz - 10 MHz in a especially 
designed three terminal cell. The dc conductivity 
was   measured   by  a  Keithley  617 electrometer. 

RESULTS   AND   DISCUSSION 

The    measured    ac    conductivity     [     a     ( a) )]    as    a 

function of reciprocal temperature in the range 
77-400K and in the frequency range 100Hz - 100kHz 
of uniaxially stretched PVDF film is shown in Fig.l. 
At       low       temperatures       a       frequency       dependent 

conductivity described [8] by a (w ) = AtoS is 
observed where the exponent 's' is observed to 
be less than unity. The activation energy of the 
carriers calculated at 77K is ~ 0.012 eV gives the 
evidence of electronic hopping conduction [9] at 
low temperatures. An estimate of the density of 
states   near   the   Fermi   level   N(E   )    can    be   possible 

in this low temperature region by using the 
expression derived by Austin and Mott [10] . 
According to Austin and   Mott  [10] 
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Fig„  1     Variation    of    measured    conductivity     0^(0)) 

as    a    function    of   reciprocal   temperature    at 
four fixed  frequencies. 

Jdc- 

is really observed for each frequency just below 
the   temperature   at   which    a   (o))    becomes   equal   to 

These    loss    peaks    shifts    towards     higher 

temperature for higher frequencies. However, these 
loss peaks cannot be taken as a conclusive evidence 
of the existence of dielectric loss peaks because 
the   temperature   dependence   of    o        is   much   larger 

than a (to) and so at some temperatures o may 
become larger  than o(<o)   and  therefore     a   (wf would 

appear     equal     to dc 
within     the     accuracy     of 

measurement. In the low temperature region carrier 
hopping occurs within the system in which a 
characteristic    relaxation    frequency     f      is    difficult 

to   define/    however,   in   the   high   temperature   region/ 

where   a    (o>)   approaches   a        .    the     ac     component m dc - 
of conductivity a (o) ) may give clear evidence for 

f .      In   particular    e"     derived   from   Eq.    (2)   may 

show   a   Debye   type   peak   at   f A   difficulty 

in  this  approach      is  that   both   a   (oi)   and   a        are 

comparable   and    the   error   in    o (o) )    is   large ^J12]. 
So   it   is   necessary   to   examine   both   e     and    e to 
justify       an      analysis      in      terms      of       Debye-type 
dispersion. 

The    dielectric    constant     e'    according    to    Debye 
relation is given  by 

a(o))   = -|-TTe2kBT[N(EF)]2  a 5<41n(vph/u))]4 

(1) 

where is    the    electronic    charge,    k      is    the 

Boltzmann.'s constant,     o)    =   2irf 
B 

v   ,    is   a   frequency ph 
factor    and 

function. 

is    the    radius    of   the    carrier    wave 

Assuming ph 
1013Hz   and a   =   0.4A 

(which    roughly    corresponds   to   the   nearest   neighbor 
hopping),    the   values   of   N(E   )    have   been   calculated 
after   taking    the    value    of    measured    ac    conductivity 

The 20     -3    -1 
at  77K  and  is  of the  order  of  10    cm    eV 

reasonable   estimate   of   N(E„)    from    Eq.    (1)    suggests 
t 

that   the    hopping    near   the    Fermi   level   is    between 
the    nearest-neighbor    sites.        In    spite    of   the    fact 
that    Eq.     (1)    gives    reasonable    estimate    of    N(E   ), 

it fails to explain the temperature dependence of 
o(w). Equation    (1)    predicts    a    linear   temperature 
dependence of cr(o) ), however, the measured values 
show very weak temperature dependence of o(o> ) 
in the low temperature region. Pollak [11] has 
argued that the temperature dependenace of ac 
conductivity is due to multiple hops but it has 
been shown [12] that multiple hops cannot give 
strong temperature dependence of a (to) in amorphous 
semiconducting glasses. 

In   the    high    temperature    region    the    measured    ac 
conductivity        °    ( 0) )      is     observed     to     be     both 

temperature    and    frequency    dependent   and    ultimately 
It    is it    approaches    the    dc    conductivity       0<qc* 

observed    that   a    peak   in 
[8] 

e     or    o (w)    defined   by 

<o£ e" = a   (o))   - a      = a(w)     (2) 
o m dc 

1 +  (f/E0)' 
(3) 

where and are   the   static   and   infinite 
frequency    dielectric    constants,    f     and    f       are    the 

measuring    and    relaxation     frequencies. The    plot 
of e" has a function of temperature (Fig. 2) shows 
that there is a little change in e** with temperature 
in the low temperature region, however, it has a 
sharp rise at temperature at which the measuring 
frequency   becomes   equal   to   the  relaxation   frequency. 
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Fig. 2 Variation of measured dielectric constant 
(e') as a function of temperature at four 
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It is evident that the region where there is a 
strong temperature dependence of e' at a given 
frequency    (Fig.    2)    is   the    same    at    which     a    (w ) 

approaches     a (Fig.    1).        Thus   the    variation    of 

e     with   temperature confirms  the   existence   of  Debye 
type     loss     peaks indicated     in      Fig.      1.            The 
measured    values   of e'     at   a   given   frequency    will 
give   an   estimate   of e      at  temperatures   higher   than 

the   temperature   region   where     e"      shows   a    strong 
temperature    dependence.        The    measured    values   at 
0.1,    1,    10   and   100   kHz   clearly   show   a   saturation 
region   at   the   high       temperature   end   and   this   may 
be  taken  as  an   estimate  of  £   .     The  estimated   value o 
°f       e o   as   a   function   of   reciprocal   temperature   is 
shown    in    Fig.     3. The    dielectric    constant    as    a 
function    of   frequency    in   the    range    lOOHz-lOMHz    is 

103/T(KH) 

Fig.  3     Plot  of   e    versus  10 /T. o 

shown in Fig. 4. It is evident from Fig. 4 that 
a near static region is seen at temperature 321K. 
The variation of dielectric loss as a function of 
temperature at fixed frequency of 1 kHz is shown 
in Fig. 5. A hump is seen in the low temperature 
region, however, in the high temperature region 
a     loss     peak     around     260K     is     observed. The 
activation energy of this relaxation is calculated 
by the Fuoss approach [1] and is ~ 0.18 eV which 
gives the evidence of dipolar relaxation and is 
identified as the ß-relaxation [2,9]. A clear and 
comprehensive role of dipolar rearrangement on the 
generation of piezoelectricity can only emerge after 
investigations on a large number of stretched 
unstretched samples. A model is being considered 
to explain the observed behavior of ac conductivity 
of PVDF films as a function of frequency and 
temperature   in   terms   of  o   (u)   and   a  (w)   which    will 

appear  elsewhere. 

10 

"""~~-Z~*A     *~-^^ 
1- . 
2  14 - 
< (- 
C/) 
2 
O 
<-> 10 • -300K \.     i\ 
o A - 321 K 
a: 
i- 
u 
LU 
-I    6 — 
LU 
Q 

2 I                    I l                  l ._   .. 
3 4 5 6 

LOG (FREQUENCYXHz) 

Fig.  4    Variation   of    e       as   a   function   of   frequency 
at two fixed  temperatures. 
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Fig.  5     Plot    of    dielectric    loss    as    a    function    of 
temperature  at  1   kHz. 
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Abstract- High guality crystalline c-axis 
oriented Zinc Oxide (ZnO) film has been 
deposited on various substrates by rf 
sputtering in pure argon ambient. The effect 
of post deposition annealing (300K to 1073K) 
on the structural and optical properties of 
sputtered ZnO thin film have been 
investigated. It is found from the XRD 
pattern that the intensity and the grain size 
increases with annealing temperature and 
becomes maximum for 1063K. Also the 
asymmetric factor approaches to the value of 
one. The lattice constant and stress as a 
function of annealing temperature shows that 
upto 673K, their is a state of stress relief 
and above 673K, it goes in a state of 
compression. The SEM photograph also 
demonstrate that the grain size increases 
with annealing temperature, however, cracks 
are observed on the surface of the films 
annealing temperature 873K. The optical band 
gap of the film is found to be minimum 
(3.23eV) for the films annealed at 673K, 
whereas refractive index and packing density 
is maximum. 

INTRODUCTION 

In   thin   film   form,    excellent 
piezoelectric and optical properties of ZnO 
make it useful for surface acoustic wave and 
integrated acousto-optic devices  [1]. Many 
reports  exists  in  the  literature  on the 
influence on the oxygen partial pressure and 
substrate  temperature  on  the  structural 
properties  and  optical  properties  of  rf 
sputtered ZnO thin films [2-4]. Few reports 
are also available on the the influence of 
the  post  deposition  annealing  on  the 
structural property of the thin films of this 
material [5-7]. However, not much attention 
have been paid towards the study of the 
influence of the post deposition annealing on 
the optical properties and correlation with 
the structural properties.  In the present 
paper we report the influence of the post 
deposition annealing on the structural and 
optical properties and try to correlate them. 

EXPERIMENTAL PROCEDURE 

Sputtering of ZnO film at room 
temperature on the guartz and 7059 Corning 
glass substrates was performed in pure argon 
ambient from a hot pressed 99.999% pure ZnO 
ceramic target using a Nordiko NM 2000 
system. The detail of the sputtering are 
reported else where [8]. The structural 
properties of the films were investigated by 
a Philips PW 1130 X-ray diffractometer. The 
surface morphology of the films was 
investigated with the help of Jeol JSM-840 
scanning electron microscope. The optical 
transmittance measurements were carried out 
using Shimatzu UV-260 spectrometer. The films 
were annealed in a guartz tube furnace at 
different temperatures and were held at 
temperature for one hour in an air atmosphere 
and then cooled to room temperature. The as 

deposited ZnO films annealed at 473 K  673 K 
873 K and 1073 K are labeled as ZI, 'z2  Z3' 
Z4 and Z5 respectively. '   ' 

RESULT AND DISCUSSION 

Figure. 1 shows the Zn(L3M45M45) Auger 
transition for as grown and sputter etched 
ZnO film. Only one peak at 265 eV was 
observed. Since the binding energy of 
metallic zinc is «260.2 eV, therefore, we can 
conclude that zinc in our sputtered film 
exists only in the oxidized state. zinc 
signal was found to be practically unchanged 
due to sputter etch. 
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Fig.l  Zn(L3M4SM45) XPS spectra of ZnO film. 

Figure.2 shows the 0(ls) XPS spectrum. 
One peak corresponding to binding energy 
531.2 eV was observed in the as deposited 
film (fig.2a) showing the presence of oxygen 
contamination which are located at the 
interstitial sites or grain boundaries. After 
short etching (fig.. 2b), a peak at lower 
binding energy ~ 530.4eV was also observed 
which corresponds to lattice oxygen in ZnO. 
As the film etch time increases, the O(ls) 
level shows up and after a long time etching, 
during which bulk of the film was etched 

o 

(« 1500A), the higher binding energy peak was 
absent. Due to air exposure a contamination 
of oxygen on the film surface makes a layer 
rich in oxygen. This layer was of small 
thickness and can be easily eliminated after 
few minutes of sputter etching. The estimated 
value of atomic concentrations from the 
composition analysis was found to be 49.8 % 
and 50.2 % for oxygen and zinc elements 
respectively. It is interesting to note that 
the films sputtered in pure Argon ambient 
from oxide target are almost stoichiometric. 
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Fig.2  O(ls) XPS spectra of ZnO film. 

Figure 3 shows the X-ray line profiles of 
the sputtered ZnO thin film deposited on 
quartz substrate as a function of annealing 
temperature. Only one peak corresponding to 
(002) plane was observed in the X-ray spectra 
for all the samples, indicating that all 
films are highly c-axis oriented with (002) 
plane parallel to the substrate. The peak 
intensity shows a slow increase with 
annealing temperature up to 673 K, while at 
higher annealing temperature the peak 
intensity and sharpness of the peak shows a 
rapid increase. The angular peak position of 
the ZnO powder [ASTM;3 6-14 51] is shown by a 

dotted line at 20 = 34.43° in fig. 3. The 
angular peak position of as grown film is 
less than the powder value indicating that 
film are in a uniform state of stress with 
tensile components parallel to c-axis. It is 
also observed that with increase in annealing 
temperature, the peak position of (002) plane 
shift towards the powder value and coincide 
with it at 673 K. Whereas after annealing at 
higher temperature (>67 3 K), the (002) peak 
position again start to deviate from the 
powder value but in the opposite direction. 

The lattice constant ,c' of as grown film 
is large as compare to unstressed powdfer 
value indicating that the unit cell is 
elongated along the c-axis, and compressive 
forces act in the plane of the film. These 
compressive forces becomes weaker as the 
annealing temperature increases, resulting in 
the decrease in xc' value. The stress in the 
film can be estimated using [9] 

a =  5xl0n(co-c)/co dyne/cm
2    (1) 

where xc0' is the lattice constant of the 

bulk. The estimated values of stress produced 
in the film are plotted as a function of 
annealing temperature in fig.4. The as grown 

34      35 
2 8 (degree) —- 

Fig.3 Influence of post deposition annealing 
on the XRD line profile. 

values (-1.8 to -8.0)xl010 dyne/cm2) for the 
sputtered as grown ZnO film [9,10]. The 
negative sign indicate the presence of 
compressive forces in the film. The as grown 
film becomes completely stress free at 673 K. 
The difference in sputtering parameters and 
the substrate used may be responsible for the 
wide scatter 573 K to 973 K in the reported 
values of stress relieve temperature (SRT) 
for sputtered films [5-7] and our values are 
well within this range. After further 
annealing (>673 K) film goes into a state of 
compression. The origin of stress in 
sputtered films may be associated with 
interstitial oxygen and/or defects in 
lattice. After annealing, the interstitial 
oxygen is probably removed and the defects in 
lattice annealed out. This continues up to 
673K and film becomes almost stress free. The 
X-ray line profile of as grown film is 
asymmetric and the asymmetric factor is about 
0.75. The asymmetric factor was found to 
increase with annealing temperature and seems 
to approaches the value of one at 1073K. 

4- 

IE-L 
rE' \zi ■T!J- 

film  has 

dyne/cm", 

stress  of  about -1.66x10 
2  which is comparable to the reported 

Fig.4  Stress in the film as function of 
annealing temperature. 
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Figure.5 shows the variation of grain 
size with annealing temperature. The grain 
size increases drastically with the increase 
in annealing temperature above 673 K. At 
673 K, it appears that small crystallites 
coalesce to make large crystallites. This 
process has also been suggested by Hickernell 
[7] at the same annealing temperature in the 
form of recrystallization for sputtered ZnO 
film. The process of coalesce causes major 
grain growth resulting into microcrack and 
roughness on the surface of film which is 
also confirmed by our scanning electron 
microscope and surface profiler analysis. 

grain size. As evident from fig.6c, 
microcracks were developed in the films 
annealed above 673K with considerable 
increase in the surface roughness. A process 
of coalesce resulting into occurrence of 
major grain growth is clearly observed at 
temperatures above 673K (fig.6c). 

ta) 

100 
200 700 1200 

ANNEALING  TEMPERATURE   (K) 
Fig.5  Variation of grain size with 

annealing temperature. 

The influence of post deposition 
annealing on the average roughness is found 
to be very small up to SRT (Table-l), whereas 
it increases rapidly above SRT. The rapid 
increase in the surface roughness may be due 
to the major grain growth. 

Table-l Influence of post deposition 
annealing on band gap, refractive index, 
surface roughness and packing density. 

Sample Band 
gap 
(eV) 

Refractive 
index at 
X=700nm 

Average 
roughness 

(Ä) 

Packing 
density 

Zl 

Z2 

Z3 

Z4 

Z5 

single 
crystal 

3.31 

3.27 

3.23 

3.26 

3.28 

3.20- 
3.43 

1.909 

1.955 

1.988 

1.949 

1.912 

2.004 

41 

46 

47 

61 

99 

0.95 

0.98 

0.99 

0.97 

0.89 

1.00 

The scanning electron micrographs of the 
as grown film and films annealed at 673 K and 
1073 K are shown in fig. 6. The small 
crystallites of ZnO in the as grown film are 
apparent (fig.6a). With increase in annealing 
temperature up to 673 K (fig. 6b), the voids 
in the films decreases continuously with not 
much changes in the surface roughness and the 

• ■-.*--.. 

'.JsVrn 

(b) 

-d-M*»1 

(c) 

Fig.6 Influence of post deposition 
annealing on microstructure (a) 
Zl, (b) Z3 and (c) Z4. 

Transmission spectra of the ZnO films 
annealed at different temperature are shown 
in fig.7. The transmission is minimum for the 
film annealed at 673 K and is maximum for the 
as grown film. For all the films, the 
variation of transmission with wavelength are 
principally due to interference phenomenon 
and the envelop of fringes start to shrinks 
dramatically after annealing above 673 K 
(fig.7). The increase in surface roughness 
may be responsible for such type of shrinks 
in the fringes [11]. 

Mn ™e esti*>ated values of the optical band 
gap at different annealing temperatures are 
reported in Table-l. The change in the 
optical band gap with annealing temperature 
is comparatively small but a minimum is shown 
at 673 K (Table-l). The estimated values of 

ZltfZ VS lnd.eX 3t A=0-70^ by following the 
method given by Swanepol [12] for the films 
annealed at different annealing temperature 
are also reported in Table-l along with that 
of single crystal [13]. The refractive index 
increases with increase in annealing 
temperature up to SRT. At 673 K, the value ot 
refractive index is maximum and close to that 
of  single  crystal.  Above  673 K  annealing 
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Influence  of post  deposition 
annealing on optical transmission. 

temperature,  the  refractive  index  again 
starts decreasing. The increase in refractive, 
index is associated with the decrease in the 
band  gap  [13].  A  similar  behaviors  is 
observed in the present work. 

Hickernell [7] observed a peak in the 
refractive index for annealing temperature of 
873 K. The peak in the refractive index in 
the present work occurs at 673 K annealing 
temperature. This difference in the 
temperature may attributed to the different 
fabrication parameters between the present 
work and that reported by Hickernell [7]. In 
the present work the structural studies shows 
the appearance of microcracks above 67 3 K and 
the refractive index starts to decrease. 
Hence, the variation of refractive index may 
be attributed to the change in the packing 
density with annealing temperature. Many 
attempts have been made to correlate the 
packing density with refractive index of the 
material and after assuming cylindrical 
crystallites the values of packing density 
was evaluated using the expression given by 
Macleod [14] and are reported in Table-1. The 
value of packing density is found to be 
maximum at SRT and nearly equal to one i.e. 
film annealed at 673K is bulk like. 

CONCLUSION 

Zinc oxide films sputtered from oxide 
target at room temperature substrate in argon 
ambient are nearly stoichiometric and are in 
a state of compressive stress. Post 
deposition annealing treatment at 673 K 
relieves the stress completely (SRT). SEM 
analysis shows that as grown films are 
columnar in nature with fine crystallites. 
The area of voids decreases with increasing 
temperature up to SRT (673 K) and packing 
density is maximum. Above SRT there is a 
process of recrystallization and cracks 
develop in the films. The present work shows 
that 673 K is the best post deposition 
annealing temperature for films grown at 
unheated substrate to get high quality ZnO 
films. 
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PROCESSING AND CHARACTERIZATION OF SAMARIUM AND MANGANESE MODIFIED 
LEAD TITANATE THIN FILM 

Chen-Lung Fan and Wayne Huebner 
University of Missouri-Rolla, Rolla, MO 65401 

ABSTRACT 

Samarium and manganese modified lead titanate thin films 
were fabricated by spin-coating an amorphous citrate precursor. 
These films transformed into an oxide film upon heat treatment at 
400°C or above. Relatively large area and crack-free thin films 
could be obtained by this process both easily and inexpensively. 
The rheological behavior of the precursor solution, as well as its 
thermal decomposition and phase development were studied by 
means of DSC/TGA and XRD. The thickness and grain size of the 
oxide film were examined by TEM and SEM. . 

INTRODUCTION 

Lead titanate PbTi03 (PT) exhibits many intriguing features 
such as a high Curie Temperature (Tc » 490°C), large kt to kp ratio, 
and a large pyroelectric coefficient, which qualifies it to be one of 
the candidates suitable for making acoustic transducers or 
pyroelectric detector [1]. Due to its large c/a ratio, however, it 
cannot be sintered to high density without falling apart when it cools 
through Tc. To overcome this drawback and still maintain its 
interesting properties, it has to be doped to lower the c/a ratio [2]. 
Among these effective dopants, Sm3+ and Ca2+ -doped PT are two 
major systems which demonstrate superior properties [3,4]. In this 
study PT doped with 10 mol% Sm3+ and 2 mol% Mn2+ was 
chosen as the compositional system to work with. 

The purpose of this study was to synthesize Sm3+ and Mn2+ 
modified PT thin films by spin coating of amorphous citrate 
precursor on various substrates. Compared with chemical vapor 
deposition (CVD) [5, 6], physical vapor deposition (PVD), and 
relatively inexpensive sol-gel process [7, 8], the process used in this 
study is even more inexpensive. It also offers the advantage of 
easier control of the chemical stoichiometry and of having a variety 
of selections of starting materials. Generally all water soluble metal 
salts can be the starting materials provided that the metal salts are 
compatible with one another, unlike CVD and sol-gel processes 
which require few available and expensive precursors. The 
problems associated with the amorphous citrate process lie on the 
requirement of heat treatment at 400°C or above in order to convert 
the precursor resin into oxide thin film. Therefore care has to be 
taken on controlling the precursor film thickness to ensure a crack- 
free thin oxide film is to be obtained after heat treatment. In 
addition, selection of a substrate material with a compatible thermal 
expansion coefficient is also very important to the perfection of the 
thin film. Those problems and concerns will be discussed in the 
following sections. 

EXPERIMENTAL PROCEDURE 

Titanium isopropoxide, lead carbonate, samarium carbonate, 
manganese acetate, and citric acid were used as the starting 
materials. The process, as shown in the flow chart of Fig. 1, starts 
with a titanium citrate complex solution, since titanium isopropoxide 
is not water soluble and is subject to hydrolysis. Citric acid was first 
dissolved in distilled water with a pH value of = one, followed by 
the addition of ammonium hydroxide until the pH value reaches six 
(solution A). On the other hand, titanium isopropoxide was diluted 
with isopropyl alcohol to 50 vol.% (solution B). Solutions A and B 
were mixed and heated on a hot plate. Upon mixing, titanium 
isopropoxide underwent a fast hydrolysis reaction, forming titanium 
hydroxide which was then gradually dissolved into the solution. 
The solution thus made can be concentrated by boiling off more 
water in the solution, and can be stored indefinitely in a liquid form 
without forming precipitates. It can also be further concentrated and 
vacuum dried into a crystallized form, as confirmed by XRD. In 
this study, it was kept in the solution form and standardized 
gravimetrically to determine the specific amount of titanium ions in 
the solution. Lead carbonate, samarium carbonate, and manganese 

acetate were also standardized to achieve better control over the 
stoichiometry of the final thin oxide film. 

The desired amount of titanium solution was heated on a hot 
plate until the temperature reached 100°C, then a suitable amount of 
lead carbonate, samarium carbonate, and manganese acetate were 
added into the solution to prepare the precursor for the oxide 
composition of (Pb09 Sm0.i)(Ti0.98 Mn0.02)O3. Carbon dioxide 
was released when the carbonates reacted with titanium citrate 
solution, and all the cations were chelated with citric acid forming a 
citrate complex. The complex solution was then oven-dried at 
100°C until all the water was driven off leaving a pile of cracked-up 
resin powders which can be redissolved into water to make up 
solutions with different concentrations. Especially for the 
preparation of spin-coating precursor solution, it is necessary to 
know the concentration of the solution so that the process can be 
easily controlled. Otherwise, the concentration of the solution will 
depend on how much water remains in the solution, which is very 
difficult to control and to reproduce since water is vaporizing all the 
time during the preparation of the citrate complex solution at 
temperature as high as 100°C. The resin powders were then 
collected for DSC/TGA studies and for the preparation of the 
precursor solution for spin coating. 

The Theological behavior of the precursor solutions with 
different concentrations was characterized by a HAAKE viscometer. 

Spin coating was carried out by a computerized spin coater 
which has the ability to controlling acceleration and soak time. 
Generally speaking, higher solution concentration gives rise to 
thicker coating layer and higher spin speed favors lower coating 
thickness. Therefore it is really a matter of compromising the 
solution concentration and the spin speed in order to obtain an 
optimum coating thickness, which allows the formation of a uniform 
and crack-free thin oxide film after heat treatment. In this study, 
20wt.% as the solution concentration and 0 rpm up to 2000 rpm in 
30 seconds as the acceleration schedule was chosen to prepare the 
thin films for all the studies. 

After the precursor solution was coated on to a silicon wafer 
or polished kovar substrate, it was heat treated at 400°C for 10 
minutes in a Linberg box furnace for all the organic species to be 
oxidized, leaving behind a uniform thin oxide film. Multiple 
coatings could be done by repeating the procedures to build up the 
thickness. The measurement of film thickness was performed by 
SEM and the grain size of the film was illustrated by TEM. 

RESULTS & DISCUSSION 

The oven dried resin, unlike the room temperature vacuum- 
dried resin, appeared to be x-ray amorphous and exhibited a 
yellowish color. To characterize the rheological behavior of the 
precursor solution, shear stress as a function of shear rate was 
measured on the solutions with different concentrations. Fig. 2 
shows this behavior for 20, 40, 50, and 60 wt.% of the precursor 
solutions. Although the sets of data are somewhat fluctuating, they 
still show a linear trend of the shear stress as a function of the shear 
rate and there is no yield stress associated with them. This qualifies 
the solution with concentration of 60 wt.% or below as a Newtonian 
solution. The corresponding average viscosities are 3, 5, 10, and 
50 mPas for 20, 40, 50, and 60 wt.%, respectively. Compared 
with that of water, which is about 1 mPas, the viscosities are still on 
the low. As the concentration increases further, the viscosity 
increases drastically (Fig. 3). At 75wt.% the viscosity is 37,000 
mPas, which is about 750 times that of the 60 wt.% solution. 

Normally it is required to have medium viscosity (100-1000 
mPas) for the spin coating process to be successful, provided that 
the viscosity does not change during the coating process. If the 
precursor solution has too low viscosity, there will no solution 
coated on the substrate after the spinning process since all the 
solution is spun away. However, if the solution viscosity is too 
high, the coating layer will not be very uniform and probably too 
thick to obtain a crack-free thin oxide film. Note that the coating 
thickness results from the combining result of the solution 
concentration and the spinning speed.    Therefore, for low 
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Figure 1. Row chart of the experimental procedures. 

concentration, say 20wt.%, low spin speed will be favorable, and 
for high concentration, say 70wt.%, high spin speed is favorable, 
assuming that the viscosity does not change as the process goes on. 
Unfortunately, the viscosity of the solution increases as the spinning 
process goes mainly due to the loss of water content, which results 
in increase of solution concentration and in turn increase of the 
viscosity. As can be seen in Fig. 3, when the solution concentration 
increases to above 70 wt.% the viscosity increases hundreds of 
times of that of the 20 wt.% solution. Therefore it is not difficult to 
understand that 20 wt.% solution can be spin-coated on a substrate, 
thereby forming a thin layer of precursor resin. The 20 wt.% 
solution keeps drying out as the process goes, while some of the 
excess solution is spun away when the viscosity of the solution is 
still low enough to allow that to happen. 

After the precursor resin is spin-coated, heat treatment 
converts the resin film to an oxide film. Soon after a substrate is 
inserted into a Linberg box furnace, the resin film starts turning 
brown and black due to the charring of the resin and then the color 
goes away about five to ten minutes after the substrates being 
inserted into the furnace. These colorless thin films are transparent 
to visible light, which indicates the good uniformity of the thin 
films. Basically this process can be applied to any substrate which 
is thermally durable such as glass, silicon wafer, and stainless steel. 
To meet the requirements of different purposes, substrates have to 
be selected properly. For example, glass substrates can be selected 
for optical application, silicon wafer for TEM study, and stainless 
steel for electroceramic application since the substrate is not only a 
substrate but also a conductive electrode. In this study, silicon 
wafer was used as the substrate to prepare TEM specimen and 
kovar, a low thermal expansion alloy, was used as the substrate for 
grain growth studies mainly because of its low thermal expansion 
coefficient. This allows the thin film to adhere to the substrate 
tightly without being debonded due to thermal expansion mismatch 
at temperatures higher than 400°C. 

Fig. 4 shows the DSC/TGA study on the oven-dried resin. 
(5°C/min. up to 1000°C).   It can be seen that the resin starts 
decomposing at = 200°C judging from the exotherm and 
accompanying weight loss, and it finishes decomposing before 
500°C. At temperature higher than 500°C there is no exotherm or 
weight loss. The final product of the experiment was determined as 
perovskite PT powders by XRD. 
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Figure 2.        Shear stress as a function of shear rate for precursor 
solution with different concentrations. 

Figure 3. Viscosity as a function of solution concentration. 
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Figure 4. DSC/TGA versus temperature for the oven dried 
precursor resin. 

Presumably the decomposition temperature of the bulk resin 
should be the same as the thin resin film on the substrates, however, 
there are some slight differences between them. In the case of the 
DSC/TGA study, the resin powders were put in an AI2O3 crucible. 
And it is foreseeable that those powders near the surface will 
experience thermal radiation from the furnace more directly than 
those near the bottom of the crucible. Perhaps even more 
importantly those powders on the surface are experiencing higher 
oxygen partial pressure than those in the interior. Therefore the 
decomposition behavior of the resin is indeed an overall result of a 
kinetic process, and it may not reflect the real decomposition 
temperature. But it is still safe to say that the resin decomposes in 
the temperature range from 200CC to about 500°C. On the other 
hand, thermal decomposition of the resin films on substrates would 
be more uniform since the film is so thin that the temperature or p02 
gradient between the top and bottom surface is negligibly small. 

Fig. 5 shows the x-ray diffraction patterns for the kovar 
substrate and for the modified lead titanate thin films on kovar which 
has been heat treated at 400, 500, 600, and 800°C for 30 minutes. 
As can be seen from the figure, the thin films have crystallized at 
temperature as low as 400°C. And there is no black carbon residue 
found visually on the film treated at 400°C, which confirms that the 
resin films can be fully converted to crystallized oxide films at this 
temperature. Compared with the DSC/TGA data, which shows a 
wide temperature range from 200 to 500°C, it clearly shows that the 
decomposition temperature suggested by the DSC/TGA study is a 
result of an overall kinetic process. As the films were treated at 
higher temperatures, the diffraction peaks became sharper and 
narrower, which indicates the crystal size is increasing. When the 
temperature gets up to 800°C, the tetragonal splitting of the peaks 
corresponding to (001) and (100) planes can be clearly seen. This 
confirms that the crystal structure of the film is tetragonal phase and 
the reason that the diffraction patterns for below 800°C show cubic 
like structure is due to line broadening caused by the small crystal 
size of the film. 

Another interesting observation regarding the diffraction 
patterns in Fig. 5 is that the crystals in the film exhibit a preferred 
orientation. According to the standard powder diffraction file for 
tetragonal PT (JCPDS file # 6-0452), the relative peak heights 
correspond to (001), (100), (101), (110), and (111) planes are 25, 
50, 100, 55, and 40, respectively. However, the peak heights for 
the thin film show different relative intensities, namely 100, 87, 
100, 6 and 32, respectively, as compared in Table I. Clearly the 
peak intensities of (001) and (100) planes for the thin film are 
significantly higher than that for the powder diffraction file. Also 
the (001) peak intensity is higher than the (100) peak intensity unlike 
the powder diffraction file of which the (001) peak intensity is only 
half the (100) peak intensity. Another feature regarding the change 
in peak intensity is that (110) peak intensity for the thin film almost 
diminishes, relative peak intensity of 6, as compared with that of 55 
for the powder diffraction file. All these observations indicate that 
the film is somewhat preferred oriented along [001] direction. 

kiX^A 

500°C 

400°CA 

Kovar 
*ßt*l*tfy ^^/MI^MII ^W* 

30 40 50 60 
Two-theta AngleO 

70 80 

PbTiQ3, tetragonal, JCPDS # 6-0452 

Figure 5. X-ray diffraction patterns at different temperatures of 
the PT thin films on kovar substrates. 

It is known that pure PT has a Tc = 490°C.  For the Sm3+ 

and Mn2+ doped PT composition used in this study, the Tc = 350 °C 
due to the lower c/a ratio There are two possibilities for the 
preferred orientation: one is that the atoms in the film aligned 
themselves along the crystal direction of the substrate thus forming 
preferred oriented crystals, provided that the lattice mismatch 
between the film and the substrate is not too much; the other one is 
that the crystals align themselves along c direction during phase 
transformation from cubic to tetragonal phase. Since the kovar 
substrate used in this study is not even a single crystal material, it is 
unlikely for the crystals in the film to grow on the substrate along a 
specific direction. Therefore the preferred orientation of the crystals 
in the thin film on kovar is believed to form during phase 
transformation. For thin films on substrates, there is only one free 
direction for the crystals in the film to either expand or to shrink 
because the dimensions of the substrate is constant which gives rise 
to a constraint stress along the substrate plane. In other words, the 
films on the substrates are two-dimensionally constrained, and if 
there will be any dimension change, while still remain the integrity 
of the films, it has to be happening along the normal direction of the 
substrate. 

For PT to transform from the cubic to the tetragonal phase, it 
does not require atomic rearrangement and can be done simply by 
expanding in c direction and shrinking in a direction. Considering 
the peak intensity data shown in Table I, there are indeed more 
crystals whose c axes are perpendicular to the substrate since the 
peak intensity of (001) plane is much higher than what would be 
expected if all the crystals are randomly oriented. In mind with all 
the aforementioned arguments, it confirms that the preferred 
orientation of the crystals in the thin film is a result of reorientation 
of the crystals which happens during phase transformation from 
cubic to tetragonal phase. 

Table I.     Comparison of peak heights of x-ray diffraction patterns 
of PT thin film and that of JCPDS file # 6-0452. 

(h,k, 1) 001 100 101 110 111 

Intensity 
JCPDS 
# 6-0452 

25 50 100 55 40 

Intensity 
PTfilm 100 87 100 6 32 
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Fig. 6 shows the TEM micrograph of the lead titanate thin 
film after being stripped off the silicon wafer. The coating process 
was exactly the same as that used for coating on kovar. After the 
silicon wafer was coated with a layer of precursor resin, it was first 
treated at 400°C to convert the resin into oxide thin film, and then it 
was immersed into a 10wt.% sodium hydroxide water solution 
preheated at 80°C. Soon after the immersion, sodium hydroxide 
started reacting with the silicon wafer, and the thin film was stripped 
off the substrate as soon as the bonding between the film and the 
substrate was destroyed. The stripped film was then transported 
into a 250 ml beaker which contains 200 ml of water solution, 98 
vol.% of water and 2 vol.% of methanol, to wash away the residual 
sodium hydroxide on the film. Then the film was lifted and 
supported on a copper grid for TEM study. According to Fig. 5, the 
grain size was estimated ranging from less than 10 nm to a few tens 
nm, though the film contains a few layer of grains which makes the 
measurement of grain size more difficult. 

Figure 6.        TEM micrograph of the PT thin film stripped off the 
silicon wafer. 

Fig. 7 shows the SEM micrograph of the cross section of 
lead titanate thin film coated on kovar and heated at 800°C. The 
sample was first mounted with epoxy and then ground with a 600 
grit paper followed by polishing with 0.3 (im alumina polishing 
media. The film thickness is about 2.3 (im after 40 coatings. 
Therefore the average thickness of a single coat is about 0.06 p.m. 
Although it is a little troublesome to coat forty times in order to build 
up 2.3 nm layer of film, it was demonstrated useful in coating on 
glass substrates for optical application, which does not necessarily 
require film thickness of more than 1 p.m. 

CONCLUSIONS 

Samarium and manganese modified lead titanate thin films 
were successfully fabricated by first spin coating a layer of 
amorphous citrate precursor resin on glass, silicon wafer, and kovar 
substrates, followed by heat treatment at 400°C to convert the resin 
film to oxide film. X-ray result shows that perovskite phase was 
obtained after the heat treatment and also the crystals in the film were 
preferred oriented mainly along [001]. The grain size of the film 
treated at 400°C ranges from less than 10 nm to a few tens nm as 
indicated by the TEM micrograph. The average film thickness for a 
single coat is about 0.06 (im, which is very suitable for optical 
applications rather than dielectric or piezoelectric applications. 
Therefore more work will be concentrated on optical application of 
films made by this process. In addition, grain growth of a free 
standing film, also made by this process, is currently undergoing in 
the authors' group and will be published soon. 
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Abstract 

The effect of thermal treatment conditions on the 
structures and properties of PLT10 thin films are 
presented in this paper. Better ferroelectric properties 
could be obtained when the film is heated up to 600°C 
with 3°C/min and holded for one hour. Better dielectric 
properties were observed when the film is heated up to 
550°C with 3°C/min and holded for one hour. 

Introduction 

How to prepare ferroelectric thin films with good 
properties lias become extremely important for their 
applications. The key factor of preparing thin film is 
thermal treatment in MOD method. Various properties of 
thin films would be seriously affected by conditions of 
thermal treatment. Thermal treatment conditions of 
PLT10 thin film deposited on the silicon substrate were 
discussed in this paper. Good ferroelectric properties of 
PLT films prepared with MOD method could be obtained 
when films are heated up to 600°C with 3°C/min and 
holded for one hour. Better dielectric properties were 
observed when the films are heated up to 550°C with 3° 
C/min and holded at for one hour. 

Experimental 

The PLT thin films on the single crystal silicon 
substrates with Si02 layer were prepared by repeating the 
spinning-coating and pyrolysis processes. Singular layers 
were treated at 180°C for 30 minutes to remove the 
solvent and even layers were treated at 400°C (3°C/min) 
for 30 minutes to complete the pyrolysis of organic 
species. After multiple coatings, the deposited films were 
annealed in air to form pervoskitc structure. In order to 
obtain good dielectric and ferroelectric properties, 
Therefore, the conditions of thermal treatment of the last 
layer are studied as below: 

(1) Different holding temperature (°C): 550, 600, 650, 
700, (lh,3°C/min). 
(2) Different holding time (hours): 0.5, 1, 5, 20 (500°C, 3 
°C/min). 
(3) Different rate of temperature-rising(°C/min): 1, 3, 8 
(550°C, lh). 

For measurement of various electric properties, 
bottom electrode of platinum with the thickness of lOOnm 
was deposited by DC sputtering method, and top 
electrode of gold dot with 1mm in diameter was also 
made. 

Measurement and Discussion 

1. Micro structure 

Figure 1 a-c shows the SEM photographies with 
different holding time in thermal treatment process. Grain 
size gradually increased with the time, but if the time was 
continuously increased, the change of grain size was not 
obvious. The reason is that relatively dense structure with 
larger grains has been formed, and there is not enough 
space for grains to grow up. 

Figure 1 d-f obviously presented different grain 
sizes: grain size in the film at the rate of l°C/min is the 
largest. The smallest one is obtained at the rate of 8° 
C/min. 

Figure lg-j shows that grain size gradually grew up 
the temperature with increasing the temperature. If 
temperature continued to rise, very typical grain of 
ceramic materials would be observed^']. 

2. XRD analysis 

Films with pure perovskite phase were prepared in 
each case for various thermal treatment conditions and 
orientation of ferroelectric thin film will be obviously 
affected by these conditions (as shown in figure 2). If the 
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I). 550CC, 5h,3"C7min 

Fig.l SEM photographies of thin films 
I(100)/[I(100)+I(101)] was defined as orientation, a-axial 
preferential orientation was observed in PLT thin ilmsß]. 
A-axial orientation increases from 27% with 0.5h to 74% 
with 20h as shown in figure 2. Therefore orientation was 
enhanced with increasing holding time. The orientation of 
films also changed with temperature and rate of 
temperature-rising. 

20 40 

20 

60 

Fig.2   XRD patterns of thin films 

3. Ferroelectric properties 

P-E hysteresis loops were measured with a modified 
Sawyer-Tower circuits. Figure 3a shows that above one 
hour or holding time Pr remained invariant with 
increasing holding time. This is because that reversion of 
electro-domain is almost the same for the same grain 
sizes. Therefore, only one hour of holding time is needed 
to obtain larger remanent polarization. Coercive field (Ec) 
slightly increased with increasing the time. If Ec need to 
be decreased, holding time would be decrease 
correspondingly. For shorter time, lower Pr could be 
obtained due to crystallization. The best holding time is 
one hour. For too long time, vacancy and pin hole would 
make the properties drop down. Improvement on 
ferroelectric property is not obvious with increasing the 
rate of temperature-rising (shown in figure 3b). Pr and Ec 

517 



have a little increasing with increasing the rate of 
temperature-rising because reversion of domain was 
restrained for small grain size. At higher temperature, 
larger remanent polarization (Pr) was obtained as shown 
in figure 3c because electro-domain was easily reversed 
with the growth of grain. 
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BOO       MO       era       aao       rao       TU 
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(b) (d) 

Fig.3 Ferroelectric properties {a-c. Ec and Pr vs 
conditions of thermal treatment; d.P-E hysteresis loops at 
600°C with 3°C/min for lh.) 

Thus, Better ferroelectric properties could be 
obtained when the film is heated up to 600°C with 3° 
C/min and holded for one hour. Figure 3d shown the P-E 
hysteresis loop at lKHz, Vp-p=80V, and calculated Pr 
and Ec are 9.15u.C/cm2 and 70KV/cm respectively. 

4. Dielectric properties 

Dielectric constants and loss angle tangents of PLT 
Film were measured by HP 4274A LCR and 4275A LCR 
meter with frequency of lKHz under AC 0.05V. Figure 
4a-c presented the relationships between dielectric 
properties and conditions of thermal treatment. For 
shorter time, higher tan5 will be obtained due to poor 
crystallization. The best holding time is one hour. Under 
this condition dielectric constant and loss of the film are 
lower.   Better  dielectric properties  would  be  obtained 

when   rate   of  temperature-rising   is   3°C/min.   Lower 
dielectric constants and loss were obtained at 550°C. 
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Fig.4 Dielectric properties (a-c. dielectric constant and 
loss vs conditions of thermal treatment; d. dielectric 
constant and loss vs frequency at 550°C with 3°C/min for 
lh.) 

Therefore, better dielectric property of PLT film 
prepared by MOD method was observed at 550°C with 3 
°C/min for one hour of holding time (as shown in figure 
4d). 

Conclusions 

1, Micro structure of PLT film will be seriously affected 
by conditions of thermal treatment. 
2, Thermal treatment temperature, holding time and rate 
of temperature-rising only affected dielectric properties. 
3, Better ferroelectric properties could be obtained when 
the film is heated up to 600°C with 3°C/min and holded 
for one hour. Better dielectric properties were observed 
when the film is heated up to 550°C with 3°C/min and 
holded for one hour. 
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Abstract - Micromachined cantilever beams actuated by sol-gel 
derived lead zirconium titanate (PZT) thin films are reported. 
Rectangular cantilevers of sub millimeter dimensions and several 
different aspect ratios were fabricated. The PZT films utilized for 
these structures were 0.44 urn thick. The natural resonance 
frequencies of the beams were determined from impedance 
measurements. The resonance frequency was found to follow a L"2 

dependence, where L is the cantilever length, An effective elastic 
constant, sn, for the beam structures of 15.7 x lO12 m2N-1 was thus 
calculated. The effect of bias fields on the effective electromechanical 
coupling factor, IC31, was also determined from the resonance data. 
Maximum IC31 values measured were approximately 0.15, or about 
half of those reported for PZT bulk ceramics. 

INTRODUCTION 

Piezoelectric thin films are currently being investigated for use in 
micro-sensors and actuators. The basic possible geometries include 
membranes, bridges and cantilever beams. Of these, cantilever beams 
are a convenient object for the study of the effective piezoelectric 
properties of the thin film structures. An understanding of which is 
essential for the design and modeling of more complex devices such 
as micropumps and micomotors. Due to the small scale of such 
cantilevers (with thickness on the order of 1 to 20 urn, and lengths less 
than 1 mm) and the strong effect of the PZT/electrode interfaces 
which has been reported by many researchers in the area of PZT films 
for ferroelectric memories, it is not clear how the performance will 
scale down, when compared to monomorph and bimorph structures 
prepared from bulk ceramics. Data in the literature is quite sparse, 
with a few groups reporting on the measurement of the piezoelectric 
properties of PZT films as prepared on Si bulk substrates. Polla has 
reported on the preparation of PZT thin film based cantilevers 
prepared by a surface micromachining technique, although no 
detailed measurements of the piezoelectric response are described.1 

In this paper, we report on the measurement of the piezoelectric 
response of PZT thin film actuated micromachined cantilever beams 
using resonance methods. The technique is analogous to that reported 
by Deschanvres et al. who have investigated the piezoelectric response 
of ZnO actuated micro-beams.2 Such a technique can be used to 
obtain the effective elastic constant of the beams and the 
electromechanical coupling coefficient. This information can then be 
used to aid in the design of piezoelectric thin film based micro- 
sensors and actuators. 

EXPERIMENTAL 

PZT Film Preparation 

The PZT films investigated in this study were prepared by a sol-gel 
processing technique, the details of which have been previously 
reported3. The process is based on the early work of Budd et al.4 

whereby a precursor solution is prepared from Pb acetate, 
Zr n propoxide and Ti isopropoxide in 2 methoxyethanol solvent. 
The substrates used consisted of 3 inch silicon wafers with 0.6 urn of 
Si3N4, 10 nm of Ta (adhesion layer) and 70 nm of Pt (bottom 
electrode). PZT films were prepared by spin coating a 0.2 M 
precursor solution at 1900 rpm for 40 s, followed by drying at 150°C, 
and pyrolysis at 350°C for 15 s. Six layers are deposited, and the film 
rapid thermally annealed at 600°C for 60 s. A second set of layers is 
then deposited and the film annealed a second time at 600°C for 5 
min. The final PZT film thickness, (for all structures reported herein) 
as measured by profilometry was 0.44 urn. 

Cantilever Structuring 

The process sequence used to prepare the top electrodes (Ta bonded 
Pt), passivation (Si02) and contact metallization (Pt) has been 
previously reported5. After the KOH bulk micromachining step, in 
which a 14 urn thick Si membrane is retained, the cantilever beams 
were freed from the membrane by plasma etching. Individual dies (4 
x 6 mm) were then cut from the wafer and packaged by mounting in 
plastic with epoxy and wire bonding to contact pads. A scale drawing 
of the cantilever structures measured is shown in Fig. 1. An optical 
micrograph of one of these structures is shown in Fig. 2. 

600 pm 

Fig. 1 Scale drawing showing the five different cantilever 
structures investigated. All are 200 um in width and have aspect 
ratios (L x W ) of 2, 4, 5, 3 and 1 respectively, from left to 
right. 

Fig. 2 Optical micrograph of cantilever beam of aspect ratio 2. 

Resonance Measurements 

Resonance measurements were done using an HP 4194A 
Impedance/Gain Phase Analyzer. AC voltages between 10 mV and 1 
V (equipment limited) and bias fields of between -20 and +20V (-450 
and +450 kV/cm) were investigated. 
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RESULTS AND DISCUSSION 

The electromechanical resonance of the various cantilever structures 
was investigated by measuring the impedance as a function of 
frequency. The fundamental resonance frequency is given by: 

X2t 1 

3*,1p (1) 

where X, t, L, s and p are the eigen value for the fundamental mode, 
the thickness and length of the cantilever, the elastic compliance 
constant, and the density.6 For Si cantilever beams of different 
lengths and nominally the same thickness and width, the resonance 
frequencies were measured with an AC field of 10 mV and no applied 
bias. The results are shown in Fig. 3, where the measured fundamental 
resonance frequencies are plotted as a function of 1/L2. By fitting a 
straight line to the data which passes through the origin, an R value of 
0.9994 was obtained. The resulting linear equation was then used to 
calculate the effective sii coefficient for a beam. An average density 
of 2.75 x 106 gnr3 was calculated using experimentally determined 
thicknesses and handbook densities for the Si, Si3N4, Pt, and SiC>2 
layers. The effective sn constant was determined to be 14.1 x 10"*2 

m2N_1. This value is close to the value for bulk PZT of the 
morphotropic boundary composition, being 13.8 x 10-12 m2N_1." 
The value for silicon is 9.34 x 10"12 m2N-1.7 One might expect the 
calculated value to be nearer to that of silicon, however due to 
difficulties in accurately determining the average density and the role 
of residual internal stresses (the cantilevers have a slight upward 
curvature due to stress) the calculated value is reasonable. 
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Fig.  3 Fundamental  resonance frequency of cantilevers of 
different aspect ratios plotted as a function of 1/L2, with 
equation for best fit line through the origin. See text for details. 

The effective electromechanical coupling coefficient k3i can also be 
determined from resonance data. The coupling factor, ks of the test 
structures is given by (2).2 

k =    *l4f Aß 
(2) 

with the different values as indicated in Fig. 4. 

The effective coupling factor k3i of the piezoelectric film is then 
given by: 

(3) 

16.1 16.2        16.3 16.4 
Frequency (kHz) 

16.5 

Fig. 4 Typical experimental resonance curve for PZT thin film 
actuated cantilever beam. The parameters indicated are used to 
calculate the coupling factor, ks, as given by equation (2). This 
data was obtained from a cantilever of aspect ratio 5, driven with 
a 10 mV signal, with 10 V bias. 

where t is the beam thickness and d the thickness of the PZT thin film. 
The effect of bias voltage on k3i for a beam of aspect ratio 5, 
measured with a 10 mV signal is shown in Fig. 5. The data is 
symmetric, although centered about a negative bias of 2 to 3 V. This 
shift is believed to result from some poling of the PZT film which 
occurs during the final plasma etching of the cantilever beams. We 
also note that with decreases of the bias voltage, some hysteresis is 
present, and the value returns to essentially the non-biased or virgin 
state. This can be seen clearly in Fig. 6, in which the resonance peaks 
for increasing bias field and after removal of the bias are 
superimposed. As shown in Fig. 5, and Fig. 7, the maximum values of 
k3i obtained were about 0.15. This is about 1/2 of that reported for 
bulk PZT samples of the same composition. 
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Fig. 5 Effective k3i as a function of bias voltage for cantilever 
of aspect ratio 5 (see text for details). 

The effect of cantilever aspect ratio on k3i as a function of positive 
bias voltage is shown in Fig. 7 For beams with aspect ratios of 1, 3 
and 5, almost identical trends and values were observed. 

It was further observed that electrical breakdown occurred for bias 
fields in excess of approximately 750 kV/cm. The dielectric constant 
of the PZT films was found to be approximately 540, measured at 10 
kHz and 10 mV signal. 
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Fig. 6 Resonance peaks for increasing bias, and after removal 
of bias voltage showing the slight poling effect of the bias. 
Cantilever of 1:1 aspect ratio, with 500mV measuring signal. 
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Fig. 7 Effective k3i as a function of positive bias voltage for 
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Abstract - The PZT-substrate or PZT-electrode interface can affect 
the FE properties and specifically the fatigue behaviour. Typical Pt- 
PZT-Pt capacitors exhibited fatigue resistance up to 10* - 10' 
cycles, while RuO:, LauSro.^CoO, and YBa:Cu,OT electrodes have 
been reported in literature to yield fatigue-free devices up to 10" - 
10,: cycles. In an early study which compared the fatigue behaviour 
of bulk PLZT ceramics with various metal electrodes, it was found 
that In offered the best fatigue performance (up to I09 cycles). A 
series of sol-gel derived PZT 53/47 films were fired to 700C to 
achieve single-phase FE perovskite films. Bottom electrode (or the 
substrate) consisted of sputtered Pt on oxidized Si wafers. 
Monolithic capacitors were obtained by depositing top electrodes 
of Ag, Au , Au-Pd, Pd and Pt. All the capacitors exhibited fatigue, 
manisfested by lower values of Pr, Ec and s, but higher leakage 
currents after cycling. 

INTRODUCTION 

Lead zirconate titanate (PZT) is an extensively explored 
ferroelectric (FE) material in thin film and bulk forms, utilized in a 
wide range of applications [1], It is a solid solution containing lead 
titanate (PT) and lead zirconate (PZ) in various stoichiometric 
ratios.  PZT x/y refers to Pb(Zr/.1,,,TiVi.»i) O, where x,y < 100 and x 
+ y = 100.  In the PZ-PT phase diagram, the rhombohedral- 
tetragonal boundary is the most important feature, termed the 
morphotropic phase boundary (MPB). It is located at about 53 
atom % Zr, 47 atom % Ti (PZT 53/47). The dielectric constant, 
electromechanical coupling factor and piezoelectric coefficients 
achieve their maximum values here[l].  Lately, PZT thin films have 
been investigated for applications in non-volatile FE memory and 
ultra high density DRAM's. 

Fatigue and retention problems in PZT films remain 
formidable obstacles towards the full implementation of integrated 
FE technology. Fatigue refers to the dynamic degradation of FE 
and dielectric propertiesf especially polarization values) with 
cycling or switching while retention pertains to the static loss of 
polarization with standing time. Both of these phenomena affects 
the sensing capabilities of circuitries involved in FE memory. There 
have been many models postulated for the origin of fatigue which 
include PZT - electrode interface[2], impurity vacancy pairs[3], 
space charge effects[4], metallic diffusion from electrodes[5] and 
microcracking at interface[5,6]. Defects in the films such as oxygen 
and lead vacancies, play an important role in fatigue since they are 
mobile under electrical stress and can migrate (and further trapped) 
at PZT-electrode interfaces or grain/domain boundaries[e.g.7]. A 

model of the formation of oxygen-deficient Ti-,+ dendrites due to 
impact ionization has also been proposed[8]. While each of the 
model fits one particular set of experimental data, there exists no 
universally-accepted model or explanation for the general 
phenomenon of fatigue behaviour One complication which arises is 
the dependence of fatigue on several intrinsic and extrinsic factors 
namely the crystal structure (i.e. tetragonal or rhombohedral 
lattices dictated by the Zr/Ti stoichiometry), grain size, film 
thickness, porosity (intra and intergranular) and phase assembly. 
For examples, thicker PZT films ( up to 8000A) seemed to exhibit 

no fatigue until 10   cycles[9] and (1 1 l)-oriented films[10] 
exhibited better fatigue resistance than c-axis or (001 )-oriented 
PZT filmsp 1]. The fatigue rate also depends on the composition of 
PZT films - MPB films exhibited the lowest rate and tetragonal 
PZT showed the highest rate while rhombohedral PZT offered 
intermediate rate[12]. However, on the contrary, it was also 
reported that the MPB films exhibited the worst fatigue and 
retention behaviours [13]; apparently processing conditions, 
especially post-metallization annealing affected the fatigue 
resistance. 

The fatigue behaviour in PZT films indicates that it is an 
interfacial phenomenon rather than a bulk one. The PZT-substrate 
interface has been reported to affect significantly the FE properties 
and specifically the fatigue behavior . The bottom electrode (or the 
substrate) is typically a noble metal, namely Pt and/or Au which is 
inert towards oxidation. Oxide electrodes, namely RuO,and 

YBa Cu O , have attracted considerable recent attentionfe.«., 14 

and 15 respectively].  Such electrodes were reported to yield 
excellent fatigue-free PZT films up to 10   -10   cycles.  In an 
earlier study, Fräser and Maldonado [5] compared the fatigue 
behavior of bulk PLZT ceramics with various metal electrodes 
namely Al, Cr-Au, Pb, PbO-Ag, Sn-Ag, Ag, Ga and In and found 
that In provided the best fatigue performance (up to 10 cycles). 

There is presently a lack of studies directed to exploring 
systematically the effect of different metallization on thin film FE 
capacitors. The present authors have studied the effect of top 
electrodes on the dielectric and FE properties of solgel derived PZT 
capacitors in a previous paper[16].  In contrast, there have been 
numerous studies forming low resistance ohmic contacts to bulk FE 
or titanate ceramics using e.g., Ni, Ag/Au, Cu and Co/Ag [e.g., 17 
and 18] for bulk capacitor applications. By varying the top 
metallization while maintaining the lower substrate constant 
(namely Pt), the nature of the top metal-PZT interface can be 
determined especially by changing the polarity of the applied field. 
The present paper presents the results of using various top noble 
metal electrodes on the fatigue and retention properties of sol-gel 
derived PZT thin films. 

EXPERIMENTAL 

The precursor solutions based on the MPB composition 
(namely PZT 53/47) were prepared using Pb acetate and Ti/Zr 
alkoxides. Fifteen mole % excess PbO was incorporated in the 
precursor to compensate for PbO loss during post-deposition 
annealing   The substrates were Si(100) wafers which had been 
thermally oxidized before being sputtered with Pt to yield Pt 
(1500Ä) / SiÜ2 (1500Ä) / Si.  Spincoating was performed using a 

Headway Spinner at 2000 rpm for 30s. The precursor solution was 
filtered using a syringe filter (0.2(.un) to minimize particle 
contamination. The green films were fired at 400C to burn off the 
organics, yielding films ^ 2000Ä thick per coating. To obtain 
thicker films, multiple coatings were performed. Typically, three 
coatings were used to obtain films about 0.6u.m thick.  Finally, the 
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films were fired at 700C to crystallize them to single-phase 
perovskite. 

Top electrodes of Ag, Au and Pd with thicknesses of 1500A 
and diameters of 0.5 mm were evaporated through a shadow mask 
using a Varian Vacuum Evaporator VE 10. The top Pt and Au-Pd 
electrodes were sputtered.   The monolithic PZT capacitors were 
completed by obtaining back-contact by acid-etching exposed 
portions of the films which had been coated with an acid resist. 
The acid resist was removed by rinsing with toluene. These 
capacitors were not subjected to any post-metallization annealing 
prior to testing. The final device configuration for the capacitor 
arrays is shown in Figure 1. 

Top Electrodes 

_L 
PZT   (5000A) 

El I2000A] 

Sic>2   psaoA| 

FIGURE 
electrodes 

Device configuration for the Pt-PZT-top metal 

The phase assembly in the films was monitored by x-ray 
diffraction (XRD) using a Scintag Diffractometer. The area of most 
of the capacitors used for electrical characterization was 1.96 x 10' 
"' cm2, the dielectric properties were obtained using an HP 4192A 
LF Impedance Analyzer; and the FE properties, including the 
fatigue and retention behaviors, were measured using the programs 
FATIGUE and RETAIN in a Radiant Technologies RT-66A 
Ferroelectric Test System. Some of the ageing behaviours of the 
capacitors were observed using the program AGEING. An 
external SRI 30MHz function generator was used to cycle the 
capacitors up to 4 x 109 cycles with 10V peak-to-peak lOOKHz 
sine waves. For retention measurements, -5V, +5V and -5V pulses 
were used for first read, write and second read. 

RESULTS AND DISCUSSION 

A typical microstructure of these films showed that the 
films were very dense with grain size of around 1 - 2 urn. XRD 
results indicate that the PZT 53/47 films fired to 700C were 
confirmed to be single-phase perovskite and are ferroelectric as 
evident by the hysteresis lops obtained in the capacitors. However, 
the hysteresis loop characteristics were different for each top metal 
as indicated in Tables la and b which shows the values of the 
remanent polarization ( Pr), coercive field ( Ec ) and dielectric 
constant ( sr) before and after fatigue for 4 x 109 cycles 

respectively measured using the RT 66A Ferroelectric Test System. 
The FE values represent the average values of the positive and 
negative values in the hysteresis loops. Not only did firing 
temperature, firing time and composition (i.e. Zr/Ti stoichiometry 
) affect the film properties but the choice of top electrode used also 
impacted on the ferroelectric properties [13,16], The effects of 
fatigue can be clearly observed namely the decreases of the values 
of Pr, Ec and e, Pd and Au/Pd top electrodes yielded PZT 
capacitors with the highest values of Pr but they tended to 
deteriorated quite dramatically with cycling. There also was a 
general shift in the hysteresis loop to the left along the field axis 
after cycling indicative of built-in field arising from probably space- 
charge build-up during fatiguing. Pt-PZT-Au capaciotrs seemed to 
fatigue the least as indicated by the relatively small decline of Pr, Ec 
and sr compared to when other top electrodes are used. The 
dependence of fatigue behavior on the top electrode used can be 
attributed to the PZT-top metal interface[ see e.g. 16], 

Table la. Ferroelectric Properties of PZT Capacitors with various 
top electrodes before fatigue. 

Top Metal Pr 
((.iC/cm2) 

Ec 

(kV/cm) 
Sr 

Ag 12.39 26.28 3591 
Au 9.04 24.59 2579 

Au-Pd 39.98 18.74 7678 
Pd 34.72 39.33 5879 
Pt 11.57 22.21 3205 

Table lb. Ferroelectric Properties of PZT Capacitors with various 
top electrodes after fatigue 

Top Metal Pr 
(uC/cm2) 

Ec 

(kV/cm) 
£i 

Ag 6.06 16.78 1678 
Au 7.64 22.78 2279 

Au-Pd 8.43 17.06 2746 
Pd 5.65 20.82 4146 
Pt 4.33 16.4 1670 

The fatigue behaviours of the capacitors with different top 
metallizations are shown in Fig, 2.The criterion chosen to illustrate 
the effect of fatigue on polarization was the quantity AP ( = P* - PA 

according to the RT 66a terminology) which reflected the 
difference in switched and unswitched charges [19] which is a 
better parameter to qunatify fatigue behaviour rather than Pr since 
AP is involved in differential sensing to detect charges during 
memory operation. All the capacitors exhibited a decrease in AP's 
with cycling after about 107 cycles; capacitors with Pd top 
electrodes seemed to degrade the most while capacitors with Au 
top electrodes were the least affected. 

524 



1E+05 1E+06 1E+07 1E+08        1E+09 1E + 10 

Log Cycles 

■ pt 

- Au-Pd - 

AGEING 2.1 HUI 111    ||RT-66fl| 
Saiiple: 370ptb.age 
Linear/Cun Log(Sees) 

X dig 
Ydiv 

0.585 
4.8738 

0- #...•«■•••«.•"*....«..... fri.-.fr...^....« 

I 1 1 1 1 1 1 h 

Yhax : 21.954 
Vhin - -26,7838 

XHax =  5,200 
Xwin = -0.6536 

7/5/1994 8:54 
Last Point 

7/5/1994 10:09 
Next Point 

Profile «10 
°+P* 
+P*r 
+PA 

+PAr 
°-P* 
-P*r 
-P* 
-PAr 

17.563 
6.674 
14.519 
3.337 

-21.427 
-6.791 
-18.149 
-3.3% 

flrea(cn) = 1.96E-Q3 Thick(u) : 0.600 Uprog 
Contacts : CLOSED DCBias =  0.00 Uneas 

-5.000 #Pts: 
5.000 

10 

Figure 2. Effect of cycling on AP's of PZT capacitors with various 
top metallizations. 

The retention profile of the capacitors were fairly 
independent with time up to 104 sees as shown in Fig. 3. PZT 
capacitors with Pd and Pt top electrodes exhibited a slight decrease 
of P* with time while P* in capacitors with Au top metallizations 
was very stable with time. Ageing of a Pt-PZT-Pt capacitor was 
investigated using the AGEING program with RT 66A and the 
results are shown in Figure 4. Quite similar to the retention profile, 
the ageing profile remained constant with time ( measured up to 104 

sees). 

Figure 4. Ageing profile of a Pt-PZT-Pt capacitor up to 104 sees. 

The leakage currents of the capacitors tended to increase 
after fatigue as shown in Fig. 5 for the case of a Pt-PZT-Pd 
capacitor; the increase of about 1 order of magnitude after cycling 
for 4 x 10 9 cycles can impact deleteriously on overall 
microcircuitry performance in real devices employing such 
integrated FE capacitors. 
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Figure 3. Retention profiles of PZT capacitors with various top 
electrodes as a function of time. 

Figure 5. The I-V characteristics of a Pt-PZT-Pd capacitor before 
and after fatiguing for 4 x 10 9 cycles. 

CONCLUSIONS 

Pt-PZT-top metal capacitors were prepared using top 
electrodes of Ag, Au, Au-Pd, Pd and Pt based on PZT 53/47 films 
which were fired to 700C to convert them into single-phase 
perovskite films. There exists a strong dependence of ferroelectric 
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and dielectric properties of these capacitors on the top metal used 
indicating the significance of the PZT - top electrode interface in 
affecting device behaviours. All the capacitors investigated in the 
present study fatigued; the values of Pr, Ec and Er decreasing while 
the leakage currents tended to increase after 4 x 10 9 cycles with the 
capacitors containing Au top electrodes having the most fatigue 
resistance. The retention and ageing profiles of the capacitors, on 
the other hand, were quite stable with time. 
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Abstract 
It is well known that electrode/ PZT interface affects 
the electrical properties of PZT thin film capacitors. 
Electrode stress is one of the key parameters which 
determine the interface chracteristics. Here we report 
the effects of bottom electrode stress on the properties 
of Pt/PZT/Pt capacitors. PZT films were deposited by 
MOD method on Pt/Ti/Si02/Si substrates with various 
bottom electrode stresses. Structural and compositional 
analyses were made by TEM/TED, XTEM, XRD. 
Stress variations due to subsequent processing steps 
were measured by using laser deflection method. 
Finally, electrical properties were evaluated by testing 
hysteretic properties, fatigue, and leakage current. 
Guidelines for reliability improvement of PZT thin film 
capacitors can be made by correlating the above results. 

Introduction 
Extensive studies are being carried out on 

ferroelectric thin films for the applications in DRAMs 
as well as non-volatile memory[1,3]. Among the 
various ferroelectric materials, much attention has been 
paid to PZT family films due to their promising 
properties[4]. However, there are several problems that 
should be overcome to realize the integration of these 
into semiconductor devices. One of the associated 
problems is to establish a suitable metallization scheme 
for the ferroelectric capacitor. The choice of the 
electrode material is restricted by the interaction 
between the ferroelectric material and electrode at the 
processing temperatures involved even though a 
principle requirement is a high electrical conductivity. 
So far, platinum is widely used as the electrode due to 
its processing simplicity. Yet, there are some important 
issues in connection with the use of platinum as an 
electrode for PZT families. One of those is a fatigue 
phenomenon which is a progressive decrease in the 
remanent polarization as signal cycles. It is believed 
that intrinsic defects such as oxygen vacancies are 
likely to determine the fatigue rates of ferroelectric 
capacitors in conjunction with ferroelectric-electrode 
interface as well as domain mobility[5]. Thus, many 
effort to control vacancy concentrations as well as 
interface states have been made to improve the fatigue 
characteristic. Other issues such as orientation, 
morphology, and stress are also attracting many 
attention related with the device performance[6,7]. 
Among them, stress is considered as one of the most 
important parameters that affects the properties of 
ferroelectric thin films.    It is well known that high 

tensile stresses cause either cracks or peelings of thin 
films, whereas compressive stresses above a certain 
limit result in hillock formations. Thus, the film 
thickness is limited by the stress of film, in particular, 
which is very critical in spin coating. In addition to the 
effects aforementioned, stresses also modify domain 
structure, Curie point, and switching properties. Such 
effects of the stress in ferroelectric films are further 
complicated by the electrostriction which is originated 
from piezoelectric effects. In spite of the importance of 
film stresses, only limited studies were available up to 
now. Desu investigated stresses of BaTi03 thin films 
which were sputter-deposited on both Si and Sapphire 
substrates [9]. He found that Curie point and coercive 
fields increase while remanent polarization decrease 
with increasing compressive stresses. On the other 
hand, Garino obtained higher residual stresses at 
pyrochlore formation temperature regions that was 500 
°C to 570 °C [10]. They suggested that the films 
containing pyrochlore phase give higher residual 
stresses because a thermal expansion coefficient of the 
pyrochlore phase is larger than that of the perovskite 
phase. In this paper, we investigated the effect of an 
initial stress of the bottom electrode (Pt/Ti) on PZT 
fatigue behavior. We created various values of stresses 
in bottom electrode by changing the deposition 
conditions such as deposition temperarure(Ts) and 
annealing temperature(Ta). 

Experimental Procedure 
20 ran Ti and 200 nm Pt were sequentially 

sputter-deposited onto (111) oriented Si substrates, 
passivated with a thermally grown silicon dioxide 
(Si02) layer. Films were made at different substrates 
temperatures ranging from 25 °C to 400 °C. Then, they 
were annealed at various temperatures ranging from 
100 °C to 400 °C for 30 minutes in vacuum. Sol-gel 
derived PZT films were prepared from a metalorganic 
solutions of lead acetate, zirconium n-propoxide and 
titanium iso-propoxide dissolved in acetic acid and n- 
propanol. The solutions were hydrolyzed to form the 
precursor. About 10% excess lead was added to the 
precursor to compensate for the loss of lead during a 
high temperature processing. Films were spin coated at 
2000 rpm for 40 sec. and subsequently dried at 150 °C 
for 5 minutes. The same cycle was repeated to obtain 
desired thickness of 200 nm. The coated films were 
annealed at 650 °C for 30 minutes in a quartz tube 
furnace under an oxygen atmosphere. Microstructure 
and  interdiffusion  were  examined  by  transmission 
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electron microscopy. X-ray diffraction was used to 
identify phase and to determine a preferred growth 
orientation. Thin film stress was calculated from wafer 
curvature measurements using FLEXUS. The electrical 
measurements such as hysteresis loop, fatigue were 
done by utilizing RT66A and HP8116A pulse 
generator. A 30 \xm X 30 (jm size of capacitor patterns 
were obtained by dry etching using ion-milling 
machine. The fatigue measurements were done by 
applying square waves at 5V and 1 MHz. 

Results and Discussion 
The evolution of stresses of Pt/Ti films are shown 

in Fig l.(a) and Fig 2.(b) as a function of either the 
deposition temperature (T) or the annealing 
temperature (Ta). Most sputter-deposited Pt/Ti films 
were in a state of compressive stress. In additon, the 
stress tended to decrease as the deposition temperature 
increased at a constant annealing temperature. We 
attempted to interpret our results based on a simple 
stress equation. The total stress is given by the sum of 
the intrinsic stressCa,), thermal stress(cT), and external 
stress (CTE). If we assume that the contribution from the 
external stress term is negligible, stress variations come 
from the first two terms, namely, the intrinsic stressCcr) 
and the thermal stress(oT). Since the thermal expansion 
coefficient of Pt is much larger than that of Si, most 
sputter-deposited Pt films are in a state of compressive 
stresses due to the dominant effect of the thermal stress 
term. However, above the substrate temperature of 300 
°C, we found our assumption is not valid because the 
external stress term is necessary to compensate for the 
large value of the thermal stress in order to be the 
tensile stress. The existence of the external stress 
indicates that a certain reaction takes place at the 
interface between Pt and Ti layer, which was indicated 
earlier in literature[11]. 
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The tendency stress reduction with the increasing 
the deposition temperature can be explained by the role 
of intrinsic stress. The variation of intrinsic stress as 
the function of the deposition temperature is given in 
Fig. 2. Since the mobility at the surface during the 
deposition is determined by the deposition temperature, 
the mobility increases as the deposition temperature 
increases. The enhanced mobility shifts the intrinsic 
stress from compressive to tensile. This tensile stress 
compensates the compressive thermal stress as the 
deposition temperature increases thereby decreasing 
total stress as the deposition temperature increases. On 
the other hand, for a given depsotion temperature, the 
stress decreases as the annealing temperature increases 
due to the stress relaxation. 
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Figure 3. In-situ measured Pt/Ti stress variations due to 
annealing 

The stress variation during heating and cooling 
cycle is given in Fig. 3, which was measured from as- 
deposited sample. Pt/Ti film responds elastically until 
the annealing temperature reaches to 250 °C. A sudden 
change in the stress appeared near 250 °C, which 
resulted from a deformation associated with a 
constrained volume shrinkage. This trend continued 
from 250 °C to 500 °C. Another abrupt change in Pt 
film stress happened near 500 °C due to the reaction at 
the interface between Pt and Ti layer. There was a 
relaxation in stress, as the annealing temperature is 
increased further. Finally, Pt/Ti film followed the 
elastic respond during the cooling cycle. The fatigue 
behaviors with respect to different electrode stresses are 
given in Fig. 4. The average fatigue cycle was around 
106 - 107 depending on the deposition conditions of Pt 
films. That is in agreement with most of the reported 
data obtained from ion-milled samples. Interestingly, 
we found that the better fatigue behaviors were obtained 
at a certain region of compressive stresses. Higher 
compressive samples yielded worse fatigue properties 
than that of lower compressive stress. It is not clear yet 
how the stress of the electrode affects the fatigue 

characteristics. As shown in Fig. 5, we did not observe 
any structural differences in X-ray diffraction patterns 
even though the deposition temperature was changed 
from 25 °C to 400 °C. Furthermore, the X-ray data 
obtained from PZT films also showed no differences 
(see Fig. 6). Thus, we suggest that the interface 
modification resulted from the electrode stress that 
affects either PZT nucleation process or PZT domain 
formations. In other words, the surface roughness of 
the bottom electrode which might have been modified 
by the stress is likely to relate to the grain size of PZT 
film.  In Fig. 7.   a high resolution cross-section image 

..-/I 

Figure 5. X-ray diffraction patterns obtained samples 
annealed at different temperatures 
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Figure 6. X-ray diffraction patterns for Pt/Ti and 
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Figure 7. TEM cross-sectional images 
(a) bright field image 
(b) high resolution lattice image 

(»)Pt<iii).hm (b)Pt(222)shm 

o4- 
« »        X        « 

(c)SI(111)peak 

Figure 8. Pt X-ray peak shift after PZT deposition 
(a) Pt(l 11) peak shift 
(b) Pt(222) peak shift 
(c) Si peak before and after PZT deposition 

showed a rough interface which was probably created 
by the stress. Another observation which would 
support our approach is that the Pt peak shift after the 
formation of PZT film. Pt(lll) and Pt(222) peaks 
obtained before and after PZT deposition are given in 
Fig. 8. In this figure, both Pt(lll) and Pt(222) are 
shifted to the higher 29 values. Since the d-spacing is 
inversely proportional to 20, the decrease in d-spacing 
means a compressive stress in 111 direction. Such a 
vertical stress suggests a shrinkage in the film thickness 
thereby causing the roughness in the bottom electrode 
surface. 

Summary and conclusion 
We investigated the effects of the initial stress of 

the bottom electrode (Pt/Ti) on PZT fatigue behavior. 
Higher compressive stresses yield worse fatigue 
properties than those of lower compressive stresses. 
Similarly, the films which are in a tensile stress also 
showed an early degradation in spite of a slight 
improvement in fatigue property compared to highly 
compressed samples. It is not clear yet how the stress 
of bottom electrode influenced the fatigue behavior. 
However, we suggest that it is related with the PZT film 
nucleation process. Further detailed studies are being 
undertaken to study the interface modification due to 
the bottom electrode stress. 
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ABSTRACT 

Lifetime of PZT capacitors was defined and 
evaluated by measuring critical number of cycles where 
electrical degradation (increase of leakage current) begins 
to dominate polarization during fatigue tests. It was 
observed that external failure (electrode burst) occurs 
during fatigue before electrical degradation at high voltage 
and/or temperature. The normal internal failure 
(electrical degradation and breakdown) is predominant at 
relatively lower voltage and/or temperature. PZT 
capacitors with smaller electrode size shows shorter 
lifetime, and gentler input cycles (triangular wave rather 
than square wave, for example) reduces external failure, 
which implies breakdown under AC input voltage is related 
to thermal process. It was noticed that fatigue mechanism 
is not directly related to thermal breakdown. 

INTRODUCTION 

Since 64K PZT FRAM and 256K Yl FRAM were 
developed, it has been realized that devices using FRAM 
are on the verge of commercialization. Radio frequency 
identification devices(RF ID), for example, are under 
development for the remote monitoring application. These 
devices require relatively low density in comparison with 
other memories such as DRAM and it is feasible to create 
niche market in a short period of time. However, 
reliability improvement of PZT and processing technologies 
of Yl are still on issue for stable FRAM market, even for 
the low density devices. These issues will get more 
serious as density increases. As for PZT, fatigue, ageing, 
imprint, and leakage current have been studied extensively 
in order to understand their mechanisms for simultaneous 
improvement of each degradation. Breakdown, however, 
has been studied based on DRAM concept even though 
FRAM's operational condition is different from that of 
DRAM. For  example,  Time   Dependent   Dielectric 
Breakdown (TDDB) test is one of typical DRAM tests. In 
case of FRAM, alternating pulses or unipolar pulses are 
applied for both "write" and "read". Therefore, it is 
plausible to test breakdown under alternating and unipolar 
pulse stress. An accelerated fatigue/breakdown test 
(unified test) was proposed based on this concept[l,2]. In 
this test, asymmetric polarization and electrical 
degradation   were   observed   simultaneously. But 
breakdown mechanism under this condition has not been 
fully understood. As set forth, many authors reported 
breakdown in PZT under DC conditions [3-8]. J.F. Scott et 
al provided an extensive discussion on PZT breakdown 
mechanisms[9], avalanche breakdown was invoked by B.M. 
Melnick et al[10,ll], thermal breakdown mechanism in 

strontium titanate film was extended to PZT by Waser and 
Klee[l2]. As long as breakdown in PZT is evaluated using 
AC signals and /or unipolar pulses, these mechanisms 
should be also discussed in conjunction with such 
conditions. In this paper, breakdown evaluation technique 
was proposed by defining lifetime of ferroelectric 
capacitors. Breakdown mechanisms under AC voltage 
stress were also discussed. 

Pt/PZT/Pt 
80 
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8V Triangular waves 
Room Temperature 

XJ    3 

8» 
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9V Alternating pulses 
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1E+0 1E+2 1E+4 1E+6 

Cycles 
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Figure 1 
Effects of electrical degradation and 
external electrode failure on polarization 
measurements. Induction period is 
distinguished from electrical degradation 
by checking nonswitching polarization or 
net remanent polarization 
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TESTS AND RESULTS 

Sputtered PZT with three sizes (100 um x 100 urn, 50 
urn x 50 urn, and 30 um x 30 um) of top electrode was 
tested by utilizing RT66A version 2.1 and HP8116A pulse 
generator. Polarization response at various test voltages, 
temperatures, and signal types were measured. An 
example of fatigue curve is shown in Figure 1, where 
switching (P*) and non-switching (PA) polarization and 
true remanent polarization (dP) were plotted. In case of 
test using triangular wave, switching polarization 
decreases initially during fatigue, increases when leakage 
current begins to dominate polarization, and suddenly 
decreases again followed by second increase. It was 
observed that the top electrode bursts during such abrupt 
polarization loss. Figure 2 shows a typical burst on the 
electrode, which is a sort of burning and peeling. When 
this external failure occurs, effective contact area decreases 
and so does polarization, as a result. During electrical 
degradation, however, leakage current component may 
contribute to both switching and non-switching polarization 
but it does not affect true remanent polarization because 
this is measured at zero voltage, where leakage current 
cannot be involved. The electrical degradation can proceed 
even after electrode burst as long as input signals are 
applied, so that polarization curve increases again after 
sufficient electrode burst. Sometimes, polarization 
variation due to such electrical degradation and electrode 
burst is confused with polarization induction, because 
polarization in this period also appears to increase initially 
and decrease after a while. But, fortunately, since 
polarization induction occurs only in remanent 
polarization, the induction can be distinguished from 
electrical degradation/external failure by comparing true 
remanent polarization and/or non-switching polarization for 
each case. In summary, switching polarization is detected 
in parallel with non-switching polarization for the external 
failure, and with true remanent polarization for the 
polarization induction. The source of the induction is not 
so clear yet, but based on the fact that depolarization 
(transient polarization, rapid depolarization, or fast decay; 
PAr in RT66A parameters [13]) decreases during the 
induction period, it is thought that retentivity was 
improved by alternating signals in such a manner that 
linearly capacitive interlayer such as semiconductive 
vacancy layer [14] has become conductive during 
consecutive fatigue. 

When test condition varies, the period when external 
failure occurs also changes. For example, as shown in 
Fig.3, external failure appears before electrical degradation 
appears when square wave with higher voltage is applied, 
on the contrary, even at higher temperature, the external 
failure occurs after electrical degradation when triangular 
wave with lower voltage is applied. It is proposed, 
therefore, that accelerated unified test should be carried 
out on condition that external failures do not occur, 
because systematic evaluation can be interrupted by such 
an extreme failure. 

BREAKDOWN MECHANISM 

Breakdown should be evaluated with no external failure 
in order to avoid false evaluation, as mentioned above. 
When the ferroelectric lifetime is defined as fatigue test 

ri- 0. #? 

80 

Figure 2 
Burst on top electrode during fatigue tests, 
which may be  due to local heating by 
continuous voltage cycling. 
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10 

Figure 3 
Examples of external failure (electrode burst) 
which   occurs   before   or   after   electrical 
degradation depending on test condition. 

cycle where electrical degradation component becomes 
dominant and polarization curve begins to increase. This 
definition with generic polarization curve during fatigue 
test is illustrated in Fig. 4. Pure polarization component 
and leakage current component were separated each other 
and detected polarization is marked as an effective 
polarization. The generalized polarization curve in Fig. 4 
can change depending on test conditions. However, for the 
lifetime evaluation, the electrode burst should appear after 
electrical degradation, at least. 
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Figure 4 
Generic polarization curve for ferroelectric 
capacitors from a fatigue test's viewpoint 
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In Fig. 5, ferroelectric lifetime was measured for 
capacitors with various electrode sizes. Switching 
polarization plot provides information that electrical 
degradation is involved during test. It is clear, from true 
remanent polarization plot, that there is no induction 
period during this test and the lifetime can be determined 
from Fig. 5. As seen in Fig. 5, lifetime is almost 
independent of electrode size, but it is noted that smaller 
electrode gives higher electrical degradation. When the 
fact that breakdown mechanism is related to electrical 
degradation is considered, it can be said that breakdown 
mechanism during fatigue test is a thermal process, as 
discussed by J.F. Scott[9]. Based on the thermal 
processing theory, smaller electrode has lower chance to 
dissipate the heat and gives faster electrical degradation 
and thermal breakdown. 

Voltage and temperature dependences are also 
presented in Fig. 6. The data is more or less scattered. 
This may be because polarization level and leakage current 
level are not symmetrically dependent on such conditions. 
In addition, avalanche(electronic breakdown mechanism) 
may be involved at certain voltages or temperatures. 

It  is  well  known  that fatigue  rate  decreases  as 
temperature increases.   In Fig. 7, fatigue curves at room 
temperature and 100'C are shown using two parameters; 
switching polarization and true remanent polarization. 
The switching polarization curve at 100" C appears to have 
similar fatigue rate to that at room temperature and 
electrical degradation begins to appear after a while.   But 
true remanent polarization curve clearly shows that fatigue 
rate is slower at 100 "C than that at room temperature. 
As far as fatigue mechanism is concerned,  chemical 
potential barrier lowering at the interface can improve 
endurance[3].    The potential barrier can be reduced by 
applying heat.      In this case fatigue may reduce but 
breakdown will occur earlier. 

Cycles 

Figure 5 
Electrode size effect on lifetime. Even 
though lifetime is almost independent 
of electrode area, electrical degradation 
is strongly dependent on the electrode 
size. 
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Figure 6 
Voltage   and  temperature   effects   on 
lifetime. Scattered data may stems from 
avalanche   (impact   ionization)   during 
electrical degradation. 
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Figure 7 
Fatigue versus temperature. Decrease of 
fatigue rate at higher temperature may be 
related to lowering of potential barrier at the 
interface. It is seen that electrode burst is 
related to thermal process. 
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CONCLUSION 

By defining lifetime of ferroelectric capacitors and 
evaluating them at various test conditions, following 
conclusions were obtained. 

1) Electrical degradation and breakdown mechanisms are 
related to thermal process. In this case, avalanche may be 
involved in electrical degradation. 

2) Accelerated unified test should be developed on 
condition that external failure (electrode burst) is not 
involved because it hinders normal lifetime evaluation. 

3) Electrode with high thermal conductivity is 
recommended in order to delay breakdown. In this case 
the electrode should form lower chemical potential of 
vacancies at the interface to minimize fatigue. 
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ABSTRACT 

The pyroelectric responses of multilayer, thin film 
pyroelectric detector under both isolated and heat 
sink boundary conditions are completely analyzed. 
The multilayer detector is composed of pyroelectric 
layer/thermal isolation layer/silicon substrate. The 
analytical result shows that when the thickness of 
the isolation layer is increased, the detectivity, D* at 
low frequencies will be improved, and as the 
thickness of pyroelectric layer is decreased, the high 
frequency response becomes better. D* of a detector 
with 1 um PLZT/ 10 um porous silica /0.5 mm 
silicon is higher than that of the detector with 10 urn 
PLZT/ 1 um porous silica /0.5 mm silicon in a wide 
frequency range. In order to get a better 
performance of a multilayer thin film detector, the 
thicknesses of the two layers should be chosen very 
carefully. This analysis provides a guide for the 
preparation of the multilayer thin film pyroelectric 
detectors. 

INTRODUCTION 

It is well known that thin film pyroelectric 
detectors have a wide band response, and are able to 
work at room temperature without cooling. In order 
to prepare integrated pyroelectric detector array, it 
is advantageous to deposit the pyroelectric thin film 
onto a silicon wafer. Since the silica substrate has a 
high thermal conductivity, which may be 
detrimental to the operation of the device'-4. To 
overcome this problem, an thermal isolation layer is 
introduced. So the multilayer detector is composed 
of pyroelectric layer/thermal isolation layer/silicon 
substrate. Porous silica thin film, which has a very 
low thermal conductivity5, is considered to be a very 
promising isolation material. One aim of this study 
is to find out the effectiveness of each thin film. 

Heat  flow  of a  two-layer   structure   has  been 
partially solved by B. R. Holeman2, and A. van der 

Ziel3. This paper will present the solution of a three- 
layer structure and its application to the detectivity 
D* of the thin film composite. 

THEORY 

Heat flow in multilayer is sinusoidally modulated 
by a radiation source. Steady state conditions are 
assumed, and the transient effects are ignored. The 
temperature variation of the pyroelectric thin film 

MffffffffffffMM^MffM/ffff/ffMffTexp (iwi) 

K,      PLZT 
-x = 0,y = b 

K2     SiO film 
-y = 0,z = c 

z = 0 

FIG.    1    Cross   section   of   the   pyroelectric 
multilayer thin film composite. 

can be separated into time varying and time 
independent parts. The later part has no effect to the 
pyroelectric response, will not be considered. B. R. 
Holeman reported various treatments of one layer as 
well as heat sink model of two layers in his paper. 
In 1973, A. van der Ziel presented a solution of a 
two-layer structure with an isolated boundary, and 
gave a discussion to D* . On the bases of their 
works, solutions of three layer model under 
different boundary conditions are expressed here. 
The schematic of the pyroelectric thin film 
composite is shown in FIG. 1 

The   one   dimensional   form   of  the   heat   flow 
equation is 

(1) 
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*=- 
pC (2) 

where 9 is temperature, t is time, x is distance, k is 
thermal diffusivity, K is thermal conductivity, p is 
density, c is specific heat. 

£,H\ 
sinh(w3c)]*[——cosh(vv1a)^sinh(w1a)][-l^cosh(w,c)sinli(w>) 

The modulated radiation falls on the front surface 
of the detector(An absorbing layer is deposited on 
top of the detector). Where H is radiation 
conductance. It assumes that the radiation is 
completely absorbed2. The temperature and the heat 
flow at the interface are continuous. At the back 
surface of the substrate, there are two kinds of 
boundary conditions. One boundary condition is that 
the rear surface is linked to a heat sink, and the 
other boundary condition assumes that the surface 
keeps isolated. In most case, the average 
temperature variation of the pyroelectric thin film 
can be expressed in the following form: 

For heat sink model: 

+——cosh(w,i>)sinh(H',c) 

(4) 

D* of the pyroelectric thin film composite is 

D._(^f)\.PT«, »'0° }2 
NEP     HT0 ee^iKTuml, (5) 

where, only the noise due to dielectric losses of the 
detector is considered. 

Tm ' 7"0([cosh(>v26)sinli(>V3c)+-2-^sinh(w26)cosh(>V3c)] - 
AJWJ iv.u 

K*wi                              K*w*                               cosh(H',a-n  i 
*l-~sinh(w1c)äiii.(w2b)*-tJ.cosh(w3c)caMw2b-)] ! -)— 

K.w, fr-w. 
* =[—-sinhfya) i-cosh^a)] [cosh(>v24)sinh(w3c)+-2-^sinh(w,i>) 

S K2w1 

■cosh(w}c)]+[ '-coshiw^) +sinh(w,a)] ■[——sinh(w3c)smh(w2b) 

Of course, if the thermal isolation layer or 
substrate is set to be zero, or the materials of such 
two layers are the same, the above solutions reduce 
to previous forms2-3. 

RESULTS AND DISCUSSIONS 

According to the formula (5), the detectivity of 
thin film detectors can be estimated numerically. 
The physical parameters used in this paper are listed 
in table I. 

H 

+ cosh(n,
3e)cosh(H'2fc)] 

(3) 

For isolation model: 

ÄjH'                                 sinh(H'.a) 
Tm=ro([cosh(>V3c)cosh(>v2fc)+ sinh(H<2fc)sinh(>v3c)] -— 

Table I Physical parameters used in calculations 

PLZT Si02 Si 
thickness(um) 1 1 500 
K   (W/mK)   0.8 0.14 170 
Cp(W/m3)   2.5xl06  1.39xl06    1.75xl06 

p (C/m2K)    l.OxlO3 

er 1400 
tan5 0.005 

£,w, Kjv, cosh(w,a)-l    i 
+[^-^cosh(w3c)siDh(>v,6)+-5-isinh(H'3c)cosli(w,fc)] l- ])— 

Ktw K.w. w.a T 

The thickness of the thermal isolation layer used 
in calculation is 0u.m, lu.m,10u.m, from FIG. 2, the 
D* in low frequency can be improved when the 
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thickness of thermal isolation layer is high; but the 
high frequency response keeps the same. 
Corresponding to a fix frequency, the thermal 
isolation layer has a 

10 '■=• 
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w 

FIG.   2 D*  vs  w for three thicknesses of 
thermal  isolation   layer(a:Oum;   b:lam;   c:10um). 
Solid: isolation model, dashed: heat sink. 
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FIG. 3 D* vs w for different thicknesses of 
pyroelectric thin film (a:10am,b:lam). Solid: 
isolation model, dashed: heat sink. 

maximum thickness, above this limit, its effect is the 
same. From FIG. 3, it is quite evident that as the 
pyroelectric film becomes thinner(From 10 urn to 1 u 
m), the high frequency detectivity D* becomes better, 
but D* at low frequencies is spoiled, in other words, 
the peak of D* moves toward high frequencies. 

Both conditions agree at high frequencies(See 
FIG. 2-4), as all other practical models are just 
between them, the boundary conditions of the back 
surface of the substrate have no evident effect. 
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FIG. 4 D* vs w for two different cases (a:10am 
PLZT/lum SiO2/0.5mmSi; b:lam PLZT/lOam 
SiOj/O.Smm Si). Solid: isolation model, dashed: 
heat sink. 

How to compose a multilayer pyroelectric thin 
film detector is a very practical problem. From the 
above analysis, it's clear that both the pyroelectric 
film and the thermal isolation film affect the 
performance of the device greatly. Two different 
kinds of multilayer thin films have been computed 
here. The detectivity of them is shown in FIG. 4. In 
a wide frequency range, the D* of a detector with 1 
pm PLZT/ 10pm SiO2/0.5mm Si is higher than that 
of the detector with 10pm PLZT/lpm SiO2/0.5mm 
Si. Therefor, during the preparation of the three 
layer thin film detector, the two layers should be 
chosen   very   carefully   so   as   to   gain   a   better 
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performance of the detector. 

CONCLUSIONS 

1. The temperature distributions of a three-layer 
thin film detector have been solved, which can 
degenerate the previous works using simple models. 

2. The thermal isolation layer performs a great role 
in the multilayer thin film composite, for a better 
operation at low frequencies, it should be as thick as 
possible. If the detector works at a given frequency, 
there exists a maximum thickness of the isolation 
layer. The pyroelectric layer becomes thinner, the 
peak of D* moves to higher frequencies. 

3. If one wants a satisfactory operation in a wide 
frequency range, the pyroelectric multilayer thin 
film composite should be chosen carefully. This 
analysis provides a guide for the preparation of the 
multilayer thin film pyroelectric detectors. 
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Abstract — Nucleation and crystallization behavior of 
PZT thin films are studied by XRD, SEM and isothermal 
DTA techniques. It is found experimentally that the 
perovskitc crystal nucleation rate is much higher than the 
perovskite crystallites' growth rate at the temperature of 
460°C. The crystallization centers grow into grains 
through swallowing the surrounding amorphous 
substrate. Too large grains appear in thin films due to the 
number of perovskite nucleus with crystallites' size 
greater than critical size is not enough. Dense, crack-free 
and perovskite PZT thin films with grain size of 0.3-0.6 
u.m were obtained by optimizing the heat treatment. 

Introduction 

PZT thin films are of considerable interest for the 
applications of electronics and opto-electronics such as 
FRAM[1], sensors, waveguide modulator [2]. MOD 
technique is one of the major preparation techniques of 
PZT thin films [3]. The fomiation of the thin films 
includes several transformation steps, precursors - Sol - 
amorphous films - polycrystalline films. The 
transformation from amorphous to polycrystalline films 
includes two changes: nucleation and growth. The 
temperature of maximum crystal nucleation rate doesn't 
coincide with that of maximum crystal growth rate. It is 
necessary to study the temperature dependence of 
nucleation rate and growth rate to obtain dense, fine 

grained, crack-free    and pure perovskite thin film by 
optimizing the heat treatment. 

In this paper, we report the results of studies on the 
nucleation and crystallization behavior of MOD derived 
PZT thin films. 

Experimental 

Preparation of PZT Thin Film 

PZT films were prepared by MOD using multilayer 
spinning onto Pt/ Si02/ Si substrates.The initial mctallo- 
organic compound as precursors for PZT films arc lead 
acetate, tetra-n-butyl titanatc and zirconyl heptanoatc. 
Zirconyl' heptanoate compound and PZT precursor 
solution were synthesized in this lab [4j. The precursor 
solution was deposited on Pt/Si02/Si substrates at 3000 
RPM using a photo-resist spinner. The film was given a 
30 minutes heat treatment, at the temperature of 400°C, to 
decompose residual organics. The additional coating 
could be deposited repeatedly after the thermal 
decomposition. Usually the sample films consisted of six 
layers and were 520nm thick after heat treatment. A final 
heat treatment at temperatures ranging from 460°C to 
600°C was used to nucleate and crystallize the thin films. 

Characterization 

Relations of time, temperature and transformation 
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of the crystallization of PZT precursor solution were 
studied by isothermal DTA techniques. XRD patterns of 
PZT thin films were obtained on Regaku D/Max 2000 
diffracto-mcter using monochromatic Cu Ka radiation at 
room temperature. SEM was used to examine the surface 
micro graph and estimate grain sizes of PZT ferroelectric 
thin films. The composition of the thin films was 
analyzed by EDXS (Energy Dispersal X-ray Spectrum) 
techniques. 

Results and Discussion 
■•.Ji.'rf-»>". *:< iMiFwareiiyjOTwayaM»«* 

(a) 10 min 

400        450        500 

. TEMPERATURE(C) 

550 
(b) 20 min. 

Fig.l Relation of T-T-T of PZT solution 

Relation of time , temperature and transformation (T-T- 
T) of the crystallization of PZT solution is shown in 
Fig.l. The decomposition rate is same at different 
nucleation temperature ( 440°C - 460°C ) as the curve 1 
in Fig. 1 shows, but the maximum reaction rate is at about 
460°C as the other curves in Fig. 1 show. 

Surface micrographs of PZT thin films annealed at (c) 30 min. 
460°C for various time is shown in Fig.2. For 10 min. 
heat treatment, many spindle-like particles with diameter ^ig.2 SEM micrographs of thin films for various heat 
of 300 nm in thin film can be seen. For 20 min., spindle- treatment time at 460°C 
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like particles disappear and many ball-likeparticles with 
diameter of 50 nm appear. 

For 30 min., ball-like particles in thin film almostly 
vanish and a smooth surface is obtained. The composition 
of the micro region containning spindle-like or ball-like 
particle was measured by EDXS. The micro region is rich 
in lead. Tie experimental results indicates that the lead 
diffuses in thin film and finally maintains equilibrium.  . 

XRD patterns of thin film treated for various time at 
460°C are shown in Fig.3. Tie structure of PZT thin film 
is not pcrovskitc until heat treatment time is longer than 
12 hours. This indicates that the grain growth can be very 
slow at 460°C. Tie diffraction peak at 33° (29) is not 

stemmed from pcrovskitc, and needs to be identified. Tie 
XRD spectrum of PZT thin film with treatment time of 
30 min. shows that the structure of thin film is still 
amorphous, but SEM and DTA techniques show that the 
crystallization reaction has started. Tiis fact can be easily 
understood, if we think that the nuclcation rate is much 
higher than the growth rate and that the crystalline 
grains are nano-sized micro crystals which can not be 
detected by XRD. The PZT thin films are composed of 
nano crystallites , amorphous backgrond and interfaces. 
So XRD patterns of the thin films are certainly 
amorphous. As the treatment time is long enough, 
nanocrystallites can grow into crystal grains ; XRD 
pattern of thin film will show distinct perovskite 
structure. This has been confirmed in Fig.3(d). 

(100) 

(110) Pt 

i    (200)        (201)    (211) 

10 20 30 •        40 50 

2Theta   [deg. ] 

Fig.3 XRD patterns of thin films for various heattrcatment time at 460°C 
(a) lOmin    (b)20min   (c) 30min   (d) 720min 

Fig.4 is the SEM micro graphs of PZT thin films for 
various nuclcation and crystallization time temperature 
combinations. As Fig.4(a) shows, the grain size is about 
3pm for nuclcation time of 120 seconds at 460°C and 
growth time of 1800 seconds at 550°C, the grain size of 
Fig.4(b) is about 0.5pm for nuclcation time of 1800 
seconds at 460°C and growth time of 1800 seconds. Tie 
last can obtain submicrometcr grain size thin film. It is 
well known that the more the number of crystallization 
nucleus with size greater than critical size is,  the smaller 

the grain size of the thin film is. Crystallization centers 
grew into large grains through swallowing the 
amorphous, pyrochlorc background and micro crystallites 
with size smaller than critical size [5J. At 460°C, the 
grain size for nuclcation time of 20 seconds is almostly 6 
times larger than that for nuclcation time of 1800 
seconds, but both thin films arc dense, pure pcrovskitc. 
Tiis indicates that the nuclcation rate can be much higher 
than the growth rate at 460°C and dense, crack-frcc and 
pure perovskite thin films can be prepared by adjusting 
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the heat treatment process to produce enough number of 
nuclei with size greater than critical size. Conclusion 

Nucleation and crystallization of PZT thin films are 
studied by XRD, SEM and isothermal DTA techniques. It 
is found experimentally that the nucleation rate of 
perovskite crystallites is much higher than the growth rate 
at 460°C. Crystallization centers grow into large grains 
through swallowing the amorphous, pyrochlore 
background and micro crystallites with size smaller than 
critical size. Too large grains appear due to the number of 
perovskite nucleus with grain size greater than critical 
size is not enough. PZT thin films with grain size of 0.3- 
0.6 urn can be obtained by optimizingthe heat treatment 
process . 

(a) common process 

BBDeeiesa.jee kvvxCBi 

(b) optimized process 

Fig.4 SEM micrographs of thin films treated by different 
heat treatment processes 
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Abstract - The structural and acoustic properties of reactively 
sputtered aluminum nitride (A1N) on silicon have been 
characterized. The A1N films were grown on (100) silicon wafers, 
having a 200nm thick layer of PECVD silicon nitride, at substrate 
temperatures in the 300°C to 500°C range, with a low background 
sputter pressure, and a high deposition rate. X-ray, atomic force 
microscopy and transmission electron microscopy measurements 
defined the structural properties. Surface acoustic wave (SAW) 
propagation measurements in the frequency range from 50 MHz to 
1.5 Ghz defined the acoustic properties. A strong correlation was 
found between the structural properties and the measured SAW 
velocity and propagation loss characteristics. One micrometer thick 
films with high intensity (002) plane x-ray diffraction intensities, 
closely packed uniform grains, approximately 30nm in diameter, 
and a surface roughness less than lOnm, had SAW velocity 
dispersion characteristics, coupling factors and propagation losses 
close to those of epitaxial A1N. Electron diffraction characteristics 
taken over several grains perpendicular to the columnar structure 
resembled a single crystal diffraction pattern. Deviation of the films 
structural properties from these epitaxial-like conditions was 
observed when more than one-half percent of oxygen was 
incorporated in the films. 

INTRODUCTION 

Aluminum nitride has been considered as an attractive thin film 
piezoelectric material for high frequency bulk acoustic wave 
(BAW) and surface acoustic wave (SAW) devices. Early work on 
A1N film growth used metal-organic chemical vapor deposition 
(MO-CVD) and rf sputtering for the epitaxial growth of A1N on 
sapphire at temperatures exceeding 1000°C [1-3]. These epitaxial 
A1N films showed very promising SAW device properties. This 
included high surface acoustic wave velocity, low propagation loss, 
moderate coupling factors, and near zero SAW temperature 
coefficient of delay. Electromechanical coupling coefficients (K2) 
of 0.3% to 0.8% were achieved when the A1N was deposited on the 
R-plane of sapphire and from 0.04% to 0.3% when it was deposited 
on the sapphire basal plane [4]. However, this high growth 
temperature and the use of sapphire as the substrate are not 
compatible with on-chip acoustic wave devices fabricated by 
current semiconductor IC processes. An alternative technique for 
the preparation of A1N thin films is by reactive sputtering at a lower 
temperature, typically below 500°C [5]. Well oriented 
polycrystalline films have been demonstrated to be feasible for 
fabrication of bulk acoustic wave (BAW) resonators [6] as well as 
surface acoustic wave (SAW) devices [7]. The A1N films produced 
by this method are polycrystalline and are expected to give lower 
electromechanical coupling constants and higher propagation losses 
than the epitaxial films. The work reported in this paper shows that 
polycrystalline A1N films with particular structural properties do in 
fact perform like epitaxial films. 

The A1N films investigated in this study were deposited on thinly 
nitrided silicon substrates by dc magnetron sputtering using a 
commercially available ultra-high vacuum system. The highest 
quality films had very dense, uniform, small-diameter, columnar 
grain growth and a smooth upper growth surface. The grains were 
singular in crystallinity, c-axis normal oriented, with a very high 
lattice continuity between grains exhibiting expitaxial-like electron 
diffraction patterns. Deviations from this high quality condition 
was found when oxygen was present in the films. 

Surface acoustic wave (SAW) measurements were carried out 
by fabricating interdigital electrode transducers of thin-film 
aluminum directly on the top A1N surface. Because A1N is 
piezoelectric, surface waves could be launched and detected 
between pairs of transducers. Insertion loss versus frequency 
measurements were used to determine SAW velocities and 
propagation loss and to estimate the piezoelectric quality of the 
film. The measurements were made over the frequency region from 
50 MHz to above 1.5 GHz using a network analyzer. The acoustic 
properties measured were correlated with the structural property 
measurements and with theoretical performance based on the 
properties of the crystalline material. 

FILM AND TRANSDUCER PROCESSING 

Four inch, (100) oriented silicon wafers, boron doped with 
resistivities in the range of 7 to 14 ohm-cm were used as substrates. 
A 200 nm thick layer of amorphous PECVD silicon nitride was 
deposited on the silicon which promoted film adhesion and 
provided nominal electrical insulation. The A1N was deposited in a 
commercially available sputtering system with ultra-high vacuum 
capabilities. Films were sputtered in the temperature range from 
300 to 500 degrees centigrade at low background sputter pressure, 
high nitrogen gas content, and high deposition rates. Such 
conditions produced high quality films and minimized oxygen 
incorporation. The film thicknesses were from 500 nm to 3000 nm. 

The SAW transducers were fabricated on the A1N forming a 
matrix array of Al interdigitated electrodes on the top surface. The 
aluminum layer, 100 to 200 nm thick, was deposited, patterned and 
etched by conventional semiconductor processes. Each transducer 
had 10.5 split finger electrode pairs with individual finger widths of 
15 microns and spacings of 10 microns to facilitate harmonic 
generation. The wavelength of the fundamental SAW mode was 
100 micrometers. The electrode fingers had an overlap of 2.54 mm 
and two adjacent transducers were spaced 3.8 mm apart. The 
pattern was repeated with an equal spacing throughout the whole 
100 mm diameter on the (100) Si wafer. The transducer strings 
were aligned parallel to the Si wafer major flat with the SAW 
propagation direction along the (110) axis of the silicon substrate. 
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STRUCTURAL AND COMPOSITION MEASUREMENTS 

Three basic instruments were used to characterize the structural 
properties of the polycrystalline A1N films: x-ray, atomic force 
microscopy (AFM), and transmission electron microscopy (TEM). 
In addition composition measurements were made using Auger 
spectroscopy. The composition measurements were made to 
determine the presence of oxygen in the films which is known to 
disrupt the structural properties and affect acoustic performance. 

The x-ray measurements probe within the film to determine if 
there is a preferred orientation of crystallites, and the density of 
such crystallites. The x-ray diffraction patterns of the samples used 
in this study showed the appearance of a strong (002) peak near 2- 
theta = 36.2°. Other major crystallographic planes were either not 
observed or insignificant in intensity as compared to that of (002). 
Thus, as expected, the preferred orientation of the polycrystalline 
film was with the c-axis of the hexagonal A1N perpendicular to the 
substrate surface. As the x-ray count intensity increased the 2-theta 
peak position moved closer to 36.2°. This was also accompanied 
by a decrease in the full-width-half-maximum (FWHM) which 
would be indicative of increasing polycrystalline grain size. The 
grain size calculated was between 30 nm and 50 nm. From the 
Auger analysis the films with low XRD patterns contained oxygen 
content up to 6%, whereas the samples with counts greater than 
100 cps/nm had an oxygen content less than 0.5%, the limit for the 
Auger analysis. 

The AFM measurement of surface morphology shed additional 
light on the grain structure. The surface showed a columnar grain 
growth with varying degrees of grain size and surface roughness. 
The low x-ray count, high oxygen content films had a very irregular 
grain pattern and a rough surface. For a 3% oxygen content 
columnar grain size averaged near 100 nm and surface peak to 
valley roughness was in the range of 14 to 32 nm. The films with 
oxygen content less than 0.5% and high x-ray count had a very 
smooth surface with closely packed uniform size grain columns of 
30 to 35 nm and a peak to valley surface roughness of 3 to 9 nm. 
This indicated a very uniform growth condition. An AFM photo 
looking down on the top surface of such an A1N film is shown in 
Figure 1. The apparent increase in grain size from the increasing x- 
ray FWHM values was not borne out by the AFM measurements. 

hO.75 

hO.50 

The transmission election microscopy (TEM) measurements of 
the cross-section of the A1N films revealed even more information 
about the growth conditions, particularly for those with high x-ray 
count and smooth surface. The optical image verified that the grain 
columns were uniform in growth from the surface with a diameter 
in the 30 to 35 nm range. The images indicated a singular 
crystallite orientation within a grain. Electron diffraction patterns 
over several grains taken perpendicular to the columnar structure of 
high x-ray diffraction intensity films of 1.0 micrometer thickness did 
not show any trace of a ring-pattern (see Figure 2). The discrete 
spot-pattern indicated that the c-axes of the sputtered 
polycrystalline films were highly aligned, and there was a strong 
lattice continuity between grains. This indicated that the structural 
properties of the fine grain sputtered polycrystalline A1N film 
closely approximated the structure of single crystal epitaxial grown 
films. The light and dark field optical images from poorer films 
indicated that early growth was well c-axis aligned but degraded as 
the growth continued. For such films the electron diffraction 
pattern at the film/substrate boundary showed a combination of 
spot and ring patterns which evolved into ring patterns at the top of 
the film. For high quality films with thicknesses approaching 3000 
nm, the combination of spot and ring patterns were also seen. 

Fig. 1. AFM view of the top surface of a 1.0 sputtered A1N film 
with average columnar grain diameters of 30 to 35 nm and a 6 nm 
average peak to valley surface roughness. 

Fig. 2. Transmission electron diffraction pattern over several grains 
of the cross-section of a 1.0 micron sputtered A1N film on silicon. 

ELECTRICAL MEASUREMENTS 
OF ACOUSTIC PROPERTIES 

Transmission measurements between pairs of transducers were 
made with a 50 ohm network analyzer test set. The basic 
measurement was the insertion loss between pairs of transducers 
with different spacings as a function of frequency. Fundamental 
and harmonic SAW responses were measured from 50 MHz to over 
1.5 GHz in some cases. SAW velocities were calculated from an 
accurate measurement of the frequency multiplied by the 
corresponding fixed wavelength value. This generated a SAW 
velocity dispersion characteristic which allowed comparison 
between films and to the theoretical characteristic based upon the 
elastic constants developed from epitaxial film growth [4]. 

By measuring the insertion loss between transducers with 
different separations a linear change in loss was observed 
representing the SAW propagation loss of the film/substrate at a 
particular frequency. A graphical representation of propagation 
loss versus frequency could then be developed for comparison 
between the sputtered films and epitaxial films. By subtracting out 
the propagation loss a single transducer conversion loss value was 
obtained from which a coupling factor could be estimated indicating 
the piezoelectric quality of the film. 
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The SAW properties arising from Rayleigh wave propagation is 
a sensitive function of film structure. The Rayleigh wave has much 
stronger shear motions along the c-axis than compressional motions 
normal to the c-axis in the film. The wave motion is very sensitive 
to the lateral film structure interconnecting the film grains. At low 
frequencies the velocity is representative of the substrate. As the 
frequency increases, wave motion is influenced more by the film's 
properties. The SAW phase velocity is plotted as a function of 
film-thickness to acoustic-wavelength ratio. For ratios near 1, the 
propagation properties are representative of the film. 

Figure 3 is a plot of SAW phase velocity versus film-thickness to 
acoustic-wavelength ratio for four films representative of the types 
analyzed in this investigation. Also shown as a continuous line is 
the theoretical velocity dispersion characteristic using the accepted 
elastic constant values for A1N (Tsubouchi et al [4]), the measure 
constants for PECVD silicon nitride (Hickernell et al [8]), and the 
constants for silicon (Slobodnik [9]). The two films represented by 
the darkened triangle and square are fine grain samples with very 
high x-ray counts and thicknesses of 2800 nm and 1000 nm 
respectively. The dispersion characteristics are very close to 
theoretical values differing by only about 1 - 2% at the higher 
thickness to wavelength ratios. This velocity difference of 1 - 2% 
for the best films implies an average elastic constant decrease of 
only 2 - 4% of the film's constants from that of single crystal 
material. The other two films, each 1000 nm thick, had lower x-ray 
counts and oxygen in the 0.6 - 2% region. The difference in 
velocity characteristic is very obvious with the velocity minimum 
being shifted to higher thickness to wavelength ratios as film quality 
degraded. 
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Fig. 3. SAW velocity dispersion as a function of film-thickness to 
acoustic-wavelength ratio for sputtered AIN on nitrided silicon. 
Filled triangle and square data points are representative of high 
quality films. Solid line represents SAW velocity dispersion 
characteristic using theoretical crystalline AIN elastic constants. 

The SAW propagation loss is an even more sensitive function of 
film structure, particularly at the higher propagation frequencies. 
Figure 4 shows the SAW propagation loss as a function of 
frequency for four films of two different thicknesses. The loss 
characteristic is close to a frequency squared relationship as shown 
by the solid line. This indicates intrinsic phonon loss mechanisms 
are dominant. The loss is approximately 10 dB/cm at 1 GHz for the 
1000 nm thick films. For comparison, the three filled triangle data 
points are representative of the loss for epitaxial AIN films on 
sapphire. 
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Fig. 4. SAW propagation loss as a function of frequency for four 
films of two thicknesses for sputtered AIN on silicon. The solid line 
represents a frequency squared relationship characteristic of 
intrinsic phonon loss mechanisms. The three filled triangle data 
points are representative of AIN epitaxial film losses on sapphire. 

Very low SAW propagation losses close to those measured 
for epitaxial films on sapphire were obtained with the high quality 
polycrystalline films 1000 nm thick. The 2800 nm thick films have 
propagation losses 2 to 3 times larger. These higher SAW 
propagation losses in the thicker films at equivalent frequencies are 
another indication that there is some degradation of film quality as 
the growth continues beyond 1000 nm. This was apparent in the 
electron diffraction measurements but did not appear as a deviation 
in the velocity characteristics. If the propagation loss is plotted as a 
function of film-thickness to acoustic-wavelength ratio, all the data 
points lie close to a straight line irrespective of film thickness. 

The coupling factors for high quality films were estimated from 
the transducer insertion losses. The coupling factors for the best 
sputtered films were 0.35% corresponding to film thicknesses of 
1000 nm and thickness to wavelength ratios between 0.2 and 0.4. 

CONCLUSIONS 

Based upon the results of the structural analysis and the SAW 
measurements it is apparent that high quality ALN films with 
properties similar to epitaxial films can be deposited by sputtering 
techniques on silicon having an amorphous silicon nitride on its 
surface. The x-ray characteristics show a high intensity for (002) 
orientation with other crystallite orientations essentially absent. A 
reduced x-ray intensity was associated with the prescence of 
oxygen in the films. The structural characteristics of the high XRD 
films are small uniform c-axis oriented columnar grains with a 
diameter of 30 - 35 nm, a smooth surface boundary with less than 
10 nm peak to valley roughness, and single crystal like lattice 
continuity between individual grains. The SAW properties of 
velocity and loss for 1000 nm films are very close to those 
predicted for a single crystal material using constants developed 
from high temperature epitaxial film growth on sapphire. Because 
of the small grains (30 nm) these films should be useful for 
producing SAW and BAW integrated acoustic devices to 10 GHz 
and possibly higher. 
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There are two film process problems which if successfully 
addressed would enhance the use of sputtered aluminum nitride for 
acoustic wave device development.. It has been the experience in 
this investigation that the small uniform grain growth can only be 
maintained for film thicknesses up to about 2000 nm. For some 
low frequency acoustic wave devices operating near 1.0 Ghz it 
would be advantageous to be able to grow film thicknesses up to 
6000 nm and maintain the small columnar grain structure. This will 
require additional process modifications and possibly the use of 
intermediate films for stress control. The second is controlling the 
angle of inclination of the c-axis of the A1N film to achieve higher 
coupling factors. This has been done with epitaxial films on 
sapphire by use of different substrate cuts. Possible ways this might 
be accomplished are by texturing an amorphous surface, using a 
special silicon cut, or by modifying the deposition conditions. 

ACKNOWLEDGMENTS 

The authors thank Wayne Cronin for the deposition of A1N 
films, Marc Chason for the x-ray diffraction measurements, Harland 
Tompkins for x-ray and Auger evaluations, Theresa Hopson for the 
atomic force microscopic evaluations, Peter Fejes for the TEM 
examinations, Claudia Jensen for SAW transducer fabrications, and 
Virginia Hernandez for SAW transducer testing. This has been a 
cooperative effort between the Government Systems and 
Technology Group and the Semiconductor Products Sector of 
Motorola. The authors thank their respective managements for the 
support given this program. 

REFERENCES 

[1] P. J. Hagon, L. Dyal and K. M. Lakin, "Wide band UHF 
compression filters using aluminum nitride on sapphire," Proc. 
IEEE Ultrason. Symp., pp. 274-275, 1972. 

[2] M. T. Duffy, C. C. Wang, G. D. O'Clock Jr., S. H. McFarlane 
III, and P. J. Zanzucchi, "Epitaxial growth and piezoelectric 
properties of A1N, GaN, and GaAs on sapphire or spinel," J. 
Electronics Materials, vol. 2, no. 2, pp. 359-372, 1973. 

[3] A. J. Shuskus, T. M. Reeder, and E. L. Paradis, "Rf-sputtered 
aluminum nitride films on sapphire," Appl. Phys, Lett., vol. 24, pp. 
155-156, 1974. 

[4] K. Tsubouchi and N. Mikoshiba, "Zero temperature-coefficient 
SAW devices on A1N epitaxial films," IEEE Trans. Sonics and 
Ultrason., vol. SU-32, no. 5, pp. 634-644, 1985. 

[5] T. Shiosaki, T. Yamamoto, T. Oda, K. Harada, and A. 
Kawabata, "Low temperature growth of piezoelectric A1N film for 
surface and bulk wave transducers by rf reactive plasma magnetron 
sputtering," Proc. IEEE Ultrason. Symp., pp. 451-454, 1980. 

[6] K. M. Lakin, J. S. Wang, G R. Kline, A. R. Landin, Y. Y. 
Chen, and J. D. Hunt, "Thin film resonators and filters," Proc. 
IEEE Ultrason. Symp., pp. 466-475, 1982. 

[7] L. C. Pearce, R. L. Gunshor, and R. F. Pierret, "Sputtered 
aluminum nitride on silicon for SAW device applications," Proc. 
1981 IEEE Ultrason. Symp., pp. 381-383, 1981. 

[8] T. S. Hickernell, F. M. Fleigel, and F. S. Hickernell, "The 
elastic properties of thin-film silicon nitride," Proc. IEEE Ultrason. 
Symp., pp. 445-448, 1990. 

[9] A. J. Slobodnik, E. D. Conway, and R. T. Delmonico, 
Microwave Acoustics Handbook - Air Force Cambridge Research 
Laboratories, 1973 

546 



Electrical Properties of PZT Thin Films with Ir and 

IrC>2 Electrodes 

Takashi Nakamura, Yuichi Nakao, Akira. Kamisawa and Hidemi Takasu 

ROHM CO.,LTD. 21, Saiin Mizosaki-cho, Ukyo-ku, Kyoto 615. Japan 

Abstract 

The development of ferroelectric memory device requires a though 

understanding of the fatigue properties of ferroelectric thin films. 

PZT thin films by sol-gel method on Pt/Ti were reduced residual 

polarization by continuous polarization reverses about 108 cycles. In 

this paper, we regard Ir, Ir02 and these layer films as electrode mate- 

rials and have evaluated electric characteristic of PZT thin film capac- 

itors. Regarding a ferroelectric material, we used PZT(Zr/Ti=5'2/48) 

by sol-gel method. 
By using Ir and Ir02 electrodes, diffusion barrier effect becomes 

very good, therefore they can prevent Pb and other elements from 

diffusing into electrode and polycrystalline silicon (poly-Si). PZT 

thin films using Ir/Ir02 layer electrodes show no fatigue up to 1012 

cycles of ±5V switching pulse. 

1.   Introduction 

Ferroelectric thin film capacitors using PZT as ferroelectric mate- 

rials have been investigated for memory applications. " Pt or Pt/Ti 

electrodes are widely used in these capacitors, because Pt has a small 

lattice mismatch for PZT and good heat-resistance. However, PZT 

thin film capacitors using Pt or Pt/Ti electrodes have an impor- 

tant problem of fatigue. For example, our capacitors using Pt/Ti 

electrodes were reduced to half remanent polarization by continuous 

polarization reverses of about 108 cycles. In order to solve such a 

problem new ferroelectric materials 2' and new electrode materials 
3,4) are stufliecl. 

In addition, the development of ferroelectric memory devices re- 
quire an improvement in matching to conventional silicon process. 

When Pt or Pt/Ti was used as electrodes of PZT capacitors directly 

on Si and poly-Si, perovskite PZT was not obtained due to annealing 

at high temperature. Ir and Ir02 films were used as new electrode 

materials in order to solve these problems, in this study. 

2.   Experimental 

Pb(Zr0.52Tio.48)03 (PZT(52/48)) films grown by conventional sol- 

gel method were used as ferroelectric materials.5' The films were fi- 

nally annealed at 700°C for 1 min in pure oxygen by rapid thermal 

annealing (RTA). 
Pt. Ir. Ir02 and other metals were used as the electrode materials 

of the PZT capacitors. The electrode materials were deposited by 

RF magnetron sputtering system. As the substrate to fabricate the 

capacitors, oxidized Si wafers (SiO2(600 nm) / Si(100)) and poly-Si 

coated oxidized Si wafers (poly-Si(450 nm) / Si02(25 nm) / Si(100)) 

were used. 

X-ray diffraction (XRD) was used to investigate the crystallo- 

graphic properties. Thickness of the thin films was measured by 

scanning electron microscopy (SEM) images of the cross section. Mi- 

crostructures of the PZT and electrode films were observed using 

a transmission electron microscope (TEM). The depth profiles of 

these capacitors were analyzed by secondary ion mass spectrometry 

(SIMS). The D-E hysteresis loops were measured by conventional 

Sawyer-Tower circuit at 1kHz. 

3.   Results and Discussion 

3.1.    The PZT thin films on 7r02 electrodes 

Ir02 single layer films were used as electrodes of PZT capacitors. 

Oxidized Si wafers (SiO2(600nm) / Si(100)) were used as substrates. 

The electrodes were formed by reactive RF magnetron sputtering us- 

ing a Ir target without substrate heating. (Substrate temperature 

was about 150°C during sputtering.) These films were annealed at 

various temperature by RTA after deposition. Annealing tempera- 

ture of bottom and top Ir02 electrodes were (a.) no annealing, (b) 

400°C, (c) 500°C, (d) 600°C and (e) 700°C, respectively. Figure 1 

shows a SEM photograph of a Ir02 film annealed at 600°C by RTA. 

When Ir02 films were annealed at other temperature, similar surface 

morphologies to that in Fig. 1 were exhibited. PZT thin films were 

grown by sol-gel method with preannealing at 400°C and final an- 

nealing at 700°C. Figure 2 shows a process flow chart of Ir02 / PZT 

/ Ir02 capacitors. 

Fig. 1. A SEM photograph of Ir02 thin films, (annealed by RTA at 

600°C after deposition) 
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Fig. 2. A process flow chart of Ir02/PZT/Ir02 capacitors. 

PZT single phase films were obtained all of the capacitors. I1O2 

and PZT films had crystal grains of which the axis was randomly 

oriented. One of their XRD charts is shown in Fig. 3. There was 

very little difference between their crystallinity. 

On the other hand, these capacitors had some different electric 

properties. Every capacitors showed the value of remanent polar- 

ization (PT) and coercive field (Ec) were about 12 /^C/cm2 and 40 

kY/cm. respectively. However, there was the dependence of fatigue 

properties and leakage current on electrode annealing temperature. 

The fatigue properties of PZT thin films with electrodes annealing at 

various temperature are shown in Fig. 4. Switching cycles mean the 

number of ±5 V switching pulses applied to PZT thin films. The fre- 

quency of the pulses is 2MHz. When bottom and top Ir02 electrodes 

were annealed at 400°C, Pr of PZT thin films decreased by only 5% 

bellow initial remanent polarization (Pn) after IO10 switching cycles. 

An improvement in a fatigue property was obtained by electrode an- 

nealing, but on the contrary as annealing temperature went up too 

high, a fatigue property was degraded. We considered that the cause 

of such a degradation of a fatigue property was interaction or inter- 

diffusion at the PZT/I1O2 interface during annealing of PZT films 
and electrodes. 

PZT Thickness : 240 nm 

CL 

a." 
0.5 

—'-— (a)no annealing 
--E--- (b)400°C 
--0--- (c)500"C 
--■-- (d)600"C 
—•— (e)700°C 

5V 

5V    f=2MHz 

?0° 10' 102103 lO^OMO610710810910" 
Switching cycles 

Fig. 4. Fatigue properties of PZT thin films using IrÜ2 bottom and 

top electrode with electrode annealing at various temperature. 

In order to compare properties of PZT capacitors between using 

Ir02 and Pt electrodes, PZT capacitors using Pt top electrodes were 

fabricated. Bottom electrodes, PZT growth condition, electrodes an- 

nealing and other conditions of these capacitors were same as those 

using Ir02 top electrodes. Fatigue properties of capacitors using Pt 

top electrodes were inferior to those using Ir02 electrodes. However, 

there was little dependence of characteristics of these capacitors on 

annealing temperature at high temperature. Figure 5 shows leak- 

age current of PZT capacitors using Pt and Ir02 top electrodes. In 

the case of PZT capacitors using Ir02 electrodes, leakage current 

increased by electrode annealing at more than 500°C The increase 

may be also caused by interaction or interdiffusion at the PZT/I1O2 
interface. 

'c 

CO 

c 
o 

30 40 50 

2 6 (deg.) 

60 

Fig. 3.   A X-ray diffraction pattern of a PZT/Ir02 structure,   (an- 

nealed by RTA at 600°C after deposition) 

10" 

10- 

PZT Thickness : 240 nm 
(at 5V) : 

200 400 600 

Electrode annealing temperature (°C) 

Fig. 5. Leakage current characteristics of PZT capacitors using Ir02 

and Pt top electrodes with electrode annealing at various tempera- 

ture. 
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3.2.   lrC>2 films using as barrier layer 

When Ir02 films used as electrodes of PZT capacitors, fatigue 

properties were improved, but there was dependence of fatigue prop- 

erties and leakage current. Leakage current and fatigue properties 

were degraded after high temperature annealing. So, Ir02 films used 

as barrier layer under Pt and Ir electrodes. Pt and Ir films deposited 

on 50-70 nm thick Ir02 films by RF magnetron sputtering system 

without substrate heating and annealed at 400°C after deposition. 

The thickness of both Pt and Ir was about 200 nm. PZT thin films 

grown by sol-gel method on Pt and Ir. Ir02 films deposited on PZT 

thin films as top electrodes and annealed at 400°C. 

Microstructures of electrodes and PZT films were observed by 

TEM. In Fig. 6 and Fig 7, a TEM photograph of a conventional 

PZT/Pt/Ti structure and a PZT/Pt/Ir02 structure were shown, re- 

spectively. Using a Pt/Ti bottom electrode caused interdiffusion and 

interaction of Ti and made a Pt/Ti interface obscure. Pt on the Ti 

layer exhibited very poor crystalline and a PZT/Pt interface was very 

rough. There were a few voids at Pt/PZT interface. On the other 

hand, when a Pt/Ir02 electrode was used, Pt/Ir02 and PZT/Pt in- 

terfaces were very clear and smooth, and good crystalline Pt was 

obtained. In the case of using a Ir/Ir02 electrode, similar observa- 

tional result to using Pt/Ir02 was obtained. 

Si02 

Fig. 6. A TEM image of a PZT/Pt/Ti structure. 

PZT. 

Si02 

Fig. 7. A TEM image of a PZT/Pt/Ir02 structure. 

3.3.   PZT capacitors on poly-Si 

PZT capacitors with good properties could be obtained on poly- 

crystalline silicon (poly-Si) by using Ir02. X-ray diffraction (XRD) 

patterns of PZT thin films using (a) Pt, (b) Pt/Ti and (c) Pt/Ir02 

electrodes on poly-Si are shown in Fig. 8. The perovskite phase is not 

found and very strong PtSi peaks and a small pyrochlore peak are 

shown in films on Pt/poly-Si. This film has no ferroelectric proper- 

ties. In Fig. 8-(B), many PtSi and TiSi peaks are found. The film on 

Pt/Ti/poly-Si has perovskite phases, but the ferroelectric properties 

of this film are very poor. From other analyses, we know that Ti un- 

der Pt was oxidized by oxygen though the Pt during final annealing. 

When a Pt/Ir02 layer was used as a bottom electrode, a very strong 

Pt (111) peak and perovskite PZT phase were obtained, and no PtSi 

peak could be found (Fig 8-(c)). Pt was connected electrically with 

poly-Si completely. The electric properties of the PZT film capaci- 

tors on poly-Si with Ir02 layer were as good as those of the PZT thin 

film capacitors using Ir02 on Si02. It seemed that the advantage was 

brought by the diffusion barrier effect and the lack of reactivity of 

Ir02 with Si at high temperature. 

In order to confirm the barrier effect of Ir02, depth profiles for 

elements of PZT and electrodes were measured by SIMS method. 

Figure 9 shows SIMS depth profiles of PZT capacitors using Pt/Ir02 

and Ir/Ir02 as bottom electrodes on MOS structure. It was con- 

firmed from the profiles of the capacitors using a Pt/Ir02 electrode 

that Pb diffused into the Pt layer, but the diffusion was stopped at 

the surface of Ir02. In the case of the capacitor using an Ir/Ir02 

bottom electrode, Pb never diffused into electrodes, because Ir was 

oxidized at the surface and grain boundaries of Ir films during ther- 

mal processing and such Ir02 probably had a good barrier effect. The 

result could be considered as showing the barrier effect of Ir02. 
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Fig. 8.   X-ray diffraction patterns of PZT capacitors using various 

electrodes. 
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Fig. 9.    SIMS depth profiles of PZT capacitors using Ir/Ir02 and 

Pt/Ir02 bottom electrodes, (only about Pb, Ir, Pt and O) 

4.   Conclusions 

PZT thin film capacitors were prepared using Ir and Ir02 films as 

new electrodes. When Ir02 films used as bottom and top electrodes of 

PZT capacitors, an improvement of a fatigue property was obtained . 

but on the contrary as electrode annealing temperature went up too 

high, leakage current and fatigue properties were degraded. The PZT 

capacitors on Ir/Ir02 and Pt/Ir02 had good properties not only on 

Si02 but also on poly-Si and showed no fatigue up to 1012 cycles of 

±5 V switching pulses. The advantages of Ir02 films were probably 

caused by their diffusion barrier effect and the lack of reactivity with 
Si at high temperature. 
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3.1).   Fatigue properties 

The fatigue properties of PZT thin films using Pt/Ti and Ir/Ir02 

electrodes are shown in Fig. 10. Pr of the PZT film on a Pt/Ti elec- 

trode was reduced to half by about 108 cycles of switching pulses. 

When a Ir/Ir02 bottom electrode used. Pv of the PZT film showed 

no degradation up to 1012 cycles. There were little difference of the 

fatigue properties between on Ir/Ir02 and on Pt/Ir02. It is consid- 

ered that the improvement in fatigue properties could be obtained by 

the diffusion barrier effect of Ir and Ir02. 

Ir/lr02 

Applied pulse : ±5V (2MHz) 

PZT Thickness : 240 nm 

10°        102        10"        106        108       1010       10'2 
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Abstract: Series of magnesium ferrites with generic 
formula Mgi+xGexFe2-2x04 -were prepared by ceramic method. 
From XRD studies it is seen that a limited range of x values 
yields single phase spinel material and only such samples were 
investigated further. The lattice parameter data was found to be 
consistent with the ionic size and concentration of the substituent 
employed. The dc resistivity (p) in general was found to increase 
with x and can be understood on the basis of cation content 
redistribution on the two sublattices in accordance with the 
site occupancy preference of the substituent and the magnetic 
moment data. The activation energies obtained from 
temperature variation studies in the ferrimagnetic region (below 
Curie temperature) show a trend similar to that of p. The 
results of dielectric measurements with frequency and 
substitutional level are also discussed. 

INTRODUCTION 

Simultaneous presence of magnetic and dielectric 
nature of ferrites is vastly exploited in a variety of 
applications at different frequencies. The special feature of 
these materials is that the properties can be tailored over 
wide ranges by appropriate substitution of various ions in 
the chemical formula unit and control of processing 
procedures. Magnesium ferrites have been found suitable 
for use in memory cores and in latching microwave devices 
due to their inherent rectangular hysteresis loop behaviour 
and low loss characteristics. Achieving desired properties 
for specific purposes, studies have been carried out by 
incorporating several cations of different valence states in 
the crystal structure[l-3]. The content and occupancy at 
either octahedral and/or tetrahedral sites is of prime 
importance in deciding the properties of the resulting 
material. In an earlier publication [4] we reported cation 
distribution for tetravalent germanium substituted 
magnesium ferrites. The present paper reports the electrical 
properties for this series of materials. 

EXPERIMENTAL DETAILS 

The chemical formula unit of Mg1+xGexFe2-2X04 with 
varying x values has been used for preparing the samples. 
Normal ceramic methods consisting of mixing the raw 

Presently with: Materials Research Laboratory, Pennsylvania State 
University, University Park, PA 16802, USA. 

materials (MgC03, Ge02 and Fe203 of AR grade here), 
prefiring the powder at 1000 °C for 4 hours, second 
mixing/grinding stage, compacting the powder in disc 
and toroidal shapes and finally sintering at 1300 °C for 4 hrs 
were employed. The details are given in an earlier 
publication [4]. The amount of substituent i.e. Ge4+ was 
increased in small steps. The structural studies were 
carried out by powder X-ray diffraction technique for 
ascertaining the formation of spinel structure and presence, 
if any, of any unwanted or unreacted phases. From the 
XRD patterns it was seen that only a limited range of x 
values yielded single phase spinel formation. For the 
samples with x > 0.4, the presence of unreacted chemicals 
was noticed. Adjustments of processing parameters, 
particularly sintering temperatures and duration did not 
result in formation of single phase samples for the said 
higher x values. The studies carried out were confined to 
only these particular samples. 

The magnetisation measurements were carried out 
using a vibrating sample magnetometer model PAR 155 
coupled with a closed cycle refrigeration system and a high 
temperature oven in the range of 80K to the Curie 
temperature of the respective sample. 

The electrical conductivity measurements were made in 
the temperature range 300 K to the Curie temperature of the 
specimen. The two probe method was employed for 
measurements. Air dry silver epoxy was used for making 
electrical contacts on the flat surfaces of the specimens. 
From the plots of logp vs inverse of temperature, activation 
energies were determined. The same specimens were used 
for dielectric measurements in the frequency range upto 10 
MHz. 

RESULTS AND DISCUSSION 

The lattice constant values 'a' obtained from XRD 
patterns for the series of materials prepared are given in 
Fig. 1. It is seen that 'a' decreases with increase in 
substitutional level x. In the present case the tetravalent 
Ge4+ ion is being substituted in the form of a composite ion 
(Mg2J 5Ge4o.5) for Fe3+ ion. The ionic radius of composite 
ion is smaller than that of Fe3+ ion (ionic radii of Ge4+, Mg2+ 

and Fe3+ are 0.44, 0.78 and 0.67 A respectively [5]). 
Replacement  of bigger  ion   by   smaller  ion   results  in 
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shrinkage of the lattice and hence a decrease in lattice 
constant in this case with increasing x. 

Variation of magnetic moment (M0) and Curie 
temperature (Tc) with germanium content x is depicted in 
Fig. 1. 0°K magnetic moment values were obtained by 
extrapolating the variations observed in magnetisation over 
the range 80K to Curie temperature. The behaviour has 
been explained by the authors [4] on the basis of cationic 
distribution on the two sites in the spinel structure. 

Fig. 2 shows the variation of dc resistivity (p) at room 
temperature    and activation energy (Ep) with x.     p is 
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Fig. 1.   Variation of lattice constant (a), OK magnetic 
moment (M0) and Curie temperature (Tc) with 

xforMg1+xGexFe2.2x04. 

observed to increase with x and can be understood on the 
basis of site occupancy of different valence ions in the 
crystal structure. It is well established that Ge4+ ions have 
preference for tetrahedral (A) site [6,7], The dominant mode 
of conduction in these ferrites is the charge transport 
between Fe2+ and Fe3+ ions, by hopping mechanism, 
present on the equivalent crystallographic sites. A small 
amount of Fe2+ ions is formed during preparation of ferrite 
samples depending on sintering conditions. It is known that 
partial reduction of Fe3+ to Fe2+ can take place at elevated 
firing temperatures. A complete reoxidation of Fe + does 
not, however, take place in dense samples. This conversion 
is proportional to the total iron ion content present at each 
site. 

Substitution of tetravalent ion as well as additional 
divalent magnesium ion in the formula unit reduces the 
overall iron content in the composition. A corresponding 
decrease in its conversion to divalent ions is expected 
alongwith. On this basis the observed increase in resistivity 
with x is understood. With the temperature the p shows the 
expected semiconducting behaviour of linear variation of 
logp with inverse of temperature. The measurements were 
taken upto temperatures not exceeding the Curie 
temperatures of the corresponding samples. The activation 
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Fig. 2.   Variation of resistivity (logp) and activation 
energy (Ep) with x for Mg1+xGexFe2.2x04. 
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energy (Ep) values calculated from the above said data are 
shown in Fig.2. The trend of Ep with the substitution level 
is similar to the one shown by p thus indicating that 
higher values of activation energy corresponds to higher 
values of the resistivity. 

The dielectric constant (e') measurements were carried 
out on these samples over the frequency range upto 
10MHz. The results are given in Fig.3. The s' value 
shows a decrease with increasing x at all frequencies. The 
decrease being large at low frequencies. Earlier studies [8- 
10] on dielectric behaviour of ferrites showed that the 
mechanism of dielectric polarisation is similar to that of 
conduction i.e. the electron exchange interaction between 
Fe2+ and Fe3+ results in a local displacement of the 
electrons in the direction of an electric field which 
determines the polarisation of the ferrites. In the present 
case as explained above, the effective number of divalent 
iron ions, which take part in electron exchange i.e. 
polarisation, decreases with increasing substitutional level 
x. This results in a decrease in dielectric constant with x. 
The variation  of dielectric  constant for all the  samples 
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Fig. 3.    Variation of dielectric constant with 
frequency for Mg1+xGexFe2.2x04. 

shows dispersion with frequency which is due to Maxwell- 
Wagner interfacial polarisation [11,12]. It is in agreement 
with Koops' phenomenological theory [13]. 
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Abstract: The paper reports the influence of magnesium 
substitution on structural and electrical properties of lithium 
ferrites. The samples with compositional formula 
Lif].x),2MgxFe(i.X)n04 with x ranging from 0.1 to 0.9 were 
prepared by standard dry ceramic method. XRD shows all the 
samples to be single phase spinel and the value of lattice 
constant was found to increase with increasing substitution level 
x. The room temperature d.c. resistivity increases with x. The 
variation has been explained in terms of hopping mechanism 
and the cation distribution. The resistivity with temperature 
shows a change in slope which does not corresponds to Curie 
temperature. The activation energy determined from the slopes 
in two temperature regions shows a large difference. It has been 
interpreted in terms of two conduction mechanisms i.e. ionic and 
electronic. The dielectric measurements were carried out at 
room temperature in the frequency range 10 kHz to 10 MHz. 
Dielectric constant shows a dispersion with frequency for all the 
samples. The dielectric loss decreases with frequency and does 
not show any peak with frequency for any of the samples. 

INTRODUCTION 

The lithium ferrite which is an inverse spinel has 
excellent rectangular hysteresis loop properties which can 
be suitably tailored by appropriate substitution of cations to 
use the material for some specific application. The 
properties are predominantly governed by the distribution of 
cations on tetrahedral and octahedral sites and the type and 
amount of substitution. A number of investigators [1-4] 
have studied the influence of various substituents on its 
different properties. Recently [5] we reported the effect of 
magnesium substitution on Mössbauer and magnetic 
properties of lithium ferrites. On the basis of these studies a 
cation distribution was established. The aim of the present 
paper is to report d.c. resistivity and dielectric properties for 
these materials with compositional formula Li(i.X)/2MgxFe(5_ 
XV2O4. 

EXPERIMENTAL DETAILS 

The ferrite samples with compositional formula 
Li(i-X)/2MgxFe(5_X)/204, x = 0.1, 0.3, 0.5, 0.7 and 0.9 were 
prepared by conventional double sintering ceramic method. 

Presently with: Materials Research Laboratory, Pennsylvania State 
University, University Park, PA 16802, USA. 

Appropriate quantities of AR grade of Li2C03, MgO and 
Fe203 were taken and thoroughly mixed in an agate jar mill 
in presence of distilled water. The dried mixture was 
prefired at 800 °C for 5 hrs. The reacted powder was ball 
milled again and granulated using a small amount of PVA 
as binder. The discs were pressed and finally sintered at 
1200 °C for 4 hrs followed by slow cooling. 

X-ray diffraction patterns were recorded for all the 
samples. The d.c. resistivity measurements were carried out 
by two probe method. Electrical contacts were made by 
applying air dried silver epoxy on flat surfaces of the discs 
of uniform thickness. The measurements were made using 
a Keithley digital electrometer model 614 from room 
temperature to 425K. Dielectric measurements were made 
on the same specimens using a HP4275 multifrequency 
LCR meter at room temperature. The capacitance, C, and 
loss tangent, tan5, were measured in the frequency range 10 
kHz to 10 MHz. The dielectric constant, s', was calculated 
using the formula s' = Ct/SoA, where t is the thickness of 
the specimen, A is the area of the cross-section and e0 the 
permittivity of the free space. 

RESULTS AND DISCUSSION 

X-ray powder diffraction analysis shows all the samples 
to be single phase spinel structure. From the observed d 
values, the lattice constant 'a' was calculated. Its variation 
with magnesium content x is shown in figure 1. The lattice 
constant increases with increasing x in the system 
Li(i_x)/2MgxFe(5.x)/204. The variation can be explained in 
terms of different ionic radii of the cations involved. In the 
system under investigation, a composite ion Li'o5Fe3o5 is 
being replaced by Mg2+ ion. The ionic radii of Li'+, Fe3+ 

and Mg2+ are 0.68, 0.67 and 0.78 Ä, respectively. Mg2+ 

ion, being larger in size than composite ion, causes the unit 
cell to expand which results in an increase in the value of 
lattice constant with increasing magnesium concentration. 
This explains the observed variation. 

The d.c. resistivity p was observed to increase with x in 
the compositional formula Li{1.x)/2MgxFe(5.x)/204. The 
variation is shown in figure 2. The electrical conduction in 
ferrites can be explained by hopping mechanism involving 
electron  exchange  between  ions  of the   same   element 
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8.38 

Fig. 1.   Variation of lattice constant (a) with x 
for Li(1.x)/2MgxFe(5.x)/204. 

Fig. 2.   Variation of d.c. resistivity (logp) with x 
for Li(1_x)/2MgxFe(5.x)/204. 

present in more than one valence state and distributed 
randomly over crystallographically equivalent lattice sites. 
In the present case electronic conduction takes place by 
hopping between Fe2+ and Fe3+ ions present at octahedral 
(B) sites [6]. In addition to this, the lithium ferrite spinels 
may exhibit ionic conductivity also as it contains reducible 
iron ions and lithium ions [7,8], Fe2+ ions may be formed 
due to the partial evaporation of lithium during sintering 
process [9]. These Fe2+ ions preferentially occupy the B 
sites and B-B hopping between Fe2+ and Fe+ is the 
dominant mode of conduction. 

For the present series of materials, the general cation 
distribution had been inferred from Mössbauer studies [5] 
to be: 

(MgyFei.y)[Li(i.x)/2Mgx.yFe(3-x+2y)/2]04   where y « x. 

Here cations enclosed by parentheses occupy 
tetrahedral (A) sites and those enclosed by square brackets 

Fig. 3.   Variation of logp with inverse of temperature (1/T) 
forLi(i-x)/2M9xFe(5.x)/204. 

occupy octahedral (B) sites. It is seen that an increase in 
Mg content x leads to a reduction in Li1+ and iron ions at B 
sites. A corresponding decrease in conversion of Fe + to 
Fe2+ is expected resulting in a decrease in conduction 
electrons thereby increasing the resistivity with increasing 
x. This explains the observed behaviour. 

The plots of logp vs 1/T for all the specimens are given 
in figure 3. A change in slop was observed for all the 
samples which is in agreement with the earlier observations 
on similar materials [10-12]. Two ranges of activation 
energies were obtained corresponding to the two slopes. 
Fig. 4 shows the plot of activation energy (Ep) versus 
composition. The temperature at which change in the slope 
is observed does not correspond to the measured Curie 
temperature [5] of the respective sample. The existence of 
two parallel conduction mechanisms with different 
activation energies may therefore be responsible for this 
change in slope [13], The observed curves of Fig. 4 could 
be divided into two regions with different activation 
energies: region I or low temperature region with Ep 
between 0.08 eV and 0.15 eV and region II or high 
temperature region with Ep between 0.72 eV and 0.93 eV 
for samples with different x values. As mentioned above 
lithium ferrites may exhibit ionic conductivity too in 
addition to electronic conductivity. The ionic conduction 
has high activation energy[10], the conduction in region II 
may therefore be due to this mechanism. However, in 
region I with low activation energy the dominant mode of 
conduction may be electronic conduction.    It is observed 

555 



0.95 

0.90 

0.1 0.3 0.5 0.7 
l ! 

Region II   ^^ "^^ 

0.85 
> 
■SI 

- - 

^0.80 " 

0.75 

n 7n i i 

- 

0.14 

0.12 
> 

Q. 

0.10 - 

0.08 

Fig. 4. Variation of activation energy (Ep) for region I 
and region II with x for Li(1.x)/2MgxFe(5.x)/204. 

c 
S 
0) c 
o 
o 
o 
TS 

9> 
D 

104 105 106                     107 

25000 

■ ■ 1                *                ■    ■ 

"   \x=0.1 

■ II) 

20000 

■ 
\ ■ 

#0.3 \ 

- 

15000 -    ^»^ \ - 

10000 

W3.5        •- ■ 

▲ 

■ 
^~ * 

T- ■=♦- ^•^■-■^. 

cnnn 

10° 106 

Frequency (Hz) 

10' 

Fig. 5. Variation of dielectric constant and tans 
with frequency for Li(1_x)/2MgxFe(5_x)/204. 

that the activation energy for both the regions increases 
with increasing magnesium content x which, as expected, is 
in accordance with the variation of resistivity with x. 

Fig. 5 depicts the variation of dielectric constant (e1) and 
loss tangent (tanS) with frequency at room temperature in 
the frequency range 10 kHz to 10 MHz. A dispersion in 
relative permittivity (e') with frequency can be seen for all 
the samples. It is observed that s' is very high in the low 
frequency range and it decreases with frequency. At high 
frequencies the value of s' is low and becomes less 
dependent on frequency. This has also been observed 
previously by other workers for similar materials [14-16], 

The observed variation of dielectric constant with 
frequency can be attributed to the space charge polarisation, 
which is due to an inhomogeneous dielectric structure as 
discussed by Maxwell [17] and Wagner [18] and is in 
agreement with Koops phenomenological theory [19]. In the 
low frequency range, s' decreases with increasing 
substitutional level x. As mentioned above, at room 
temperature the dominant mode of conduction is electron 
hopping between Fe2+ and Fe3+ and the number of Fe2+ ions 
decreases with increasing x. With decreasing ferrous ions 
which are responsible for polarisation, a decrease in 
dielectric constant is expected with x.   It can be seen from 

Fig. 5 that tanS does not show any peak with frequency in 
the frequency range under study, for any of the samples. 
The absence of the peak is perhaps due to small contribution 
of dielectric permittivity to show any observable variation of 
loss factor with frequency. 
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Abstract - Bismuth Sodium Titanate (BNT) has been 

investigated widely in terms of phase transitions, dielectric, 

piezoelectric and pyroelectric properties. The first 

transition temperature of this material is about 220 °C. 
However, doped with Pb this material gives a higher 
dielectric constant and a lower phase transition temperature. 
The dielectric properties and structure of xPbTi03 - (1-x) 

Bio.5Narj.5Ti03 solid solution are investigated. The phase 

boundary of this system is between 15-17%Pb. Pb also 

decreases the broadness of BNT dielectric response. 
Modifications with cations such as K+ and La3+ in 10%Pb 
doped BNT were studied in terms of dielectric properties 
and broadened phase transitions. 

I. INTRODUCTION 

Bio.5Nao.5Ti03 (BNT) has multiple and broad phase 

transitions. It has a rhombohedral [1] ferroelectric phase [2] 
at room temperature and transforms to an antiferroelectric 
13] and paraelectric phase [4] above 220 °C and 320 °C, 
respectively. Many studies have been performed on BNT 
and BNT-based solid solution with lead free or low lead 
content as a candidate for piezoelectric [5]-[7] or 
pyroelectric [5],[8] devices. Only a few [9],[10] studied the 
dielectric properties of Pb doped BNT. These results 
showed a phase boundary in Bin.5Nao.5Ti03-PbTi03 (BNT- 

PT) solid solution in different regions, 0-10% Pb from ref 
I9J and 13% Pb from ref [10]. In this paper the phase 
boundary  of this  system was  studied  from  dielectric 

measurements and x-ray diffraction as a function of %Pb. 
The broadness of the Curie peak was investigated as a 
function of %Pb. In addition, modifications with K and La 
on 0.9BNT-0.1PT were also studied. 

II. EXPERIMENTAL TECHNIQUES 

All compositions were prepared by reacting reagent 
grade oxides or carbonates. After ball-milling with ethanol 

and zirconia media, the dried mixture was calcined at 750 °C 
in air for two hours. The calcined material was milled with 
polyvinyl alcohol binder. The dried powder was pressed 

into disks. After binder burn-out, the disks were sintered at 
1200 °C with an hour soaking period in a closed crucible. 

Temperature dependence of the dielectric constant 
and loss tangent were measured by a HP4192A Impedance 

Analyzer. The disks were electroded with fired-on gold 

paste. All data were collected every 2 °C with increasing 

temperature at 2 °C/min. The broadness parameter above 

the Curie point was calculated as a function of %Pb 
following Isupov's model [11]. 

The structures at room temperature for BNT-PT 
system were determined by x-ray powder diffraction. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the change of the dielectric constant 

(K) as a function of temperature for the BNT-PT system at 

a frequency of 10 kHz. This result indicates that the 

maximum K (Kmax) increases as the %Pb increases. In 

addition, the first transition temperature decreases as %Pb 
increases and abruptly disappears at 17% Pb. 
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Rg. 1 Change in dielectric constant with temperature for 
BNT-PT solid solution at a frequency of 10 kHz. 

Figure 2 shows the results of the reciprocal dielectric 
constant as a function of T-Tm (Tm is the temperature at 

Kmax) and %Pb. This indicates that the experimental results 

fit quite well with the Isupov's model [11]. His model 

showed that above the Curie point there was predominately 
parallel mixing of the polar phase and nonpolar phase in the 
relaxor material.   As the temperature increases, the polar 
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phase decreases. The parabolic temperature dependence of 

1/K changes to linear at higher temperature. The broadness 
parameter, o, and the Curie constant, C, of this system at a 
frequency of 10 kHz is given in Table 1. 

X 

0  20 40 60 80 100 120 140 160 

T-T 
m 

Fig. 2 Dependency of the reciprocal dielectric constant on 

the temperature above the Curie point of BNT-PT by 
following Isupov's model at 10 kHz (+ = from 
experiment, o = from calculation) 

Table 1. Parameters governing temperature dependence of the K 

above the Curie point for (100-x)BNT - xPT solid solution 

X KrVK'max C(°C) Cxl05 (OQ 

0 3.78 108.9 4.42 

5 2.83 107.6 4.59 

10 1.74 99.3 4.19 

15 1.50 91.9 4.56 

17 0.97 64.6 4.33 

The broadness parameter, a, decreases with 
increasing Pb content and anomalously decreases as the 
structure becomes more ordered at 17%Pb. As Pb is added 
to BNT, three types of ions (Bi, Na and Pb) are believed to 
be in the A lattice sites with a coordination number of 12. 
This should increase the heterogeneity of the composition. 
However, the size and polarizability of Bi3+ is close to that 
of Pb2+. This actually decreases the compositional 
fluctuations due to the decrease of Na+. In other words, 

above the Curie temperature the broadness of K decreases as 
the concentration of Pb increases. 

Figure 3 shows the x-ray diffraction patterns of BNT- 
PT solid solution at room temperature. These results 
indicate that BNT, 10%Pb and 15%Pb doped BNT have the 

same structure. However, the structure changes to 
tetragonal at 17%Pb.    Therefore, the phase boundary at 

room temperature of this solid solution is at 15-17%Pb. 

This also is in agreement with the dielectric data of this 
system. 
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Fig. 3 XRD patterns of BNT, 10%, 15% and 17%Pb doped 
BNT at room temperature. 

Figures 4 and 5 show the K and loss tangent as a 
function of temperature and frequency of 10%Pb doped 
BNT (BN10PT) with K partially replacing Na. Doped with 

K this material gives a broader K than that of BN10PT and 
the first phase transition shifts towards a lower temperature. 

54 

100        200        300        400        500 

Temperature (°C) 

Fig. 4 Change in dielectric constant with temperature for 

0.9Bi0.5Nao.4Ko.iTi03-0.1PbTi03 sintered at 1160 °C 

Figures 6 and 7 show the K and loss tangent of La 
doped BN10PT. Partial substitutions of La for Bi in this 

material yield a broad and stable K over a few hundred 

degree Celsius. The K and loss tangent of La doped 
BN10PT are lower than those of BN10PT. 
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Fig. 5 Change in loss tangent as a function of temperature for 

0.9Bio.5Nao.4Ko.iTi03-0.1PbTi03 sintered at 1160 °C 
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Fig. 6 Change in dielectric constant with temperature for 

0.9Bio.4Lao.iNao.iTi03-0.1PbTi03 sintered at 1200 °C 
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Fig. 7 Change in loss tangent as a function of temperature for 

0.9Bio.4Lao.iNao.iTi03-0.1PbTi03 sintered at 1200 °C 
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IV. CONCLUSIONS 

Pb substitution increases K, lowers the first transition 

temperature and decreases the broadness above the Curie 

temperature. The phase boundary of the BNT-PT system is 

between 15%Pb and 17%Pb in BNT. Doped with K or La 

the stability of K improves. Thus, these compositions are 

attractive materials for a stable high temperature capacitor. 
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SUPERCRITICAL DRYING OF BARIUM TITANATE ALCOGELS 
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ABSTRACT 
Aerogels are nanostructured materials containing a large volume of 
interconnected porosity, which are generated by the supercritical 
drying of sol-gel systems. Barium metal and titanium butoxide 
derived sol has been used to generate transparent alcogels. 
Supercritical drying using liquid carbon dioxide generates an aerogel 
structure, which on firing crystallises to barium titanate. The 
chemical evolution has been followed from the sol to the final fired 
product using FTCR, whilst the fired microstructure has been studied 
using transmission electron microscopy. The work is being carried 
out with the aim of utilising the large amount of interconnected 
porosity to create 3-3 functional ceramic-polymer composites. 

INTRODUCTION 
Nanostructure materials have become the focus in many cases either 
for the improvement of existing properties or the development of new 
systems. Examples of these are the current interest in developing 
nanocomposite ceramics for enhanced fracture toughness [1] and the 
pursuit of quantum wires and dots for their optoelectronic 
characteristics [2]. One category of materials which meets the criteria 
on nanostructure is that of porous media, such as zeolites aerogels 
and porous silicon. These offer the potential for use as membranes, 
catalytic supports, sensors, optical devices and composite structures. 
This paper concentrates on extending aerogel technology to 
ferroelectric systems with the intention of creating a porous crystalline 
product to act as the skeleton for 3-3 ceramic-polymer composites. 
Currently aerogels have been made from materials such as silica, [3] 
and titania [4|. Applications of aerogels have exploited the extremely 
high specific surface area and volume of interconnected porosity and 
also the low refractive index (=1) and thermal conductivity [5]. 

EXPERIMENTAL 
Aerogels are derivatives of sol-gel processing which have been 
supercritically dried to avoid shrinkage during the removal of solvent 
from the alcogel, thus effectively retaining the gel structure intact. 
The barium titanate sol was produced using a similar route to 
Vorotilov et al. [6], involving the refluxing of Ba metal with a 10% 
solution of Ti-butoxide in butan-1-ol for = 8 hours at = 120 °C. After 
stabilising the sol with acetic acid, hydrolysis lead to the formation of 
an alcogel which was then aged to increase its strength and to allow 
some shrinkage so that the gels could be removed from the moulds. 
Various solvents may be used to generate the supercritical fluid but 
liquid CO2 was used due to its inert nature, room temperature 
operation (Tcritjcai = 31 °C, pcritical = 70 bar) and the commercial 
availability of the apparatus. Liquid CO2, however, is immiscible 
with alcohols under normal conditions and an intermediary solvent, 
acetone, is required to ensure the complete replacement of butanol by 
liquid CO2. 
Firing of aerogels was carried out at temperatures in the range 500- 
1300 °C, using a N2 atmosphere up to 350 °C, followed by an O2 
atmosphere. Some samples were also fired using a wet O2 
atmosphere to promote grain growth. 

The chemical reactions occurring throughout the processing were 
investigated by FTIR, using a liquid cell with KBr windows or by 
diffuse reflectance from powders, with a ratio of 0.5 g to 0.01 g of 
KBr powder to sample. The microstructures were characterised using 
XRD, TEM and UV-spectrophotometry. 

RESULTS AND DISCUSSION 
(a) FTIR 
Fig. la shows the IR-spectra of the BaTi-butoxide sol before any 
additional processing. The peaks in the range 1465-1380 cm"1 

correspond to the stretching and bending vibrations of the CH3 
groups, while a series of peaks below 1115 cm"1 relate to M-O-C 
vibrations of butoxy groups directly bonded to a metal. Peaks below 
= 850 cm-' are probably due to the presence of some M-O-M 
linkages.The addition of acetic acid is accompanied by an exothermic 
reaction and the formation of a white gelatinous precipitate for acid 
concentrations of Ra <3 (where Ra = [CH3COOH]/[Ti] ). The IR- 
spectra       of       the       resulting       stabilised       sol 
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Fig. 1 FTIR spectra for (a) BaTi-butoxide sol, (b) stabilised sol, (c) 
alcogel Rw = 16, (d) aerogel Rw = 16 (e-g) aerogels fired at 500 °C, 
600 "C and 800 °C respectively. 

is shown in Fig. lb. The peaks at 1710 cm-1 (C=0 stretch, dimer) 
and 1285 cm'1 (vSym CH3 deformation, COH bending) are associated 
with free acetic acid or some monodentate acetate ligands. The peaks 
at 1565 cm-1 (Vassym COO) and 1420 cm"1 (vsym COO) are related to 
bidentate acetate ligands, probably bridging as Av = 140 cm-1 [7]. 
Addition of water to the stabilised sol leads to the formation of a gel, 
the spectrum of which is shown in Fig. lc. The peaks at 1560 enr1 

and 1420 cm-1 remain unaffected whilst the intensity of peaks below 
860 cm-1 increases. This would suggest that the bidentate ligands 
remain 
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Fig. 3 XRD plots for fired aerogels. (PDA = partially densified 
aerogels, bulk = aerogel powder calcined at 600 °C, pressed and fired 
at 1300 °C) 
unchanged by the polycondensation process while the concentration 
of M-O-M bonds increases. The spectrum of the aerogel, Fig. Id, is 
very similar. This would seem to imply that no further change occurs 
during the supercritical drying stage and that the peak at 1710 cm-1 is 
partly due to the presence of some monodentate acetate ligands. 
The spectra of aerogels fired at 500 °C, 600 °C and 800 °C are shown 
in Fig. le-g [8]. At 500 °C the particles are crystalline, as indicated 
by the broad band 860-450 cm-1, while the peak at 1420 cnr1 shows 
that they still contain acetate impurities, which are only removed by 
firing at a temperature > 800 °C. We suspect that these correspond to 
barium acetate as this would correlate with the identification of large 
crystals, which formed during the ageing process, made by XRD at 
Reading University. Perovskite is only formed at temperatures > 600 
°C and is accompanied by the development of distinct peaks at = 640 
cm-1 and 445 cnr1. 
One of the most striking features of the FTIR results is the 
development of the broad lattice vibrational features for the sintered 
gels, Fig.l c-g, from the molecular vibrational features, Fig. 2a-b. 
The relatively large width of FTIR features for the sintered gels is due 
to the coupling of the infra-red photons to several lattice vibrational 
modes, i.e.: the formation of polaritons [9]. This particular material 
system provides an ideal medium for the study of the change from 
molecular vibration to lattice vibration behaviour. We also suggest 
that FTIR spectra will be useful to quantify the sol to gel formation 
stages. 

(b) XRD 
Fig. 2 shows the spectra for aerogel samples fired at 600 °C, 800 °C 
and 1300 °C. All samples are crystalline but the perovskite phase is 
only formed at T > 600 °C. The peaks are broad at the lower firing 
temperatures with lower intensities. 

c) Particle Size Analysis 
A preliminary investigation measuring the diffuse reflectance from 
an 
as-produced aerogel using UV spectrophotometry indicates a blue 
shift of = 40 nm in the absorption edge with respect to that of the bulk 
ceramic. Assuming a simple infinite potential well model and electron 
and hole mass equal to that for a free electron, this corresponds to a 
particle size of 1.4 nm. 
Aerogels fired at 600 °C and 800 °C show no shift in the absorption 
edge and have a paniculate microstructure as shown in the TEM 
micrographs in Fig.3a-b.  All particles are facetted, with a median 
particle size of = 10 nm and = 35 nm respectively, and form an 
interlinking network of chains.  As can also be seen there is some 
evidence of internal structure, which will be the subject of future 
HREM work. 

(d) Dielectric Properties 
Samples fired at 700 °C for 1 hour and 900 °C for 5 hours in a wet O2 
atmosphere have similar permittivities of = 40 and = 30 respectively at 
room temperature and 1 kHz. No ferroelectric transition was apparent 
on heating the 700 °C sample to 150 °C. 

Fig. 3 Nanoparticlate fired aerogels, (a) 600 "C, 1 hr (b) 800 °C, 1 hr. 

CONCLUSION 
We have successfully made barium titanate aerogels and are the first to 
report on high optical quality aerogel in this material. We have 
recorded the grain growth following heat treatment of the aerogel and 
have followed the development of an interconnected porous structure 
using XRD, TEM and FTIR. We have also observed for the first time 
in such materials a quantum size effect absorption edge shift for the 
as-produced aerogels. These materials can now be exploited as a 
matrix to make a 3-3 ceramic-polymer composite. 
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Abstract: The nonlinear dielectric properties of ferroelectrics during 
polarization reversal are used to amplify small periodic perturbations. 
The ferroelectric serves as a nonlinear capacitor in a series-resonance 
circuit. The inductance is a linear one. Such a series-resonance circuit 
is a system which offers many features of nonlinear dynamical systems 
It is possible to observe different types of bifurcations (pitchfork 
bifurcations, period-doubling cascades and chaotic behaviour) well 
known from the theory of nonlinear dynamical systems. Near such 
bifurcations the system can amplify suitable chosen periodic 
perturbations. These perturbations are coupled into the system by 
amplitude modulation of the driving voltage. Different types of 
bifurcations have been investigated concerning their ability of 
amplifying small signals. 

INTRODUCTION 

One characteristic feature of ferroelectric materials is their nonlinear 
dielectric behaviour. The greatest effect of dielectric nonlinearities is 
observed during polarization reversal. These properties may be used to 
introduce nonlinearities into an ordinary series-resonance circuit. The 
ferroelectric serves as a nonlinear capacitor, which is connected to a 
linear inductance. In this paper we used ferroelectric TGS as the 
nonlinear dielectric. 

The driven nonlinear series-resonance circuit is an interesting 
dynamical system. It has been shown, that this system exhibits both 
pitchfork (symmetry-breaking) and period-doubling bifurcations [1,2]. 
The onset of these dynamical instabilities may be controlled by 
external parameters, e.g. the amplitude of the driving voltage or the 
frequency of the driving voltage. 

Near the onset of dynamical instabilities the system is very sensitive 
to external perturbations. It has been proven theoretically that nonline- 
ar dynamical systems can act to amplify small periodic perturbations 
[3], Experimental results of small signal amplification near period- 
doubling bifurcations of the nonlinear series circuit with ferroelectric 
TGS-capacitor have been published earlier [4-6]. Here we present 
results of small signal amplification in the same system near symmetry- 
breaking bifurcations. 

SMALL SIGNAL AMPLIFICATION NEAR A PITCHFORK 
BIFURCATION 

minimum potential. 
If the amplitude of the driving voltage U0 is chosen, that the field 

strength across the ferroelectric sample is in the order of magnitude of 
the coercive field, pitchfork bifurcations may be observed. In this case 
of bifurcations the phase portrait loses its symmetry and becomes 
asymmetric (Figure 1). For the observation of phaseportraits of the 
series-resonance circuit we used the method of direct registration of 
voltages proportional to the dielectric displacement D2(t) and the 
current density dD,(t)/dt by an oscilloscope [2]. 
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Figure 1: Symmetric (at the top) and asymmetric (at the bottom) phase 
portrait of the series circuit. 

The behaviour of the nonlinear series-resonance circuit with ferroe- 
lectric TGS-capacitor may be described by the following equation: 

d2D2 

~~d7~ 

RdD* 

L   dt AL 
-(a.D. Y02

3) 
_1_ 

AL 
C0cosü)f (1) 

where D2 is the dielectric displacement along the ferroelectric axis, R 
and L represent the losses and the inductance of the circuit respective- 
ly. The TGS-sample is bar-shaped with the thickness d along the 
ferroelectric axis and the electroded surfaces A normal to this axis 

The coefficients a and y describe the effective potential of the TGS- 
crystal in the ferroelectric state. As could be shown earlier, they are 
mainly determined by properties of domain switching of the ferroelec- 
tric capacitor [1,2]. The coefficient a is negative, y is positive, there- 
fore the nonlinear series circuit is a forced   oscillator in a double 

The pitchfork bifurcation shown in Figure 1 occured during the 
variation of the driving frequency f0 from 3870 Hz to 3800 Hz at 
constant amplitude of the driving voltage U0 = 17.3 V. So it has been 
shown, that the distance e of the series-resonance circuit from the 
pitchfork bifurcation may be controlled by means of variation of the 
frequency of the driving voltage. At the bifurcation the parameter e 
becomes zero. Another possibility of controlling the distance e is the 
variation of the amplitude of the driving voltage. 

The idea behind the effect of small signal amplification is the follow- 
ing: If a dynamical system (e.g. the resonance circuit) approaches a 
bifurcation it becomes more and more instable against periodic 
perturbations. So it may happen, that suitable chosen perturbations are 
amplified, if the system is near the bifurcation. In our experiments the 
perturbation was introduced into the circuit by a modulation of the 
amplitude U0. It has been predicted [3], that in the case of pitchfork 
bifurcations with a modulation of one parameter - as in the case of the 
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series-resonance circuit driven with amplitude-modulated voltage - the 
system should amplify signals with frequencies that are near odd 
multiples of the frequency of the driving voltage. If the amplitude is 
modulated with a frequency f^, = f; + A, additional peaks should arise 
in the spectrum of D2(t). They are expected to be centered around 
even multiples of the driving voltage at frequencies f = 2k f0 - A and 
f, = 2k f0 + A. The height of these additional peaks depends on the 

distance e as well as on the difference A between the driving and the 
modulation frequencies in the following manner [3]: 

S(f) 
1 

e2 + (2n A)2 
(2) 

As shown in Figure 1 it is possible to reduce the parameter € by a 
decrease of the frequency f0 from 3870 Hz to 3800 Hz. According to 
relation (2) this should lead to an increase of the peaks f. and ft, if the 
frequency f0 is tuned towards the pitchfork bifurcation at about 3805 
Hz and the difference A = f^, - f0 is kept constant. In Figure 2 there is 
presented the qualitative confirmation of the influence of decreasing 
distance e on the height of the peaks f and f+ around the second 
harmonic of the frequency f0 of the driving voltage. 
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Figure 2: Small signal amplification at greater distance from the bifur- 
cation (at the top, f0 =3870 Hz) and at very small distance (at 
the bottom, fj, = 3815 Hz). The difference A had been adjusted 
to A = 20 Hz. 

The two peaks at A = ± 20 Hz are strongly dependent on the dis- 
tance of the series-resonance circuit from the bifiircation. This depen- 
dence is shown in detail in Figure 3. A decrease of the parameter e 
leads to an increase of the height of the peaks around the second 
harmonic. Analogous behaviour may be observed around the higher 
even harmonics of f0. 
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Figure 3: Dependence of the height of peaks at f+ and f around 2 f0. 
The decrease of f0 corresponds to a decrease of e. 

CONCLUSION 

Pitchfork bifurcations in the nonlinear series-resonance circuit may 
be used to amplify small signals of frequencies near odd multiples of 
the frequency of the driving voltage. There arise pairs of peaks around 
even multiples of the driving frequency in the signal of the circuit. The 
difference to small signal amplification in the case of period-doubling 
[4-6] consists in the conditions of signals to be amplified. Near period- 
doubling bifurcations signals of frequencies near half the driving 
frequency are amplified. This leads to additional peaks around odd 
multiples of half the driving frequency in the signal of the circuit. 
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Abstract ~ Dielectric and electrical properties of 
pore-containing barium titanate ceramic were 
studied. Porosity was controlled in the 5 - 37% 
range, and two different sizes of spherical pores were 
successfully incorporated into the ceramic using 25 
pm and 80 fim polymer microspheres. The 
transition from closed porosity to open porosity was 
found to be pore size dependent and occurred at 
lower porosity value as pore size decreased. In 
addition, the gradual decrease of both dielectric 
constant and Curie temperature was noticed as 
porosity increased. The amount of pores greatly 
affected the resistance of barium titanate ceramic. 
A qualitative model, which is based on lumped 
parameters, is proposed in an attempt to rationalize 
experimental results. 

INTRODUCTION 

Recently, it was reported that the shape and 
volume fraction of closed pores severely influenced 
the dielectric, elastic and electromechanical 
properties of piezoelectric ceramics such as lead 
zirconate titanate [1]. As the amount of pores, i.e. 
porosity, increases, dielectric properties such as 
dielectric constant is expected to be reduced 
according to the rule of mixture or the 
property averaging principle. 

Although many papers on the porosity effect in 
dielectric ceramics have been published [1-6], 
relatively little is understood about the effect of pore 
size and porosity on the dielectric and electrical 
properties of barium titanate ceramic. 

In an effort to better understand how porosity and 
pore size affect the dielectric constant and the 
electrical resistivity of barium titanate ceramic, 
narrow size-distributed polymer microspheres were 
used in order to include pores of different sizes in 

the ceramic on purpose. However, due to the rather 

large size of available microspheres, coarse-grained 
microstructure was attempted in this study. In the 

following, up-to-date results and discussions on the 
above issues are presented in some detail. 

EXPERIMENTAL PROCEDURE 

Oxalate-derived barium titanate powder with the 
cation sub-lattice ratio of A/B = 0.995 and the 
mean particle size of 1.3 \im was used in this study. 
In order to prepare sintered ceramics with varying 
porosities and pore sizes, two different grades of 

commercial microspheres were mixed with 
granulated barium titanate powder up to 20% in 
weight. The mean sizes of two different polymer 
microspheres used in this study were 25 /xm and 80 
Urn, respectively. In order to maintain uniform grain 

sizes after sintering, powder compacts in disc shape 
were fired at 1400°C for 60 minutes. 

Complex impedance measurements were made for 
sintered and electroded samples using a Hewlett- 
Packard 4192A impedance analyzer. Typically 
resistance and reactance values were measured across 
a frequency range usually up to 1 MHz, in order to 
minimize an error from lead inductance. Two probe 
dc resistance was determined using a Keithley 617 
electrometer during impedance measurement, while 
four - probe dc resistivity was estimated for bar - 
shaped samples cut from discs of the same lot. 

Sample temperatures were maintained at values in 
the 470 - 550°C range during the impedance 
measurement. This was necessary because the 
resistance limit of the bridge was only about 1.3 Mti, 
and elevated temperatures were required to bring 
sample resistance below this value. 
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Fig.l    Scanning electron micrographs of sintered surface  of un doped barium titanate ceramics with different porosities. 

RESULTS AND  DISCUSSION 

M icrostructure 

As seen in Fig. 1, microstructures of sintered disks 
are almost independent of polymer loading and 
uniform with average grain size of about 35 /xm. 

Measured porosity values of sintered pellets range 
from 5% to 37%. When microspheres were added in 

the same amount, the grade with the smaller 
microspheres yielded larger porosity value than the 
one with the larger microspheres. This result is in 
good agreement with previously reported data by 
Arai et al. [3]. 

From the figure, it is noted that the isolated pores 
start to be connected as porosity increases beyond 
about 26% for the small pore samples, whereas the 
onset of pore connection seems to be more than 30% 
for the large pore samples. 

Therefore, it is concluded that the transition from 
closed porosity to open porosity is pore size 
dependent and occurs at lower porosity value as pore 
size decreases. The published results by Fang et al. 
[4], in which the transition occurred at about 10% 
porosity for fine-grained barium titanate ceramic, 
may be regarded a an demonstration of pore size 
dependence. Similar pore size dependence of 
dielectric properties is observed and discussed in the 
next section in some detail. 

Dielectric   Property 

In Fig. 2, dielectric constant values measured for 
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Fig.2 Apparent dielectric constant as a function of 

temperature for barium titanate ceramics with 

different porosities and pore sizes. 

samples having different porosities were plotted as 
a function of temperature. Porosity dependences 
of Curie temperature and dielectric constant at its 
maximum were illustrated in Fig. 3. It is seen that 

both Curie temperature and dielectric constant at 
Curie point decrease as porosity increases. Small 
pores seem to be more effective in reducing Curie 
point than large pores, which is in good agreement 
with the published data [4]. 

In Fig. 4, room temperature dielectric constant 
values were plotted as a function of porosity. There 
are two experimental findings worth some attention 
in  this  figure.   First,  it  was  found  that  barium 
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titanate ceramic samples with small pores showed 
lower dielectric constant than those with large pores, 
when the porosity values were equal to each other. 
Secondly, the decrease of dielectric constant with 
porosity could not be represented by single mixing 
rule curve. It looks like there exist two linear regions 
and the transition from one region to the other is 
pore size dependent. These results are in agreement 
with the ones obtained from the sintered 
microstructure in Fig. 1, and also with the 

published results [5]. Two linear regions are 
attributable to closed pore and open pore regions. 
When the amount of pores is little, they can be 
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regarded as isolated closed pores distributed in 
ceramic bulk. In this case, the Wiener's mixing rule 
can be applied [6]. 

A. = 2Am(l - vp) 

2 + vp (1) 

where vp is the porosity, A" and Km are apparent 

dielectric constant and dielectric constant of matrix 
phase, respectively. 

The foregoing equation seems to be applicable 
below 26% or 30% porosities depending on the size 
of microspheres used. Above the critical porosity 
values, pores start to be connected to one another so 
that they form continuous paths and become open 

pores. At the transition, it is noted that the 

dielectric constant value starts to drop rapidly as 
porosity increases further. In the open pore region, 

the modified Niesel's equation was supposed by Fang 
et al. [4], which may be rearranged as 

K _ A'm(9 - Uvp) 

9 + v„ (2) 

Dielectric constant values calculated by these 
equations match well with experimental data as 
indicated in the figure. In summary, the abrupt 

decrease of both dielectric constant and Curie 
temperature was noticed as porosity increased. The 
transition was attributable to the onset of open 
porosity. In addition, it was observed that both 
porosity and pore size had effects on determining 
dielectric properties of barium titanate ceramic. 

Electrical   Resistivity 

Complex impedance plots for barium titanate 
ceramics with the same pore size but the different 
porosities at 520°C were illustrated in Fig. 5. It 
is apparent that two clearly discernible impedance 
semicircles or arcs are observed. This result is in 
accord with the published results by Lee et al. [7,8], 
where threshold grain diameter for partial depletion 
responsible for two semicircles is on the order of 1 
/xm. 

According to the grain boundary model proposed 

by Lee et al. [7,8], two impedance semicircles 
observed in this case may be ascribed to grain 
boundary and grain contributions with increasing 
frequency. Contact impedance semicircle is not 
observed because it vanishes at high temperatures 
[9]. 
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Fig.5    Complex  impedance patterns of barium titanate 

ceramics with different porosity values at 520°C 

(Measured two-probe dc resistance value is included.) 

It seems that the apparent resistance value of 
barium titanate increases as porosity increases. 
Especially as it crosses the closed-to-open pore 

transition around 26% porosity, steep increase of 
resistance is observed. According to the analysis of 
impedance plots, this increment is reflected as the 

sum of both grain and grain boundary resistivity 

increases. 
Grain    and    grain  boundary  resistivity  values 

calculated on the assumption of the cube model are 

tabulated in Table 1 for barium titanate ceramics 
with different porosities. The reason why grain and 
grain boundary resistivities are changing with 
porosities of the approximately same pore size has 
not been investigated or discussed by the other 
researchers yet. Based on the lumped parameter 

model we proposed previously [7,8,9], we can 
postulate a possible answer to the above question in 

a qualitative way as the following. 

Table. 1 Calculated resistivity of grain and grain boundary 

for barium titanate ceramic with different 

porosities at 520° C. 

% porosity Pg ( Q cm ) Pgb ( Q cm   ) 

5% 1954 95 

15% 1912 140 

26% 6081 691 

37% 8837 844 

The increase of grain resistivity above the 
closed-to-open pore transition seems to be related 
to the decreasing amount of grain-to-grain junction. 
As long as all the grains are connected in three 
dimensions, grain resistivity is hardly affected. Thus, 
below transition or in the closed pore region, grain 
resistivity remains approximately constant. 
However, as some of the grains are isolated due to 
porosity increase, grain resistivity may now contain 
surface resistance component connected in series to 
true grain resistivity. As porosity further increases, 
the equivalent surface length is expected to rise so 
that grain resistivity increases. Whereas grain 
resistivity is only affected beyond the transition, i.e. 
in the open pore region, grain boundary resistivity is 
raised from the beginning as porosity increases. This 
may be because the grain boundary contact area is 
gradually reduced with porosity increase. 

In Fig. 6, relaxational time constants which were 

obtained from the peaks of corresponding impedance 
plots in Fig. 5 were depicted as a function of inverse 
temperature. The temperature dependence of 
relaxational time constant is written as 

T = T0exp{E/kT) (3) 

where E is an activation energy for relaxation. 
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From the figure, it is interesting to notice that the 
activation energy for grain relaxation increases with 
porosity and approaches to the value corresponding 
to grain boundary relaxation, whereas that for grain 
boundary is almost unchanged. From the viewpoint 
of the model we have just postulated, this may be 

explained in terms of grain percolation. As the 
fraction of isolated grains increases, series resistance 
due to pore surface which may be trapped in the 
grain starts to dominate grain or bulk relaxation. 
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Fig.6    Arrhenius  plot   of  relaxational  time  constant   for 

barium titanate ceramics with different porosities. 

The another experimental evidence in support of 
the foregoing argument is shown in Fig. 7, where 
four-point dc resistivity is plotted as a function of 
inverse temperature. Resistivity activation energies, 
which is expected to be similar to relaxation 
activation energy [8,9], exhibit the analogous trend 

1000/T ( K      ) 

Fig.7    Arrhenius  plot   of dc resistivity for barium titanate 

ceramics with different porosities. 

(Resistivity activation energy is included in the figure.) 

with porosity. Barium titanate ceramic with 37% 
porosity displays single activation energy from 300 
to 600°C range. The same activation energy often 
means the same mechanism, which is in this case the 
conduction mechanism.   We therefore propose the 

conduction in this material is governed by interface 
mechanism such as hopping between impurity states 
along or across pore surface or grain boundary. 

SUMMARY AND CONCLUSIONS 

The transition from closed porosity to open 
porosity was pore size dependent and occurred at 
lower porosity value as pore size decreased. 

The abrupt decrease of both dielectric constant 
and Curie temperature was noticed as porosity 
increased. The transition was attributable to the 
onset of open porosity. In addition, it was observed 
that both porosity and pore size had effects on 
determining dielectric properties of barium titanate 
ceramic. 

The amount of pore greatly affected the 
resistance of barium titanate ceramics. In the closed- 
pore region, only grain boundary resistivity was 
increased with porosity increase, whereas in the open- 
pore region, both grain and grain boundary 
resistivities were raised with porosity increase. A 

qualitative model which could explain this 
observation was proposed, based on the lumped 
parameter model. The approach of the activation 
energy of grain relaxation to that of grain boundary 
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with porosity increase was referred to the single 
conduction mechanism such as hopping along or 

across interfaces. 
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Abstract — Electrical degradation of calcium 
-containing MLCCs having nickel internal electrode 
was studied using a highly accelerated life test 
set-up. Both extrinsic and intrinsic failures were 
identified in commercial MLCCs. From the estimated 
values of degradation parameters such as voltage 
exponent factor and pseudo-activation energy, it was 
found that the intrinsic failure took place by 
thermal runaway. Although, the degradation pattern 
for nickel electrode MLCCs was similar to that for 
common palladium electrode MLCCs, the 
maximum rated lifetime of the former was in the 
range of 5 to 30 years and was, in general, shorter 
than that of the latter. This difference was ascribed 
to the difference in oxygen vacancy concentrations. 
Thus, possible degradation mechanisms should be 
related to oxygen vacancy movement. Among them 
are reduction model, grain boundary barrier model 
and de-mixing model. 

INTRODUCTION 

Over  the  last  two   decades, multilayer ceramic 
capacitor     (MLCC)       industries     have     grown 
continuously thanks  to the  rapid  development of 
electronics    industries.    In  particular,  the  never- 
ending miniaturization of  integrated   circuits   has 
accelerated    the     development     of   miniaturized 
capacitors, which has been attempted by the use of 
high permittivity dielectric  and  the  reduction  of 
single dielectric layer thickness.  Comparing to the 
disc-type ceramic and other classes of capacitors, 
MLCCs profit from higher volumetric efficiency, high 
reliability,      low      cost      and      readiness       for 
miniaturization. 

At present, the most MLCCs are based on 
barium titanate [1]. This is due to the establishment 
of appropriate manufacturing processes and the 
sufficient knowledge of dielectric properties of 
modified barium titanate ceramics. However, there 
has been constant search for improvement in 
miniaturization, volumetric efficiency, 

manufacturing cost, etc. One of the several ways for 
cost reduction is the use of inexpensive metals as 
internal electrode. 

Base metals such as nickel and copper have long 
been studied as possible substitutes for costly 
metals such as platinum or palladium as internal 
electrode in barium titanate-based MLCCs. 
Although nickel electrode MLCCs are commercially 
available to some extent, the reliability of the 
devices has not been fully established. It is 
commonly believed that nickel electrode MLCCs are 
prone to faster degradation than precious metal 
electrode MLCCs. Possible causes for faster 
degradation has been attributed to the presence of 

low resistance grain boundary phase [2] and increased 
oxygen vacancies [3,4]. In general, calcium impurity 
is added to the dielectric composition in order to 
prevent the reduction of dielectric during co-firing 
in reducing atmosphere, when nickel is used 
as internal electrode. Since calcium impurity is not 
usually required for precious metal electrode 
MLCCs, any difference in degradation behavior may 
be related to the presence of calcium. 

With this background in mind, we have studied 
the degradation behavior of calcium-doped 
commercial MLCCs by monitoring leakage current 
for a period of time. An accelerated lifetime 
under very high voltage and temperature stresses 
has been determined, and the result is used to 
evaluate degradation parameters. A possible 
mechanism of degradation is also presented. 

DEGRADATION MECHANISMS 

MLCC failure modes may be divided into 
extrinsic and intrinsic breakdown mechanisms. 
Extrinsic mechanisms are due, for the most part, to 
defective or non-optimized processing, to damage 
by user, to environmental reactions, etc. and 
responsible   for   most   of   the infant mortalities. 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 572 



MLCCs which might show this type of failure can 
almost  be  screened  out  by  a burn-in  or  highly 

accelerated life test (HALT). 

Intrinsic mechanisms are due to the inherent 
chemistry and physics of the device, and not to faulty 
manufacture. A lifetime determined by intrinsic 
failure mechanisms is thus an important criterion 
which may be used to compare reliability of devices 
for similar applications. It is often considered as the 
utmost limit of device performance. To date, several 
models have been proposed as an intrinsic 
degradation mechanism. They include grain 
boundary deterioration model [5,6], de-mixing 
model [7], reduction model [4], and grain 
boundary potential barrier model [8]. Except for the 
grain boundary deterioration model, the other three 
models are related to oxygen vacancy movement and 
can explain the exponential increase of leakage 
current with time in region 2 of Fig. 1 [4,7-9]. 
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Fig. 1    Generic plot of leakage current versus time 

for intrinsic mechanisms [9]. 

Accelerated  Lifetime 

There are many ways of defining acceletated 
lifetime for MLCCs. It may be the duration of 
degradation experiment when the resistance of the 
sample is reduced by three to four orders of 
magnitude from initial equilibrium value [10], when 
leakage current reaches 100 fiA regardless of initial 
leakage current [11], or when the resistance of 
sample is reduced to 70% of the initial value [12]. 

In this study, the lifetime was defined as the time 
when the leakage current was raised by two orders of 
magnitude from initial equilibrium value. Empirical 
equation proposed by Minford was utilized in order 
to estimate degradation parameters [10]. 

where <i and t% are lifetimes under conditions 1 and 
2, V\ and Vi are constant dc voltages applied to 
the samples, Es is the pseudo-activation energy for 
degradation, T\ and T<i are sample temperatures, k 
is the Boltzmann constant, and n is the voltage 
exponent parameter. 

EXPERIMENTAL  PROCEDURE 

Commercially available nickel internal electrode 
MLCCs with Y5V temperature specification from 
two different vendors were used as samples in this 
study. Degradation behavior was studied utilizing a 
HALT technique [11,12], widely accepted as 
industrial standard among electronics industries. 
HALT is different from MIL standard accelerated life 
test (ALT), in that the former is 48 hour life test 
under 140°C and eight-times the rated voltage stress, 
whereas the latter is 1000 hour life test under 
125°C and twice the rated voltage stress [10-12,14]. 

Since equation (1) is applicable to the two to eight 
times rated voltage and 85 to 170°C temperature 
stresses, HALT and ALT data can equally be used 
to estimate the mean-time-to-failure (MTTF) at the 
rated voltage and 85°C, which is known as the 
maximum rated lifetime. 

In Fig. 2, an experimental HALT set-up we had 
used was schematically illustrated. It consisted of a 
high voltage source, an electrometer (Keithley 617), 
a scanner with current switching card (Keithley 705/ 
7158),   and    a   personal    computer    (HP Vectra). 

(MFC 

t|Mt Ti     T}) 
(1) 

IEEE-488 
BUS 

Heating Scanner 
Chamber 

Fig. 2    A schematic for the HALT set-up. 

During       degradation       experiments,       sample 
temperatures     were     maintained     at     constant 
temperature of either  150 or  170°C.  In order to 
apply  the  same voltage  stress  to  MLCCs  from 
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different lots, the thickness of dielectric layer was 
determined from scanning electron micrographs. 
Typically two to five times the rated voltage was 
used. The qualitative analyses of composition for 
dielectrics and electrodes were made by the energy 
dispersive analysis of X-ray (EDAX). 

RESULTS  AND  DISCUSSION 

Microstructure  and   Composition 

Scanning electron micrographs of polished surfaces 
of MLCC samples from two commercial suppliers 

(denoted as Sample A and Sample B) were shown 
in Fig. 3. Thicknesses of dielectric layers 
determined from the figure were 17 \im for sample A 
and 13 ßm for sample B. Energy dispersive spectra 
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Fig. 3    Scanning electron micrographs of polished samples of 

commercial nickel electrode MLCCs. 

of X-rays for dielectric and electrode regions were 
exhibited   in Fig. 4.  It is clearly seen that both 
samples include calcium in dielectric composition 
and nickel in electrode composition. 

Degradation   Behavior 

The results of degradation experiments using the 
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Fig. 4    EDAX spectra of dielectric and electrode area in 

Fig. 3. 

(a) Sample A, electrode (b) Sample B, electrode 

(c) Sample A, dielectric (d) Sample B, dielectric 

HALT set-up were exhibited in Fig. 5. The 
observed current saturation at about 9 mA in 
Sample A is caused by a resistor connected in series 
to the electrometer. It is apparent that the 
degradation behavior follows the generic intrinsic 
degradation  curve  shown  in  Fig. 1,  so  that  the 
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degradation mode for both samples is intrinsic. Due 
to relatively harsh stress conditions we have used, 
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Fig. 5    Leakage current versus time for 

(a) Sample A and (b) Sample B. 

the region 2 in Fig. 1, where degradation proceeds 
at constant rate, often appeared from the beginning 
of test. Substituting the data taken from Fig. 5 into 
equation (1), we have determined the degradation 
parameters, i.e. the voltage exponent factor, n, and 
the pseudo-activation energy, Es. The results were 
tabulated in Table 1. The voltage exponent factors 
of nickel electrode MLCC samples are approximately 
2.89 and 1.9, for Sample A and Sample B, 
respectively. The value for Sample A is close to 3, 
which is an industrial standard [14,15]. However, n 
value for Sample B is somewhat lower than the 

values reported for normal MLCCs with Z5U or Y5V 
specifications in the literature [14]. Using the data 

in the table, the lifetimes at the maximum rated 
condition, i.e. 85°C and 50 V for Sample A and 
85°C and 35 V for Sample B, were estimated and 
approximately equal to 30 and 5 years, respectively. 

Table 1.    Degradation parameters for nickel electrode MLCCs. 

Sample A Sample B Reference[13,14] 

n 2.86 1.90 2-4 

Es(eV) 1.84 1.82 
1.87-1.96 

(TRA) 

1.49 

(ARD) 

When these values are compared to those of normal 
palladium electrode MLCCs, it is apparent that the 

nickel electrode MLCCs shows roughly an order-of- 

magnitude shorter lifetimes [10-15]. Since oxygen 

vacancy concentration for nickel electrode MLCCs 
is much higher than that for normal MLCCs [3], the 
observed shorter lifetime for the former should have 
something to do with increased vacancies. On the 
other hand, the calculated pseudo-activation energy 
is in close agreement with that for thermal runaway 
failure mode [13], so that the degradation seems to 
proceed by intrinsic thermal mechanism. It is to 
be noted that statistical analysis [2,10-12,14,15] has 

not been attempted, since we have only 
measured 5 samples for each test condition. 
Occasionally, some of these samples showed almost 
instantaneous failure, which was attributable to 
extrinsic breakdown, or avalanche breakdown. This 

case was not included in Fig. 5. Possible models 
which can explain the observed degradation curve 
include reduction model, grain boundary barrier 
reduction model, or de-mixing model out of the four 
models mentioned above. These models are based on 
the assumption of oxygen vacancy movement. Grain 
boundary deterioration model is excluded here since 
it can not explain the constant increase of leakage 
current in Fig. 1 and Fig. 5. 

SUMMARY AND CONCLUSIONS 

It was found that the voltage exponent factor for 
Sample A was typical of MLCCs, whereas that for 
Sample B was approximately 1.9 and somewhat low. 
This result is reflected as the shorter lifetime of 

Sample B under the maximum rated condition. 
The calculated pseudo-activation energy was in 

close agreement with that for thermal runaway 
failure mode, so that the intrinsic degradation was 
considered to take place by thermal runaway. 
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Possible models which can explain the observed 
degradation curve include reduction model, grain 
boundary barrier reduction model, or de-mixing 
model. These models are based on the assumption 
of oxygen vacancy movement. Further study is in 

progress in an effort to correlate oxygen vacancy 
concentration with lifetime of MLCCs. 
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Abstract — There is currently a trend to reduce the 
thickness of the dielectrics and to operate them at higher field 
levels. Understanding and controlling the breakdown strength 
will permit higher operating fields. The main goal of this 
work was to establish the breakdown mechanism in PLZT 
ceramics. The breakdown experiments were conducted with 
both hot-pressed and conventional ceramics. The breakdown 
strength was studied as a function of electrode material, 
voltage polarity, ramp rate, and temperature. All of the 
results were consistent with electromechanical breakdown 
being the dominant mechanism. 

INTRODUCTION 

With the renewed interest in ferroelectric thin film 
devices, properties of the ferroelectric materials at high field 
receive greater attention. To operate devices at higher fields 
requires an increased understanding of their breakdown 
mechanism. Dielectric breakdown sets the upper limit on the 
useful operating electric field. 

The purpose of this work was to identify breakdown 
mechanism in PLZT 9.5/65/35 ceramics. Three possible 
mechanisms of electrical breakdown were considered: elec- 
trical, thermal, and electromechanical. Electrical breakdown 
involves one of several possible mechanisms leading to 
electrons gaining more energy from the field than they loose 
to the lattice. Possible origins of instability are discussed by 
O'Dwyer [1]. Unlike the electrical breakdown, thermal break- 
down does not invoke a new mechanism that is not present at 
lower fields. Instead, breakdown is assumed to occur when 
Joule's heat causes thermal runaway. Electromechanical 
breakdown refers to cases where the breakdown occurs as a 
result of electromechanical interactions within the material. 

The various breakdown mechanisms have distinguishing 
characteristics. Electrical breakdown requires less time to 
develop than the other two mechanisms, and it usually has a 
weaker temperature dependence. The thermal breakdown 
strength is inversely proportional to the ambient temperature 
and electrical conductivity, and directly proportional to the 
thermal conductivity of the electrode and dielectric material. 
Electromechanical breakdown is relatively slow, and for the 
case of subcritical crack growth, depends on environmental 
conditions [2]. 

Hot-pressed and sintered samples of PLZT 9.5/65/35 
ceramics with different electrodes and varying thicknesses 
were used. Breakdown was also studied as a function of 
temperature and ramp rate. 

EXPERIMENTAL PROCEDURE 

Mixed oxide ceramics were produced in batches of 200 
grams. The mixtures were milled for 8 hours using zirconia 
balls in ethanol. The dried powders were calcined for 7 hours 
at 750 °C. The calcined powders were ground in a mortar to 
pass an 80 mesh sieve and then recalcined. The samples were 
then sintered in a controlled lead atmosphere at 1280 °C in a 
closed alumina crucible. The hot-pressed samples were 
supplied by Motorolla Corporation. Densities of the samples 
were determined by utilizing Archimedes' principle. Samples 
and powders were characterized by XRD, qualitative spectro- 
graphic analyses, and SEM. For the breakdown experiments, 
semispherical indentations were drilled in the hot-pressed and 
some of the conventional samples, and then polished. The 
final polishing step was accomplished using an aqueous slurry 
of 3 jam alumina powder. For other conventionally sintered 
samples, a custom-made die was used to produce 
semispherical indentations in the sample pressing step. The 
purpose of using samples with indentations is to avoid edge 
breakdown. The apparatus was configured to study break- 
down strength as a function of voltage ramp rate. Each break- 
down event was recorded with a digital oscilloscope. Three 
types of electrodes were used: gold, aluminum, and a 
saturated aqueous NaCl solution. 

Gold electrodes were spattered on the faces of the 
polished samples using a DC Magnetron Spattering unit (SCD 
040 Sputtering System, Balzers Corp.) and aluminum 
electrodes were deposited in the evaporation unit (VE10, 
Varian Corp.). The arrangements for measuring electrical 
breakdown for metallic and aqueous electrodes are shown in 
Figure 1. Unless stated otherwise, all experimental data 
presented is for gold electroded samples with the ramp rate of 
1000 V/sec. 

RESULTS AND DISCUSSION 

Sample Characteristics 

The sintered ceramics were 92.5% to 96% dense, and the 
hot-pressed samples were more than 99% dense. The location 
and strength of the diffraction peaks were in good agreement, 
as is shown in Figure 2. Quantitative spectrographic analyses 
of the calcined powder is shown in Table 1. The impurities 
detected had concentrations below 200 ppm. Impurities in 
such small amounts are likely to be soluble in the perovskite 
structure, and should act as acceptors in PLZT. The average 
grain size was approximately 3.5 urn in the conventional 
ceramics   and   7.5   (im  in  the  hot-pressed   samples,   as 
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Figure 1.   Sample holders used in the breakdown experi- 
ments for (a) solid and (b) liquid electrodes. 
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Figure 2.    X-ray diffraction pattern for (a) hot-pressed and 
(b) conventional ceramics. 

Table 1.     Qualitative   spectrographic   analysis   of  PLZT 
powder. 

Level Element 
Major Elements (>2%) 
Minor Elements (0.02 - 2%) 

Pb, Ti, Zr, La 

Trace Elements (<0.02%)        Al, Mg, Si, Fe, Ca 
Not Detected Nb, Mo, B, Cr, Ni, Co, 

V, Be, Ba, Sr, Cu, Y 
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Figure 3.   Dielectric breakdown strength of conventional 
ceramics as a function of temperature. Solid line 
represents polynomial fit. 

The ramp rate dependence of the breakdown strength at 
room temperature is shown in Figure 4 for the gold-electroded 
samples. An unpaired t-Test was used to compare the mean 
values of breakdown for various ramp rates. It was 
determined with a 90% degree of confidence that the mean 
breakdown strength for the 105 and 106 V/sec. ramp rate was 
greater than the breakdown strength of samples tested with 
103 V/sec. ramp rate. The ramp rate dependence of the break- 
down strength, with the relatively low ramp rates used, 
suggests that the breakdown mechanism is probably not 
electric. 
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Figure 4. 
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Ramp rate (v/sec) 

Ramp rate dependence of the breakdown strength 
for conventional ceramics. Sample thickness 
range: 0.02 ± 0.005 cm. 

determined from  the  SEM micrographs using the  linear 
intercept method. 

Breakdown Properties 

The dependence of the dielectric breakdown on temp- 
erature for the conventional samples is shown in Figure 3. It 
can be seen that there is no strong temperature dependence of 
the breakdown strength on temperature in PLZT. In comp- 
arison, in ferroelectric substances such as NaN02 and BaTi03 

there is a significant reduction in strength, associated with 
thermal breakdown, as temperature is increased. PLZT has 
very high resistivity which makes thermal breakdown less 
likely. 

The comparison of the breakdown strength of samples 
with gold and aluminum electrodes is shown in Table 2. The 
use of different metal electrodes may have an effect in case of 
electric breakdown and thermal breakdown, and much less so 
for the electromechanical breakdown. Since the work 
functions of aluminum (4.4 eV) and gold (5.2 eV) [3] are 
significantly different, the charge injection at high field 
voltage via the Schottky mechanism operating in PLZT [4] 
could be different for the two electrodes. The null hypo- 
theses, that the mean breakdown strengths for the two types 
of the electrodes are the same, could not be rejected (with a 
90% degree of certainty). It is possible that the Fermi level is 
pinned by the defect states at the surface, in which case the 
current injection will not be influenced by the electrode. 
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Table 2. Comparison of the breakdown strength of 
conventional PLZT ceramics with gold and 
aluminum electrodes at room temperature. 

Electrode Sample Breakdown Average 
Material Thickness Strength Strength 

(cm) (V/cm) (V/cm) 

0.140 48103 
0.147 44626 
0.142 45070 

Gold 0.147 44626 44112 
0.145 47448 
0.145 39724 
0.150 38703 
0.144 44596 
0.145 37256 
0.146 47123 
0.145 45241 
0.142 40563 

Aluminum 0.141 41986 42977 
0.145 36414 
0.145 52966 
0.144 46667 
0.141 38582 

The thickness dependence of the breakdown strength for 
hot-pressed and conventional ceramics is shown in Figure 5. 
Significantly more scatter was observed in values of the 
breakdown strength for the conventional samples, especially 
at smaller thicknesses, compared to the hot-pressed samples. 
Though the average strength of the conventional samples is 
considerably smaller than that of the hot-pressed samples, 

their maximum strengths are comparable and have similar 
temperature dependence. The best fit of the data resulted in 
the following expressions: 

Ebr(hot-pressed) = 17.8 * r064 

Ebr(conventional) = 21.4 *r0-36 

(1) 

(2) 

Equations (1) and (2) relate the breakdown strength Ebr (in 
units of kV/cm) to the sample thickness t (in units of cm). 
The hot-pressed samples have greater sensitivity to the thick- 
ness in comparison to the conventional samples. Gerson and 
Marshall [5] have studied the thickness dependence of break- 
down strength of PZT ceramics. The samples studied were 
95% dense, and had thicknesses in the range 0.1 - 0.6 cm. 
The thickness dependence of the breakdown strength in PZT 
fits the expression: 

Ebr(PZT) = 27.2 * t-°-39 (3) 

Comparing equations (2) and (3), it can be seen that, though 
the magnitudes of the breakdown strength are somewhat 
higher in PZT, the slopes of the thickness dependencies of 
breakdown are almost identical. 

Results for the aqueous-NaCl-electroded PLZT samples 
tested at a 1000 V/sec. ramp rate are shown in Figure 6. The 
breakdown strength values have a wide scatter, but little 
dependence on how the indentations were made. The break- 
down strength for the samples with the aqueous electrodes 
was well below that for the samples with gold electrodes, as 
is shown in Figure 7. The best fit to all the samples tested for 
the gold- and aqueous-electroded samples are compared. For 
liquid electrodes, both the absolute magnitude and the 
thickness dependence of the breakdown strength of PLZT are 
lower compared to the conventionally electroded samples. 
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Room Temperature breakdown strength as a 
function of thickness for (a) hot-pressed and (b) 
conventional ceramics. Solid line represents 
exponential fit. 
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Figure 6.   Comparison   of the   breakdown   strength for 
liquid-electroded   conventional    ceramics for 
drilled versus pressed indentations.    Solid line 
represents exponential fit. 
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Figure 7.   Power  law   fit  of the   dielectric  breakdown 
strength as a function of thickness for: 
(1) gold-electroded hot-pressed samples 
(2) gold-electroded conventional samples 
(3) liquid-electroded conventional samples 

The use of liquid electrodes, with their greater thermal 
mass compared to the thin metal electrodes, should enhance 
the heat dissipating ability of a sample. In the case of thermal 
breakdown, an increase in the breakdown strength would be 
expected. On the other hand, the electromechanical break- 
down strength should be reduced, since the corrosive liquid, 
such as water, is known to enhance the speed of the 
subcritical crack growth [2]. Thus, experimentally observed 
lowering of the breakdown strength of PLZT samples in the 
presence of liquid electrodes supports the possibility of 
electromechanical breakdown. 

The experimental results strongly support the hypothesis 
of an electromechanical breakdown mechanism in PLZT 
9.5/65/35 bulk ceramics. The weak temperature dependence 
of the breakdown strength and the reduction of the breakdown 
strength with the use of aqueous electrodes are in contra- 
diction with the expected behavior of samples characterized 
by thermal breakdown. The pulse rate dependence of the 
breakdown strength at relatively low pulse rates used in this 
study is the strongest evidence against the electrical 
breakdown. The strong thickness dependence of experi- 
mentally observed breakdown strength does not favor either 
the intrinsic electrical breakdown mechanism, which should 
be independent of thickness, or the Seitz's avalanche 
breakdown theory, which has a logarithmic thickness 
dependence [1], The observation that gold and aluminum 
electrodes give the same breakdown strength does not support 
field-emission initiation of the breakdown at the cathode. 

The most likely mechanism is electromechanical break- 
down. It is supported by an increasing breakdown strength 
for steeper ramp rates, and, in particular, by a reduction of the 
breakdown rate in the presence of corrosive electrodes. Large 
scatter in the breakdown strength for the conventional 
samples points to the importance of strength-limiting flows. 
Observations of micro- and macro-cracks prior to the break- 
down in this and previous studies [6], support electro- 
mechanical breakdown. PLZT ceramics are capable of large 
field-induced   strain  and  have  relatively  low  mechanical 

fracture toughness, making them susceptible to the field- 
initiated cracking. 

The electromechanical breakdown mechanism may occur 
as a sequence of steps. Applying electric field to the PLZT 
ceramic samples induces nonuniform strain in adjacent grains 
which happen to have different crystallographic axis with 
respect to the electric field. Because of the partial clamping 
exerted at the grain boundaries, stresses develop. The 
presence of defects, such as preexisting pores and micro- 
cracks, further enhances local stresses, and cracks begin to 
propagate at a sufficiently high electric field level. The 
presence of a corrosive substance further enhances the crack 
propagation rate. As the crack continues to grow, it further 
distorts the electric field, until the local field exceeds the 
critical level needed to cause sample destruction, and thermal 
or electrical breakdown occurs. Even though thermal or 
electrical breakdown may cause ultimate damage, it is electro- 
mechanical damage to the sample, occurring prior to the final 
destruction, which is likely to be the rate-limiting step. 

SUMMARY 

The goal of this work was to establish the breakdown 
mechanism in PLZT ceramics. Three possible mechanisms 
were considered as candidates to cause the breakdown: 
electric, thermal, and electromechanical. The breakdown 
experiments were conducted with both hot-pressed and 
conventional ceramics. The breakdown strength was studied 
as a function of electrode material, voltage polarity, ramp 
rate, and temperature. All of the results were consistent with 
electromechanical breakdown being the dominant mechanism. 
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Abstract-Reducing the sintering temperature of BaTiC>3 has typically 
been achieved through the use of a fluxing agent to promote 
densification by liquid phase sintering. Liquid phase formation in 
these systems is due either to the melting of the flux or to the 
formation of a eutectic liquid between the flux and BaTiÜ3. In this 
paper, the correlation between the wettability and interfacial reactions 
between fluxes and BaTi03 with respect to the densification behavior 
associated with liquid phase sintering, and the resulting dielectric 
properties is presented. Fuxes used in this study include 
5ZnO-2B203, 5CdO2Si02, Pb5Ge30n, CuOTi02, 3Bi203B203, 
and LiF. 

INTRODUCTION 

The wettability of fluxes on a ceramic is very important for 
densification during sintering. A non-wetting liquid, 6 > 90°, may 
lead to swelling of the compact during sintering, segregation, and 
possible melt extrusion through open porosity. A wetting liquid, 8 < 
90°, will attempt to occupy the lowest free energy positions and hence 
will preferentially flow into fine scale porosity due to capillary 
forces.1-2 When there is insufficient liquid to fill all of the porosity, 
these capillary forces will pull the particles together to minimize the 
free energy. This effect gives rise to the rearrangement stage and 
rapid initial densification during liquid phase sintering. Usually 
wetting is aided by solubility of the solid in the liquid or the formation 
of intermediate compounds. 

In addition to serving as a liquid phase to promote densification, 
the fluxes may act as a second phase layer to dilute the dielectric 
properties, or serve as a Curie point shifter for BaTi03 when they are 
incorporated into the BaTi03 lattice. The characteristics of grain 
boundary phases in ceramics, such as composition, connectivity, 
volume faction, and defect chemistry, can have a significant impact on 
their dielectric properties. If the liquid phase has a low solubility in 
BaTi03 and is persistent throughout liquid phase sintering, then the 
solidified, interconnected liquid phase surrounding the BaTi03 will 
result in an intergranular boundary layer. The dielectric properties will 
be diluted, and can be modeled by the brick wall model. On the other 
hand, if the liquid phase has a high solubility in BaTi03 and acts as a 
transient phase during liquid phase sintering, then the dilution of the 
dielectric properties is reduced.3 

In this study, the correlation between the wettability and 
interfacial reactions with respect to the densification behavior 
associated with liquid phase sintering, and the resulting dielectric 
properties is characterized. Although the formation of low melting 
temperature fluxes described in the literature have been complex, 
several simple flux systems, including 5ZnO-2B203, 5CdO-2Si02, 
Pb5Ge30n, CuOTi02, 3Bi203-B203, and LiF, which have been 
shown to be effective sintering additives,3-8 were selected for use in 
this work. 

EXPERIMENTAL PROCEDURE 

Commercial TAM-HPB BaTi03 and Pb5Ge30n, 3Bi203B203, 
5CdO-2Si02, CuOTi02, 5ZnO-2B203, and LiF fluxes were used in 
this study. Except for the LiF and CuOTi02 systems, the raw 
materials for each flux were mixed/milled in methyl alcohol in a 
polyethylene jar with Zr02 media using a ball mill. After drying, 
these powders were transferred to a platinum crucible and heated at a 
temperature elucidated from DTA/TGA analyses. Following melting, 
they were quenched and then milled to pass through a 320 mesh 
screen. For the microstructural development and dielectric properties 
studies, these fluxes were also mixed/milled with the BaTi03 to 
achieve submicron particles. For the contact angle determinations, the 
fluxes were pressed into 0.254 cm (0.1-in) diameter pellets. 

Wetting experiments were carried out in a tube furnace in air 

using the Sessile-drop method. Contact angles were double-checked 
through optical observations of cross-sections. Temperatures of 
liquid phase formation at each flux system were also determined using 
DTA with a heating rate of 10°C/min on BaTi03 powders mixed with 
excess flux (20wt%). Pellets of mixtures also were heated up to 
1100°C and quenched, followed by XRD analysis on the polished 
surface to obtain the phases that were solidified or decomposed from 
the liquid phase during cooling. 

HPB BaTi03 was mixed/milled for 24 h with specific volume 
fractions of fluxes in methyl alcohol using a Sweco mill (polyethylene 
jar, Zr02 media). Dried powders were characterized (particle size 
=0.7 |im) and mixed with DuPont 5200 binder and then pelletized. 
Pellets were sintered at 900-1150°C for 2 h (heating rate: 6°C/min, 
cooling rate: 3°C/min). 

Dilatometric analyses were performed to characterize the 
shrinkage of the flux-sintered BaTi03 with temperature at a heating 
rate of 3°C/min. The dilatometric curves were compared with the 
temperature of liquid formation, which was obtained using DTA, 
although the heating rates of the DTA and dilatometric analyses were 
slightly different. 

RESULTS AND DISSCUSION 

1. Wettability and Reaction of Fluxes on BaTi03 

Results of Sessile drop experiments for various fluxes on 
BaTi03 substrates are given in Table 1. Four types of Sessile drop 
configurations were observed in this study. The first type has no 
compositional changes in the flux, and only trace amount of fluxes 

Table 1 Wetting Angles of Various oxides on the BaTio, substrate 

Compounds Temp erature (:C) Contact Angle { * } 

LiF 875 0 

BaLiF, 850 12 

PbO 900 0 

Pb.Ge.O,, 750 8 

Bi.O, 300 0 

B.O, 460 
600 
800 

73 
36 
11 

SBi.O.-B.O., 750 19 

5CdO-2S10. 1200 14 

5ZnO-2B,0, 1050 (before rxn) 32 
(after rxn) 24 

CuO-TiO. 1050 (before rxn) 61 
(after rxn) 22 

diffuse into BaTi03; 3Bi203-B2U3 is an example from this study. 
The second type exhibits a chemical reaction between the BaTi03 and 
flux, which results in spreading (6 = 0); LiF and Bi203 are examples 
from this study. The third type exhibits complete solubility of the flux 
in the BaTi03, which results in spreading; PbO is an example from 
this study. The fourth type has an acute contact angle owing to a high 
solubility of BaTiÜ3 in the flux, and a limited solubility of the flux in 
the BaTi03; BaLiF3, Pb5Ge3OH, 5CdO-2Si02, CuOTi02, and 
5ZnO-2B203 are examples from this study. 

The melting temperatures of flux components and those of 
possible eutectic liquids between fluxes and BaTi03 were measured 
by DTA on mixtures of BaTi03 and 20 wt% fluxes with a heating rate 
of 10°C/min. The results are summarized in Table 2. Details of these 
results are discussed below: 
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(i) LiF System 

LiF has been shown to be an effective sintering aid for BaTiC>3 
by several investigators.4 During Sessile drop measurements, rapid 
spreading (0 = 0°) was observed at the melting temperature of LiF. 
XRD analyses on the surface of the LiF-wetted specimen of BaTi03 
indicated that BaLiF3 and LiTiC>2 formed. Formation of these 
compounds was also reported by Lin, while Bonnet et al. and 
Anderson et al. showed the presence of Li2TiC>3 in their study. 

As shown by the DTA results (Table 2), a eutectic melt is 
formed at 750°C from mixtures of BaTiC>3 and LiF. Comparing this 
result with the phase diagram of BaLiF3-LiF, it seems that the melt 
that forms at 750°C is due to the eutectic reaction between BaLiF3 and 
excess LiF. During cooling, the eutectic liquid recrystallized into 
LiTi02 and BaLiF3. Results from DTA studies on mixtures of 
BaTi03 and LiF with addition of BaCC>3 show endothermic peaks at 
632 and 720°C, which correspond to eutectic liquid formation . This 
correlates well with studies that have shown LiF additions to Ba- 
excess BaTiC>3 (adjusted by BaCC>3) lower the sintering temperature. 

BaLiF3, an intermediate product in the LiF-wetted specimen of 
BaTiC>3, has also been shown to be an effective sintering aid. The 
wetting angle was found to be 12°. DTA results show that mixtures of 
BaTi03 and BaLiF3 did not exhibit any liquid formation other than the 
incongruent melting of BaLiF3 at 845°C. 

(ii) Bi203-B203 System 

DTA results on a mixture of BaTi03 and Bi2C>3 showed the 
presence of three endothermic peaks at 575, 719, and 789°C, and the 
<x-Bi203 to 5-Bi203 at 728°C. These three peaks are most likely due 
to eutectic liquid formation, although further studies would be needed 
to confirm this hypothesis. The first two endothermic peaks are very 
small. During the wettability study, no visible reaction was observed 
at temperatures below the melting point of B12O3, which is 807°C. 
Above the melting temperature, a rapid spreading of Bi2Ü3 on BaTiÜ3 
was obtained.   XRD analyses on the surface of Bi203-wetted 

Table 2  DTA results of oxides and mixtures, 
which shown the endothermic peaks corresponding 
to the temperature at which liquid formed 

Compounds Melting Point('C) 

LiF 865 
BaLlF: 845 
BaTiO.-LiF 750 
BaTlO^BaLiF. 845 
BaTlO.+ LlF-BaCO: 632 

720 

PbO 886 
GeO. 1115 
BaTiC^-GeO 1083 
Pb,Ge:0. 742 
BaTiO.-pb.Ge.O,, 736 

781 

Bi,Cv 807 
B.O 450 
3Bi,0.-B-0: 625 
BaTiO.+ Bi.O, 575 

719 
789 

BaTiO. + 3El.O -B 0; 542 
655 
768 

SiO. 1723 
3CdO-2SiG. 1191 
BaTl0^5CdO-2SlO. 1046 

5ZnO-2B.O 1043 
BaTlO; + 5ZnO-2B.O: 834 

CuO-TiO. 1034 
BaTiO. + CuO 1030 
BaTlO -CuO-TiO. 1024 

specimen of BaTi03 show the presence of B12O3 and a small amount 
0fBaBi4Ti4Oi5.5 

A glass former, B2O3, was added to the B12O3 (3B12O3B2O3) 
to determine its affect on the wettability and sintering behavior. DTA 
results showed the temperature of the three endothermic peaks 
associated with liquid phase formation were lowered by the B2O3 
additions to 542, 655, and 768°C. The wetting angle of 3Bi203-B203 
was 19° at 750°C. XRD analysis on a mixture of BaTiC>3 and 20wt% 
3B12O3B2O3 cooling from 1100°C show that a glass phase, Bi2Ü3, 

and small amounts of BaBLjTLtOis phases exist. Subbarao et al have 
suggested that BaBi4Ti40i5 forms at =800°C, and redissolves at 
higher temperatures. 

(iii) 5PbO3Ge02 System 

Wetting studies showed that PbO readily spread on BaTiÜ3 at 
temperatures greater than its melting temperature of 886°C. 
Pb5Ge30n was first reported by Payne as a flux for BaTiC>3, 
providing a high dielectric constant and breakdown strength and a low 
dissipation factor.6 As shown by the DTA results, Pb5Ge30n is 
another flux that exhibits a eutectic melting point lower than 800°C. 
The two temperatures associated with liquid phase formation are the 
melting of Pb5Ge30n at 736°C and a eutectic liquid between 
Pb5Ge30n and BaTi03 at 781°C. The wetting angle of this flux on 
BaTi03 is 8°. 

(iv) 5CdO2Si02 System 

Cadmium silicates, such as 2CdOSi02, 5CdO2Si02, and 
3CdO-SiÜ2 have been used as fluxes for BaTiC<3, as first reported by 
Maher. Among these compounds, 5CdO2Si02 was found to be the 
most effective sintering aid. 5CdOSi02 has a melting temperature at 
1191°C (Table 2). Mixtures of 5CdOSi02 and BaTi03 exhibit a 
eutectic temperature at 1046°C. The wetting angle of 5CdOSi02 on 
BaTi03 was found to be 14° at 1200°C. XRD analysis on a mixture of 
BaTiC-3 and 20w% 5CdO-2Si02 quenched from 1100°C shows the 
existence of CdO and BaCdSi207. The formation of BaCdSi207 may 
explain the precipitation of CdO, which was observed in Maher's 
study.7 

(v) 5ZnO-2B203 System 

Similar to the CdO-2Si02 system, mixtures of 5ZnO-2B2U3 and 
BaTi03 exhibited eutectic liquid phase formation at 834°C, which is 
much lower than the melting point of the flux itself (1043°C). The 
wetting angle before visible reaction occurs is 32°, and after reaction is 
24°. XRD analysis on a mixture of BaTi03 and 5w% 5Zn0-2B203 
heated to 1100°C revealed the presence of ZnO and an unknown 
phase. 

(vi) CuOTi02 System 

The addition of CuO to BaTiÜ3 results in eutectic liquid 
formation when CuO partially decomposes at 1070°C according to the 
reaction: 4 CuO <H> 2 Cu20 + 02 (equilibrium P02 =0.4x105 Pa at 
1070°C135). With the addition of Ti02, the eutectic temperature is 
reduced to 1024°C (Table 2). Hennings showed that on cooling, a 
Cu3Ti04 phase recrystallized, although the results from this study 
could not confirm the identification of the recrystallized phase.8 There 
exist over 20 compounds in the CuO-Ti02 system. The wetting angle 
of CuOCu2OTi02 on BaTi03 is initially 61° at 1050°C, which is 
very high for liquid phase sintering. However, with time the 
CuOCu20Ti02eutectic liquid reacts with the BaTi03 and reduces 
the contact angle to 22°. There must be a limited solubility of BaTi03 
in the flux, since Hagemann's studies showed that excessive additions 
of CuOTi02 reduced the densification. 

2.   Relationship of the Wettability and Solubility to the Densification 
Behavior of Fluxed- BaTi03 

The temperature at which liquid phase formation occurs directly 
impacts dimensional changes during densification of a ceramic. This 
is especially significant for some flux systems that exhibit more than 
one liquid phase formation temperature. Liquid formation may affect 
the densification process through changing the volume of the liquid 
phase, the wettability of the liquid, the solubility of the solid in the 
melt, and the formation of recrystallized solid compounds. 

Figure 1 shows the dilatometric results and corresponding DTA 
curves, which exhibit two types of sintering behavior. The first type 
contains one sintering step that occurs at the temperature of liquid 
phase formation. In this case this corresponded to the 5.0 wt% (4 0 
v%) 5CdO-2Si02 (Figure la) and 5.0 wt% (7.0v%) 5Zn0-2B263 
(Figure lb) fluxes. Sintering proceeded with increasing temperature 
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until the samples were densified. The second type of sintering 
behavior exhibits more than one shrinkage step, such as for the 10 
wt% (8.1v%) 3Bi203-B203 and 2 wt% (4.5 v%) LiF (Ba/Ti=1.02), 
as shown in Figures lc and Id. The changes in shrinkage rate 
correspond to the temperatures at which different liquid phases form 
associated with solid particle formation. In the case of BaTi03 with 
3B12O3B2O3, the contraction below 650°C is negligible, even though 
there is a small endothermic peak at 542°C, as indicated in the DTA 
curve. This is due to a trace amount of liquid phase generation. 
Eutectic liquid phase formation at the interface between solid BaTi03 
and solid 3Bi203-B203 at temperatures <700°C was kinetically 
limited. The change in shrinkage rate at =800°C corresponds to the 
melting point of Bi203. BaBi^jTLtOis was observed after quenching, 
but it is unknown whether it is present at high temperatures, as 
suggested by Subbarro. 

For the BaTi03 with LiF additions (Ba/Ti=1.02, adjusted by 
BaC03), the onset of densification at =600°C corresponds to the 
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inflection point at 123°C, suggesting that a grain core-shell structure is 
formed. 

For the 5ZnO-2B203, 5CdO-2Si02, CuOTi02, and 
3B12O3B2O3 systems, there was no apparent grain growth and no 
shift in the Curie point. However, the magnitudes of the dielectric 
constant are tremendously different. The dielectric constant of BaTi03 
with 10wt% of 3Bi203-B203 is only 1300 at room temperature, and 
that of BaTi03 with 5wt% of 5CdO2Si02 is 3400. The density, 
volume, and connectivity of the flux are the factors that contribute to 
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Table 3  Characteristics of dielectric properties of BaTiO, sintered with various oxides 

Flux  Composition wt% 
Added 

Density 
(g/cm') 

Grain 
Size{^m) 

K\i„ Km (Tan6 ),., T, (    C) 

5ZnO-2B,0, 5 5.71 

5. 99 

b.fi4 

0. 7 2300 2100 0.01 1 ?4 

143 

l?.b 

Pb,Ge,On 

0.7481-0,-0.268.0, 

5 

10 

6 

0. 7 

12000 

2100 

1800 

1300 

0.03 

0.01 

I,i F    ( fin/Tl -1.0?) 0., S.H'I 1 . li fiSOO A 100 fi. 0 7 ,-n 

5CdO-2SiO. 4 5.91 0.7 4600 3400 0.01 122 

CuO-TiO. 1.5 5.54 0.7 3900 3000 0.02 123 

eutectic liquid between LiFBaC03.   The change in shrinkage at 
=720°C is due to the formation of another eutectic liquid formation. 

3. Dielectric Properties 

The dielectric constant and losses of BaTiÜ3 sintered with 
various fluxes measured at 1000 Hz are are shown in Figure 2 and 
summarized in Table 3. The losses of these systems are all less than 
3%. For BaTiC>3 sintered with Pb5Ge30n and LiF, the Curie points 
were shifted, while 5Cd02SiC>2 additions broadened the transition. 
BaTi03-5wt% PbsGesOn exhibits a sharp transition at 143°C, and 
confirms the formation of a Ba(Pb)Ti03 solid solution. BaTiC>3- 
0.5wt% LiF exhibits a diffuse phase transition located at 73°C with an 

these changes in the dielectric constant. Comparing the dielectric 
constant with the amount of flux added one concludes that residual 
grain boundary phases must be strongly affecting the dielectric 
constant. 

SUMMARY 

Eutectic melts form during sintering of fluxed-BaTi03. 
Observed wetting angles of the fluxes on BaTi03 were distributed 
between 65° and 0° (spreading). The wettability of a flux on BaTi03 
substrate was enhanced if a eutectic reaction or significant 
interdiffusion occurred. The appearance of the liquid phase correlated 
directly with a sharp change in the sintering rate. The wettability and 
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intersolubility of flux on BaTiC>3 significantly altered the dielectric 
properties due to porosity formation and the characteristics of the grain 
boundary. Lower contact angles and interdiffusion of fluxes resulted 
in lower residual porosity and lower volume fractions of an 
interconnected second phase. 
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Abstract - Commercial ferroelectric thick films have been developed 
with high dielectric constants for capacitor applications. However, these 
compositions typically do not densify well in thick film form at 
characteristic firing temperatures (850 - 900° C), and thus require 
encapsulants to provide environmental stability. In this paper, 
ferroelectric compositions that can be fired at low temperatures with 
useful dielectric properties for thick film application are presented based 
on the combination of Pb(MgwNb2/3)03 (PMN) - PbTiO, (PT) with 
Pb5Ge2SiOn (PGS). The PGS melts at =724° C, and causes liquid phase 
sintering of the PMN - PT at low temperatures. Thick film samples of 
PMN - PT with 30 weight percent PGS and 5 weight percent PbO 
additions densify to closed porosity fired at 850° C for 10 minutes with 
a room temperature 1 KHz dielectric constant greater than 1500 and a 
dissipation factor less than 6%. Preliminary results indicate that these 
compositions are compatible with a commercial silver thick film 
conductor paste (DuPont 6160). 

Introduction 

Lead-based relaxor ferroelectric compositions have been developed for 
multilayer capacitor applications with high dielectric constants and low 
firing temperatures [1-7], These relaxor ferroelectric compositions have 
limited use in thick film form because of poor densification which results 
in the need for encapsulants to provide environmental stability. Recently, 
low firing thick film dielectrics based on lead iron niobate and lead iron 
tungstate with high dielectric constants have been developed [8-11]; 
however, these compositions do not densify to closed porosity. The main 
purpose of this research was to establish the potential of developing low 
fire ferroelectric compositions with useful dielectric properties by liquid 
phase sintering of the 0.93PMN - 0.07PT composition with PGS additions 
for thick film capacitor applications. 

The PMN - PT solid solution and PGS were selected for this work 
based on their unique properties. The 0.93PMN - 0.07PT solid solution 
has a very high dielectric constant(i20,000) at room temperature [12]. 
PGS is an unusual ferroelectric crystal which can be formed into glass 
relatively easily because of the presence of the glass formers Ge02 and 
Si02. This composition has a high dielectric constant, even in glass form 
compared to most other glass compositions. 

Pb5Ge3Ou and/or PbjGe3.xSixOn compositions have been investigated as 
sintering aids for Pb(Fe2/3W1/3)03 - Pb(Fe1/2Nb1/2)03 [1], PLZT [13], PZT 
[14-16], and BaTiOj [17] to permit liquid phase sintering at low 
temperatures. 

Experimental Procedure 

The 0.93PMN - 0.07PT solid solution composition was prepared by the 
columbite method [18]. In the first step of this method, MgO and Nb203 

were wet mixed, and then calcined in a covered alumina crucible at 
1200° C for 48 hours to form MgNb206. The MgNb2Os was mixed with 
PbO and Ti02, and calcined at 800° C for 4 hours to form the perovskite 
phase. To prepare the PGS powder, Pb304, Si02, and Ge02 were mixed, 
and then calcined at 700° C for 6 hours in a covered platinum crucible. 
The 0.93PMN - 0.07PT and PGS powders were ball milled with zirconia 
media in distilled water for 24 hours. XRD was used to confirm the 
formation of the perovskite and Pb5Ge2SiOn phases. 

The 0.93PMN - 0.07PT solid solution powder was mixed with 5, 20, 
30, and 40 weight percent PGS additions. These powders were mixed 
with zirconia media and distilled water for 12 hours, and then dried in an 
oven at 100° C. These compositions were mixed with an organic vehicle 
in a seven to three (inorganic to organic) weight ratio. The organic 
vehicle consisted of a nine to one weight ratio of pine oil to ethyl 
cellulose. The pastes were screen printed on polycrystalline 96% alumina 
thick film substrates (Donated by Coors Ceramic Company). Before 
screen printing the dielectric paste, an electrode consisting of pure 
platinum thick film paste(DuPont 9894) was screen printed and fired at 
1300°C for 1 hour. This provided the bottom electrode for dielectric 
measurements. A DEK Mode! 250 screen printer and a 200 mesh screen 
were used. 

One layer of dielectric paste was screen printed, and then dried at 
150° C for 10 minutes. A second dielectric layer was printed on top of 
the first layer and dried. These two layers were then cofired on the 
alumina substrate in either a box or rapid thermal annealing furnace. 
This procedure was repeated four additional times to produce a total of 
10 dielectric layers to reduce defects such as pin-holes. The samples 
were fired at 800 to 1200" C with a hold time from 10 minutes to 6 
hours. Top electrodes were deposited by sputtering gold. Silver (DuPont 
6160) and silver/palladium (DuPont 6134) thick film pastes fired at 
850° C for 10 minutes were also evaluated as top and bottom electrodes. 

A JOEL JAX-840 SEM equipped with an energy dispersive x-ray 
spectroscopy detector (EDS) was used to investigate the microstructural 
development. The capacitance and dissipation factor were measured from 
-55 to 125°C at five frequencies, 0.1, 1, 10, 100, and 1000 KHz, with a 
Hewlett-Packard Precision LCR meter (HP 4284A) and a Delta Design 
temperature control box. The resistivity was measured by applying 100V 
DC at room temperature with a Radiant Technologies RT66A Test 
System. 

Results 

Figure 1 shows the x-ray diffraction patterns of PMN - PT thick film 
samples with and without PGS additions, fired at 900° C for 10 minutes 
with a heating rate of 580°C/min. All of the x-ray diffraction peaks in 
the pattern for the PMN-PT without PGS addition (bottom pattern in 
Figure 1) correspond to the perovskite structure The pyrochlore phase 
was not observed. With PGS additions to PMN - PT, the perovskite 
phase was partially converted to the pyrochlore phase. This is possibly 
due to the removal of lead from the PMN - PT by the PGS, which would 
cause the lead deficient pyrochlore phase to form. The amount of 
pyrochlore phase increased with increasing PGS addition, firing 
temperature, and time, but decreased with increasing heating rate. 

Figure 2 shows the x-ray diffraction patterns at the surface of thick film 
PMN - PT with 30 weight percent PGS and 5 weight percent PbO. 
These films were fired at 850° C for 10 and 30 minutes with a heating 
rate of 580° C/min. The excess PbO addition significantly reduced the 
formation of the pyrochlore phase. No pyrochlore peaks were observed 
after firing at 850° C for 10 minutes, however, increasing the sintering 
time caused the pyrochlore phase to form. 

Bulk samples of PMN -PT with 5 weight percent PGS additions 
densified to 93 percent of the theoretical density at 850° C for one hour. 
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However, the PMN - PT samples in thick film form did not densify at 
850° C, even with 20 weight percent PGS and 5 weight percent PbO 
additions as shown in Figure 3. This illustrated the difficulty in 
densifying thick films because of the constrained sintering by the 
substrate in the parallel directions to the film. Figure 4 shows the 
fractured cross section of a thick film PMN - PT sample with 30 weight 
percent PGS and 5 weight percent PbO additions. This composition 
densified to closed porosity at 850° C, even with a short sintering time 
and very a fast heating rate (10 minutes, 580°C/rrun). 
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Figure 1   X-ray diffraction patterns of the surface of PMN - PT with 0, 
5, 20, and 30 weight percent PGS addition thick film 
samples. 
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Figure 3   SEM micrograph of the fractured cross section of a PMN - 
PT + 20 weight percent PGS + 5 weight percent PbO thick 
film sample fired at 850°C for 10 minutes with a heating 
rate of 580°C/min. 
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Figure 2  X-ray diffraction patterns of the surface of PMN - PT + 
30 weight percent PGS + 5 weight percent PbO thick film 
samples. 

Figure 4   SEM micrograph of the fractured cross section of a PMN - 
PT + 30 weight percent PGS + 5 weight percent PbO thick 
film sample fired at 850° C for 10 minutes with a heating 
rate of 580°C/min. 

The dielectric constant and dissipation factor of the thick film sample 
shown in Figure 4 is plotted versus temperature in Figure 5. Pure 
platinum thick film paste (DuPont 9894) was used as the bottom 
electrode and sputtered gold as the top electrode. Figures 4 and 5 show 
that PMN - PT with 30 weight percent PGS and 5 weight percent PbO 
densified to closed porosity in thick film form with a 1 KHz room 
temperature dielectric constant of about 1500 and a dissipation factor less 
than 6%. These results indicate the potential of achieving high dielectric 
constant thick film capacitor compositions that densify to closed porosity 
in typical thick film firing profiles without the need of an encapsulanL 

The densification behavior and electrical properties for four different 
compositions in thick film form are summarized in the Table 1. All of 
these samples were fired at 850° C for 10 minutes with a heating rate of 
580°C/min. The dielectric constant decreased with increasing PGS 
additions, however, 30 weight percent PGS is required to produce closed 
porosity. The dissipation factor and electrical conductivity of the 
composition with 20 weight percent PGS and 10 weight percent PbO are 
significantly higher than the other compositions, apparently because of the 
large additions of PbO and PGS. The temperature coefficient of 
capacitance (TCC) decreased significantly with increasing PGS additions. 
The PMN - PT with 30 weight percent PGS and 5 weight percent PbO 
had a TCC in the Y5S category. 
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Figure 5  The dielectric constant and dissipation factor of a PMN - PT 
+ 30 weight percent PGS + 5 weight percent PbO thick film 
sample fired at 850° C for 10 minutes with a heating rate of 
580°C/min.   Pure platinum thick film conductor paste 
(DuPont 9894) was used as the bottom electrode and 
sputtered gold as the top electrode. 

and a sputtered gold top electrode (see Figure 5). This appears to be 
related to the inorganic additives in the commercial silver paste which can 
interact with the film, affecting the dielectric properties. Additional 
research is needed to further investigate this behavior, however these 
dielectric properties and densification behavior appear promising for thick 
film capacitor applications without the need for an encapsulanL 
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Table 1   Summary of the densification behavior and electrical 
properties of four different thick film compositions.' 

PMN-PT 
+ 

30wt%PGS 
+ 

5wt% PbO 

PMN-PT 
+ 

20wt% PGS 
+ 

5wt% PbO 

PMN-PT 
+ 

20wt% PGS 
+ 

10wt% PbO 

PMN-PT 
+ 

5wt% PGS 
+ 

10wt% PbC 

Densification 
Closed 
porosity 

Open/Closed 
porosity(?) 

Open/Closed 
porosity(?) 

Open 
porosity 

Dielectric Constant 
(K™, at 1 KHz) 

= 1500 = 1700 =2200 =2600 

Capacitance change* 
(-30 - 85° C) 

< -20% < -30% < -20% <- 36% 

EIA Characteristic Y5S Y5T Y5S Y5U 

Dissipation Factor 
(1 KHz, 25° Q 

<6% <5% < 12% < 6% 

Resistivity 
(100V, 25° C) 

> 1010 

Ohm-cm 
> 1010 

Ohm-cm 
> 10» 

Ohm-cm 
> 1010 

Ohm-cm 

* Pure platinum thick film paste (DuPont 9894) was used as the 
bottom electrode and sputtered gold as the top electrode. 

• Capacitance change (%)=(( C - CRT. ) / C^. 1 x 100 

Figure 6  The dielectric constant and dissipation factor of a PMN - PT 
+ 30 weight percent PGS + 5 weight percent PbO thick film 
sample fired at 850° C for 10 minutes with a heating rate of 
580°C/min.   Silver thick film conductor paste (DuPont 
6160) was used as the top and bottom electrodes. 
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Figure 7   SEM micrograph of the fractured cross section of PMN - PT 
+ 30 weight percent PGS + 5 weight percent PbO thick film 
sample fired with silver electrode (DuPont 6160) at 850° C 
for 10 minutes with a heating rate of 580°C/min. 

Figure 6 shows the dielectric constant and dissipation factor plotted as 
a function of temperature for a PMN - PT with 30 weight percent PGS 
and 5 weight percent PbO thick film sample. These sample was fired 
with commercial silver electrodes (Dupont 6160). Figure 7 shows the 
fractured cross section of this sample. The maximum dielectric constant 
was greater than 800 with a dissipation factor less than 3% at 1 KHz. 
The dielectric constant and dissipation factor were lower than those of 
films with the same composition but with a platinum bottom electrode 

Summary 

Crystalline PMN - PT and PGS were combined and prepared into thick 
film samples. Liquid phase sintering with PGS additions allows PMN - 
PT to densify at 850° C in thick film form. The PGS addition to PMN - 
PT caused the perovskite phase to convert to pyrochlore. Excess PbO 
additions to PMN - PT with PGS prevented the formation of the 
pyrochlore phase. Thick film PMN - PT densified to closed porosity with 
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30wt% PGS and 5wt% PbO additions in 10 minutes at 850° C with a 
heating rate of 580°C/min. This sample has a room temperature 
dielectric constant greater than 1500 and a dissipation factor less than 6% 
at 1 KHz. This combination of good densification behavior and high 
dielectric constant is very promising for thick film capacitor applications. 
In addition, preliminary results indicate that this composition is 
compatible with a commercial silver thick film conductor paste (Dupont 
6160) 

[17] D. A. Payne and S. M Park, "Heterophasic Ceramic Capacitor". 
U. S. Patent No. 4,158,219 June 1979. 

[18] S. L. Swartz and T. R. Shrout, "Fabrication of Perovskite Lead 
Magnesium Niobate", Mat. Res. Bull., Vol. 17, pp. 1245-1250, 
1982. 
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Antiferroelectric tin-modified lead zirconate titanate ceramics 
(PZST) with 42 at% Sn and 4 at% Ti, were studied by hot- and cold- 
stage transmission electron microscopy and selected area electron 
diffraction techniques. The previously reported tetragonal 
antiferroelectric state is shown to be an incommensurate orthorhombic 
state. Observations revealed the existence of incommensurate 
l/x<110> superlattice reflections below the temperature of the 
dielectric maximum. The modulation wavelength for this 
incommensurate structure was found to be metastably locked-in near 
and below room temperature. An incommensurate-commensurate 
orthorhombic antiferroelectric transformation was then observed at 
lower temperatures. 

I. Introduction 
Tin-modified lead zirconate titanate ceramics 

Pb(0 98)Nb0 02[(Zrl-x.Snx)i.yTiy]1.zO3 (designated as PZST 
x/y/2) are of interest as potential actuator and transducer materials. In 
this crystalline solution series, a field-induced antiferroelectric to 
ferroelectric phase transformation occurs. Associated with this 
transformation are large nonlinearities in the dielectric, 
electromechanical, and thermal mechanical response characteristics 

Recently hot-stage transmission electron microscopy (TEM) 
and selected area electron diffraction (SAED) investigations were 
reported for PZST 42/4/2 and 43/8/2 [2]. l/x<110> superlattice spots 
(s s) were found in the SAED patterns which were incommensurate 
(IC) with the fundamental periodicity of the lattice. Incommensurate 
modulations were reported in the tetragonal antiferroelectric phase 
region The modulation wavelength varied between 20 and 30 A, 
depending on composition and temperature. Corresponding lattice 
imaging revealed <110> orientated anti-phase domains (or domain- 
like striations). The periodicity between fringes was incommensurate 
with the lattice and correlated with the modulation wavelength 
determined from SAED patterns. The modulation wavelength for the 
incommensurate structure was found to decrease with decreasing 
temperature for PZST 42/4/2 and 43/8/2. For 43/8/2, the 
incommensurate antiferroelectric orthorhombic phase (previously 
called tetragonal antiferroelectric) transformed to a commensurate (C) 
rhombohedral ferroelectric phase near 95°C. However for 42/4/2, the 
incommensurate antiferroelectric state persisted below room 
temperature. 

Currently, it is not known whether the low temperature 
orthorhombic antiferroelectric phase is commensurate or 
incommensurate. In addition, the mechanism by which the 
incommensurate antiferroelectric structure evolves to the 
commensurate orthorhombic antiferroelectric is unknown. The 
purpose of this investigation was to study the temperature dependence 
of the incommensurate structure of antiferroelectric PZST. Particular 
attention was paid to changes in the incommensurate structure on 
transformation to the orthorhombic antiferroelectric state from the 
tetragonal antiferroelectric. 

II. Experimental Procedure 
The particular composition chosen for study was PZST 42/4/2, 

and ceramic specimens were prepared by a hybrid coprecipitation- 
mixed oxide method [3]. TEM specimens were formed by 
ultrasonically drilling 3-mm discs which were mechanically polished 
to -100p.m. The center portions of these discs were then further 
thinned by a dimpler to -10 um, and argon ion-milled to perforation. 
Specimens were coated with carbon before examination. The TEM 
studies were carried out on a Phillips EM-420 microscope operating at 
an accelerating voltage of 120 kV, with double tilt hot- and cold- 
stages. 

The dielectric response of electroded ceramic specimens was 
measured as a function of frequency and temperature. Measurements 
were made in the temperature range of 230 to -150°C on cooling 
(unless otherwise stated) at a rate of 4°C/min in a Delta Design oven. 
Measurements were made on a HP 4284 LCR meter. 

III. Results 
The temperature dependence of the <112> SAED pattern for 

PZST 42/4/2 between room temperature and 250°C is given in Figure 
1. l/x<110> superlattice spots are clearly evident. The modulation 
wavelength (K) was found to be incommensurate with the lattice and 

was approximately 20 A at room temperature. The intensity of the 
l/x<110> supperlattice spots decreased with increasing temperature, 
and the distance between the superlattice spots and the main reflection 
also decreased, indicating that X increased with increasing 
temperature. The l/x<110> superlattice spots disappeared around 
160°C (Figure 1(e)), which coincided with the temperature at which 
the antiferroelectric domains disappeared. In addition, diffuse 
1/2<110> and 1/2<111> superlattice reflections were observed. A 
1/2<110> spot is indicated by an arrow. This new superlattice 
reflection first appeared on heating near 100°C (Figure 1(c)) and 
disappeared above 200°C, and was visible in the temperature range of 
the multicell cubic state. 

Figure 1. <112> SAED patterns as a function of tempeature for 
PZST 42/4/2 on heating, (a) 25°C, (b) 70°C, (c) 100°C, (d) 
130°C, (e) 160°C, and (0 250°C. 

SAED patterns were taken on cooling to elucidate the nature of 
the structural changes. The temperature dependence of the <001> 
SAED patterns for PZST 42/4/2 between room temperature and 
-180CC is given in Figures 2(a)-(f). In the temperature interval 
between 25°C and -36°C, typical l/x<110> superlattice reflections are 
evident (Figures 2(a) and (b)). The modulation wavelength associated 
with these reflections was relatively temperature independent in this 
temperature range and was found to be incommensurate with the 
lattice, indicating the incommensurate structure was metastably 
locked-in. No evidence of an incommensurate-commensurate 
transformation was found in this temperature range. On further 
cooling to -68°C (Figure 2(c)), sharp l/x<110> superlattice reflections 
were no longer visible, but rather streaking along the <110> began to 
be apparent. This steaking reflects the formation of a set of l/x<110> 
superlattice reflections. Stronger streaking was observed near -100°C 
(Figure 2(d)). On further cooling to -168°C, the l/x<110> superlattice 
reflections disappeared and 1/4<110> reflections became apparent 
(Figure 2(e)). However, some diffuseness was evident around these 
reflections. Diffuseness of the 1/4<110> reflections disappeared 
around -183°C. These results indicate that the incommensurate- 
commensurate phase transformation occurs gradually, via an 
intermediate condition, in the temperature range between -60 and 
-150°C. The low temperature commensurate phase was found to be 
isomorphous with antiferroelectric orthorhombic PbZr034. 
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Figure 2. <001> SAED patterns as a function of tempeature for 
PZST 42/4/2 on cooling, (a) 25°C, (b) -36°C, (c) -68°C, 
(d) -110°C, (e) -168°C, and (0 -183°C. 

IV. Discussion 
Figure 3 gives the temperature dependence of X, as calculated 

from the l/x<110> superlattice spot (s.S.). X was found to increase with 
increasing temperature, only for temperatures greater than ~100°C. 
However, at temperatures between -50 and 50°C, X was found to be 
relatively independent of temperature. In this temperature range the 
modulation remained incommensurate with the lattice. The results 
indicate that the phase of the incommensurate structure became 
metastably locked-in with decreasing temperature, rather than 
transforming to a normal commensurate state. Metastability in 
incommensurate structures can be attributed to defects [5], which may 
act to pin the phase of the incommensurate structure. Compositional 
heterogeneity in PZST, associated with an inhomogeneous Sn- 
distribution, may lead to analogous effects. 

• 
•        Mam S.S. 

Extra S.S. • 

- 

-150 -50 50 
T(°C) 

150 

Figure 3. Modulation wavelength (X) as a function of temperature 
calculated from the l/x<110> superlattice spots (s.S.). 

At low temperatures, the value of A. can be seen to decrease in 
the temperature range -50 to -100°C, transforming to a commensurate 
relationship with the lattice periodicity. Two types of data points are 
shown in Figure 3 in this temperature range. The large points 
represent the wavelength associated with the main l/x< 110> 
superlatttice reflection, and the smaller points represent the wavelength 
of extra <110> superlattice reflections associated with the intergrowth 
of the <110> structural modulations. This behavior is rather unusual, 
in that the incommensurate-commensurate transformational sequence 
would appear to proceed through an intermediate metastable range. 
The local polar symmetry in the previously designated tetragonal 
antiferroelcctric state would appear to be orthorhombic, as indicated 
by the symmetry of the l/x<110> superlattice reflections. A "true" 
tetragonal antiferroelectric state was not observed in this study, 
contrary to previous claims [6]. 

The observed transformation between incommensurate and 
commensurate states occurred gradually on cooling. The 
transformational region was ~50-75°C wide, as indicated in Figures 
2(c)-(e). The results indicate unusual metastability of the 
incommensurate phase. Evidence of metastability in the 
incommensurate-commensurate transitional region can also be seen in 
the dielectric response characteristics, given in Figures 4(a) and (b). A 
minor anomaly in the dielectric constant (K) with temperature (T) was 
found near -25°C (Figure 4(a)), associated with the transformation 
from the incommensurate to commensurate orthorhombic 
antiferroelectric states. An enhancement of these characteristics is 
given in Figure 4(b). Dielectric dispersion can be seen near the 
maximum, the degree of dispersion can also be seen to decrease on 
either side of the anomaly. The dispersive behavior gives possible 
evidence of fluctuation effects. 

2000 
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Temperature (°C) 
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Ql i i 
-150 -100       -50 0 
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50 

Figure 4. Dielectric response of PZST 42/4/2 as a function of 
temperature. The frequency used were 10^, 103, 104, and 
105 Hz. 

V. Conclusion 
An incommensurate orthorhombic antiferroelectric state has 

been observed for the first time for PZST electroceramics by 
transmission electron microscopy and selected area electron 
diffraction. This phase was previously reported to be a tetragonal 
antiferroelectric. In addition, an incommensurate-commensurate 
orthorhombic antiferroelectric transformation was also observed at 
lower temperatures, again for the first time. 
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ABSTRACT 

Reaction sequence of perovskite-phase formation and 
crystallographic properties in the PFW-PFN system are 
reported. Investigation is focused on the formation of 
perovskite phase by a "B-site precursor method." B-site 
precursors were formed directly from the constituent oxides or 
through a competition with a pyrochlore-related phase, while 
perovsldte phases were developed through a competition with 
pyrochlores. Lattice parameters of PFW and PEN were 3.985 
and 4.016 A, respectively. 

INTRODUCTION 

With the increasing demand for electronic equipment of 
reduced size and high integration density, circuit devices and 
components are required to have a compact design. 
Multilayer ceramic capacitors (MLCC's) have a high 
volumetric efficiency and meet the current trend of component 
miniaturization. In commercial MLCC fabrication, however, 
the expensive internal electrodes (palladium, platinum, or 
alloys thereof) must withstand the high firing temperatures of 
BaTi03-based dielectric layers during cofiring. 

As one possible solution, low-temperature-firable 
materials with high dielectric constants have been intensively 
searched for and several of the lead-based complex 
perovskites [e.g.,        Pb(FeaoWi^)03, Pb(Feu2Nbi/2)03, 
PbCMgi/jNbz^Qs (hereafter designated as PFW, PFN, PMN), 
etc.] satisfy the requirements. Since these ceramics are 
sinterable at lower temperatures, the less-expensive silver-rich 
alloy can be used as electrodes for price reduction. 

Numerous results have been reported on the application 
of the PFW-PFN system as potential candidate materials for 
high-K, low-temperature-firable capacitors.1-* For the 
synthesis of perovskite phase, a direct mixing of constituent 
oxides or carbonates has generally been used in earlier times. 
By this method, however, parasitic pyrochlore phase(s), formed 
between PbO and Nb^, usually remained in the structure 
and pyrochlore-free perovskite structure could not easily be 
attained. Presence of pyrochlores in the perovskite structure 
is reported detrimental to dielectric properties by greatly 
reducing the dielectric constants. 

In an attempt to suppress the formation of pyrochlore 
phase(s), a novel method, called "columbite process," has been 
introduced to the PMN synthesis.5' In this process, B-site 
components of Mg and Nb are reacted first into a columbite 
structure of MgNt>206, which is then reacted with PbO to 
form the perovskite phase, with (almost) complete elimination 
of the harmful pyrochlore phase(s). Another alternative to the 
direct mixing of oxides, in the formation of the perovskite 
phase, incorporates a pre-reaction of PbO and NbzOs to form 
PD3ND2O8 followed by reaction with MgO,6) effectiveness of 
which will be discussed later. 

of the perovskite structure does not occur directly from the 
constituent oxides, but rather involves a long and complex 
sequence of intermediate reactions. So far, however, they are 
all restricted to the reaction directly from raw chemicals, even 
though the "columbite process" has been resorted widely due 
to higher yield of perovskite phase. 

In this work, the reaction mechanism of perovskite-phase 
formation by the "B-site precursor method (explained later)" 
in PFW-PFN system is investigated. In order to understand 
the sequence of reactions, phase formation during heat 
treatments was studied by x-ray diffraction (XRD). 
Crystallographic properties of the system are also reported. 

EXPERIMENTAL 

The system studied is (l-x)Pb(Fe2aWiy3)03 - xFWFewr 
Nbi/2)03 [(l-x)PFW-xPFN], with x ranging from 0 to 1 at an 
interval of 0.2. Raw chemicals used were PbO, Fe203, and 
ND2O5 of >99.9% purity and 99.8%-pure WO3. Wet-milled 
and dried powders forming B-site precursors of 
(l-x)(Fe2/3Wi/))02-x(FeL^Nbiy2)02 in stoichiometric proportions 
were placed in a crucible and heat treatments were carried 
out at temperatures, usually from 500°C to temperatures of 
interest with 50°C intervals. The resulting major phases were 
then identified by powder XRD (CuKa, Ni filter). Based on 
the results, the B-site precursors were synthesized at 
appropriate temperatures and then reacted with PbO, also in 
stoichiometric proportions without any addition of excess 
amount. The following processes of heat treatment and phase 
identification were similar. 

All of the resulting XRD patterns were semiquantitative- 
ly analyzed and probable reaction sequences are proposed. 
The relative amount of each phase was determined by 
comparing the intensity of major peaks. Lattice parameters of 
the compositions in the system were also determined. 

RESULTS AND DISCUSSION 

„5)w 

Of 

Regarding the formation mechanism of perovskite phases 
PFW  and  PFN,   several  reaction  sequences  have  been 

proposed,       overall conclusion of which is that development 

In the synthesis of PMN, the "columbite process " and 
'TbO-NbÄ precursor method6'" can be considered similar in 
that both methods incorporate a pre-reaction between two 
components followed by a reaction of the product with the 
third component. Pre-reaction of PbO and MgO, however, is 
meaningless since no binary compound exists between PbO 
and Mg0.14) Hence, two remaining possibilities are the two 
methods (pre-reaction of MgO-NteOs and PbO-Nb^), 
between which the former "columbite process" seems more 
effective since the inevitable formation of pyrochlore 
structures during direct mixing of oxides can be bypassed. 

Meanwhile, the "PbO-NfeOs precursor method" has not 
been adopted widely after introduction, since this technique 
involves with the formation of PbsNb^ pyrochlore phase first 
and then reaction with MgO. Due to the refractoriness of 
MgO, there still remained unreacted pyrochlore phase(s), even 
when an excess amount of MgO was added, whose role was 
claimed to be effective in suppression of the pyrochlore 
phase(s).6) 

When   the   "columbite  process"   is   applied  to   different 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 591 



relaxors, e.g., PFN, pre-reaction between B-site precursors of 
Fe203 and M52O5 (by 1:1 mole ratio) produces FeNb04 of a 
wolframite (and not columbite) structure, thus may be called a 
"wolframite process." The methods of "columbite process" 
and "wolframite process" may better be referred together as a 
more inclusive term of "B-site precursor method," which is 
used in this report. 

Figures 1 and 2 show the XRD pattern developments of 
the B-site precursor forming processes for (l-x)(FeMWw)02- 
x(Fei/2Nbi^>)02 (i.e., (Feu-xj/e-Wu-xwNbx^Cfc): FtsQj+WQr-> 
Fe2W06 for x=0 and FeaOs+Nr^Os—>2FeNb04 for x=l. Phase 
analysis results corresponding to previous reactions are plotted 
in Figures 3 and 4, respectively. F^WOe was seen to be 
developed directly from the constituent oxides without any 
intermediate phases, while FeNb04 was formed with a 
competition with a pyrochlore-related phase, composition of 
which may be presumed to be FeNb^as, considering the 
disappearance of ND2O5 prior to Fe^Cfe (resulting in Nb^Os-rich 
composition) and considering the possibility of indexing 
assuming PhsM^Ois pyrochlore structure (JCPDS 40-831). A 
non-negligible peak is observed and denoted by x in 1100°C 
of Figure 2. Though unindexable with the PbsN^Ois pattern, 
the peak seems to belong to the pyrochlore phase, considering 
the concurrent emergence and disappearance with the 
pyrochlore-related phase. Pre-reaction temperatures of the 
B-site precursors ranged from 1000°C (x=0) to 1250°C (x=l) 
by referring to corresponding phase developments. The 
system (Fe(4-x)/6W(i-x)/3Nbv2)02 did not form a solid solution 
but a mixture of Fe2W06 and FeNbQ*, due probably to 
dissimilar structure. 

Figures 5 and 6 show the XRD patterns of the 
perovskite-phase forming processes of 3PbO + F^WOe — > 
3Pb(Fe2/3Wiy3)03 and 2PbO + FeNb04 —> 2Pb(Fe1ÄNbiÄ)03, 
respectively. In Figures 7 and 8 are shown the phase 
analysis results corresponding to previous reactions. The 
perovskite structures of PFW and PFN did not form directly 
from the constituent materials, but rather through a 
competition with pyrochlores at intermediate temperatures. 
Eventually, the perovskite phase became dominant at higher 
temperatures, but decomposition of the perovskites into 
recurrent pyrochlore (and other) phases occurred for PFN at 
still higher temperatures while melting preceded decomposition 
in PFW. Accordingly, syntheses of the perovskite phases 
were carried out at 850°C over the whole composition range 
and nearly phase-pure powders were obtained (Figure 9). 

The sol-gel derived stoichiometric mixture (PhOT^C^: 
W03=3:l:l) involves four intermediate phases of PbW04, 
Pb2W05, Pt>2Fe205, and pyrochlore during PFW formation. 
The directly mixed and coprecipitated mixture (PbO^QjWOs 
=41:2 for Pb^eWOes formation) also produces PbW04, 
Pb2W05, and pyrochlore (Pb2FeW065) phases as well as 
perovskite PFW during heating.13* In contrast, the current 
"B-site precursor method" involved direct formation or one 
intermediate pyrochlore-related phase during B-site formation 
and only one intermediate pyrochlore phase of Pb^FeWO&s in 
PFW and Pb3Nb40i3 in PFN formation. This relatively simple 
(though two-step) process with higher perovskite yield 
supports the effectiveness of the "B-site precursor method." 

Lattice parameters of the system were determined from 
Figure 9 with an introduction of a Nelson-Riley parameter.151 

The results are plotted in Figure 10, where fairly good 
linearity demonstrates the complete solid solubility in the 
system PFW-PFN and satisfies the Vegard's law. Lattice 
parameters of 3.985 and 4.016 A for PFW and PFN are also in 
good agreement with the reported data.73,16'20* 

12S 

Figure   1.   Powder   x-ray   diffractograms,   showing   reaction 
sequence of Fe203 + WO3 — > Fe2W06. 

■ FeNb04 

Pyrochlore 
Unknown 

1300 t: 

Figure   2.   Powder   x-ray   diffractograms,   showing   reaction 
sequence of Fe203 + NbÄ — > 2FeNb04. 

SUMMARY 

B-site precursors of Fe2WOe was formed directly from 
the constituent oxides while FeNb04 was developed through a 
competition with a pyrochlore-related phase.    The perovskite 

592 



CD 
cn 
o 
c 
qj 
o ^_ 
0) 
CL 

00- 

- /     Fe2W06 

wo3 

50- 

- 

Fe2o/~*^~~A 

0 

I         ■         i I         i         I I 

600 700     800     900    1000 

Temperature(°C) 
1100 

Figure   3.   Relative   amount   of   phases   present   during   the 
reaction of Fe203 + WO3 —> Fe2WOe. 
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Figure   4.   Relative   amount   of   phases   present   during   the 
reaction of FeAs + NbiOs ~> 2FeNb04. 

structures were developed through a competition and 
displacement with pyrochlores. By the "B-site precursor 
method," almost phase-pure perovskite powders in the 
PFW-PFN system were obtained. Lattice parameters of PFW 
and PFN were determined to be 3.985 and 4.016 A, 
respectively. 
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Transmission electron microscopy (TEM) investigations have 
been performed on SrxBai-xNb206 (SBN x/l-x). Bright-field 
imaging of <100>-orientated SBN 60/40 and 75/25 crystals revealed 
nanopolar domains with a strong shape anisotropy. The morphology 
of the nanopolar domains was needle-like. Selected area electron 
diffraction (SAED) patterns revealed the existence of l/x[110] 
incommensurate modulations. Dark-field imaging of the 
incommensurate reflections found the existence of nanometer-sized 
ferroelastic domains. Diffuse scattering was observed in the SAED 
patterns along the <100>. This diffuse scattering is believed to arise 
due to strain gradient interactions between the A-site cation 
distribution and the incommensuration. 

I. Introduction 
Numerous TEM investigations have been performed on 

tungsten bronze ferroelectrics [1-4]. These studies have revealed the 
existence of an incommensurate superlattice reflections along the 
<110>. TEM has revealed superlattice reflections characterized by the 
modulation vector (h+[l+5/4],k+[l+5/4],l/2), where 8 is the 
incommensurability and is a noninteger. The incommensuration 
resides in the ab plane due to a shearing of the oxygen octahedra. The 
basis of each octahedron remains fixed in the ab plane, however the 
upper and lower vertices move parallel to this plane in opposite 
directions, resulting in  a doubling of the unit cell along the c- 

direction. Dark-field imaging of the X[H0] refect'0" nas previously 
revealed ferroelastic domains. Most tungsten bronze ferroelectrics 
have a hierarchy of domain structures, possessing both ferroelectric 
and ferroelastic domains. 

The purpose of this investigation was to study the compositional 
dependence of the microstruclural property relationships in SBN as a 
function of Sr-content. A wide enough compositional range was 
chosen to ensure that the relaxor-like characteristics varied from weak 
to strong. 

II. Experimental Procedure. 
The SrxBai-xNb206 compositions chosen for study included 

x=0.50, 0.60, and 0.75 (designated as SBN 50/50, 60/40 and SBN 
75/25, respectively). Both <001> and <100> orientated crystals were 
studied for each composition. 

TEM specimens were formed by ultrasonically drilling 3-mm 
discs which were mechanically polished to -100 urn. The center 
portions of these discs were then further thinned by a dimpler to -10 
urn, and argon ion-milled to perforation. Specimens were coated with 
carbon before examination. The TEM studies were carried out on a 
Phillips EM-420 microscope operating at an accelerating voltage of 
120 kV. The dielectric response of electroded specimens was 
measured as a function of frequency and temperature. Measurements 
were made in the temperature range of 230 to -150°C on cooling at a 
rate of 4°C/min in a Delta Design oven. Measurements were made by a 
HP 4284 LCR meter. 

HI. Results and Discussion 
Room temperature bright-field TEM micrographs are shown in 

Figures l(a)-(c) for <100>-orientated SBN 50/50, 60/40 and 75/25 
crystals, respectively. Typical 180° ferroelectric domains can clearly 
be seen for SBN 50/50 (Figure 1(a)). The width of the domains in the 
be plane was -0.3 u,m, and the length along the c-direction was >lp.m. 
On increasing the Sr-content, normal micron-sized domains were no 
longer evident. Rather, nanopolar domains were observed (Figure 1(b) 
and (c)). These nanopolar domains can be seen to posses a strong 
shape anisotropy. The morphology of these nanopolar domains was 
needle-like. No previous TEM investigations of SBN relaxor 
compositions have reported needle-like nanopolar domains. For SBN 
60/40, the width of the nanopolar domains was -200 A. With 
increasing Sr-content, the size of the needle-like nanopolar domains 
decreased. For SBN 75/25, the width was -100 Ä. 

The existence of nanopolar domains is known to be one of the 
characteristics of relaxor ferroelectrics [5-7]. The needle-like 
morphology of these domains for SBN 60/40 and 75/25 is in clear 
distinction to the near isotropic morphologies observed for the mixed 
B-site cation (PMN) [5,6] and PLZT [7] relaxor families. This 
distinction reflects an important difference between the tungsten 
bronze and pcrovskite families of relaxors. The macrosymmetry of 
SBN is tetragonal to x-ray diffraction, which is in agreement with the 

Figure 1     Room-temperature bright-field image for various SBN 
compositions, (a) SBN 50/50, (b) 60/40, and (c) 75/25. 

local polar symmetry. However, the macrosymmetry of PMN is cubic 
by x-ray diffraction, which is in disagreement with the local 
rhombohedral polar symmetry. This difference in the morphologies 
of the nanopolar domains and resultant average macrosymmetnes is 
also reflected in the dielectric response (x') characteristics. Strong 
orientational dependencies of x' have previously been reported lor 
SBN relaxors [8,9]. The orientational dependence of x' as a function 
of temperature is illustrated in Figures 2(a) and (b) for <001> and 
<100> aligned SBN 75/25 crystals, respectively. The maximum x 
along the <001> was -100 times that along the <100>. In contrast, the 
dielectric response of single crystals of mixed B-site cation relaxors 
has previously been reported to be nearly independent of 
crystallographic orientation [10]. These results clearly illustrate that 
the macrosocopic properties of SBN reflect the shape anisotropy of 
the needle-like nanopolar domains and resultant macrosymmetry. 

40000 

-100   -50     0     50    100   150   200 
Temperature (°C) 

Figure 2. 
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Dielectric constant for SBN 75/25 as a function of 
temperature for various crystallographic orientations, (a) 
(001) and (b) (100). 
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The needle-like morphology of the nanopolar domains in SBN 
suggests that the translational invariance of the polarization is only 
broken in the ab plane and not along the c-dircction. This indicates 
that there may be a strong crystallographic dependence of the 
symmetry breaking elements. Incommensuration has previously been 
reported in the ab plane of SBN 50/50. It might appear that 
incommensuration is, in part, responsible for the interruption of the 
normal ferroelectric domain structure. However, the ferroelectric 
domain structure has previously been reported to be independent of 
discommensurations in Ba2NaNb50i5 [1]. 

Room temperature <110> SAED patterns are shown in Figures 
3(a)-(c) for SBN 50/50, 60/40 and 75/25, respectively. l/x[l 10] 
superlattice reflections are clearly evident in all three figures, which 
were incommensurate with the fundamental periodicity of the lattice. 
The value of 8 was relatively independent of Sr-content and equal to 
-0.19. Identical l/x[ 110] superlattice reflections have previously 
been reported for SBN 50/50 (8=0.195), in addition similar reflections 

arc known for BNN (8=0.01). The l/x[110] incommensuration in 
tungsten bronzes is generally believed to be due to a shearing of the 
oxygen octahedra in the ab plane. 

Figure 3. Room-temperature <1I0> SAED patterns for various 
(lOO)-oricntated SBN compositions, (a) SBN 50/50, (b) 
SBN 60/40, and (c) SBN 75/25. 

Figures 4(a)-(c) show dark-field images for SBN 50/50, 60/40 
and 75/25, respectively. Ferroelastic domains can be seen to be 
relatively small (on the nanometer scale), and consequently will be 
referred to as nanoelastic domains. The size of the nanoelastic 
domains increased with increasing Sr-content. For SBN 50/50, 60/40, 
and 75/25 the nanoelastic domains were -100, 200, and 500 Ä in 
diameter, respectively. Previous dark lattice imaging [3,4] of the of the 
l/x[l 10] reflections for SBN 50/50 have shown that the 
incommensurate modulation is one-dimensional, and indicates that the 
symmetry of the structure is orthorhombic. The periodicity of the 
lattice fringes was -18 A along the <110>. 

Figure 4. Room-temperature <310> dark-field images for various 
(lOO)-orientated SBN compositions, (a) SBN 50/50, (b) 
SBN 60/40, and (c) SBN 75/25. 

Previous dark-field imaging studies of incommensurate <110> 
reflections for Ba2NaNb50]5 have revealed micron-sized ferroelastic 
domains [1]. The size of these ferroelastic domains is known to be 
dependent on thermal history, however the size of the nanoelastic 
domains for SBN was relatively independent of thermal annealing. It 
would appear that the nanoelastic domains in SBN do not posses the 
ability to coarsen to macroscopic scales. The residual 
incommensuration in BNN (8=0.01) is believed to arise due to a 
pinning of the discommensurations by defects [1], as a consequence 
long-lived metastable states develop and the commensurate state is 
never reached. In BNN, the A-site cation occupancy is 6/6, i.e., a filled 
bronze structure. However, the A-site occupancy is only 5/6 for SBN, 

i.e., an empty bronze. Consequently, significantly higher intrinsic 
channel defect concentrations exist in SBN. The inability of the 
nanoelastic domains to coarsen to the micron-scale may, then, reflect 
the unfilled nature of the 4-fold and 5-fold channels. The long-range 
driving force of the coarsening process (and reduction of 5) is the 
minimization of the strain energy density associated with the 
incommensuration. The channel defects in SBN are electrical neutral, 
however short-range strain interactions may exist due to nonuniform 
distributions of Ba and Sr in the 4- and 5-fold channels, respectively. 
A coupling between long-range and short-range strain interactions 
may, then, result in the stabilization (pinning) of the 
discommensurations. Consequently, quadrupolar fields which are 
random in the ab plane may be frozen-in from high temperatures. 

Figures 5(a)-(c) show the <101> SAED pattern for SBN 50/50, 
60/40 and 75/25, respectively. Distinct diffuse scattering along the 
<100> is evident. This diffuse scattering proves the presence of a 
planar disorder, which we believe may relate to the distribution of 
cations and vacancies on the 4-fold and 5-fold A-sites. In BNN, the 
ferroelectric and ferroelastic domain structures have been shown to be 
relatively independent. A possible influence of planar disorder in SBN 
might be to couple the incommensuration to the spontaneous 
polarization through gradient interactions. This might provide an 
explanation for the existence of relaxor behavior in the SBN 
crystalline solution series. One could conjecture that random frozen- 
in quadrupolar fields may break the translational invariance of the 
polarization in the ab plane. However, long-range translational 
invariance might remain in the c-dircction. As a consequence, 
nanopolar domains with a needle-like morphology might form, rather 
than a normal ferroelectric domain structure. 

Figure 5. Room-temperature <101> SAED patterns for various 
(lOO)-orientated SBN compositions, (a) SBN 50/50, (b) 
SBN 60/40, and (c) SBN 75/25. 

IV. Conclusion 
TEM and SAED studies have been performed on strontium 

barium niobate. These studies have revealed the existence of needle- 
like nanopolar domains in SBN 60/40 and 75/25. Dark-field imaging 
of the l/x<l 10> incommensurate reflections revealed nano-sized 
ferroelastic domains. In addition, diffuse scattering was also observed 
along the <110>, demonstrating the existence of a planar disorder 
which is believed to reflect the distribution of A-site cations. The 
incommensuration is believed to be coupled to the spontaneous 
polarization, via the distribution of A-site cations. 
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ABSTRACT 

Studies on the hot isostatic pressing (HIPing) of Sm, Mn-doped lead 
titanate ceramics in an argon/oxygen atmosphere have shown that the 
HIPed materials exhibit a substantially lower dielectric loss than 
conventionally sintered materials (tan 8 being reduced from 
approximately 0.02 to 0.01 at 1 kHz). The present work was carried 
out in order to identify the processing variables which are most 
important in effecting this reduction in loss. The materials were 
prepared by conventional solid state reaction and subjected to a 
variety of HIPing and annealing conditions. A mechanism involving 
the re-distribution of Mn ions among the Pb and Ti sites during 
HIPing is proposed to account for the observed changes in dielectric 
loss, which show a strong correlation with changes in the electrical 
conductivity. 

INTRODUCTION 

Reports on HIPing (Hot Isostatic Pressing) as a post-sintering process 
for ceramics such as PZT and PLZT have shown a general 
improvement in dielectric, piezoelectric and mechanical properties 
due to a reduction in the residual porosity(1>. This technique is 
considered to be particularly relevant to piezoelectric ceramics used 
in high-frequency applications, for example thickness mode bulk 
resonators and SAW devices. In the former case, the reduction in 
porosity facilitates the machining and poling of thin (<500/im) 
sections, while in the latter a reduction in the attenuation of the 
surface wave is achieved0'. 

In previous work on the HIPing of modified lead titanate 
ceramics it was reported that HIPing in an Ar/02 atmosphere led to 
an unexpected reduction in dielectric loss, from 0.021 for the as- 
sintered to 0.007 for the HIPed material1". The present study was 
carried out in order to evaluate the effect of the processing variables 
(time, temperature and HIPing pressure) on the dielectric properties 
of Sm, Mn -doped lead titanate ceramics, and to elucidate the 
mechanism responsible for the observed reduction in loss. 

EXPERIMENTAL PROCEDURES 

The materials used in the present study were Sm, Mn doped lead 
titanate ceramics, of composition Pbo.g8Sm008Ti098Mn00203, prepared 
by conventional solid state reaction from the constituent oxides. The 
composition incorporated 2% Mn as a substitution on the Ti site in 
order to reduce the dielectric loss to an acceptable level(3). The 
materials were sintered in air at 1230°C for 2 hours and then HIPed 

in an 80% Ar/20% 02 atmosphere under a variety of conditions. The 
processing conditions employed covered temperatures from 1000°C 
to 1200°C, HIPing pressures from 50 to 200 MPa, with processing 
times from 60 to 960 minutes. To complement these studies, a 
number of specimens HIPed under a given set of conditions (1100°C 
and 100 MPa for 60 min.) were re-annealed in air in order to 
establish the reversibility of the effects induced by the HIPing 
process. The resulting ceramic discs were then electroded using a 
fired on Ag/Pd paste (Du Pont 7474). 

Dielectric measurements were carried out as a function of 
frequency (100 Hz to 300k Hz) at temperatures from 20 to 500°C 
using a Wayne Kerr 6425 LCR meter in combination with a wire- 
wound alumina tube furnace. Electrical contacts to the specimens 
were made via Pt foil electrodes. Two-probe resistivity measurements 
were carried out at room temperature under an electric field of 100 
Vmm"1 using a Chevin research HVA1B high-voltage amplifier 
together with a custom-built I-V converter. 

RESULTS 

On comparing the room temperature dielectric properties of the as- 
sintered and HIPed materials it was evident that the HIPing treatment 
had a relatively minor effect on the permittivity but gave rise to a 
marked reduction in dielectric loss (table 1). The loss tangent 
exhibited a gradual reduction with increasing frequency, with the loss 
value of the HIPed ceramics being approximately half that of the as- 
sintered materials for these particular HIPing conditions. The HIPing 
process resulted in a substantial increase in density, from 7.60 to 
7.74 gem"3 (i.e. from approximately 98% to >99.8% of the 
theoretical density). 

Table 1. Room temperature dielectric properties of as-sintered and 
HIPed Sm, Mn-doped lead titanate ceramics (HIPing conditions were 
1100°C, 100 MPa and 60 mins). 

1kHz 10 kHz 100 kHz 

Er tan5 er tan5 er tan5 
Sintered 212 0.0198 208 0.0096 205 0.006 
HIPed 207 0.0104 205 0.0044 204 0.003 
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Figure 1.   Temperature dependence of (a) relative permittivity and 
(b) loss tangent for as-sintered and HIPed materials (HIPing 

conditions : 100 MPa, U00°C, 60 mins; 1 kHz data). 

The dielectric losses for both the as-sintered and HIPed 
materials were found to rise sharply with increasing temperature (fig. 
1), indicating an increasing contribution from electronic 
conductivity'4'. At room temperature the reduction in tan 8 with 
increasing frequency is also characteristic of a loss mechanism 
related to electrical conductivity, although a simple inverse 
relationship between tan 5 and frequency was not observed in this 
temperature range (table 1). Nevertheless, of the two major loss 
mechanisms in ferroelectrics (i.e. domain wall motion and electrical 
conductivity), it was considered that electronic conduction may play 
a more significant role in the observed behaviour. 

With variations in the HIPing conditions employed, it was 
found that the measured dielectric loss exhibited a consistent 
reduction as the time, temperature or HIPing pressure were 
increased, as shown by the data presented in figs. 2 to 5. 
Furthermore, a strong correlation was established between the 
measured values of DC conductivity and dielectric loss. For ceramics 
HIPed at 1000°C under a pressure of 200 MPa, increases in the 
HIPing time gave rise to continuous reductions in the conductivity 
and loss (fig. 2). An increase in the HIPing pressure at a temperature 
of 1100°C yielded similar results (fig. 3). In contrast, at 1000°C and 
with a processing time of 60 min., there was apparently little change 
in the electrical properties as the HIPing pressure increased (fig. 4). 

Figure 2.   The effect of HIPing time on room temperature 
conductivity and loss tangent (200 MPa, 1000°C; 1 kHz data). 
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Figure 3.   The effect of HIPing pressure on room temperature 
conductivity and loss tangent (60 mins, 1100"C; 1 kHz). 
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Figure 4.   The effect of HIPing pressure on room temperature 
conductivity and loss tangent (60 mins, 1000°C; 1 kHz). 
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Figure 5.   The effect ofHIPing temperature on room temperature 
conductivity and loss tangent (60 mins, 200 MPa; 1 kHz data). 

Table 2.  Heat-treatment and subsequent dielectric loss values 
for HIPed Sm, Mn -doped lead titanate ceramics. 

1kHz 10 kHz 100 kHz 

er tanS er tanö er tan5 

800°C, 3 hr 213 0.0108 210 0.0053 209 0.003 

800°C, 12 hr 219 0.011 217 0.0052 216 0.003 

1000 °C, 12 hr 200 0.0164 198 0.0074 197 0.0035 

For materials HIPed at various temperatures it was found that 
an increase in temperature up to 1100°C gave substantial reductions 
in tan 8 and a. Beyond this level, a further increase in temperature 
yielded little change in properties (fig. 5). From the present results 
it appears that the maximum possible reduction in loss for a HIPing 
pressure of 200 MPa was from 0.0198 to approximately 0.0078. The 
corresponding reduction in DC conductivity was from 1.16x10"' to 
2.32x10-'° Q-'m'1. 

Annealing experiments revealed that the reductions in 
dielectric loss and conductivity induced by the HIPing process were 
reversible to some extent, as shown by the data presented in table 2. 
However, values comparable to those of the as-sintered materials 
were not achieved after a long annealing time at 1000°C, perhaps 
due to the volatilisation of PbO from the specimen surfaces. 

DISCUSSION 

The data presented in the present work show a strong correlation 
between the DC conductivity and the AC dielectric loss of Sm, Mn 
-doped lead titanate ceramics, both of which exhibited substantial 
reductions as a result of the HIPing process. Therefore it can be 
suggested that the observed reduction in dielectric loss is associated 
with a reduction in conductivity. For the room temperature 
measurements which form the main part of the study, there is not an 
exact quantitative agreement between these two parameters. For 
example, a measured tan 5 value of 0.0198 yields an apparent AC 
conductivity value of 2.3xl0"7Q1m"1 which is substantially higher than 
the measured DC conductivity of 1.16xl0-9ß"1m"1. Higher 
temperature measurements yielded a clear inverse relationship 
between tan 8 and frequency and consequently a much better 
agreement between the measured AC and DC conductivity values. 

It is likely that the observed changes in conductivity and 
dielectric loss are related to the tendency towards a new equilibrium 
state in which the oxygen content of the material is increased to some 
extent. For certain HIPing conditions (e.g. for temperatures above 
1100°C), the relatively constant values of tan 8 and a may indicate 
that an equilibrium state has been achieved. In order to understand 
the observed changes in electrical properties as a result of the HIPing 
process, it will be necessary to consider the defect chemistry of the 
materials. 

For lead titanate- and PZT-based ceramics, it is generally 
believed that the residual conductivity is p-type, either due to the 
volatilisation of PbO at elevated temperatures : 

Pb;b+0£->V^ + VÖ' + PbO (1) 

or to the presence of acceptor type impurities : 

2PbO + A203 -> 2Pb£b + 2 Ai-, + 50* + V*' (2) 

In either case, the presence of oxygen vacancies allows the 
incorporation of excess oxygen and, subsequently, the formation of 
electron holes : 

V? O, >0*+2h* (3) 

In such a case, an increase in the oxygen partial pressure during 
high-temperature equilibration would be expected to give rise to an 
increase in conductivity, which is contrary to the observations made 
in the present study. Therefore it may be concluded that the residual 
conductivity in the Sm, Mn -doped PbTi03 ceramics used in the 
present work is predominantly n-type. 

The remaining difficulty is to provide a defect model for the 
predominant donor character of the as-sintered material which can 
then be used to describe the reduction in conductivity with increasing 
oxygen content. The key to such a model may lie in the role of 
manganese which is commonly incorporated in PbTi03-based 
compositions to reduce the dielectric loss01. If Mn2+ or Mn3+ were 
incorporated solely on the Ti sites, this would result in an increase 
in the p-type conductivity according to equations 2 and 3. The well- 
established fact that the addition of Mn reduces the conductivity of 
PbTi03-based ceramics indicates that a substantial proportion of 
Mn3+ or Mn4+ is incorporated as a donor on the Pb sites, as reported 
by Hennings and Pomplun(5>. 

Their study showed that the proportion of Mn on the Pb site 
increased with reductions in the partial pressures of PbO and 02. If 
it is assumed that the Mn is present as Mn3+ in order to simplify the 
argument, then the incorporation of Mn3+ on the Pb sites can be 
represented by : 
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Mn203 +2Ti02 -> 2Mn" +2Ti" +60" +-0, + 2e (4) 

For the composition used in the present study, 
Pb0 88Sm00gTi098Mn002O3, the following equation can be proposed to 
represent the formation of the perovskite phase, assuming that Mn3+ 

is incorporated in equal proportions on the Pb and Ti sites : 

0.88PbO +0.04Sm2O3 + 0.01Mn2O3 +0.98TiO2 -> 

0.98Ti*; + O.OlMn^ + O.OlMn^ + 0.088m',,, + 0.04 V^ 

+0.86Pb^ +2.970* + 0.02PbO (5) 

If an excess of Mn, x, is present on the Pb site, then equation (5) can 
be modified to represent the generation of free charge carriers : 

0.88PbO +0.04Sm2O3 + 0.01Mn2O3 +0.98TiO2 -> 

0.98Ti^i+(0.01-x)Mn;i+(0.01+x)Mn;b+0.08Sm;b+0.04V^ 

+(0.86-2x)Pb;b+(2.97-3x)O*+(0.02 + 2x)PbO+-O2 + 2xe'(6) 

It is evident that a certain amount of excess PbO will always be 
present (for this composition) if any of the Mn is incorporated on the 
Pb site, and that an equal or greater proportion of Mn on the Pb site 
would suppress the formation of oxygen vacancies. 

Following this argument, the observed reductions in 
conductivity and dielectric loss as a result of HIPing in Ar/02 can be 
explained in terms of the re-distribution of Mn ions among the Pb 
and Ti sites : 

MnPb+TiTi+30o + PbO + -02 + 2e/-> 

2Pb*b +Ti*. +Mn:ri + 60 *   (7) 

Such a reaction would involve the creation of a new unit cell for 
each Mn ion changing site and the incorporation of part of the 
available excess PbO. The change in the Mn site distribution and the 
incorporation of excess PbO under high partial pressures of 02 and 
PbO was confirmed by Hennings and Pomplun for La, Mn -doped 
PbTi03 using electron spin resonance and thermogravimetric 
techniques'5'. 

Alternatively, if oxygen vacancies are present in substantial 
quantities in the as-sintered ceramics, then a more simple mechanism 
for incorporating excess oxygen would be as follows : 

v--+io2+2e'^OS (8) 

The apparent times required to reach an equilibrium state 
during HIPing and annealing are surprisingly long in comparison 
with BaTi03 ceramics, where it has been found that equilibrium with 
respect to the oxygen content is established within 1 hr. for 
temperatures above 1000°C<6). In the case of BaTi03, the changes in 
conductivity as a function of Po2 are thought to be due primarily to 
the diffusion of oxygen within the material. The reaction represented 
by equation (7) would involve the diffusion of both lead and oxygen 
species as well as the re-distribution of Mn ions, which may explain 
the requirement for extended equilibration times. Therefore, although 
further work will be required to establish the validity of the defect 
models presented above, an argument involving the incorporation of 
Mn ions on the Pb sites does provide a plausible explanation for the 
observed behaviour. 

CONCLUSIONS 

It has been demonstrated that the dielectric loss of Sm, Mn -doped 
PbTi03 ceramics can be reduced by a factor of 2 or more by HIPing 
in an Ar/02 atmosphere. The variations in tan 8 as a function of the 
HIPing conditions (time, temperature, pressure) showed a strong 
correlation with changes in electrical conductivity, indicating that 
electronic conduction may be the dominant loss mechanism in these 
materials. The apparent donor character of the materials is thought 
to be due to the incorporation of a significant proportion of Mn on 
the Pb sites. Similarly, the observed reductions in tan 8 and c as a 
result of HIPing can be explained in terms of a mechanism involving 
the re-distribution of Mn ions among the Pb and Ti sites. 
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Abstract — A dielectric relexation phenomenon was 
observed in the substituted pyrochlores. The 
dielectric behavior could be treated according to the 
Debye model. The activation energy derived from a 
coincidental determination of the temperature and 
frequence dependence of loss factors is 
approximately 0.23 ev, which can be related to a 
jump of a loosely associated ion pair formed by the 
replacement of a cation with different valence and 
the corresponding formation of a vacancy at 
normally occupied ion site. The period of atom 
vibration is of the order of 10"12sec or so. The 
influnence of chemical compositions is discussed. 

INTRODUCTION 

For practical applications in which it is desirable 
to obtain a high capacitance in the smallest physical 
space, the high dielectric constant materials must be 
used, and it is equally important to have a low 
dielectric loss, especially for the manufacturing Type 
I multilayer ceramic capacitors. 

Energy losses in dielectrics result chifely from the 
ion migration processes. Although the DC 
conduction migration losses are normally small, they 
may become important at low frequencies and high 
temperatures. Nevertheless, ion jump relaxation 
between two equivalent ion positions is responsible 
for the most part of the dielectric loss in ceramics in 
the medium frequencies for electrical applications. 

For an ion jump, the jump frequency 
depends on the barrier seperating the two ion 
positions. If we assume for simplicity that there is 
one relaxation time, the pure thermal stimulated 
process is given by [1]: 

T(T)=TO exp(U/kT) 

Here TO is the period of atom vibrations. For the 
pure theoretical Debye loss peak, the maximum 
energy loss occurs for a frequency equal to the jump 

frequency, 1/x, so the equation can be writen as: 

«max(TH ^OexpC-U/kT) 

There is no difference between the frequency 
response at given temperatures and the temperature 
dependence at given frequencies. Once the 
coincidental measurements being carried out, by 
plotting the logcomax versus 1000/T, it is possible to 
determine the activation energy for ion jump 
relaxation and the intrinsical jump frequency. 

In this paper, the dielectric relaxation related to 
the loosely associated ion interaction in the BJ203- 
ZnO-Nb205 based materials is reported. 

EXPERIMENTAL 

Dielectric measurements were conducted on 
sintered pellets with blocking siliver electrodes. By 
using a computer controlled HP4274A automating 
LCR meter at given seperate frequencies (1, 10, 100 
KHz), the temperature dependences of dielectric 
constants and losses were obtained in the 
temperatures ranging from -190 to 250°C. 

X-ray data on the powder of sintered ceramic 
body were recorded by Rigaku Dmax-2400 
Diffractometer. 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

In the composition of 
(Bi15Zno.5XZno.5Nb1.5)07, the dielectric constant 
disperses with frequencies, and the maxima of 
dielectric constant occur at low temperatures as to 
below -100°C, the loss peak is beyond the 
measuring limit of liquid nitrogen temperatures, with 
only a sudden drop to a loss level close to zero being 
found, as shown in Figure 1. Although no full sketch 
of loss peak prevent the detailed analysis of 
dielectric behaviors, the only polarising mechanism 
characteristic of perfect cubic pyrochlore structure 
can be concluded. 
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FIGURE 1 Temperature Dependences of Dielectric 
Constant and Dielectric losses for the composition 

(Bi1.5Zno.5XZno.5Nb1.5)07 

Once the CaF2 being added to the base 
composition of (Bi] 5Zno.5XZno.5Nb1 5)07, there 
occurs the second loss peak characteristic of 
dielectric relaxation, although the single cubic 
pyrochlore phase is maintained at low level (e.g. 1.0 
wt.%, that is about 3.2 moI%) of CaF2 addition, as 
shown in Figure 2. The U and TO was 0.211 ev and 
4.816x10-12 respectively, which corresponds to the 
relaxation process of loosely associated ions. 
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FIGURE 2 Temperature Dependencies of Dielectric 
Constants and Dielectric Losses for the Composition 
with 1.0 wt.%CaF2 added 

Because of the larger Ca2+ with nearly equal 
size to that of Bi3+, the possible process is the 
substituting of CaF2 for Bi203, and this can be 
asertained by the same structure and dielectric 
properties between BZN 40/40/30 and BZN 
30/40/40 formulations with 6.0 wt.% CaF2 doped. 

Now the question is why the dielectric 
relaxation occurs in the cubic pyrochlore 
compositions with low dossage of CaF2 (0-6 mol%) 
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too. From the above results, it seems resonable for 
Ca2+ to replace Bi3+. Considering only ion 
substitutions, a possible process to form solid 
solutions is: 

Bi203 
1.5CaF2(s) >\ .SCa'Bi+SPo+O.SV'Bi 

where all of the electrical neutrality, mass balance 
and lattice site relations are conserved [2]. 

It is the existence of bismuth cation vacancy 
that makes the movement of Nb5+ sited in the 
octahedra be relaxed, which is very similar to the 
situation in the rutile doped with alkaline earth metal 
oxides [3]. So the complex defects contribute to the 
dielectric relaxation. 

Further consideration is the influence of cation 
substitutions based on A2B2O6O' cubic pyrochlore 
structure whose main framwork is a [B2O6]11" 
network of vertex-shared octahedra. There is no 
doubt that whether the presence or absence of 
dielectric relaxation is closely related to the cation 
substitution in A or B site. Substitutions in A 
site will give a much more chances for generating 
dielectric relaxation because of the distortion of 
octahedra framwork. For example, additions of 
slight larger amounts of La2C"3 to substitute for 
Bi2Ü3 in the composition (Bi] 5Zno.5XZno.5Nb] 5) 
O7 leads to loss peak of dielectric relaxation, 
although there is no possible occurence of defects 
such as vacancy, interstial ions etc.. The U andxo 
are 0.217 ev and 5.183x10-12, being typical of the 
loosely associated ion interaction too. 

When the relatively small amounts of 
substituting cations enter into the octahedra, the 
pyrochlore structure is basically untransformed, so 
the dielectric relaxation seldom occurs. In the 
substitutional solid solutions with Ti02+WC>3 (1:1 
mole ratio) added for replacing ND2O5, there exists 
no relaxation peak even in the compositions with 
relative large amounts of substitutions (up to 20%). 
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CONCLUSIONS 

Different valent cation substitutions lead to 
dielectric relaxation resulting from the formation of 
possible defect state, although cubic pyrochlore 
structure is maintained. 

There   is      much   more   chance   for   cation 
substitutions to generate defect structure in A site 
than in B site. 
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Abstract — The structure of solid solution 
Bi] 5(Zn|.xLix)Nbi 5(07_XFX) obtained by 
substitution of oxygen by fluorine in the oxide 
Bi i 5ZnNb] 5O7 is cubic pyrochlore for 0<x<0.15. 
For 0.80<x<1.00, a distorted modification with low 
symmetry results, while the mixed phases of the 
above two are formed for other values of x between 
0.15 and 0.80. The temperature dependences of the 
dielectric constants have been studied, and a 
dielectric anomaly at low temperatures (less than - 
100°C) has been observed. 

INTRODUCTION 

Substitution of a large amount of oxygen by 
fluorine in oxides may take place in such structures 
as rutile, perovskite, garnet and pyrochlore etc., 
owing to the similar size and chemical affinity 
between O^- and F- anions. 

The structure of oxide pyrochlore A2B2O6O' is 
composed of corner-shared (B2O6)11" polyhedra, 
with the larger A cations filling the interstices and 
located within eight coordinated scalenohedra that 
contain six equally spaced O anions and two 
additional axial O' anions at a slightly shorter 
distance from the central cations. Thus the O' anions 
are bonded to cations of type A only and do not 
participate in the network forming of (B206)n~ 
polyhedra [1], It is the unique seventh oxygen that 
can be replaced by several different atoms such as 
fluorine, sulfur, or chlore, or even can be a vacancy 
in the structure, giving rise to the formula A2B2O6 
or ABO3—a defect pyrochlore. In certain cases even 
the oxygen atoms in the (B20ö)n" polyhedra 
framwork can also be replaced by fluorine atoms, 
generating a random arrangement in anion sites [2]. 

In the case of fluorine substitution for oxygen, in 
order to maintain the electrical neutrality, 
corresponding cation substitutions should be 
required. For example, fluorine substitution for 
oxygen and Na+ replcement of Pb2+ in Pb2Nb207 
has been reported [3]. There is another way that the 
charge  equilibrium  can  be  satisfied,  that  is,  the 

corresponding reduction of the cationic charge (e.g., 
in Fe304_xFx). 

In this paper, we report on the synthesis and 
dielectric properties of bismuth containing oxide and 
oxyfluorides of the type Bi] 5(Zn]_xLix)Nb] 5(07. 
XFX) (o<x<l) with pyrochlore structure. 

EXPERIMENTAL PROCEDURES 

The purities were at least 99.50 vvt.% for all the 
reactants-Bi203, ZnO, LiF and Nb205. Appropriate 
quantities of the strarting materials were intimately 
mixed by grinding together in a nylon container with 
an agate motor filled. The samples in the form of 
pellets were prefired in air at 800°C for 2 hours and 
then sintered at 90(M080OC for 3-5 hours. 

X-ray diffraction data were obtained with a 
Rigaku Dmax-2400 diffractometer and Si (a=5.4305 
A) as an external standard. Cell dimensions were 
refined by least squares method. 

The dielectric measurements were conducted on 
sintered pellets, 10±0.5 mm diameter and 1.510.5 
mm thick, deposited with An electrods by DC 
sputter. The temperature dependences of dielectric 
constants and tan5 were measured at the scpcrate 
frequencies ranging from 102 to 105 Hz under weak 
ac fields using computer-controlled HP4274A 
automating LCR meter with temperatures ranging 
from-180to250OC. 

RESULTS AND DISCUSSIONS 

The ternary oxide Bi1.5Z11Nb1.5O7 gives X-ray 
diffraction pattern which can be indexed as face 
centered cubic cell (Fd3m) with a cell edge of 
10.5562±0.0002 A. The peak intensities and 
systematic absences are typical of the pyrochlore 
structure. 

On the basis of above   composition, substitution 
of fluorine for oxygen anions companied by lithium 
for   zinc   cations   has   been    carried    out.    The 
formulations of substitutional solid solutions may be 
written as Bi | 5Zn ] _xLixNb] 507_XFX. 
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At lower fluorine concentration (x<0.15), the solid 
solutions with cubic pyrochlore structure can be 
obtained, as illustrated in Figure 1. 
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FIGURE 1 X-ray Diffraction Patterns for the 
Compositions Bij 5Zn|_xLixNb] 5O7 with Cubic 
Pyrochlore Structure 

Although there are several factors determining the 
extent of substitution in solid solutions, the major 
factor for oxides or oxyfluorides are the relative size 
and the valency. As for Zn2+ and Li+, the ion radii 
from Shannon [4] are 0.74 A(V1), 0.90 A(VIII) and 
0.76 A(VI), 0.92 A(VII1) respectively, apparently 
with the relative size less than 15%. In addition, the 
electrical neutrality can also be satisfied by the 
following process of substitution: 

ZnO 
LiF(S) >Li'Zn + F-o 

When the amount of substitution increases, the 
peaks corresponding to the second phase occur, the 
higher the dossage of fluoride addition, the stronger 
the line intensity of the impurified phase. Figure 2 
gives the X-ray diffraction results of the 
compositions with mixed phases. 

Perhaps the occurence of the second phase is 
mainly due to the difference in bahavior between 
oxygen and fluorine anions. From the standpoint of 
crystal chemistry, although the fluorides can be 
classified like the oxides in terms of the anionic 
packing and occupation of the interstial positions, 
the coordination number in fluorides is higher than 
that in oxides as a result of the smaller covalence, 
thus the oxyfluorides sometimes have distorted 
surroundings when oxygen-fluorine substitution 
takes place. 

Ü U.il rltii Pj ♦ Cubi 

D         D 

Fy i I    °- 
i=0.20 A : 

n J 
1 1 1    ° D 

A 

1=0.-10 

»=0.SO 

0 

AAS._ ' 

D 

A  A   ' 
D 

FIGURE   2   X-ray   Diffraction   Patterns   for   the 
Compositions with Second Phase Formed 

For the samples of x=0.80 and 1.00, there exist 
equal numbers of X-ray diffraction lines, the only 
difference is the slightly shift of 20 position. 
Refering to the X-ray diffraction results of 3 PbO 
Nb2C>5 with monoclinic pyrochlore structure, we 
index most of the intense lines for both 
compositions, as illustrated in Figure 4. The fact of 
partly nonindexed lines lead to the consideration of 
distorted pyrochlore with lower symmetry than 
the monoclinic. 

_AJLA_J' 

1                                                  1-1.tin 

FIGURE 3 X-ray Diffraction Patterns for the 
Compositions Bi] 5Zni_xLixNbi 507-xFx with 
Single Distorted Pyrochlore 

Dielectric measurements show a dielectric 
anomaly at lower temperatures (less than -100°C), 
which is frequency dispersive and characteristic of 
the bismuth based cubic pyrochlore. The effect of 
the compotions of the oxyfluorides on the peak 
temperatures     is    demonstrated     in     Figure    4. 
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Apparently the peak is left shifted as a result of 
fluorine addition. This is very similar to the results 
found in ferroelectric or antiferroelectric oxides or 
oxyfluorides [5], where the less covalence of metal- 
fluorine leads to the small activation energy for 
ferroelectric-phraelectric phase transtions. 

170 

c   155 

50   100   150   200   250   300 

Temperature (K) 

(a) 

175 

■ 

i           '           I , ,  

x=0.15 
- 

_z i/U -     1 KHz 
I0G  33 K 

- 
in 10 KHz ^ibT^K^-.. 

o ..-"'I45.BO «•-- \s ■ 

Ibb _ '*>.u 

IGD KHz "s '*N 
LJ 
QJ 

GJ ibU X 

a 

1 FJPI 

50 100        150        200        250 

Temperature   (K) 

(b) 

300 

which  is left shifted as a result of the fluorine- 
oxygen substitution. 
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FIGURE 4 Temperature Dependences of Dielectric 
Constant for the Cubic Pyrochlor Solid Solutions: 
BJI.5Zni.xLixNbi.507.xFx 

CONCLUSIONS 

For a series of fluoride additions, three distinct 
zones of phases can be divided into: single 
pyrochlore solid solutions, distorted pyrochlore with 
lower symmetry, and the mixes of the above two. 

Low temperature dielectric anomaly is a common 
feature of cubic pyrochlores, the peak position of 
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Abstract - Several kinds of dopants (alanine, LiV03 and 

valine) doped TGS were grown from solution by slow cooling 

method. Temperature dependence dielectric spectra were 

measured to study the variation of transition temperature, 

Kmax and room temperature dielectric constant depending on 

the dopants. Furthermore, several pieces were selected to 

investigate the positional inhomogeneities of the same sample. 

D-E hysteresis loop measurements were done to check for the 

internal bias field (Eb). We could not get a high figure of 

merit (p/K) in valine doped TGS because of low temperature 

relaxation around -10°C, although it has three times higher 

pyroelectric coefficient than that of alanine at transition 

temperature (Tc). 

INTRODUCTION 

famous dopants to fulfill this requirement was alanine that has 

a chiral molecule which has an asymmetric structure. Alanine 

is a good material for preventing depolarization effect, but it 

is hard to grow a good optical quality crystal. Another trial 

was a doping of an inorganic material like Li, P or As etc [3- 

4]. They also get quite good results in improvement of high 

pyroelectric coefficient, low dielectric constant, high internal 

bias field and good quality crystal. There were very few 

reports that are related with the fact that all kinds of 

properties were improved by one kind of dopant. 

In this paper, we are going to present a recent new trial for 

another kind of dopant — valine : it has a same chiral 

molecule like a alanine but has a bigger molecule, so it is 

harder to incorporate into the glycine (I) site than alanine. 

Pure TGS was a good candidate for pyroelectric detector 

application.    Nevertheless,    this    material    has    several 

disadvantages : First, because of low transition temperature 

(TC = 49°C), there is a limitation in application temperature 

range. Second, aging effect after putting in room temperature 

for a long time or easy depolarization effect for heating it up 

to paraelectric phase, can hinder this material as a pyroelectric 

detector application, continuously. In order to overcome these 

disadvantages, many researchers have tried to maintain the 

irreversible polarization status inside the crystal - so called 

"internal bias field (Eb)". After discovering the fact that 

Glycine (I) is the main key of the ferroelectric transition, 

many researchers tried to maintain this site without altering 

external conditions like external electric field or thermal 

treatment below transition temperature[l-2]. One of the most 

EXPERIMENT 

10 and 20 mole% alanine, 10% alanine + 10% LiV03, 10 and 

20% valine doped TGS single crystals were grown by a slow 

cooling method in water solution. All these crystals were 

grown below transition temperature. 10% alanine doped and 

10% alanine + LiV03 doped crystal has a good quality 

without any kind of visible cracks. It is very difficult to grow 

the 20% alanine doped crystal bigger than 3 cm in diameter or 

without any defects, but it can get a high internal bias field. 

10% and 20% valine doped TGS crystal was also grown. An 

interesting point is that in the case of valine doping in both 

percentages, we can grow a very high quality of single crystal 

without any kind of defect. Several sample plates were 

prepared from the same crystal but different parts along b-axis 
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in order to investigate the inhomogeneities of crystal. Before 

measurement, wet-cloth polishing was done to make a very 

smooth surface for electrodes. Relative dielectric constants 

were recorded during three continuous heating and cooling 

cycles to investigate the thermal hysteresis and thermal 

stability of the sample. 

RESULTS AND DISCUSSION 

Fig.l shows the relative real dielectric constant vs. 

temperature curves that indicates the variation of maximum 

dielectric constants depending on the kinds of impurities. 10% 

alanine doped crystal (marked as L10%) has a highest Kmax. 

By adding 10 mole% of LiV03 to 10 mole% of alanine, Kmax 

can reduce 25% of previous Kmax. Quite a big decrease of 

Kmax was achieved by adding 20 mole% of alanine into pure 

TGS. 20% alanine doped crystal has a smaller dielectric 

constant at transition temperature and room temperature than 

any other impurity contents, but it is harder to grow optical 

quality and a large crystal without any kinds of defects. 10% 

alanine doped TGS does not have any kind of positional 

inhomogeneity throughout the whole crystal, but 20% alanine 

doped TGS has a positional inhomogeneity as shown in this 

figure (T1H, T2H and T3H data). Thermal hysteresis of 20% 

alanine doped TGS data were shown in Fig.2. Tl and T3 have 

TGS:Alanine Series 

4000 

3000 

c o 
O 
o 
o 
a> 
<u 
Q 

1000 

TGS:Alanine 20% 

45 50 55 

Temperature(°C) 

60 65 

FIGURE 1. Relative dielectric constant vs. temperature of 

different amount of alnine contents. (L10%: alanine 10%, 

10% LiVO,: 10% alanine + 10% LiV03 and JJH, T2H. 

T3H: 20% alanine doped but different positions in same 

crystal) 
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FIGURE 2. Thermal hysteresis of 20% alanine doped TGS 

crystals. Tl, T2 and T3 indicate the distance from the seed 

position along b-axis in 1 cm apart, respectively (see text for 

more information). 
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FIGURE  3.   Thermal  instabilities   of valine  doped  TGS 

crystals. U's indicate 10% valine and V's for 20% valine 

doped TGS. 10% valine doped TGS has a larger dispersion 

than 20% valine. 

negligible amount of hysteresis, but T2 has a bigger thermal 

hysteresis. T2 is in the nearest position from the seed, and 

Tland T3 are in opposite positions from each other toward 

the outside from the seed. This hysteresis indicates not a first 

order phase transition characteristic but a thermal instability 

of that sample. Therefore, in TGS closer to the seed has a 

more unstable state than those of outside. 10% alanine doped 

shows no kind of that instability. This means that small 

amounts of impurity do not make any kind of inhomogeneity 

inside the crystal. 
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FIGURE 4. Thermal instabilities of successive heating and 

cooling runs for 10% valine doped TGS. This instability 

reduced in 20% valine doped TGS. 

Fig. 3 shows the dielectric constant vs. temperature of another 

kind of dopant - 10% and 20% valine doped TGS crystals. 

U's indicates 10% valine and V's for 20% valine at every 

different position. U3a and U3b are upper and lower sections 

of the same b-plate, and U6 is in the opposite side of U3's. 

V5 is the nearer position from seed than V9. 10% valine has 

too high Kmax and a very sharp phase transition just vicinity of 

transition temperature. The Kmax is significantly reduced at 20 

mole% valine concentration. 10% valine doped TGS crystal 

was grown well without any kind of defect but has a very 

week internal bias field (see Fig.5) and very big thermal 

instability (see Fig.4). During the three continuous heating 

and cooling cycles, magnitudes of Kmax and Tc also changed, 

remarkably. The interesting thing is that 20%   valine doped 

TGS has a smaller instability and larger internal bias field 

than 10% valine, although this is not shown in this paper. P-E 

hysteresis loop measurement, shown in Fig.5, indicated that 

alanine has the largest internal bias field (Eb=5kV/cm) among 

the measured samples. Valine doped TGS has a very small Eb 

indicating that the ratio of doping is very small. One more 

interesting thing is that valine doped TGS has a big anomaly 

in dielectric constant around -10°C,  as  shown in Fig.6. 

Because of this big anomaly, dielectric constant (K) at room 

temperature is too high and could not get a high figure of 

merit (p/K) when we measured it with the pyroelectric 

coefficient^].  This anomaly decreases  as  the  oscillating 

frequency increases and could not be observed at 100 kHz, 

-3-2-10123 

Electric Field(kV/cm) 

FIGURE 5. P-E hysteresis loop for alanine and valine doped 

TGS crystals. Alanine has a biggest internal bias field (Eb = 5 

kV/cm) among the measured samples. Alanine doped TGS 

has not only an internal bias field in field axis but also has a 

shift to lower polarization axis - it is not clear yet. 
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FIGURE 6. Low temperature dielectric constant measurement 

showing relaxational behavior at -10°C. The effect of this 

relaxation goes up to room temperature causing a high 

dielectric constant at room temperature. 

which means that it is not related to the phase transition but a 

relaxational mechanism. At this moment, it is not clear what 

kind of mechanism is included to generate this relaxation. 

After measuring the dielectric spectra in frequency domain, it 

will be more clearly understandable and this procedure is now 

in progress. 
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CONCLUSION 

Dielectric constant and P-E hysteresis measurements were 

done in several kinds of dopants doped TGS single crystals. 

Alanine can generate the largest internal bias field but it is 

hard to grow good quality and large size. Valine has been 

tried to test the effect of glycine (I) substitution effect instead 

of alanine. Valine has a bigger molecule than alanine, so it is 

hard to incorporate into crystal. The experimental results also 

show this expectation, but valine has two different and 

interesting properties. First, 10% valine has a very small 

internal bias field indicating small real substitution. 20% 

valine case, Eb is increased, but still retains a good quality of 

crystal without any defect. Second, there was big relaxation at 

-10°C, which is causing the increase of room temperature 

dielectric constant. We could not observe this relaxation in 

alanine doped TGS, but every valine doped TGS has this 

relaxation and this study is in progress. 

REFERENCES 

[1] R.B.Lai and A.K.Batra, Ferroelectrics, vol.142, pp.51, 

1993 

[2] E.T.Keve et al., Ferroelectrics, vol.3, pp.39, 1971 

[3] A.S.Bhalla, C.S.Fang, L.E.Cross and Y.Xi, Ferroelectrics, 

vol.54, pp.151, 1984 

[4] C.S.Fang, X. Yao, A.S.Bhalla and L.E.Cross, 

Ferroelectrics, vol.51, pp.9, 1983 

[5] B.M.Jin, S.Erdei, A.S.Bhalla, "Pyroelectric measurements 

on various kinds doped TGS Crystals" in Proceeding on 

the ISAF-9, 1994 

610 



NON-LINEAR DIELECTRIC PROPERTIES OF 
KTai_xNbx03 
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ABSTRACT 

We report measurements of the non-linear dielec- 
tric constant in the mixed crystal KTai_xNbx03 
with x = 15.7% and 1.2%. For both concentra- 
tions the dielectric peak is observed to decrease 
with increasing field and to shift towards higher 
temperature. The dispersion e (a;), is also sup- 
pressed by the field. On the framework of Landau 
theory, we fit e (E) with an expansion in a power 
series of the applied dc field E. e^ is seen to ex- 
hibit two distinct temperature dependencies. At 
high temperatures, it scales as (T-Tc)

-7 where 7 
is found to be in fair agreement with Landau the- 
ory for low concentrations. At lower temperatures 
it then crosses over to a much weaker dependence. 
This crossover is interpreted as a transition from a 
weakly correlated (dynamic) regime to a strongly 
correlated (quasistatic) regime of polar clusters. 
The non-analyticity due to these polar clusters is 
discussed. 

INTRODUCTION 

Mixed ferroelectrics have been a topic of 
interest for many groups because of their 
anomalous electrical1 (dielectric,polarization) and 
mechanical2 (elastic) properties and for its possi- 
ble use in information storage, in non-linear optics 
etc. Non-linear characteristics of these materials 
are of importance and interest from both a theo- 
retical and a practical point of view. We report 
here measurements of non-linear dielectric con- 
stant in the mixed crystal KTai-^Nb^Oa with x 
= 15.7% and 1.2%. The dc fields upto 2.0 kV/cm 
(for the 15.7%) and 400 V/cm (for the 1.2%) were 
applied. We summarize the results and discuss the 

non-linearity on the framework of Landau theory. 
We show that the system has a cross over from dy- 
namic to static regime of interaction. Finally we 
discuss the deviation of Curie-Weiss like response 
of e'(T) and the role of polar clusters in mixed fer- 
roelectrics in the cross over and the non-analytic 
behavior pointed out earlier by Lyons3. 

SAMPLES, AND OUTLINE OF 
EXPERIMENT 

Samples under study were 15.178 mm2x.712 mm 
KTN-15.7% and 39.168 mm2x .88 mm KTN- 
1.2%, with [100] direction being normal to the sur- 
face. Both samples were Aluminum coated (cov- 
ering the entire face) by evaporation. Capacitance 
as a function of frequency (100 Hz to 2 MHz) was 
measured in the FC environment with HP-4194A 
Impedance/Gain phase Analyzer. 

RESULTS 

• The dielectric constant (in the 15.7% sample) 
in the temperature region above 162°K ex- 
hibits Curie-Weiss like dependence. At lower 
temperatures it deviates (fig. 1). 

• In KTN-15.7% upto 170°K, the dielectric con- 
stant is little influenced by the bias field (fig. 

!)• 

• The transition (cubic to tetragonal) occurs at 
higher temperatures as the bias field is in- 
creased (fig. 1). 

• The dc bias suppresses the dielectric constant 
and the peak broadens with increasing field 

(fig- 1). 
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• The other transitions (to lower symmetry) are 
smeared out as the field is increased (fig. 1). 

• The frequency dependence of the dielectric 
constant is weakened (fig. 1). 

80 90 100 110 120 130 140 150 160 170 180 180 200 210 220 

Temperature (K) 

Fig.l: KTN15.7% sample e'(E) Vs. 
Temp, along with Curie-Weiss fit to the 
ZF measurement. Tc obtained from the fit 
is 145.4°K. 
Similar results were obtained for the KTN-1.2% 
sample. 

ANALYSIS 

Following the framework of Landau Model: 

e(E) = e0 + e2E
2 + e4E

4 + •■■ 

In order to determine the second order term, e2, 

usually one: 

• Fits the data with the above equation retain- 
ing only the first non-linear term, e2 

• Obtains the temperature dependence, 
e ex (T - Tey 

RESULTS OF ANALYSIS: 

• €2 scales with temperature as (T - Tc)
7, Tc 

being the ZF transition temperature. 

• For KTN-15.7% sample at high temperatures, 
7 ~-5 while near the transition, it slows down 
to ~-2 (fig. 2) 

• For KTN-1.2% sample, 7 ~-4.4 in the high 
temperature regime. 
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T ==139.65 K 

T~-5 

10 

T-T„ 

Fig.2: €2 Vs. (T-Tc) for the KTN-15.7% 
sample on a log-log plot 

DISCUSSION 

Following Landau analysis we have obtained the 
second order non-linear dielectric constant e2. It 
shows two regimes of temperature dependence. 
Starting from the high temperature regime with a 
stronger non-linearity it crosses over to a weaker 
non-linear state. To explain this we note that 
the Nb occupying an off center position, creates 
a dipole field around the defective unit cell. As a 
consequence a polar cluster is formed around each 
of these Nb sites with a correlation radius depend- 
ing on the temperature. At high temperatures the 
Nb has sufficient thermal energy to hop between 
the 8 equivalent sites along the cube diagonals. 
In this temperature regime the dielectric response 
can be described adequately following Landau the- 
ory as evidenced by the later's Curie-Weiss like 
behavior. As the temperature is lowered the hop- 
ping slows down, and the correlation radius grows 
developing polar clusters. The polar clusters be- 
gin to respond as a single (giant) unit cell and the 
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dipole units inside the cluster are strongly corre- 
lated. As a result, the dielectric response slows 
down and crosses over to a static regime deviating 
from the Curie-Weiss like dependence. Although 
Landau theory predicts a weaker non-linearity in 
this temperature range, the explicit dependence 
of e' on temperature need to be analyzed with the 
polar clusters taken into account. In this regime 
the dielectric and polarization characteristics are 
influenced by the orientation of the polar clusters 
and the interaction between them. As a conse- 
quence the system can develop non-analytic na- 
ture as reported by Lyons3. 

Our future work would involve efforts to under- 
stand the anomaly in more detail. 
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Abstract We present results for the complex permittivities of : 

several proton glasses of the form Mj.x(NZ4)xZ2A04, where ; 

M=Rb, Z=H or D, and A=As or P. All measurements were made 
perpendicular to the ferroelectric axis, so no effects of domain wall 
motion occurred. Phase coexistence was apparent in all species. 
The phosphate glasses exhibited a much narrower coexistence 
composition range than the arsenate glasses. 

I. INTRODUCTION 

RDH2PO4 and corresponding potassium, cesium and 
arsenate compounds are ferroelectric, whereas NH4H2PO4 (ADP) 
and NH4H2ASO4 (ADA) are antiferroelectric. Mixed crystals of 
various concentrations of the ferroelectric and antiferroelectric 
components can be grown. Over a range of concentrations the 
response of these crystals is frustrated and no phase transition is 
exhibited. However, a range exists where either ferroelectric or 
antiferroelectric components can coexist with other dielectric 
phases. These crystals are, in many respects, the electrical analogs 
of magnetic "spin glasses," with pseudospin representing the two 
off-center hydrogen positions in the hydrogen bond. Unlike spin 
glasses and structural glasses, however, proton glasses possess 
random dc bias "fields" acting on these hydrogens. In proton 
glasses, there exists an ergodic limit below which the response to 
an external electric field exhibits thermal hysteresis [1]. 

Dielectric responses seen in these glasses are frequently 
modeled by lumped circuit elements or by multiple barriers. In any 
multiple barrier theory the height of at least some of the potential 
energy barriers must be posited to be as large as the thermal energy 
where the onset of nonlinearity occurs [2]. 

II. EXPERIMENTAL PROCEDURE 

Two types of capacitance measurement devices were used 
in the data collection process. The General Radio Precision 
Measurement Bridge is a manual bridge that was used for c-axis 
measurements and the low temperature b-axis measurements. A 
digital bridge, Model 6425 Wayne-Kerr Component Analyzer, was 
employed for confirmation of b-axis measurements and 
measurement of the deuterated crystals. The General Radio Model 
consisted of a GR 1616 Precision Capacitance Bridge and a GR 
1621 Capacitance Measurement System, consisting of a GR 1316 
Oscillator and a GR 1238 Detector. After warm-up the accuracy is 
within ±1 percent. Measurements were taken by balancing the in- 
phase and quadrature readings on the detector. 

The ratio arms of the capacitance bridge are transformer 
windings. Fixed-capacitance standards are used whose values 
range in decade steps from 1 aF to 100 nF. Loss in the measured 
capacitor is expressed as parallel conductance from the resolution 
limit of 0.1 fQ to a maximum of 1 mfl. The values of the set of 
five conductance standards are effectively extended by a series of 
resistance standards covering six decades. The Wayne-Kerr 
component analyzer has a direct readout of the sample capacitance 
and conductance and can be controlled by a computer via a general 

purpose interface bus (GPIB/HPIB). 
All samples were cooled slowly in liquid nitrogen to 77 K. 

They were then allowed to warm slowly to room temperature. 
Data were taken during the warming process. A thermocouple was; 

embedded in teflon that fit tightly within a copper cylinder which, 
was suspended less than 1 mm from the sample.  The lower stem 
of the probe was wound with resistive wire and covered with a. 
layer of plaster. A temperature controller regulated the amount of' 
current flowing through the resistive wire.   The sample probe was, 
placed into a dewar and the lower portion covered with sand. Then 
the dewar was sealed with tape and styrofoam. 

Measurements below 77 K were taken in a Princeton 
Applied Research Model 157 liquid helium cryostat. The rate of" 
helium flow was controlled manually and temperature readings 
were taken with two LakeShore sensors: a CGR-2 carbon glass 
resistor and DT-500 diode. The CGR-2 was calibrated using 
superconducting transitions of various elements: lead, antimony, 
niobium and indium. The low-temperature probe held the sample 
by means of spring-loaded leads that "sandwiched" the sample into 
a position proximal to the heater and temperature measurement 
component. 

m. RESULTS AND DISCUSSION 

Two crystals of Rbi_x(NH4)xH2P04 (RADP) were 
grown in order to determine the shape of the phase diagram at low 
concentrations of ammonium. The concentrations of ammonium 
in the crystals, x=0.08 and x=0.16, were assumed to resemble those 
of the solutions from which they were grown since (1) phase 
diagram results obtained using these concentrations agree 
qualitatively with previous results and (2). credible chemical 
analysis could not be obtained. The phase boundaries between 
ferroelectric (FE), paraelectric (PE), proton glass (PG) and the 
coexistent phases (F-P and F-G) are mapped in Fig. 1 as a function 
of temperature and concentration of ammonium x in the mixed 
crystals. This is the first report of coexistence of the ferroelectric 
phase with the paraelectric/proton glass phase in RADP. In an 
x=0.75 crystal, a plateau preceded and followed by abrupt 
decreases in the derivative of the real part of the permittivity with 
decreasing temperature, together with the onset of dispersion in the 
imaginary part of the permittivity at the occurrence of the lower- 
temperature change in the derivative of the real part of the 
permittivity [4], indicate the existence of an antiferroelectric- 
proton glass coexistence region, although the authors at that time 
interpreted these phenomena as "reentrant behavior". 
Dielectric measurements were made along the c (ferroelectric) and 
b axes of the undeuterated crystals. The real part of the dielectric 
permittivity very closely follows a Curie-Weiss behavior e'=C/(T- 
To)+ei above the temperature Tc where ferrroelectric behavior 
begins to occur, but differs substantially below Tc. Here £1 is the 
residual permittivity from the electronic and fast ionic response. 
The free parameters C and TQ, obtained for rubidium dihydrogen 
phosphate (RDP), were within one percent of the published values 
[5]. The mixed crystal 
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Fig. 1. Phase diagram for Rbi_x(NH4)xH2P04 [3]. FE represents the 
ferroelectric phase, AFE represents the antiferroelectric phase and DG represents 
the proton/dipole glass phase. The mixed crystal exhibits complete Curie-Weiss 
behavior above Tm. 

with sixteen percent ammonium substituted for rubidium (RADP 
x=0.16) yielded a Curie-Weiss parameter TQ equal to 90.4 K and a 
Curie constant C of 5537 K. The RADP crystal having eight 
percent ammonium yielded a TQ of 117 K and a Curie constant of 
3203 K. Knowing that the transitions in this region are 
ferroelectric, the results from the dielectric measurements could be 
added to those of previously published phase diagrams of 
concentration versus temperature [6]. The results so obtained agree 
qualitatively with the published phase diagrams. 

Deuterated crystals were also grown from solutions with 
ammonium concentrations of 18 and 24 percent. As before, the 
concentration of ammonium in the crystal was assumed to be the 
same as that in the solution. The temperatures corresponding to 
the peaks in the imaginary part of the complex relative dielectric 
constant were assumed to follow a purely Arrhenius Law. By 
fitting to an Arrhenius behavior, an activation energy of 131 meV 
is obtained for deuterated RADP (d-RADP). By contrast the 
activation energy of the undeuterated crystal RADP (x=0.16) is 
only 4.14 meV [7]. Phase data for d-RADP were obtained as 
before and added to previously published phase diagrams as shown 
in Fig. 2. 

In addition, a crystal of RADA of 0.01 ammonium 
concentration was grown. The phase diagram containing this data 
point is shown in Fig. 3 for comparison with the phase diagrams of 
the related phosphate crystals. Note, however, that there is recent 
evidence from nuclear quadrupole resonance that the ferroelectric- 
paraelectric coexistence region extends as low as x=0.01, not 0.04 
as shown in Fig. 3 [8]. 

IV. CONCLUSION 

This study continues research into the disordered phase in 
RD

1-X(
NH

4)X
H

2
P0

4 (RADP). A ferroelectric transition and 
glassy freezing were observed in the RADP x=0.16 crystal at 90.5 
K and 20 K, respectively. A coexistence region occurs for RADP 
and from this it is suggested that the phase diagram for RADP 
should be modified to include a coexistence region from x=0.22 to 
x=0.16. This modified phase diagram resembles the phase 
diagrams for deuterated RADP (d-RADP) and RADA. 

The activation energy for RADP x=0.16 was anomalously 
low compared to those of d-RADP x=0.18 and RADA x=0.10. In 
addition, the real part of the residual dielectric permittivity of this 
sample is anomalously large at 2 K and continues to decrease with 
decreasing temperature [9]. Both of these anomalies may be 
associated with phonon-assisted tunneling [10]. 
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Fig 2 Phase boundaries for Rbl-X(ND4)XD2P04 (D=deuterium) in the 
temperature-ammonium concentration plane. FPG represents a region of mixed 
ferroelectric and proton glass phases. 
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Fig. 3. Phase boundaries of Rbl-x(NH4)xH2As04 in the temperature- 
ammonium concentration plane. FE denotes the ferroelectric region, PE denotes 
the paraelectric region, F-P denotes the mixed ferroelectric and paraelectric 
region, F-G denotes the mixed ferroelectric and proton glass region and PG 
denotes the proton glass region. 
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Abstract — Microwave dielectric properties in the 
system Ba{Mgl_xßNixßTa2ß)Oz - yBaZrOz or 
Ba(Mg^xßNixßTa2ß)Oz - zBaSnOz were 
investigated with an emphasis on the sintering 
behavior, phase relations and microstructure- 
property relationships. The increase of Q value of 
13000 at 6 GHz while achieving zero ry occurred 
when y — 0.05. The addition of excess MgO had a 
detrimental effect on Q value improvement, which is 
attributable to the segregation of excess MgO along 
grain boundaries. The appearance of Bai/2TaOz 

second phase would have negative effect on the 
improvement of Q value. Therefore, the fabrication 
of ceramics without any second phase should be 
crucial in obtaining improved microwave performance. 

INTRODUCTION 

Single phase Ba(MglßTa2ß)Oz (BMT) ceramic 
is known to have the highest quality factor (Q) value 
among the microwave dielectric ceramics studied to 
date [1-4]. The material in this system is thus an 
excellent candidate for microwave communication 
system such as satellite communication. It is known 
that the phase transformation from disordered cubic 
to ordered hexagonal structure by means of proper 
heat treatment is essential to achieve high Q values. 
In addition, the precise control of defects such as 
grain boundary, pore, precipitate is considered to be 
important. 

Recently, we have studied Ba(M g\ßTa2ß)Oz — 
Ba{NilßTa2ß)Oz [BMT-BNT) system and found 
out that zero temperature coefficient of resonance 
frequency (TJ) could be realized without impairing 
Q value much [5]. Since BaZrOz (BZ) and BaSnOz 

{BS) have the same perovskite structure with BMT 
— BNT and .B-site ordering may be an important 
factor in achieving high Q values, we have performed 
research on the effect  of the perovskite impurity 

addition in BMT - BNT system. 
In this paper, the effect of BZ or BS addition 

on phase relation, relative permittivity, Q and Tf 
is presented. Effect of second phase formation or 
stoichiometry on microwave dielectric properties will 
also be discussed. 

EXPERIMENTAL PROCEDURE 

Disk or cylinder-type samples were prepared by 
conventional mixed oxide process using BaCOz, 
MgO, NiO, Ta2Os, Zr02, Sn02 powders of high 
purity (better than 99.9%). 

The general formula investigated in this study is 

written as 

Ba(M9l_xßNixßTa2ß)Oz - yBaZrOz (1) 

or 
Ba(Mgi_xßNixßTa2ß)Oz - zBaSnOz (2) 

where x = 0.3 and y, z = 0 - 0.15. From the result of 
the previous investigation on Ba(Mgi_xßNixßTa2ß) 
Oz binary system [5], x value was fixed to 0.3 since 
Tf bacame approximately equal to zero when x = 
0.25 - 0.30 without impairing Q much. 

Powder mixture, weighed according to the above 
formula, was mixed and calcined at 1350°C for four 
hours. Sintering of isostatically pressed pellets was 
carried out in air at 1600°C for 10 hours. Relative 
density of sintered samples was measured by 
immersion technique. Structural and compositional 
analyses were made by X-ray diffraction (XRD) 
technique. Lattice constant and the degree of 
ordering were determined from XRD patterns of 
specimen powders obtained from sintered samples. 
Microstructure of sintered samples was examined 
using a scanning electron microscope. The degree of 

ordering was calculated by comparing the 
relative intensity of (100) superlattice reflection peak 
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to that of (110, 102) peak. Microwave dielectric 
properties of cylinder-type samples were determined 

by measuring resonance frequency of T-Eon mode 
using both post-resonator method and open cavity 
resonator method. The former was used for relative 
permitivity (K) measurement, while the latter was 
used for Q and Tj measurements. The temperature 

range of 25 - 100°C was used for r/ measurement. 

HP8510C network analyzer was utilized for the 
measurements of microwave properties in the range 
of 5 to 10 GHz. 

RESULTS AND DISCUSSION 

Sintering Characteristics 

Scanning electron micrograph of sintered surface 
of Ba(MgXßTa2/3)03 (BMT) ceramic with nominal 
stoichiometric composition was shown in Fig. 1. It 
is seen that there existed discrete second phase 
particles distinguishable from continuous matrix 
phase. According to the XRD pattern of the same 
sample shown in Fig. 2, the compositions of 
matrix and discrete phases were determined as BMT 
and   Bal/2Ta03 {BT),   respectively.    The latter is 

:■    •     v ----V ^  "-;l   ."'-1     ^ jU-     ..      -      v' 

'?•/>   .**^vA,'.   -•-»     _. y" 

'•'Vs. .--AX- 

10   IM 

Fig. 1    Scanning electron micrograph of sintered surface 

of nominally stoichiometric BMT ceramic. 

D    (102) 
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|   superlattice 

A   Bao.sTa03 

(410) 

(420) 
(311) 

(111) 

28 30 32 34 

2 0   (Cu K a ) 
Fig. 2    XRD pattern of BMT ceramic sintered at 1600°C. 

expected to degrade microwave dielectric properties, 

which will be discussed in detail. The same 
interpretation of microstructure was obtained by 
ED AX analysis [6]. In addition, similar phenomenon 
was reported by Kawashima in Ba(Zni/3Ta2/3)03 

(BZT) [7], where the evaporation of ZnO during 
sintering caused Zn deficiency and hence the 
second phase formation. Therefore, the unexpected 

appearance of second phase particles in BMT could 

also be attributed to the volatility of MgO at high 

temperatures, although it would be much less than 

that of ZnO. The very same event also occurred in 

Ba(NilßTa2ß)03 (BNT) ceramic. Since NiO has 

a lower melting temperature than MgO, NiO 

evaporation is expected to be more active. 
However, if excess MgO is added into the BMT 
powder mixture (BM + T), the harmful BT phase 
can be eliminated. This is evident in Table 1 where 
the relative intensity of (420) reflection of BT phase 
is compared among the ceramics mentioned above. 

Table 1.    Relative intensity of (420) reflection of BT phase to 

(102) reflection of perovskite phase of perovskites. 

Nominal 
composition BafMff i/iTatyJOj Hn (Mgj/3Tazn)Oi 

+6% MgO BaWit/iTatnK), 

1(420) 
  x 100(%) 
1(102) 

1.3 0 4.1 

Sintered density of 0.7Ba{Mgl/3Ta2/3)03 - 0.35a 
{NiißTa2/s)03 (BMNT) ceramic as a function of 
the amount of BaZr03 (BZ) or BaSn03 (BS) 
impurity was illustrated in Fig. 3. It was found that 
the density usually decreased with impurity 
addition, except for the case when BZ was added to 
BM + T. 
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Scanning electron micrographs of BMNT 
ceramics were shown in Fig. 4. It is seen that 
samples  with    excess    MgO  in    starting  powder 
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^y BZ addition as explained above. 

Fig. 4    Scanning electron micrographs of polished and 

etched surfaces of BMNT ceramic. 

(a) nominally stoichiometric (b) 6% MgO excess 

resulted in the finer microstructure. This could be 
due to the segregation of MgO along grain 
boundaries [8]. Since the lattice constants of pseudo- 
cubic BMNT, BS and BZ ceramics are 0.4076, 
0.4116, and 0.4180 nm, respectively, and since they 
crystallize in the same perovskite structure, it is 
expected that both BMNT-BZ and BMNT-BS 
system crystallize in perovskite. When the ionic 
radii of .B-site ions were compared, Zr ion has 
the highest value, so that when it substitutes some 
of host Mg, Ni or Ta ions, the lattice would expand 
accordingly. The ionic radii of Mg,Ni,Ta,Sn, and 
Zr ions are 0.071, 0.070, 0.065, 0.070, and 0.073 nm, 
respectively. In addition, when Zr ion was 
substituted, due to relatively large difference in 
ionic sizes, the reduction of B-site ordering would 
be smaller than the case of Sn ion substitution. 

Experimental results in support of this 
interpretation were exhibited in Fig. 5, where the 
lattice constant and degree of ordering for BMNT- 
BZ and BMNT - BS ceramics were plotted. It is 
apparent that the lattice constant linearly increased 
with BZ addition whereas it hardly changed with 
BS addition. The degree of ordering decreased in 
both cases, but some ordering remained in case of 
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Fig. 5    Lattice constant and ordering parameter 

versus impurity content in BMNT. 

Microwave Dielectric Properties 

Dielectric constant as a function of impurity 
addition in BMNT-BZ and BMNT-BS systems 
was plotted in Fig. 6. It was found that the 
dielectric constant linearly increased with BZ 
addition, whereas it decreased with BS addition. 
The former observation may be understood since the 
dielectric constant of BZ is equal to 40. However, 
the latter seems to be caused by the decrease of 
density with BS (Fig. 3). 
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Fig. 6    Dielectric constant measured at 5 to 6 GHz 

versus impurity content in BMNT. 

The variation of Q and 17 values with 
impurities was illustrated in Fig. 7. It was found 
that the Qf product increased at the beginning as 
the amount of BZ increased and then decreased 
beyond 10 mol% addition. Moreover, it was found 
that Tf value increased with BZ addition. These 
results are in good agreement with published results 
in a similar BZT - BZ system [9].  It is also seen 
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that the measured 77 value of BMNT was - 3.39 
ppm/°C, so that zero 77 value was obtained when 
the amount of BZ was about 5 mol%. Therefore, 
it was possible to increase Q value and to achieve 
zero 77 at the same time. The addition of excess 
MgO proved to have detrimental effect on Q value 
improvement. This result is attributable to the 
segregation of excess MgO along grain boundaries. 

It seems that BS addition resulted in a slight 
increase of Q value and a gradual decrease of 77 
value. The latter is in accord with BMT - BS 
system reported previously [10]. From Fig. 5 and 
Fig. 7, it was also found that the correlation 
between the ordering parameter and Q value seemed 
to be absent. 

Besides, it was found that the presence of BT 
second phase would have negative effect on the 

improvement of Q value. Typical data in support of 
this argument are listed in Table 2 below. It looks 
like that the addition of BZ into BMNT was 
effective in preventing the evaporation of NiO or 

MgO. Therefore, it is concluded that the 
achievement of ceramics without any second phase 
is crucial in obtaining improved microwave 
performance. 

Table 2. Relative intensity of (420) reflection of BT phase to 

(102) reflection of perovskite phase and Qf product 

in BMNT ceramics. 

Material 
1(420) 

Q ' / 
1(102) 

+6% MgO 2.7 34900 

II a (Mgo. 7/3Nia. M 7 IWOJ 1.4 fi.TlOO 

Ha (Mg0, T/jNio.xaTaz^Oj 
0.05BaZrO3 

0 78200 

SUMMARY AND CONCLUSIONS 

The unexpected appearance of second BT phase 

in BMT could be attributed to the volatility of MgO 

at high temperatures, and could be avoided by 
excess MgO addition into the BMT powder 
mixture. 

It was found that both BMNT-BZ and BMNT- 
BS system crystallize in perovskite within the 
experimental limit of present study. When Zr ion 
was substituted, due to relatively large difference in 
ionic sizes, the reduction of 5-site ordering would be 
smaller than the case of Sn ion substitution. 

It was found that the dielectric constant of BMNT 
ceramics linearly increased with BZ addition, but 
decreased with BS addition. 

It was found that the increase of Q value while 
achieving zero 77 at the same time was realized in 

BMNT - OMBZ ceramic. The Q value at 6 GHz 
was higher than 13000. 

It seems that BS addition resulted in 
a slight increase of Q value and a gradual decrease 
of Tf value. 

It was concluded that the correlation between the 
ordering parameter and Q value seemed to be absent 
in the BMNT system. 

The addition of excess MgO proved to have 
detrimental effect on Q value improvement. This 
result is attributable to the segregation of excess 
MgO along grain boundaries. It was also found that 
the presence of BT second phase would have 
negative effect on the improvement of Q value. 
Therefore, it was concluded that the achievement of 
ceramics without any second phase would be crucial 
in obtaining improved microwave performance. 
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OXIDE COMPOSITES FOR USE IN PHASED ARRAY ANTENNAS AND OTHER ELECTRONIC DEVICES 

L.C. Sengupta, E. Ngo, ME. O'Day, S. Stowell, andR Lancto 
U.S. Army Research Laboratory, Materials Directorate, AMSRL-MA-CA 

Watertown, MA 02172 

Abstract - A ceramic ferroelectric phase shifting device has been 
demonstrated using Bai_xSrxTi03 (BSTO) ceramics As a part of 
an effort to optimize the electronic device performance in the phase 
shifter, various composites of BSTO combined with other 
nonelectrically active oxide ceramics have been formulated. In 
general, the composites have reduced dielectric constants, E', where 

E = E' - is", and loss tangents, tan ö. The low dielectric constant 
and low loss tangent reduce the overall impedance mismatch and 
the insertion loss of the device. In addition, the overall tunability, 
change in the dielectric constant with applied voltage, is maintained 
at a relatively high level. The combination of electronic properties 
of these materials offer substantially higher operating frequencies, 
10 GHz and above. Another application for one of the composites 
is for use as a capacitor-varistor surge protector. The 
microstructures including grain size and phase analysis have been 
examined using SEM and X-ray diffraction The analysis of the 
phase formation , compositional variations, and grain size will be 
related to the electronic properties of the materials. 

INTRODUCTION 

Phased array antennas can steer transmitted or received 
signals either linearly or in two dimensions without mechanically 
oscillating the antenna. These antennas are currently constructed 
using ferrite phase shifting elements Due to the type of circuit 
requirements necessary to operate these antennas, they are costly, 
large and heavy. Therefore, the use of these antennas has been 
limited primarily to military applications which are strategically 
dependent on such capabilities In order to make these devices 
available for many other commercial and military uses, the basic 
concept of the antenna must be improved. If ferroelectric materials 
could be used for the phase shifting element instead of ferrites, 
phased array antennas would be totally revolutionized. 

A ceramic Barium Strontium Titanate, Bai-xSrxTi03, 
(BSTO), phase shifter using a planar microstrip construction has 
been  demonstrated   [1]. In   order   to   meet   the  required 
performance specifications, maximum phase shifting ability, the 
electronic properties in the low frequency (KHz) and microwave 
regions (GHz) must be optimized. As part of this optimization 
process, various composites of BSTO and non-ferroelectric 
oxides have been formulated 

Another application for one of these materials is a 
combined capacitor-varistor device. In general, this would be 
used as a protective device in parallel with electronic information 
processing circuits to protect against spurious voltage surges and 
voltage transients. The capacitive aspect of the device would 
guard against low-amplitude and high frequency transients which 
cause errors in signal processing or in stored signals The varistor 
function of the device protects against high-amplitude voltage 
surges The device combination is a replacement for a capacitor 
Zener diode combination which is often bulkier than the circuit it 
is protecting. 

The capacitor-varistor device has been attempted 
previously by appropriately doping SrTi03 to form grain 
boundary phases or layers which exhibit the desirable 
characteristics [2] Also discrete layers of ZnO and 
Pb(Fei/2Nbi/2)03-Pb(Fe2/3Wi/3)03 (dielectric constant of 27000 
to 32000) have been fabricated [3],   The problem with the former 

scheme has been with the high loss tangents and high threshold 
voltages derived from the metallic additives and the semiconducting 
capacitor. The problem associated with the latter scheme is with 
the processing of the lead based capacitor compounds and the 
deleterious diffusion between the ZnO varistor layers and lead- 
based capacitor layers. 

The composites will be designated as BSTO-Oxide II, 
BSTO-Oxide III, BSTO-Oxide II / BSTO-Oxide III, BSTO-Oxide 
III Compound, and BSTO-IV since they all have patents pending 
on their formulations. All of these composites possess improved 
electronic properties. The comparison of the compositions and 
phase formation of the various BSTO-oxide ceramic composites 
will be made and related to their electronic properties. This report 
will outline some of the initial findings for these new ceramic 
composites. 

EXPERIMENTAL 

Ceramic Processing 

Powder forms of Barium Titanate and Strontium Titanate were 
obtained from Ferro Corporation, Transelco Division, Pen Yan, 
NY. ( product nos. 219-6 and 218 respectively), stoichiometrically 
mixed to achieve Bao 6Sr0 4Ti03 and ball-milled in ethanol using 
3/16" alumina media for 24 hrs. The resulting BSTO was then air- 
dried, calcined at 1100°C and mixed with an oxide (oxide II, oxide 
III, oxide II / oxide III, oxide III compound or oxide IV) in the 
proper weight percent and ball-milled again in a slurry of ethanol 
using the alumina grinding media for an additional 24 hrs. 

Rholpex B-60A (Rohm and Haas Co., Philadelphia, PA) 
binder ( 3 wt%) is added to the resulting BSTO/oxide mixture. The 
mixture is then air-dried and uniaxially dry-pressed to a pressure 
of approximately 7000 p. s.L Sintering schedules were obtained by 
employing a deflectometer such as Mitutoyo digimatic indicator 
and miniprocessor (Mitutoyo Corp., Paramus N.J.). Porosity and 
liquid absorption was obtained by performing an immersion 
density in ethanol using a modified ASTM standard. It should be 
noted that all of the examined samples have liquid absorption of 
less than 2%. 

Two metallization techniques were employed. One 
involved painting on two circular, aligned electrodes, one on either 
side of the specimens, using high purity silver paint (SPI Supplies 
West Chester, PA) and attaching wires using high purity silver 
epoxy, Magnobond 8000, made by Magnolia Plastics, Inc., 
Chamblee, GA. The other technique utilized the screen printing of 
electrodes using silver conductive ink (FERRO #3350, Electronic 
Materials Division, Santa Barbara, CA) and wires were attached by 
dipping the specimens in a bath of 2% silver, 62% tin and 36% lead 
solder. 

Electronic Measurements 

The dielectric constants, E', loss, tan ö, and % tunability were 
determined for all composites The % tunability of a material is 
determined using the following equation: 

% tunability = { e'(0) - E'(Vapp)}/ {e'(0)} (1) 
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The tunability measurements were taken with an applied electric 
field which ranged from 0 to 3.0 V/micron (um). The electronic 
properties given in the forthcoming tables were measured at a 
frequency of 1 KHz. Capacitance measurements for all materials 
were taken using an HP4284A LCR meter. Further calculations 
were done to correct for the effect of fringe capacitance. 

RESULTS AND DISCUSSION 

BSTO-Oxide III Compound 

BSTO-Oxide III,  BSTO-Oxide II 
Compound Composites 

Oxide III,   BSTO-Oxide III 

SEM and X-ray Diffraction: No secondary phases (other 
than BSTO and Oxide III) were identified by X-ray diffraction for 
the BSTO-Oxide III composites. Also the SEM photographs did 
not reveal any evidence of secondary phase formation. However, 
the BSTO-Oxide 11/ Oxide III composites revealed the existence of 
secondary phases at oxide additions of 10 wt%. Three distinct 
secondary phases were identified for these composites. The 
BSTO-Oxide III compound composites also revealed at least two 
secondary phases for oxide content above 30 wt%. These phases 
were evident as discolorations in the SEM photographs for both 
the BSTO-Oxide II / Oxide III and BSTO- Oxide HI compound 
composites. 

Electronic Properties: The electronic data for the BSTO- 
Oxide III, BSTO-Oxide II / Oxide III and BSTO-Oxide III 
compound composites are shown in Table 1. As shown in the 
table, the dielectric constants decrease with increase in oxide 
content and the tunability decreases slowly with increase in oxide 
content. In fact, the BSTO-Oxide III composites exhibit high 
tunabilities (>10%) up to 60 wt% oxide III which is not the case 
for the two other oxide additives. This difference could be due to 
the fact that the BSTO-Oxide III compounds do not exhibit 
secondary phases whereas the other two composites form multiple 
secondary phases as discussed previously. These non-ferroelectric 
phases will tend to inhibit tunability at high additive contents. 

TABLE 1.   Electronic Properties of BSTO-Oxide III, BSTO- 
Oxide II / Oxide in and BSTO-Oxide III Compound Ceramic 

Composites Measured at 1 KHz. 

BSTO-Oxide III * samples have poor contacts 
Oxide III Dielectric Loss % Tunability Electric 
Content Constant Tangent Field 
(wt %) (I 'Micron) 

0.0 3299.08 0.0195 19.91 0.73 
1.0 1276.21 0.0015 16.07 2.32 
5.0 1770.42 0.0014 
10.0 1509.19 0.0018 
15.0 1146.79 0.0011 7.270 1.91 
20.0 1079.21 0.0009 15.95 2.33 
25.0 783.17 0.0007 17.46 2.45 
30.0 750.93 0.0008 9.350 1.62 
35.0 532.49 0.0006 18.00 2.07 
40.0 416.40 0.0009 19.81 2.53 
50.0 280.75 0.0117* 9.550 2.14 
60.0 117.67 0.0006 11.08 2.70 
80.0 17.00 0.0008 0.61 1.72 
100.0 13.96 0.0009 

BSTO-Oxide II / Oxide III 
Oxide II   Dielectric Loss % Tunability Electric 
Oxide III   Constant Tangent Field 
Conten (1 'Micron) 

fwt%) 
0.0 3299.1 0.0195 19.91 0.73 
1.0 2515.3 0.0011 12.24 1.14 
10.0 18689 0.0013 11.63 1.56 
20.0 1016.0 0.0327* 10.89 1.33 
30.0 389.06 0.0009 1.607 1.34 
60.0 93.591 0.0022 0.450 0.99 

Oxide III      Dielectric- 
Compound   Constant 
Content 
(wt%) 
0.0 3299.1 
1.0 25.31.4 
10.0 1801.5 
20.0 959.27 
30.0 432.40 
60.0       6.3.192 

Loss 
Tangent 

0.0195 
0.0019 
0.0019 
0.0014 
0.0030 
0.0176 

% Tunabilitv 

1991 
18.58 
13.29 
6.910 
7.347 
1.054 

Electric 
Field 
(I 'Micron) 

0.73 
1.66 
1.34 
0.91 
0.51 
1.00 

As shown in Fig. 1, the loss tangent of these composites are 
extremely low for most all compositions (decreasing slightly with 
an increase in oxide content). 

ffi Oxide Ml 

♦ Oxide II / Oxide III 

Oxide III Compound 

0.01 
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(/) 
CO 
o 

0.001 

0.0001 
125 

OXIDE CONTENT (wt%) 

Figure 1. Loss tangent vs. Oxide Content for BSTO-Oxide III, 
BSTO-Oxide 11/ Oxide III and BSTO-Oxide III Compound 
Composites measured at 1 KHz. 

BSTO-Oxide IV Composites 

As mentioned previously, another application for one these 
composites, denoted as, BSTO-Oxide IV, is for use as a capacitor- 
varistor protection device. At high voltages, the varistor conducts 
current given by the power-law relation [4]. 

I = AV« (2) 

where V is the applied voltage, I is the current, A is the 
proportionality constant, and « is the index of nonlinearity. 
Current conduction through the varistor prevents the voltage from 
exceeding a critical value in the electronic circuitry that is being 
protected. The nonlinear electrical conduction in the ceramic 
composite is due to the addition of oxide IV (no secondary phases 
where observed from X-ray diffraction and SEM anaylsis) in which 
electron tunneling through the grain boundaries occurs. 

Electronic Properties: The electronic properties and the 
average grain size of the BSTO-Oxide IV composites are shown in 
Table 2. As shown in Fig. 2(a) and 2(b), the dielectric constant 
decreases with an increase in frequency. Also the loss tangent 
shows a decrease with increasing frequency as shown in Fig 3(a) 
and 3(b). At low doping levels (1-15 wt%) the composites   have 
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TABLE 2. Electronic Properties and Grain Size of BSTO- 
Oxide IV Composites Measured at 1 KHz 

Oxide IV Dielectric Loss Tunabilitv Electric 
Content wt.% Constant Tangent (Percent) Field 

(V/um) 
1.0 3756 0.00236 7.334 1.0 
5.0 3416 0.01276 8.957 0.8 
10.0 3908 0.01320 13.11 0.7 
15.0 3942 0.03708 27.97 0.6 
20.0 4685 0.19113     
25.0 7520 0.46976     
30.0 7859 0.46927     
50.0 71922 0.46891   - 

Oxide IV Threshold Nonlinearitj Grain 
Content wt.% Voltage Exponent Size (urn) 

1.0     
5.0 — — 10.24 
10.0 — — 9.774 
15.0 — — 8.610 
20.0 100 6.510 8.387 
25.0 25 5.390 7.514 
30.0 20 10.290 6.806 
50.0 5 8.349 5.909 
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Figure 2. (a) Dielectric Constant vs Frequency for BSTO-Oxide 
IV Composites (l, 5, 10, 15 wt%) (b) for BSTO-Oxide IV 
Composites (20, 25, 30, 50 wt%). 

Figure 3. (a) Loss Tangent vs. Frequency for BSTO-Oxide IV 
Composites (1, 5, 10, 15 wt%) (b) for BSTO-Oxide IV 
Composites (20, 25, 30, 50 wt%). 

large dielectric constants and possess low loss tangents and 
reasonably high tunabilities These properties meet the 
requirements for various antenna applications (especially low 
frequency applications). At higher levels (20 - 50 wt%), the 
addition of oxide IV content continues to increase the dielectric 
constant drastically especially at low frequencies, and the 
composites begin to conduct current and exhibit non-ohmic 
behavior and the threshold voltage is seen to increase with an 
increase in oxide IV content 

Fig.4 (a) and (b) show the current versus voltage for 
several BSTO-Oxide IV (20, 25. 30 and 50 wt%) composites . It 
should be noted that as the oxide IV content is increased, the 
dielectric constant increases, and the non-linearity exponent 
increases. This increase in the non-linearity is definitely related to 
the decrease in the grain size as indicated in Table 2. However, 
contrary to the predicated behavior for pure oxide IV varistor 
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Figure   4.   (a)      Current  vs.   Voltage  for  BSTO-Oxide   IV 
Composites (20 and 25 wt% oxide IV). (b) Current vs. Voltage 
for BSTO-Oxide IV Composites (30 and 50 wt% oxide IV). 

compositions, the threshold voltage decreases with decrease in 
average grain size. Since the material formed is a composite it is 
difficult to determine if the grains of oxide IV are decreasing or if 
the BSTO grains are decreasing. The threshold voltage for the 
BSTO-Oxide IV (50 wt%) specimen is lower than reported for 
any bulk capacitor-varistor device (which was reported to be 
around 100 V) [2] and the capacitance is as high as that obtained 
for multilayered structures (nearly twice than that reported) [3]. 
Fig. 5 shows the dielectric constant versus temperature for the 
BSTO-Oxide IV (50 wt%). The figure shows that the dielectric is 
reasonably temperature stable at room temperature and above 
which is an important operating parameter for microelectronic 
circuits. 

i r 
-100     -50        0 50       100      150 

TEMPERATURE  (C) 

Figure 5. Dielectric Constant vs. Temperature for a BSTO- 
Oxide IV (50 wt%) composite measured at 1 KHz. 

suggest that any composites containing oxide III or an oxide III 
compound will display similar electronic behavior. This is 
significant in that a family of composites has been identified 
which can potentially facilitate the operation of these 
ferroelectric phased array antennas at millimeter wave range 
frequencies due to much improved electronic properties. 

The BSTO-Oxide IV materials exhibit behavior which 
renders them suitable for use both (at low oxide IV content < 15 
wt%) in phased array antenna systems and (at high oxide IV 
content >15 wt%) as a capacitor-varisitor protection device for 
microelectronic circuits. The improved properties of these 
composites includes very low threshold voltages (@5 V), 
reasonable nonlinear coefficients, moderate to low loss tangents, 
tunable and extremely high dielectric constants, and temperature 
stability. It should be noted that the low threshold voltage 
accompanied by an extremely high dielectric constant was 
accomplished in a bulk ceramic (1 mm thickness) and is less than 
that reported for thin film laminates [3]. 
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CONCLUSIONS 

The BSTO-Oxide III, BSTO-Oxide II / Oxide HI and 
BSTO-Oxide III compound ceramic composites possess 
extremely   low  loss tangents and high tunabilities. The data 

625 
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The microwave dielectric properties and the sintering 
behavior of commercial Ba0-Ti02-W03 dielectrics, N-35, with 
addition of various glasses; (I)simple glass formers, (2)ZnO- 
B203 based, (3) B203-Si02 based and (4)AI203-Si02 based 
glasses were studied. The Q of N-35 sintered with a Zn0-B203 
glass system showed a sudden drop in the sintering 
temperature to around 1000°C. Results of XRD, thermal 
analysis and scanning electron microscopy suggest that the 
chemical reaction between N-35 and the glass had a larger 
effect on Q than density. A 5wt% addition of B203 to N-35, 
when sintered at 1200°C, had the best dielectric properties, 
0=8300 and K=34.1 at 8.5GHz, among the glasses. Q, K and 
density increased with sintering temperature from 1000 to 
1200°C. The effects of the amount of glass added and the 
mixing method on the density and the dielectric properties will 
be discussed. 

Introduction 
Mobile phone and satellite broadcasting in the microwave 

frequency have been widely commercialized during these past few 
years. In order to reduce the size of microwave devices in 
communication systems, the dielectric components must also be 
smaller. Multilayer devices have been developed to increase the 
volume efficiency.1 In multilayer structures, it is imperative to 
lower the sintering temperature of the dielectric in order to cofire 
with low loss conductors such as si lver and gold. 

Liquid phase sintering using glass additives is the most 
effective and least expensive methode. However, the microwave 
properties of dielectrics with glass-additions have not been 
investigated. This led us the study of the effects of glass flux on 
the sintering behavior and properties of commercial microwave 
dielectrics. In this paper, we discuss the sintering behavior and 
microwave dielectric properties of commercial BaOTi02-W03 
dielectrics with addition of various glasses Relationships among 
the sintering temperature, microstructural evolution, phase 
formation, and microwave dielectric properties of the B203 and 
ZnO-B203 glass commercial flux-sintered dielectric are presented. 

BaTi409 and Ba2Ti902o are the two most common high Q 
dielectric materials used in the microwave frequency range. 
BaTUOg was first reported by Roy,2 and Ba2Ti902u by Jonker,3 in 
their study of BaO-TiC^ system. Ba2Ti902o decomposes into 
BaTi409 and Ti02 at temperatures higher than 1300°C during a 
peritectic reaction. Similarly, BaTi409 decomposes into Ti02 and 
a melt at 1428°C.4-5 Both BaTUOg and Ba2Ti902n were studied 
as microwave dielectrics by O'Bryan and Plourde et al.69 The 
dielectric properties of BaTLjOg and Ba2Ti902o with several 
different additives have also been investigated in the microwave 
region.1014 The addition of WO3 to the system BaO-Ti02 results 
in multiple phases including BaTi.409, Ba2Ti902n, BaWÜ4 and 
TiQ2.10 The solubility of WO3 in BaTiO} is small (< 0.1 %) and 
the addition of WQj to BaTi03 increases the loss tangent of the 
ceramics.11 However this BaO-4TiO2-0.1WO3 ceramic was found 
to possess excellent microwave properties: K=35, Q=8400 at 
6GHz and a xf (temperature coeffecient of resonant frequency) of 
nearly 0 ppm/°C. The additions of Al203, MnO, ZnO and Ta2Ü5 
to BaTi409 were also examined.12"14 The Q and xf values were 
partially controlled by the firing atmosphere.13 

Experimental Procedure 

N-35 powder supplied by Sumitomo Metal Ceramics Inc. 
was used as host material. This'host material, sintered at 1360°C, 
was reported to consist of 9.9 vol% BaTi409, 84.4 voI% 
Ba2Ti9Ö2o and 5.7 vol% BaW04 and possess the following 
properties:  Q =8400, K =36 at  6 GHz and xf =0.10 Ten glasses 

were used in this study are shown in Table 1. We forcused on the 
study for B203 and Zn0-B203(ASF1495) because of the 
interesting sintering behavior and dielectric properties with firing 
temperature. The softening point of the ZnOB203(ASF1495) is 
595CC and the average powder size is 1.8um. 

The N-35 ceramic powders were mixed with 5-30 wt% 
glasses by agate mortar and pestle with ethanol for = lhr. Wet ball 
milling with ZrC^j media was also used in order to understand the 
effect of mixing on densification and properties. The mixtures of 
N-35 and glass were granulated by adding polyvinyl alcohol 
(PVA) solution. After that, the dried powder was pelletized into a 
cylindrical disk for microwave dielectric measurement The disks 
were first heat treated at 550°C for binder bum-out and then fired 
in air at temperatures between 800 and 1250°C for 4hrs (for pure 
N-35 dielectric, the sintering temperatures range was from 1000 to 
1360°C)inair. 

The sample densities were measured using the Archimedes 
method. 

Dielectric characteristics at microwave frequencies (5.7-9.4 
GHz) were measured by the Hakki-Coleman dielectric resonator 
method,15 as modified and improved by Courtney.16 An 
HP8510A network analyzer and an HP8340A sweeper were used 
for the microwave measurements The permittivity was calculated 
from the resonant frequency of the TEnn resonant mode. The 
error of Q and K were within 5 %. 

XRD analysis was undertaken for phase identification of 
the sintered samples, using a SCINTAG VAX3100 system. The 
microstructure of the sample's fracture surface was observed by 
SEM (ISI-DS130). Differentia] thermal analysis was carried out 
using a Perkin Elmer-DTA1700. Identification of the N-35 and 
glasse phases was carried out by EPMA image(Shimadzu-8705 
WDX). 

Results and Discussion 

Micnmayjejliefectrie prope rtiesof the host material (N.3S) 
The density, Q and K of the sintered BaO-Ti02-W03 host 

material (N-35) samples increased with sintering temperature as 
shown in Fig. 1. Even though the permittivity of the sintered N-35 
ceramics was similar to the commercial sample value, the O of the , 
samples were less than the commercial sample value. The Q for 
sample sintered at 1360°C was 5900 at 7.2GHz (fxQ =42000), 
somewhat lower than the N-35 commercial sample value 7200 at 
6.1GHz (fxQ =44000). The xf was -6.7 ppm/°C and also less than 
the value of the N-35 commercial sample. 

The discrepancy of fxQ and negative xf may have resulted 
from the different phase contents caused by the difference in 
sintering atmosphere (samples were sintered in air in this study, 
whereas the commercial sample was sintered in an oxygen 
atmosphere). 

According to the XRD results, N-35 powders before 
sintering consisted of Ba^Og, BaWQt and TiG^ phases, as 
shown in Fig. 2 (a). The Ti02 content decreased and that of 
Ba2Ti902o increased in the samples as the sintering temperature 
increased (Fig. 2 (b)-(d)). It is reported that the ratio of the various 
phases is important for xf.6  The total Xf of the dielectric can be 

calculated by a logarithmic mixture rule,17 if the xf of each of the 
phases in the dielectric is known. 

MJcrawav*_diekctric_properlies andLmkroslructures of glas- 
sintered N-35 ceramics 

Sintering studies of the N-35 dielectrics with B203-Si02 

and Al203-B203 based commercial glasses were performed. The 
density and dielectric properties are shown in Table 1. The Q and 
K of the samples in these glass systems were 25-32 and 970-1900 
respectively, which are smaller than those of the pure N-35 
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sample. The K and Q of Al203-SiC>2 glass system were generally 
higher than those of the B203-SiC>2 glass system. Therefore, the 
Al203-Si02 glass system proved to be one of the most effective 
sintering aids without lowering K and Q. 

The addition of lead ions to ceramics is known to increase 
the loss factor in the microwave frequency range.18 Alkali ions 
in ceramics are also known to increase the loss factor.19 In this 
study, N-35 was sintered with two different kinds of PbO- 
containing commercial glasses, PbO-B2C>3-SiC>2 and PbO-Al203- 
Si02. However, in this study, the Q did not decrease in 
comparison with other glass systems. We used an alkali ion 
including glass, R2O-B2O3-S1O2 system, as a sintering aid. The 
dielectric properties of this sample were a little lower than those of 
the B203-SiC>2 containing glasses as indicated in Table 1. 

(1) B2O3 
The density, Q and K of N-35, with addition of B2Ü3, 

increased steadily with firing temperature up to 1250°C, as shown 
in Rg. 3. The densification was enhanced by liquid phase 
sintering. An endothermic peak at 840°C which is higher than the 
melting temperature of B203, 580°C was observed as shown in 
Fig. 4(b). This demonstrates that the eutectic liquid formation at 
this temperature assisted in the densification. The K of N-35 with 
5 wr% B2O3 addition increased as the sintering temperature 
increased from 1000 to 1200°C. This is caused by improved 
densification at higher temperarures. The Q of the B2O3 mixture 
increased from 2300 to 8300 for sintering temperatures from 1000 
to 1200°C and dropped to 1000 at 1250°C. The Q of the sample 
fired at 1200°C was 8300, which is higher than that of pure N-35 
sintered at 1360°C. 

The color of the samples sintered at more than U00°C was 
not uniform. The inner core 8mm in diameter was a uniform 
brown, similar to the color of N-35 sintered at 1360°C. The outer 
lmm skin was light tan with abrupt color changes. The presence 
of the color change, which becomes darker at higher firing 
temperature, and the inhomogeneous color of the sample, may 
relate with the densification and microstructure shown in Rg. 5. 

Scanning electron micrographs are shown in fig. 5 (a) and 
(b). Needle-like morphology was observed at 1000 and 1200°C, 
which may indicate the present of TiC>2 in BaTi,^.4-6-9 The part 
of the outer skin contained less Ti and more Ba than the the innner 
core area as shown in Rg. 6. The large increase in Q and higher K 
for N-35 dielectrics with B2O3 may be due to secondary phases 
such as TiC>2 which has higher K (104) and Q (14000 at 3GHz2°). 
Improved densification and the existence of TiQ2 may have 
resulted in the superior dielectric properties at 1200°C brought on 
by B2O3 addi tion. 
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Fig. 1 Effect of firing temperature on density and microwave 
dielectric properties of N-35 
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Fig ? XRD diagrams of N-35 (a) dielectric powder, and fired at 
(b)i000oC, (c)1200°C and (d)1360°C. 
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(a) O+10% B2O3 

Glass material* 

Table 1. Properties of N-35 sintered with glasses  
Glass amount    HringTcmp.       Q           K        Frequency   Density 

(wt%) (°C)  (GHz)      (g/cm3) 

1000       UOO      1200      1300 

+B2O3 5.0 
+ZnO-B203 (ASF1495) 5.0 
+ZnO-B203 -Si02(Corning7574) 5.0 
+BaO-B203-Si02(Corningl415) 5.0 
+PbO-B203-Si02(ASF1381) 5.0 
+R2&B2O3-SiO2(Coming7046) 5.0 
+Al2O3-B2O3-SiO2(ASF1760) 5.0 
+A!203-Si02(Comingl724) 5.0 
+RO-Al203-Si02(ASF174) '5.0 
+PbO-Al2O3-SiO2(ASF1730) 5.0 

*R2 is alkali and R is alkaline earth. 
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Fig.  3  Effect of B203  addition  to  N-35 on  (a)density  and 
(b)(c)microwave dielectric properties with firing temperature. 

627 
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Fig. 4 Differential thermal analysis of (a)N-35, (b)N-35 with   B203> (c)N-35 with ZnO-B203. 

(2) ZnO-B203 (ASF1495) 
With 5 wt% addition of ZnO-B203 (ASF1495), the 

densification continued to increase as the sintering temperature 
increased and reached a maximum at 1200°C with 94% of T.D. as 
shown in Fig. 7. Reactions between N-35 and glass can be 
recognized by a variation of the density with firing temperature. A 
maximum theoretical density of 94% was achieved at 
approximately 1200°C. As shown in Fig. 4 (c), a eutectic liquid 
was formed at a temperature of about 1010°C. This eutectic liquid 
phase significantly changed the Q value of the samples, as 
indicated in Fig. 7. The Q of the samples sintered at 1000°C were 
about 1800,and suddenly dropped to970 when sintered at 1050°C. 
As sintering temperature increased further, the Q increased. The 
permittivities of the samples, however, did not follow the same 
trend. The permittivity remained almost constant with increasing 
sintering temperatures. 

The color of the sample sintered at 900°C was a bright 
yellow-brown. With increasing firing temperature the sample 
appeared dark brown. The sides, top and bottom of the sample 
fired at 1200°C were darker color, similar to that of the N-35 
sample fired at 1360°C. However, the inhomogeneous color 
change was not simi Iar to the case of the B203. 

The sample sintered at 1000°C had a higher Q than those 
sintered at higher temperatures although the density was lower. 
This indicates that the effect of the eutectic reaction on Q is more 
important than its effect on density. The glass in the sintered 
sample was retained during sintering, and may increase in volume 
when the eutectic liquid formation takes place. The segregation of 
the Zn and B in the Ba-Ti-W-0 phases was observed bv EPMA 
(Fig. 8). 

The relationship between the microwave dielectric 
properties and density of the N-35 sample with ZnO-B203 
(ASF1495) additions are different than those for the samples of 
pure N-35 dielectric and those with B203 additions, as indicated in 
Fig. 9. For N-35 sintered with ZnO-B203, the Q is almost 
constant despite the increase in density because of the glass 
remaining in the sintered ceramics. N-35 sintered with B203 

contained in homogeneous phases and Ti02 with needle-like 
morphology. Afterwards the B203 either evaporates or is 
incorporated into the lattice, reducing the amount of second phase 
at the grain boundary. Furthermore, the acceptor dopant may 
reduce the oxygen vacancies and raise Q. 

(3) Different content of glass addition 
The effect of glass addition on the microwave dielectric 

properties at different sintering temperatures was dependent on the 
chemistry' of the glass, the chemical reactions, the phase changes 
during sintering, and the final density. For N-35 sintered with 
B203 and commercial ZnO-B203 (ASF1495) glass, the Q 
decreased with increasing glass content, despite the increase in 
density. The magnitude of K for N-35 fired with various amounts 
of glass was dependent on the sintered density. In general, the 
higher the sintered density, the higher the permittivity at the 
microwave frequencies. 

(4) Mixing effect 
In this study, we used an agate mortar and pestle to mix the 

dielectrics and glasses in order to prevent any contamination 
during the milling process. As shown in Fig. 9, the densities of N- 
35 ceramics with 5 wt% ZnO-B203 glass additions (ASF 1495) 
with ball milling have a 5% higher density than those mixed with 
mortar and pestle.   This indicates that enhanced densification is 

Fig. 5 Scanning electron micrographs of fracture surfaces of N-35 
sintered with B203 at (a)1000°C and (b)1200°C. 
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Fig. 6 EPMA images of N-35 sintered with B203 at 1200°C. 
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Fig. 7 Effect of ZnO-B203(ASF1495) addition to N-35 on 
(a)density and (b), (c)microwave dielectric properties with firing 
temperature. 

628 



• N-35 
O + 5% B2O3 
■ + 5% ZnO-B203 (ASP1495) 
□ + 5% Z11O-B2O3 (ASF1495) Bail milling 

Fig. 8 EPMA images of N-35 sintered with ZnO-B203(ASF1495) 
at 1200°C. 

achieved by better mixing. By further improving the mixing 
process, as in sol-gel coating or solution mixing, further 
improvements in density are expected. 

Conclusions 

N-35 sintered with ZnO-B203, B203-Si02> and A1203- 
Si02 glasses systems effectively lowered the sintering 
temperature. 

For N-35 dielectrics sintered with 5 wt% B203, the Q was 
8300 at 8.5 GHz, which is higher than that of pure N-35 sintered at 
1360°C (Q=5900, at 7.2 GHZ). The permittivity was 34 at 
8.5GHz, which is higher than the value of log mixing rate. 
Generally the K and Q values increased with sample density. SEM 
showed a needle-like morphology, EPMA supported the existence 
of TiOj 

the Q of N-35, sintered with the ZnO-B203 (ASF1495) 
glass system, showed a sudden drop at sintering temperatures near 
1000°C, which was a result of the chemical reaction between the 
dielectric and glass. The glass was segregated in the sintered 
sample and the chemical reaction had a larger impact on the Q 
values than on density. 

Density increased but the Q and K declined by increasing 
the glass content from 5 to 30 wt%. The process of mixing the 
host material with the glass had a significant effect on the 
densification as well as on the Q and K of the dielectrics. 
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Abstract -The dielectric properties and structure 
of the complex perovskite ceramics (0.7-PbZrO - 
-0.3KQ gBiQ 5 Tig J+x-SrTig have been investigated in 
the temperature range from 283 K to 333 K with the in- 
tention of understanding a change of a sign which oc- 
curs in the temperature coefficient of the capacitance 
at x-^0.5. 

INTRODUCTION 

The advancement of microwave circuits such as di- 
electric resonators in filters or oscillators in commu- 
nications systems has required dielectric materials 
with a high quality factor (Q), a high dielectric cons- 
tant (e) and a high temperature stability of resonant 
frequency without undesired effects on the other diele- 
ctric properties [1-3]. Their great advantage is to 
enable the reduction of size of the components. There- 
fore there has been an interest in new dielectric cera- 
mics for microwave integrated circuits. 

For this purpose, several studies of the perovski- 
te compounds and their solid solutions have been made 
which make good dielectric materials [4-6]. On the 
other hand, there have been less works for dielectric 
properties on complex perovskite ceramics of ternary 
system [7], 

The purpose of this paper is to show the experi- 
mental results of the dielectric properties of ternary 
0.7PbZrO -0.3KQ Bi Q gTi03+x-SrTiO 3 ceramic system and 
also to discuss the proper choice and optimization of 
compositions for high quality ceramic dielectric mate- 
rials. 

EXPERIMENTAL 

The specimens of the complex perovskite ceramics 
for O.lftrfO.9 have been prepared by the conventional 
mixed oxide route. All the starting materials composed 
of K2C03, Bi203, and Ti02 as well as PbO, ZrO and SrO 
powders with purity of 99.9 % were weighed out2and ball 
milled for 16 hours in a polyethylene jar with agate 
balls and distilled water. The mixed raw materials were 
dried2and pressed into pellets under presure of 1000 
Kg/cm . Having been calcined at 1173 K for 2 hours in 
air the pellets were crushed in a mortar and remilled 
the same as the one for raw materials milling and fi- 
nally screened through 80 mesh. The screened powder was 
dry-pressed into disks of 10 mm diameter and then fired 
at 1423 K for 3 hours in air. Particular attention was 
paid to avoid intermediate phases from the reaction 
products since the presence of second phases usually 
increases the dielectric losses of the materials, the- 
refore it is important to prepare ceramics without any- 
second phase. 

The samples obtained were examined by X-ray diff- 
raction analysis with Cu Ka-radiation and Ni-filter. A 
least mean square method of analysis was used to calcu- 
late lattice parameters. 

Standard dielectric measurements were performed on 
thin ceramic discs within a temperature range of 283- 

333 K and at frequencies varying from 100 Hz up to 1 
MHz using a temperature controlled chamber. The tempe- 
rature coefficient of capacitance (a ) was calculated 
as l/c(Ac/AT). For details of experimental methods, see 
[8]. 

RESULTS .AND DISCUSSION 

X-ray diffraction data for mixed oxide prepared 
ceramics revealed only single phase products. Dielect- 
ric measurements were made on dense (no water absorpti- 
on) ceramic specimens. The complex perovskite compounds 
under study contain SrTiO as main dopant. The effect 
of this dopant on the temperature dependence of capaci- 
tance is shown in Figure 1. With an increase of SrTiO , 
capacitances within all temperature interval decrease 
and the curve becomes smoother. The temperature coeffi- 
cient of capacitance a for specimens is the slope of 
the line in Figure 1. 

T, K 

FIGURE 1 Temperature dependences of dielectric constant 
for various compositions :l-x=0.1, 2-0.2, 3-0.4, 4-0.5, 
5-0.6, 6-0.7 and 7-0.9. 

As is seen the specimens show the remarkable 
decreasing of a and the dielectric constant with the 
SrTi03 content increasing. But the dielectric constant 
remained rather high. The dielectric experiments 
revealed that a experiences smooth variations with x 
and the change of sign occurs at x^0.5 (Figure 2). The 
most obvious behaviour within the common temperature 
interval is the existence of a negative a in the 
Sr-rich compositions and the presence of a positive a 
at x<0.5. It must be stressed that a tends to zero as 
the SrTi03 dopant is close to x^0.5.c 
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CONCLUSIONS 

The investigation of dielectric properties and of 
the structure in the PbZrO..-^ sBio ^TiO^-SrTiO.. system 
has shown a correlation between the"" magnitudes of «_ 
and of dieleetr constant and the composition, but the 
c ility factor depends on process variables such as 
temperature, annealing time and atmosphere. The exten- 
sive study of the relation between the quality factor 
and the process variables is still needed to prepare 
good microwave dielectric ceramics and to fully explain 
the results. 
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A comparison of data obtained with the r(T) curves 
in Figure 3 should give a reasonable explanation of the 
changes in a in terms of the changes in the temperatu- 
re position of the structural phase transition. In Fi- 
gure 3 the plots for x=0.1, 0.4 and 0.7 show that the 
temperature interval, where we measure a cand the chan- 
ge in sign of a is observed, belongs tocthe different 
sides of the diffused e(T) maximum near the phase tran- 
sition. Sr-rich specimen (x=0.7) shows the negative 
value of « ; this result is in agreement with the work 
[4] in which u of paraelectrics shows negative value. 
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Abstract--The traditional method of determining the 

photorefractive effective charge density is to plot the 

photorefractive space charge field versus the crossing angle 

in a two-beam coupling experiment. The difficulty with this 

traditional measurement technique is that the apparatus must 

be moved several times in order to obtain data over the 

sufficient number of crossing angles needed for an accurate 

fit with theory. Moreover, with small crossing angles the 

overlap between the two crossing beams can easily extend 

over the entire crystal, while with larger crossing angles the 

overlap between the two beams becomes less certain. 

In this paper we demonstrate an alternative method of 

determining the photorefractive charge density. In this 

approach we measure the phase shiift between the optical 

intensity pattern in the crystal and the resulting index 

pattern, as a function of the magnitude of an applied d.c. 

field. By comparing the measured value of the d.c. field 

which produces a minimum phase shift with that predicted 

by theory the photorefractive effective charge density is 

found. In this case, only the magnitude of the applied field is 

varied and the apparatus remains fixed. The result is 

obtained quickly and with little error. 

INTRODUCTION 

In this paper we discuss a technique to measure the 

trap density in photorefractive crystals. The technique is 

based on the use of interfering two laser beams in a crystal in 

the presence of an applied electric field. In the crystal the 

two light waves can be expressed as 

ET (x,z) = ETo exp [i(kxx + k2z)] (1) 

ED (x,z) = EDO exp [i(-kxx + kzz)] (2) 

where kx and kz are components of the wavevector. The 

two light beams cross at an angle 20 in the crystal with each 

beam making an angle 9 with the normal to the incident 

surface. If § is the phase shift between the grating and the 

interference pattern, the intensities of the output beams from 

the crystal can be written |Ref. 1 ] as 

IT(d) = I-rcos2(Kd) + IDsin2(Kd) - (ITID)1/2sin(2Kd)sincp (3) 

ID(d) = lDCos2(Kd) + ITsin2(Kd) + (ITID)V2sin(2Kd)sin(p (4) 

where IT and ID are the incident intensities and I-r(d) and 

Io(d) are their intensities after passing through a crystal of 

thickness d with a coupling coefficient K. In expressions (3) 

and (4), the first term corresponds to the transmitted 

component, the second term is the diffracted component, and 

the third term is the energy-exchange component between 

the two beams. From expressions (3) and (4) we can write 

the diffraction efficiency r\ as 

Ti = sin2(Kd) (5) 

If the intensity of both beams is adjusted to be equal at the 

entrance of the crystal we can write the energy exchange 

efficiency in terms of the diffraction efficiency as 
e = 2[r|(l -rOJ'^sincp (6) 

Therefore, expression (6) yields an expression for the phase 

shift between the intensity pattern and the index grating and 

is given by 
sincp = e/(2iT|(l-Ti)]i«} (7) 

sin(p = IE/(2[Id(Io-Id)]1/2) (8) 

where IE, Id and In are the magnitude of the energy exchange, 

the diffraction signal and the intensity of the transmitted 

beam. From these expressions we can see that by measuring 

Id, Ie, and In, § can be determined [Ref 2,3,4]. 

EXPERIMENTAL TECHNIQUE 

The apparatus which we used to measure <(> as a function of 

applied d.c. electric field consisted of a HeNe laser oscillating 

at 6328A with an output power of 5mw. We used ordinary 

polarized beams in order to minimize beam fanning and the 

corresponding intensity fluctuations which appear in energy 

exchange signals. After the polarizer, the laser beam was 

split into two beams ID and IT which intersected inside a thin 

sample of SBN 60 with 0.015% Cesium as a dopant (static 

dielectric constant e' = 950) such that the grating vector is 

parallel to the c-axis. The beam splitter is 50% /50% to make 

the beam ID have the same intensity as IT-   The angle 20 
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between the two beams was 22°. The beam I-r(d) was 

detected with a photodiode. For all our observed intensity 

values the photodiode was linear. To avoid the observation 

of multi-exponential growth and decay times, the detected 

beam was expanded with a beam expander so that only the 

uniform portion of the beam was detected by the 

photodiode. The output of the diode was fed into a 602A 

Digitizing Signal Analyzer. After turning on both beams a 

growth curve was recorded and the energy exchange signal 

IE was measured. When the grating reached its steady state 

we blocked the detected beam. The transmitted beam 

immediately went to zero, and the diffraction signal Id was 

detected. Finally, the intensity of the transmitted beam In 

was measured. By substituting In, IE, and Id into expression 

(8), we can calculate the phase shift between the grating and 

the interference pattern in the crystal. 

After applying a d.c. field across a crystal we carried 

out the measurement described above yielding values for Io, 

I£, and Id- By substituting them into expression (8) we 

calculated both the sin cp and the tan cp. In order to get 

accurate results we varied the magnitude of the d.c. field and 

measured IQ, IE, and Id for each d.c. field value En. 

From the band transport theory we have 

1.6 

tancp -ID 

tancp- 

(9) 

(10) 

Expression (9) gives a value of En for minimum <p of 

E0 =pDEq+EDJ    .   Using expression (10) we are able to 

calculate a set of data for 1/Eq vs En. Eq is defined as Eq = 

4jieNcff/E Kg where Ncrr is approximately the trap density NA 

for our crystal. Since we observe that Eq depends on En the 

dielectric constant e must depend on En. For the parameters 

used in our experiment we have 

Kg = ^(2sin9) = 3.79xl04cnT1 

A, 

KBTKK 
: 963.24 v/cm (11) 

_47tefNeff 
q " K, I   6 

4.776x10" 

For our work we assume that the dependence of the 

dielectric constant e on the magnitude of the d.c. field EQ is 

e E„ :'(l + aE0 + ßE 

='[l + f(E0)] 
(12) 

where a and ß are constants to be determined. 

By combining expressions (10), (11) and (12) we can 

calculate 1/Eq and Ncrr/e' for each value of d.c. field En. 

Using these values we plotted {[l+f[(Eo)i]}/{l+f[(Eo)il} 

versus (En); as shown in Fig. 1. By fitting the data we found 

that a = 0.0009515 and ß = -2.51 x 10"7. As a result we can 

write 

1.5- 

1.4- 

eg 
ST 1.3 
+ 

W   1.2- 

1.1 

1.0 

Data: Data1_C 
Model: USER 

ChiA2 = 0.00401 

P1=      0.0009515 0.0001274 
P2=       -2.51 E-7   4.984E-8 

500 1000 1500 2000 

Applied Electric Feild in V/cm 
2500 

Fig 1. Determining the electric field dependence 

of the dielectric constant 

Eq=- 
4.776-10' 

(13) 
1 + 0.0009515E0-(2.51-10"

7
)E^ e' 

For each pair of E0 and Eq we can now calculate the value of 

Ncff/e'. 

By taking the average, we obtained Neff/e' = (4.54 ± 

0.38) x 1013(cnr3). For our crystal the value of e' is 950. 

Therefore, we get Ncrr = (4.31 ± 0.36) x 1016(cm-3). In [Ref. 

2] an NA value of (4.2 ± 0.2) x 1016 (cm"3) was reported for 

the crystal of SBN: 60 with 0.015% Rh. concentration. Our 

results are in good agreement with their reported value. 

Also we plotted curves of sin(p vs En, tan (p vs En and 

e vs Eo, respectively. They are shown in Fig. 2, 3, and 4. 

In order to exam the accuracy of the NA value which 

we obtained by using the phase-electric field method, we 

also did an experiment to measure NA by using the traditional 

c 
CO 

1.001 

sin<p=tan<p/Jl+tan2<(>)   . 

0.98- 
o\ 

0.96- 

°\ 
0.94- 0 ^^° 

^xo 
o^- 

0.92- 
0 

0.90- I ■ r » 1 ' i 1        1 

500 1000 1500 2000 

Electric Feild in V/cm 
2500 

Fig 2. The sincp as a function of applied field 
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Fig 4. The dielectric constant as a function of applied field 

method of changing the angle between the two crossing 
beams. The basic theory and measurement procedure are 
described in detail in [Ref. 5]. 

Due to two-beam coupling, the weak beam l\ 
experiences an increase in intensity along its propagation 
direction which is given by 

Ilc    (1 + m)eyL'!t 

I,       1 + meKff 

where m = I01/I02, the ratio of the weak beam intensity to the 
strong beam intensity.   Experimentally, we measured Iic, Ii 
and m, and then calculated 7LCff. On the other hand 

R,rr K
c 

YLeff = A cos 6 1+Kg/K0 

(15) 

where Rcff = n2}r33cos26-nor13sin2e for an extraordinary ray, 

A   is   a   constant,   Kg   is   the   grating   constant   and 

2 _ 47re. (Neff 1 = w ÜÜL ] provided C = 4rce2/KBT.   By K^ = 

defining 

we will have 

f(8) = 

7Lefff(e) = B- 

COS0 

norn  ■ 2, 

V33 

K„ 

1 + - 
Ki 

(16) 

(17) 

where B is a constant. By plotting the data of -yLcrff(8) vs Kg 

and fitting the data, we then obtained a value of Ncrr/e. The 

fitting result (Fig. 5) gave us a value of Nerr/e. = (4.59 ±0.31) 
x 1013(cnr3) which is in good agreement with our results 

using the phase measurement technique. 
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Fig 5. The photorefractive gain as a function of crossing angle 

CONCLUSION 

We have demonstrated a technique for the 
measurement of the trap density in photorefractive materials. 
This technique has been shown to give the same result for 
the trap density as the conventional two-beam coupling 
technique but is more convenient to carry out in practice. 
The technique presented here also yields the electric field 
dependence of the dielectric constant. 
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Abstract — A specially doped photorefractive (PR) crystal 
Ce:Fe:LiNb03, and the effect due to Ce and Fe dopants are 
reported. We have found that the double-doped crystal 
exhibits higher PR sensitivity, larger dynamic range, broader 
spectral bandwidth, and lower scattering noise. It is about 10- 
limes higher in PR sensitivity in the red light region (633nm), 
as compared with the reported data [1]. We have also 
discovered anomalous enhancement of PR effects which occur 
at 57°C, 70°C and 110°C. The anomalies are primarily due to 
possible structural phase-transitions of the crystal at these 
temperatures. Several applications of this specially doped PR 
(Ce:Fe:LiNb03) crystal (both bulk and fiber) are also 
provided. 

I. INTRODUCTION 

Photorefractive lithium niobate (LiNb03) based 
materials have received broad promising applications in 
recent years, such as optical signal processing, random-access 
memories, large capacity interconnections, switching, etc. [2]. 
In these applications, high PR sensitivity and low scattering 
noise materials are needed. It is well known that these PR 
properties are influenced by doping, annealing, and other 
crystalline processes. For example, photo-induced charge 
transport process in LiNb03 can be greatly enhanced by 
transition-metal-dopants in different valence states. Fe, Cu, 
Cr, Mn, Ce, etc., dopants have been used to improve the PR 
properties of lithium niobate based materials [1, 3-5], 
However, based on the approach by Yeh [6], the PR response 
time of a LiNb03 based material is in the order of a few 
seconds, which is much slower than the actual limit, which is 
in the order of milliseconds. On the other hand, light-induced 
scattering noise (e.g., initiated by crystalline imperfections 
and non-uniform doping) through high (PR) gain 
amplification would affect the signal-to-noise ratio (SNR) of 
the material. Therefore to broaden the application of the 
LiNb03 based materials, PR sensitivity should be improved 
and scattering noise has to be minimized. 

II. CRYSTAL PREPARATION 

Both bulk and single crystal fiber LiNb03 based materials 
doped with Ce, Fe and Ce:Fe have been grown in the Material 
Research   Laboratory   (MRL)   at   the   Pennsylvania   State 

University [7], in which the conventional Czochralski 
technique has been used to grow the bulk crystals, and the 
Laser Heated Pedestal Growth (LHPG) technique is used to 
fabricate the single crystal fibers. 

By using the Czochralski process, a single crystal seed is 
dipped into a Platinum crucible containing the melt and then 
slowly withdrawn. The temperature of the crucible is heated 
by RF sources to about 1260°C. During (he withdraw process, 
the melt solidifies onto the seed, for which the crystal in 
initiated by adjusting the input heat of the melt to control the 
crystal diameter. Crystals of 60mm in diameter and 50mm in 
thickness have been grown. The samples are poled to exhibit a 
single domain by heating the crystal to the Curie temperature 
(1220°C), where the crystals become paraeleclric, in which a 
DC field (0.5~5V/cm) is applied for approximately 1 hour. To 
obtain a higher PR sensitivity, the crystals are annealed in 
vacuum chamber at ~800°C, for about 2-3 hours. 

By using the laser-healed growth process, the tip of a 
small source crystal rod is uniformly heated with a high 
intensity C02 laser beam using a reflexicon with a parabolic 
mirror. By dipping the crystal seed into the molten zone the 
fiber growth can be initiated by pulling the fiber crystal (at 
rates of a few millimeters per minute) away from the melt, 
while feeding the source rod at a commensurate steady-state 
rate. Advantages of the LHPG technique include fast growth 
rate, no poling is needed, long crystalline fiber can be 
obtained, etc. Single crystal fibers of LiNb03 and SBN of 
diameters ranging from 100-1000|im have been successfully 
grown by using this technique. 

III. CHARACTERIZATION OF PHOTOREFRACTIVE PROPERTIES 

Photorefractive sensitivity is one of the most important 
figures of merit of a PR material. For holographic 
applications, the PR sensitivity is defined as the energy 
density needed to give rise to a 1% diffraction efficiency for a 
lmm thick storage material [1], 

dW     L 
where r\ is the diffraction efficiency, W is the total incident 
energy density, and L is the thickness of the crystal. Thus, 
once we know the dynamic diffraction efficiency r\ and the 
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corresponding input optical power W, we can proceed by Eq. 
(1) to obtain the PR sensitivity S. 

The photorefractive recording time-constant determines 
the speed of a PR hologram formation, which is crucial to any 
real-time applications of the PR crystal. The build-up of the 
space-charge field can be shown, by using the Kukhtarev's 
model [5], to exhibit an exponential behavior. Hence the 
evolution of the diffraction efficiency can be expressed as [1]: 

n(t) = -nmax(i-e-X), (2) 

where ilmax is the saturation value of the diffraction 

efficiency, and T is the response time-constant (or recording 
time constant). The time-constant can be measured from the 
evolution of the diffraction efficiency. For practical 
applications, a large diffraction efficiency and a fast time- 
constant are needed. 

The maximum refractive index change Anmax of the PR 
crystal is referred to as the material dynamic range, which 
determines the maximum number of holograms that can be 
stored in the crystal. 

It has been shown by Kogelnik [8] that the photo-induced 
refractive index change An is related to the diffraction 

efficiency r\ by 

ri = exp 
ocL 

cos 9 
sin 

i ) 

7iLAn 

A,cos9: 
(3) 

lor transmission hologram, where a is the optical absorption 
coefficient, L is the crystal thickness, A, is the wavelength of 
the incident light, and 26j is the internal angle between the 
two incident beams. The dynamic range can be determined 
from Eq. (3) by measuring the saturation diffraction 
efficiency. 

We have experimentally characterized the PR properties 
for three samples doped with Fe, Ce, and Ce:Fe, respectively, 
as tabulated in Table 1. Figure 1 shows the schematic of the 
experimental setup, in which a 10mW He-Ne laser is used to 
provide the writing beams. The power of the signal beam /, 
and reference beam I2 are about the same, i.e., /p/2=2mW. 
The sizes of the two beams are about 1.5mm in diameter, and 
the external angle between them is about 7°. Extra-ordinary 
polarized lights are used, and the c-axis of the crystal is 
oriented at the incident plane. Note that this orientation allows 
the use of the largest electro-optic tensor element y33. An 
electronic shutter is placed in the reference arm, with a 
chopping rate of 1Hz and duty-cycle of 50%. 

Figure 2 shows the evolution of the diffraction efficiency 
for the three samples, in which the lower envelop represents 
the diffraction efficiency evolution. It is therefore trivial that 
the recording time-constants X, the diffraction efficiencies 

r|max, the PR sensitivities S, and the dynamic ranges Anmax can 
be measured, and the results are tabulated in Table 1. From 
these results we see that the sample with double-doping gives 
rise to the best overall PR properties. As compared with 

Fig. 1. Schematic of the experimental setup for photorefractive 
property characterization. 

reported data by Günter and Huignard [1], our results show 
that there is about a 10-fold increase in the PR sensitivity. To 
our knowledge, this is the highest PR sensitivity that has been 
reported for LiNbO-, based crystal in the red light region. 

(a)     I 

20 40 60 80 1"° 

Exposurs time (seconds) 

-r 

(b) 

60 120 180 2*0 300 

Exposure time (Seconds) 

(C) 

20 40 60 
Exposure time (seconds) 

80 100 

Fig. 2. Development of the photorefractive process. The lower 
envelop represents the diffraction evolution. 

(a) Fe:LiNb03 ; (b) Ce:LiNb03 ; and (c) Ce:Fc:LiNb03. 
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Table 1. Photorefractive properties of LiNb03 with Fe, Ce, and Ce:Fe dopants 

Fc:LiNb03 Ce:LiNbO, CeiFeiLiNbO, 
Doping concentration Fe:0.08mol% Ce:0.08mol% Ce:0.08mol%, Fe:0.08mol% 

Response time constant T (seconds) 18 158 21 

Dynamic range Anma, 1.4xl0"4 1.9X10"4 1.8X10-4 

Inverse of PR sensitivity S_l (mJ/cm) 17 97 14 
Maximum diffraction efficiency T)max 51% 66% 61% 

IV. Low TEMPERATURE PHASE-TRANSITIONS 

One important advantage of LiNb03 is the high Curie 
point (~1220°C), which makes it very robust against 
temperature perturbations. In fact, all samples of LiNb03 

show the high temperature phase-transition. Intrinsic LiNb03 

samples show only one phase-transition, however doped 
LiNb03 based materials have been found to exhibit some low 
temperature transitions [9-10]. Notice that the doped LiNb03 

crystals remain in the ferroelectric domain at low temperature 
phase-transitions, which have not been fully understood and 
no report has been given on the influence of the PR properties 
due to the low temperature phase-transitions 

In this section, we will present our preliminary 
investigation on the PR effect (two-wave coupling constant, 
and phase-conjugate reflectivity) as affected by the low 
temperature phase-transitions of the Ce:Fe:LiNb03 crystal. 
Figure 3 shows the experimental setup, in which a 
Ce:Fe:LiNb03 crystal is mounted in a temperature 
(controlled) oven. The size of the sample is 10x10x1 (mm3), 
and the doping concentrations for both Ce and Fe are the 
same amount, 0.08mol%. The crystal c-axis is oriented at the 
incident plane, where the extra-ordinary polarized laser beam 
is used. A He-Ne laser provides the incident beams, with 
pump beam /, and signal beam I2. In our experiment, the 
intensities of the incident beam are /p4mW, and /2=10uW, 
respectively. The strong pump beam is perpendicularly 
incident on the crystal, and the external angle between /, and 
l2 is about 7°. An electronic shutter is placed in the pump arm, 
by which the pump beam can be modulated. 

It has been shown by Yeh [6] that the two-beam coupling 
constant T can be approximated by 

L 
In 

I2'(L)    with    pump 

I,(L)    without pump 
(4) 

under the undepleted (pump) condition, where L is the crystal 
thickness, /2(L) and I2' (L) are the transmitted signal intensity 

with and without the pump beam. 
Since the temperature range between 20°C and 120°C is 

important to the holographic thermal fixing process, we have 
measured the (saturation) coupling constant T as a function of 

Fig. 3. Experimental setup for the measurement of low temperature 
phase transitions. 

the crystal temperature and result is depicted in Figure 4(a). 
Thus we see that there are three peaks of coupling constant at 
57°C, 70°C and 110°C that show possible structural phase- 

transitions at these temperatures. The largest V occurs at about 
57°C and has about 45% increase in the coupling constant. 
We note that these phase-transition temperatures are similar to 
those reported by Ismailzade, et al. [9] and Engelmann, et al. 
[10]. 

We have also measured the phase-conjugate reflectivity R 
as a function of the crystal temperature between 20°C and 120 

°C and result is plotted in Figure 4(b). R is defined as the ratio 
of the phase-conjugate beam intensity to the signal beam 
intensity. This phase-conjugate beam is primarily due to the 
four-wave mixing process occurred among the pump, back 
reflection and signal beams. Again, we observe the peak 
reflectivities R at the same phase-transition temperatures as 
the coupling constants T, and the largest R is at about 70°C, 
which has about 300% increase in the reflectivity. We can 
also see that the peaks are about 3~4°C wide (full-width half 
maximum). 

We would point out that, since the temperature gradient 
across the crystal section and the temperature fluctuations 
caused by the ambient air turbulence may be as large as 
several degrees Centigrade, the above mentioned peaks may 
in fact be much higher and narrower than what we have 
observed. We suggest further study of the phase-transitions 
and their impact on the PR properties of LiNb03 based 
materials, which include transmission electronic microscopy 

638 



(TEM), DTA, 
others. 

DSC, dielectric constant measurement, and 
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Fig. 5. Wavelength-multiplexed reflection correlator. 

respectively. In view of these results, we see that the 
holographic images are faithfully reconstructed, by which a 
large-capacity optical correlator, in principle, can be 
developed using a reflection-type wavelength-multiplexed 

(PR) spatial filter. 

(a) 
P   S   U   R   M 

Fig. 4. Temperature dependency of the two-wave coupling constant 
r and phase-conjugate reflectivity R. 

V. APPLICATIONS OF PR Ce:Fe:LiNb03 CRYSTAL 

(BULK AND FIBER) 

A). High capacity wavelength-multiplexed image correlator 

Optical pattern recognition is a viable field in optical 
signal processing, machine vision, target tracking, etc. As 
compared with the classic Vander Lugt filter, a PR crystal 
based image correlator has the advantages of real-time 
processing, large capacity and less stringent alignment 
requirement. We shall propose a reflection-type wavelength- 
multiplexed spatial filter, as applied to a high capacity 
correlator, as shown in Figure 5, in which a 1-cm cube z-cut 
CerFerLiNbO, crystal is used for the filter synthesis. A 
tunable diode laser (New Focus Model 6102 with 
a tuning range of 12nm at 670nm central wavelength) is used 
as the light source, for which reference targets can be 
sequentially recorded in the crystal. In read-out process, a 
target is displayed on the input spatial-light modulator (SLM), 
by which a correlation peak can be observed if the correct 
read-out wavelength is used. 

Proof-of-concept experiments have been conducted as 
shown in Figure 6, in which a set of "P", "S", "U", "R", and 
"M" letters are used as the reference targets. In this 
experiment, we use a 0.1 nm laser tuning step with a 10- 
second exposure for each hologram construction. The 
reconstructed holographic images and the corresponding 
correlation peaks are shown in Figure 6(b) and (c), 

PSURM 
(b) 

(c) 

Fig. 6. Experimental results of the reflection wavelength-multiplexed 
correlator, (a) Input letter images; (b) Reconstructed images; 

(c) Auto-correlation peaks. 

B).   Tunable narrow-band in-fiber Bragg filter using  PR 
crystal fiber 

PR processes have been extensively studied in bulk 
materials for a variety of applications to optical signal 
processing and other photonic technologies. Unfortunately, 
the lack of availability of large single crystals severely limits 
the use of PR materials in practical applications. 

On the other hand, PR fibers provide long length 
structure that can be utilized for some new applications, such 
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as high capacity fiber bundle memories, electro-optic fiber 
switches, fiber optic interconnections, and others [11-14]. 

Because of high electro-optic coefficient of the PR 
materials, it is possible to develop electrically tunable fiber 
optic switches. One of the major advantages of fiber switches 
must be its physical form, in which it can be easily coupled 
with fiber links in a fiber-optic network. Mention must be 
made that photonic switches have been used in fiber optic 
communication and reconfigurable networks. However, the 
integrated-optic photonic switches are difficult to fabricate 
and not convenient to interface with optical fibers. We shall 
now propose an electronic tunable (Bragg-diffraction) fiber 
switch using a Ce:Fe:LiNb03 fiber, as follows: Figure 7 
shows a sketch of a fiber switch, in which an axial 
holographic grating is constructed by the counter-propagating 
beams (i.e., reflection-type fiber hologram) within the PR 
fiber [7, 12-14]. This axial grating can in fact be thermally 
fixed by heating the crystal fiber to about 150°C followed by 
a uniform illumination at room-temperature. Since the axial 
index grating acts as a notch filter, the wavelength that does 
not matched with the grating will be rejected (i.e., 
transmitted). It is apparent that by taking advantage of the 
high electro-optic constant (e.g., 30.8xlO-12m/V for LiNb03) 
of the PR fiber, the distribution of the index grating and the 
birefringence of the fiber can be varied by the applied electric 
field patterns within the fiber. In other words, the Bragg 
diffraction condition of the index grating can be manipulated 
by an external field patter, for which the matched wavelength 
of the grating can be shifted. Since the electro-optic effect 
takes place in a PR material almost instantaneously (e.g., 
<1012 s for LiNbOj), the tunable fiber switches would be very 
fast in the order of GHz to THz. 

Cladding 

The wavelength shift 8A, due to the external electric field 

induced index deviation An can be estimated by 
8A,     An ,,, 
— = —, (6) 
A„       n 

PhotorofractlvB 
UNbO. fiber 

Fig. 7. A sketch of a tunable fiber switch. 

The spectral bandwidth of the fiber switch can be shown 
to be inversely proportional to the length of the fiber [13], 

A^ = TT' (5) 2nL 
where X0 is the wavelength in vacuum, n is the refractive 
index of the fiber, and L is the fiber length. To have a feeling 
of magnitude, we assume L=5cm, A,0=1.5(im, and n=2.28, for 
which we have A^=1.0xl0"' 'm (i.e., 1.3GHz), which is 
matched with the channel bandwidth of the fiber optic 
communication networks. 

where 

An=-- 

Here AE is the variation of the applied electric field, and 7c(T 

is the (effective) electro-optic coefficient of the fiber. In order 
to have a feeling of magnitude, we assume a PR 
(Ce:Fe:LiNb03) fiber, n=2.28, Yeff=30.8xlCrl2m/V, A.0=1.5u. 

m, and AE=100V/mm, for which we have An=1.8xl0-, and 5A, 

= 1.2x10"''m (1.6GHz). Therefore we see that, by applying a 
specific electric field pattern along the fiber, a high speed 
fiber optic switch can be developed. The major merits of the 
proposed electro-optic fiber switch must be the high SNR, low 
loss and high extinction ratio, for which may warrant a wide 
variety of applications, particular to optical fiber networks. 

VI. CONCLUSION 

We have presented a specially doped LiNb03 crystal 
(both bulk and fiber) and the PR effect due to dopants. We 
have found that double-doped Ce:Fe:LiNb03 crystal exhibits 
higher PR sensitivity, larger dynamic range, wider spectral 
bandwidth, and lower scattering noise, for which the crystal 
(bulk and fiber) would offer a variety of promising 
applications. In this study, we have found several anomalous 
PR sensitivities in the specially doped material, which occur 
at 57°C, 70°C and 110°C crystal temperatures. These 
anomalies are primarily due to the possible structural phase- 
transitions of the crystal. The application of this specially 
doped crystal to wavelength-multiplexed spatial filters is 
experimentally demonstrated, in which we have shown that a 
large capacity correlator using a tunable diode laser is 
feasible. We have also proposed an application of using this 
double-doped PR fiber to photonic switching. Owing to the 
high electro-optic coefficient of the material, a high speed 
electro-optic fiber switch in principle can be developed. In 
short, the specially doped (Ce:Fe:LiNb03) material is at the 
threshold of practical reality, there is much that remains to be 
done before it becomes a wide spread of application. 

* D. M. Salerno is with the Photonics Group, U.S. Army 
Missile Command, Redstone Arsenal, AL 35898-5248. 
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Abstract — Uncooled infrared focal plane arrays have been 
developed which employ four detection mechanisms: resistive 
bolometric, pyroelectric, ferroelectric bolometric and 
thermoelectric. They find application in thermal imaging systems 
for night vision. Each of the four mechanisms is described. 
Figures of merit are defined. The fundamental limits to the 
performance of thermal detectors are presented. The state-of-the- 
art of the four types of thermal detectors is described and the role 
of uncooled focal plane arrays in thermal imaging systems is 
discussed. 

INTRODUCTION 

Thermal imaging systems are night vision systems which 
enable the user to view a scene by means of the infrared radiation 
emitted by everything within the field of view of the system. The 
focal plane array is that part of the system which transduces the 
image of the scene focused upon it by the infrared-transmitting 
lens into a signal, usually electronic, which, after amplification 
and signal conditioning, is then displayed as a visible image on 
the screen of a display device. Most scenes being viewed, e.g., 
the interior of a building or terrain of a battlefield, are at or near a 
temperature of 300°K. The wavelength distribution of 300°K 
radiation approximates that of a gray or blackbody whose peak 
spectral emission is at 10p.m. Most thermal imaging systems 
therefore operate either in the 8-12|tm atmospheric window or in 
the 3-5p:m atmospheric window. 

Thermal imaging systems in widespread use today employ 
photon detectors as the transducers. Here the absorption of 
infrared photons by the focal plane array causes the release of free 
electrons or holes within the semiconductor comprising the focal 
plane array. To suppress thermal excitation of free carriers due to 
the ambient temperature, focal plane arrays made of photon 
detectors are cooled to temperatures well below 300°K. For 
example, the most widely used photon detector, Hg0.HCd0.2Te 
operating in the 8-12p:m atmospheric window, must be cooled to 
the temperature of liquid nitrogen, 77°K. Others operating in the 
3-5 \xm window, such as InSb, require less cooling, usually 
operating at or about 195°K. For field use mechanical 
refrigerators known as cyrocoolers are employed. 

The other major category of infrared detectors is that of 
thermal detectors. There are four principal categories: resistive 
bolometers, pyroelectric detectors, ferroelectric bolometers, which 
are also known as field-enhanced pyroelectric detectors, and 
thermoelectric detectors. Resistive bolometers are temperature 
sensitive resistors, made from metals, semiconductors, or 
superconductors, where they operate at the normal-to- 
superconducting transition edge. Pyroelectric detectors, made 
from ferroelectric materials, exhibit a polarization which depends 
upon the time rate of change of the detector temperature. Thus 
they are capacitors. Ferroelectric bolometers are similar to 
pyroelectric detectors, but an electric field is applied to enhance 
the output signal. Because pyroelectric detectors and ferroelectric 
bolometers respond to the time rate of change of their 
temperature, they require the incident radiation to be temporally 
modulated or "chopped." Thermoelectric detectors are junctions 
of dissimilar materials which exhibit the Seebeck effect. They are 
radiation-sensitive thermocouples. When several junctions are 
connected in series to enhance the signal voltage, the device is 
termed a "thermopile." Like pyroelectric detectors, thermoelectric 
detectors do not require an electrical bias. 

In contrast to photon detectors, thermal detectors do not 
require cooling to exhibit adequate sensitivity. The tradeoff 
however, is that their photoresponse is relatively slow compared 
with that of most photon detectors. Whereas the response time of 
photon detectors is determined by the free carrier lifetime, which 
for most photon detectors at their operating temperature is 
microseconds or less, the response time of thermal detectors is the 
inverse of the rate at which they lose heat to their surrounding 

Thus the response time of thermal detectors is the ratio of their 
heat capacity to the thermal conductance of their principal heat 
loss mechanism. Typical response times of sensitive thermal 
detectors are milliseconds or more. 

Thermal imaging systems are characterized by their frame 
rate, which is the number of frames of imagery displayed per 
second. Here a frame is the output of all the picture elements 
("pixels") required to display a two-dimensional (2D) image. The 
2D image can be produced by a 2D array of pixels such that there 
is a 1:1 correlation between the pixels in the focal plane array and 
on the screen. Alternatively, a linear array of pixels can be 
scanned across a scene by a moving mirror, each pixel generating 
a line of imagery whose point-to-point brightness variation 
corresponds to that of the scene being viewed. 

In the U.S., most thermal imaging systems, including the 
common modular FLIR (Forward Looking Infrared) employed by 
the U.S. Armed Forces, operate at the standard TV frame rate of 
30 frames per second. Thus the frame time is 33 msec. The pixel 
response time of a scanning thermal imaging system must be no 
greater than 33 msec divided by the number of resolution 
elements in a scanned line, which usually requires a response time 
much less than 1 msec. On the other hand, the pixel response 
time of a staring thermal imaging system must be no greater than 
33 msec, which is compatible with the response time of thermal 
detectors. In practice, a response time of about 10 msec is 
employed. 

Although thermal detection mechanisms have been known 
for many decades, it was the development of modern process 
technology which enabled their use in large pixel arrays. Today 
linear and 2D arrays of thermal detector (and photon detector 
also) are prepared by techniques similar to those used in the 
preparation of integrated circuits, although the material employed 
may or may not be silicon. It was this ability to make large arrays 
at relatively low cost which was the technical breakthrough 
enabling the development of uncooled infrared focal plane arrays 
based upon thermal detection mechanisms. 

THEORETICAL FOUNDATION 

Figures of Merit 

Five figures of merit are employed to characterize the 
performance of infrared focal plane arrays, i.e., spectral response, 
responsivity, D* (pronounced "dee-star"), response time and noise 
equivalent temperature difference (NETD). They are as follows: 

Spectral response 

Responsivity 

the dependence of the pixel output signal 
upon the wavelength of the incident 
radiation for a constant incident intensity 
per wavelength interval falling on the 
pixels. The units are dimensionless. 

the pixel output signal per Watt of incident 
radiant power falling on the pixel, 
expressed as Volts/Watt or Amps/Watt. 

the pixel output signal-to-noise ratio per 
Watt of incident radiant power falling on 
the pixel, measured in a 1 Hz bandwidth. 
The units are cm Hz'^/Watt. 

Response Time x the time required for the pixel signal to 
decrease to 37% of its value after radiation 
is removed from the pixel. 

NETD the change in temperature of a large 
blackbody in a scene being viewed by a 
thermal imaging system which will cause a 
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change in signal-to-noise ratio of unity in 
the output of a pixel upon which part of the 
blackbody is imaged. 

Fundamental Limits j I / 

All sensors are subject to upper bounds of performance 
arising from the nature of the phenomena being sensed. Photon 
detectors are subject to the BLIP (Background Limited Infrared 
Photodetector) limit arising from the statistical nature of the rate 
of arrival of photons from the background surrounding the scene 
being viewed. Thermal detectors are subject to two limits, the 
temperature fluctuation noise limit and the background fluctuation 
noise limit. 

All thermal detectors warmed by absorption of incident 
infrared radiation return to their initial temperature when the 
radiation is removed. The manner by which they lose energy to 
their surroundings can in principle be by means of convection, 
conduction and radiation. Whatever the heat loss mechanism is, 
the ultimate sensitivity is set by temperature fluctuation noise. 
All infrared detectors, including thermal detectors, have internal 
noise.    If these sources of internal noise are negligible by 
comparison, the ultimate performance of a pixel of a thermal 
detector arises from random fluctuations in the temperature of the 
pixel. These fluctuations are determined by the heat loss 
mechanism.   It can be shown that the temperature fluctuation 
noise limit to D   given by DTF, is 

The NETD is frequently employed to characterize the 
performance of a focal plane array. The expression for the NETD 
of a thermal imaging system is 

NETD = 
4F2 + 1)V, N 

ADTÜR(AP/AT); 
(4) 

Here F is the //no. if the optics, VN is the electrical noise within 
the system bandwidth, T0 is the transmittance of the atmospheric 
path between scene and system multiplied by the transmittance of 
the optics, R is the pixel responsivity and (AP/AT)^ _A   is a 

blackbody function. Assuming operation in the 8-12 u.m spectral 
interval and a 300°K scene temperature, the value of 
(AP / AT)A _A   is 2.62x1 (H Watts/degK. 

By definition, the relationship between R and D* is 

D  =- 
R(ADB \l/2 

V, 
(5) 

where B is the electrical bandwidth. Thus it is possible to express 
the temperature fluctuation noise limited NETD and the 
background fluctuation noise limited NETD by combining Eqs. 
(1), (3), (4) and (5). 

D TF 
V 

q2AD 

4kT*Gy 
(1) NETD, 

2TD 4F" + 1 (kBG .1/2 

TF 77ADr0(AP/ATs A,-A, 

(6) 

where T) is the absorptivity of radiant power by the pixel, the 
value of which lies between zero and unity, Arj is the area of the 
pixel, k is Boltzmann's constant, Tp is the temperature of the 
pixel, and G is the thermal conductance, expressed in Watts/degK, 
of the heat loss mechanism. 

Equation (1) shows that the limit to the sensitivity of focal 
plane arrays based upon thermal detection mechanisms is 
determined by the thermal conductance G. The most important 
factor in array design is high thermal isolation, i.e., low thermal 
conduction. It is the design of the thermal isolation structure 
which controls the ultimate performance of focal plane arrays 
based on thermal detection mechanisms. 

The response time r of all thermal detection mechanisms is 
given by 

C 

G 
(2) 

where C is the pixel heat capacity. Attaining high thermal 
isolation, i.e., a low G value, requires a low C value in order that T 
meet the system response time requirement.  For example, if it is 
required that T be 10 msec, then, if G is 10"7 Watts/degK, C must 
be l()"y Joules/degK. This requires very thin pixels of materials 
with low specific heats. 

If the pixel is so well thermally isolated that the only heat 
loss mechanism is by radiation from the pixel to its surrounding, 
then the pixel is said to be background fluctuation noise limited. 
This is the ultimate manifestation of the temperature fluctuation 
noise limit. It can be shown that the background fluctuation noise 
limit DRF of a pixel is given by 

DBF = 
MTD+TB) 

1/2 

(3) 

and 

NETDBF = 
4P + 1 

T„ AP/AT, S/A,-A 

8kaB(T^ + T^) 
1/2 

(7) 

Here Ts is the scene temperature. 
By assuming values of the parameters, the temperature 

fluctuation noise and background fluctuation noise limits to the 
NETD of thermal detectors can be determined. Figure 1 
illustrates the limits for the values of the parameters shown. They 
are typical of the parameters of large uncooled staring focal plane 
arrays. Real arrays having excess internal noise will fall within 
the area bounded by the temperature fluctuation noise and 
background fluctuation noise limits. 

Assumptions 

• Pixel: 2 mil 

• Pixel absorption: 85% 

• Array temperature: 300 K 

• Pixel fill factor: 50% 

• Optics Iransmission: 90% 

• Optics: 1/1.0 

• Display frame rate: 30 Hz 

10 10"' 1(T 

t T 
Radiative Measured Value for 

Limit HIDAD Microbolometers 

Figure 1:    Noise Equivalent Temperature Difference of 
Uncooled Thermal Arrays as a Function of 
Thermal Conductance for the Assumed Values of 
the Parameters Listed.    From R.A. Wood [3]. 

Here   o   is  the   Stefan-Boltzmann   constant   and  TB  is the 
background temperature. 
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It is to be noted that the responsivity does not appear in Eqs. 
(1), (3), (6) and (7). High responsivity does not automatically 
give rise to either the temperature fluctuation noise limit or to the 
background fluctuation noise limit. It is possible in principle to 
attain these limits with a low responsivity. The value of having a 
high responsivity is to minimize the contribution to the total 
system noise from the electronics used to read out the signals 
from the focal plane array. Obviously, if the total noise is 
dominated by the electronics noise, the system cannot be 
temperature fluctuation noise or background fluctuation noise 
limited. 

STATE-OF-THE-ART 

Monolithic Thin Film 2D Resistive Bolometer Array 

Wood and colleagues 12|-[4| have described the 
construction and performance of a 2D array of resistive 
bolometers developed under a Department of Defense program 
termed H1DAD (High Density Array Development). Organized 
into 240 rows and 336 columns, the array consists of 80,640 
pixels, each 50 |im square. Twelve arrays are processed on a 4 in. 
diameter silicon wafer. The pixel thermal isolation structure, see 
Figure 2, consists of a silicon nitride membrane upon which is 
deposited a sputtered thin film of vanadium oxide. The silicon 
nitride membrane is supported above the silicon substrate by two 
legs whose width, length and thickness have been adjusted to 
provide a thermal conductance of 8x10~x Watts/degK. The heat 
capacity of each pixel is 8xl0'10 Joules/degK; thus the thermal 
response time is 10 msec. Under each pixel in the substrate is a 
transistor employed as a self-closing matrix-addressable switch. 
Operating at 30 frames per second with //l optics, the measured 
NETD is 0.040 degC. Thermal imagery which is equivalent to or 
better than that from scanned linear arrays of mercury cadmium 
telluride operating at 77°K is obtained at a far smaller system cost. 

Silicon Nitride and 
Vanadium Oxide 

X-metal 

Monolithic 
Bipolar 

Transistor 

Figure 2: Thermal Isolation Structure Employed in  Uncooled 
Monolithic Thin Film 2D Resistive Bolometer 
Array.   From R.A. Wood, et al. [4]. 

Monolithic Thin Film 2D Pyroelectric Arrays 

Polla and colleagues [5] have described the construction and 
predicted performance of a monolithic 2D array using the 
pyroelectric effect in thin film lead titanate. The lead titanute film 
is deposited upon a polysilicon thin film over an air gap, see 
Figure 3. The array consists of 4096 pixels each 50 urn square 
organized in 64 columns and 64 rows. The pixel D* value is 
2xl08 cm Hz^/Watt. The NETD is unstated. 

Pyroelectric Thin Film 
Pt 

Polysilicon 
MicrobTidge 

ww^M^MWWWM////F7P7my)77777m 

!v^|7Ty^^p'\v| 

Sate 
Field Oxide 

Gate Oxide 

Figure 3:    Thermal Isolation Structure Employed in Uncooled 
Monolithic Thin Film 2D Pyroelectric Array.   From L. 
Pham, C. Ye and D.A. Polla [5]. 

Cole and colleagues 16| are developing a monolithic 2D thin 
film array also using the pyroelectric effect in lead titanate, but 
with a different thermal isolation structure from that of Polla. As 
Figure 4 show, the structure bears a marked resemblance to that 
employed by Wood and colleagues for their monolithic thin film 
arrays shown in Figure 2. This is not surprising since Cole is a 
collaborator with Wood on the latter. The predicted NETD of the 
monolithic thin film lead titanate pyroelectric array using //l 
optics is 0.01 degC. 

PbTiO] 

Figure 4:    Thermal Isolation Structure Employed in Uncooled 
Monolithic Thin Film 2D Pyroelectric Array. 
Personal Communication from B.E. Cole and R.D. 
Horning,  Honeywell Technology Center.  See [6]. 

Hybrid 2D Pyroelectric Array 

Butler and Iwasa |7| have described the construction and 
estimated performance of a 2D array of lithium tantalate 
pyroelectric pixels bump-bonded to a silicon array of multiplexers 
to read out the pyroelectric signals. Such construction which 
joins two arrays of differing materials is termed hybrid. Figure 5 
illustrates the structure. The thermal conductance of the heat path 
from pixel to substrate is 3.3xl0"6 Watts/degK. The prototype 
imaging system uses an array of 192x128 pixels on 50 |im centers. 
The predicted NETD is less than 0.1 degC with //l optics when 
operating at 30 frames per second. A radiation chopper is 
required. 
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CMOS MULTIPLEXER METALLIZED POLYMER INTERCONNECT 

Figure 5: Thermal Isolation Structure ot Uncooled Hybrid 
2D Pyroelectric Array.   From N. Butler and S. 
Iwasa  [7]. 

Hybrid 2D Ferroelectric Bolometer Array 

Hanson and colleagues |8, 9| have described the 
construction and measured performance of a ferroelectric 
bolometer hybrid 2D array, also known as a field enhanced 
pyroelectric hybrid array. Developed under a HIDAD contract 
having similar objectives to that of Wood and colleagues [2J-[41, 
Hanson and colleagues obtained equally impressive performance. 
They employed the ferroelectric ceramic barium strontium 
titanate (BST) whose ratio of barium to strontium was controlled 
so that the Curie point was at 22°C. Although the pyroelectric 
effect requires no electrical bias, Hanson and colleagues applied a 
bias which increased the responsivity over the unbiased value. 
The construction, see Figure 6, is hybrid wherein each BST pixel 
was bump bonded to a readout circuit in the underlying silicon 
substrate. With 245x328 pixels on 50 (im centers, the measured 
NETD with //l optics at 30 frames per second was 0.07 degC. 
As with pyroelectric arrays, this array requires a radiation 
chopper. 

Figure 6:    Thermal  Isolation Structure of Uncooled  Hybrid 
2D Ferroelectric Bolometer Array.    From 
Charles Hanson, et al. [8]. 

DISCUSSION 

Uncooled infrared focal plane arrays based upon thermal 
detection mechanisms, including resistive bolometric, 
pyroelectric, ferroelectric bolometric and thermoelectric will have 
a major impact on thermal imaging systems. Although their 
response speed is much slower than that of photon detectors, it is 
sufficient for staring arrays operating at 30 frames per second. 
Performance equal to or superior to most cryogenic photon 
detector scanned arrays has been demonstrated. Array costs, 
especially for those employing monolithic construction, will be 
equal to or less than those for photon detector arrays. Systems 
cost will be substantially less because cryogenics are not required. 
Because of their low cost, thermal imaging systems employing 
uncooled thermal detectors will find widespread application not 
only in the military but also commercial fields. The largest 
application will probably be that of automobile night vision 
systems 111). 
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Monolithic Thin Film Thermopile Linear Array 

Wilson and colleagues [10] have described the construction 
and performance of a 96 pixel linear array of thermopiles 
integrated on a silicon microstructure. Each pixel consists of 
several nickel iron/chromium thermocouples connected in series 
which have been deposited on a silicon nitride membrane over a 
silicon substrate. The measured NETD using //0.73 optics was 
0.16 degC. The thermal response time was 5 msec. Neither 
radiation chopper nor electrical bias is required. 
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Abstract 

The pyroelectric effect in ferroelectric materials has long been used 
for the detection and imaging of long wavelength infra-red radiation. 
Lead scandium tantalate (PST) has been shown to have exceptionally 
good pyroelectric figures of merit, especially for small detectors of 
the type involved in the large arrays needed for uncooled solid state 
thermal imaging[l]. This paper will review the properties of PST in 
relation to those of other materials which have been considered for 
use in this role and discuss how the inclusion of dopants[2] can be 
used to modify the properties of the material in a way which would 
be beneficial to certain modes of detector operation, particularly with 
respect to the elimination of the requirement of cooling. Single 
element detectors and linear and two dimensional arrays have been 
made using PST. Their properties are compared with those of similar 
devices made using conventional pyroelectric ceramics. Ferroelectric 
thin films can now be made using sol-gel techniques whose figure-of- 
merit are comparable with those of bulk ceramic materials and the 
properties of these will be reviewed in relation to those of the 
ceramics discussed above and their potential for device applications 
discussed. 

Introduction 

Infrared detection and thermal imaging are currently topics of 
strong interest for both military and commercial applications ranging 
from night vision, surveillance, driving aids, fire-fighting and 
security systems [3-5]. IR detectors of most interest operate in the 3- 
5u.m and 8-14 u.m wavebands, corresponding to atmospheric 
"windows" of low absorption and also to thermal blackbody maxima 
at around room-temperature. At present commercially available high 
resolution systems utilise photoconductive or photovoltaic p-n 
junction detectors based on Cadmium Mercury Telluride (CMT), or 
Si-PtSi Schottky barriers [6-7]. However, the materials are difficult 
to grow and require cooling, usually to 77K for maximum ideal 
performance and therefore applications are limited to high value high 
power systems. Thermal detectors on the other hand do not require 
cooling and although the performance is lower, the technology is 
comparatively cheap and is thus able to provide low power compact 
IR cameras. The most successful uncooled arrays to date use a hybrid 
solder bumped technology and are based on ferroelectrics as the 
detector material, operating as pyroelectrics or (in a related mode ) as 
dielectric bolometers[8-9]. Further improvement has continued with 
the development of phase transition materials such as Lead Scandium 
Tantalate(PST)[10]. The competition between detectors has become 
keener as the designs move towards integrated technologies 
involving direct deposition of the detector as a thin film onto the 
integrated circuit. This potentially would yield higher performance 
with reduced costs. 

This paper will discuss the application of both hybrid and thin 
film PST for improved pyroelectric arrays, emphasising progress in 
the last few years. For a thorough discussion of the principles of 
pyroelectricity and ferroelectric material considerations, the reader is 
referred to Refs.[land 11-12]. 

Ferroelectric Materials - PST 

Ferroelectrics used as pyroelectric detectors, can loosely be 
divided into materials with high or low transition temperatures(Tc). 
The former, eg. LiTa03, are characterised by low permittivity, high 
voltage response and good stability, and are useful for comparatively 
large area detectors. The development of an optimised pyroelectric 
ceramic based on modified lead zirconate has been extensively 
discussed elsewhere[2] and will not be reported here. The latter, such 
as PZT and PST based ceramics offer increased charge response and 
permittivity, providing a better impedance match to following 
electronics when used in applications requiring smaller detectors. 
They suffer from increased dielectric loss and from the risk of 

progressive de-poling. Stable operation at Tc can be achieved by the 
application of a DC-bias field in the so called bolometer mode. An 
example of such a material is PST, (Pb(Sco.5Tao.5)C>3) [13]. The 
material has a first order phase transition at 25-30°C, and when 
operated under bias has been reported[10] to yield very high 
reversible pyroelectric coefficients, which translate to material 
Figure-of Merit (FD) values defined as: 

FD= P/(CV(E. tan 3)) 
where P = Pyroelectric coeff. (Cm^K"1) 

C = Volume heat capacity (2.7 xlO6 Jm^K"1) 
e = Absolute Permittivity 
tan 9 = Dielectric loss (%) 

of -17xl0"5 Pa"1/2, more than double the values obtained for PZT 
ceramic. It should be noted that P and E (and thus FD) are strongly 
dependant upon applied field and temperature and must be measured 
over a range of conditions when dielectric bolometer operation is 
being considered. £ and tan d should also be measured at the 
frequency of interest (usually 50 to 200 Hz for thermal imaging 
applications). 

PST has been shown to give excellent FD when compared with 
other materials such as KTaxNbi-x03(KTN)[14], Bao.65Sr0.35TiC>3 
(BST 65/35)[15] and (Pb0.99Lao.01)(Mgl/3Nb2/3)03 
(PLa01MN)[16]. Figure 1 shows the temperature dependence of.Fo 
under a field of 5V/|im when compared with BST65/35 and 
PLaOIMN under similar field conditions and modified PZ at zero 
bias. It can be seen that the FD for PST is 3.5 times the value for 
modified PZ at 25°C. The PST ceramic FD peaks at a value 80% 
greater than its nearest dielectric bolometer rival BST65/35. 
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 BST 65/35 
"PLaOIMN 
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"0 20 40 60 80 
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Fig. 1. Variation of FQ with temperature for several dielectric 
bolometer materials compared with Mod.PZ. 

More recently, the properties of a solid solution (l-x)PST- 
(x)PbTiC"3 have been reported [17-18]; for an x value of 0.4, the 
Curie temperature was increased to 182°C and the maximum 
dielectric constant was >30,000. Some of our own results on this and 
a PbZrÜ3 doped PST composition will be discussed here and 
compared with undoped-PST. Other studies[19] on doped PST have 
concentrated on K, Bi and PSN(lead scandium niobate) as the 
dopants, and will not be discussed here. 
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Experimental Procedure 

Ceramic preparation 
The detailed procedure for the preparation of PZ and PT modified 

PST ceramics is given in [20]. Briefly, three preparation routes were 
chosen. These were: 
(A) Ball milling and a single calcination at 900°C of the starting 
oxides, followed by hot pressing the powder at 40MPa and 1200°C 
for 6hrs. 
(B) ScTa04 was initially prepared via the high temperature 
wolframite prereaction stage, and then the separate preparation of 
PST and PZ/PT using standard milling and calcination techniques. 
Both powders were then milled together and calcined at 900°C. After 
hot pressing the ceramic was annealed at 1400°C for 4hrs, with PZ 
spacer powder to compensate for lead loss. 
(C) ScTa04 and Z1O2 were reacted and the calcined with PbO and 
hot-pressed at 1100-1200°C. The ceramic was not annealed in this 
case. 

PST/PT ceramics were exclusively prepared using method B. 

Thin Film Preparation 
The hybrid array designs involve a number of lengthy 

fabrication processes which ultimately determines the yield and costs 
as the size of the arrays increase, eg. ceramic slicing and polishing 
followed by laser reticulation and solder bump bonding. Integrated 
technologies on the other hand offer substantial reductions in terms 
of processing complexity and therefore a increased yield for very 
large array sizes, with reduced costs. For this approach, two key 
areas need to be addressed: 
(a) Silicon micro machining, either bulk or surface - to fabricate 
thermally isolated structures on the IC. 
(b) Deposition of the detector material on such structures, without 
any detrimental effects on the IC. 

Reports on fabrication of such structures have been reported by 
Polla et al [21] using lead titanate as the detector material, to form a 
"sparse" array. Currently most effort is concentrated on the 
fabrication of dense 2D-array structures for thermal imaging 
applications for which materials with high Fß values as thin films 
can be utilised. 

Thin film PST was prepared as described in detail in Reference 
[22]. This route was chosen so as to avoid the formation of the 
pyrochlore phase, which severely degrades the dielectric properties 
and are the primary source cause of variations in dielectric properties. 
The composite film consisting of layers of ScTa04 interspersed with 
PbO layers was sintered in air at temperatures up to 900°C, in a lead 
rich environment. Films were typically prepared on sapphire(1102), 
gadolinium gallium garnet (GGG) and a MgO-coated sapphire. The 
MgO layer was incorporated as a release layer. We have also recently 
developed a method of depositing PST from a solution of all three 
precursors, onto metallised silicon substrates at a temperature of 600- 
650°C. 

For all samples, the lower transition temperature Tci occurred at 
~35°C, whereas the higher TC2 was dependent on the ratio of PZ to 
PST. After annealing at 1400°C, the above ceramics were found to 
have single sharper peaks in £r and D and the Tc2 value was reduced 
Tables I and II summarises the results of the dielectric properties 
pre- and post-annealing. It is also interesting to note that the X-ray 
data indicated distinct two phases from the PST-PZ powder and hot- 
pressed ceramic, the annealed ceramic has a single phase perovskite 
structure. These results indicate that a completely reacted solid 
solution between PST and PZ is not formed at 900°C, but that only 
after high temperature annealing is a single phase obtained. 

TABLE I. Properties of PST-PZ ceramics after hot-pressing. 
prepared 
using Method B  

Sample    Tc2     er(atTc2) D(at 120°C) Density 
 CO      (1.5kHz)             (1.5kHz)            (gcm^) 

0.075 AL124 74 8000 0.00085 8.944 
0.100 ALI 18 78 10200 0.00150 8.926 
0.125 AL125 82 14200 0.00090 8.842 
0.150 AL132 88 13000 0.00220 8.847 
0.200 AL133 98 16000 0.00375 8.815 

TABLE II. Properties of PST-PZ ceramics after annealing at 1400°C. 
prepared using Method B.  

Sample Tc2 
£Q_ 

er(atTc2) 
(1.5kHz) 

D(at 120°Q 
(1.5kHz) 

Density 
(g crniS) 

0.075 AL 124 48 26400 0.00030 8.939 
0.100 AL118 58 24200 0.00410 8.794 
0.125 AL125 60 30000 0.00080 8.887 
0.150 AL132 68 25000 0.00240 8.847 
0.200 ALI 33 87 26000 0.00310 8.803 

Post-annealing also had a marked effect on the grain size with 
values of over 10(im being observed. This compares with a size of 1- 
2um for samples as hot-pressed. Interestingly, the magnitude of the 
dielectric constant was strongly dependant on the annealing 
temperature and hence also the grain size [20]. 

Samples prepared using Method C indicate a very high and 
sharp £r peak without high temperature annealing. Although the 
material microstructure was coarse grain with little or no ordering of 
the crystal lattice. The results also indicate that a solid solution had 
probably been formed during calcination. The results obtained after 
hot-pressing are summarised in Table III. 

TABLE III. Properties of PST-PZ ceramics (for x = 0.125) prepared 
via Method C.   

Characterization 
Phase analysis for both ceramic and thin film was achieved 

using an automated Philips PW1820 diffractometer system using Cu 
Ka radiation. Microstructures were determined using scanning 
electron microscopy. Dielectric measurements were performed using 
a Wayne Kerr B6425 LCR meter, using IDE(interdigitated Cr/Au) 
electrodes for the films. Pyroelectric measurements were performed 
on a General Radio bridge type 1615-A. 

Results and Discussion 

Ceramic PST 
PST-PZ samples prepared using Method A gave a appreciable 

amount of pyrochlore phase(20%). A very diffuse phase transition 
with a maximum dielectric constant, £r of below 9000 occurring at 
about 70°C was observed. This poor value was attributed to the large 
concentration of low permittivity pyrochlore phase. Further, 
annealing at temperatures upto 1400°C resulted in only minor 
reduction in the pyrochlore phase with no change in the dielectric 
properties. 

Ceramics prepared using Method B exhibited two peaks in 
dielectric constant and loss (D) over a temperature range of 0-120°C. 

Hot-pressing Sample Tc2 £r(atTc2) 
temperature (°C) (1.5kHz) 
CO 

D(at 120°C) Density  Grain 
(1.5kHz)     (gcm~3)   size 

(Urn) 

1200 AL135 64 36000 0.00075 8.891 15 
1150 AL143 70 27500 0.00085 8.898 4 
1100 AL145 75 24000 0.00100 8.901 2 

Unlike processing Method B, this Method gave fine grained samples 
exhibiting very high permittivities. Also, the Tc2 value decreases with 
increase in hot-pressing temperature. 

The PST-PT system exhibited similar properties to that shown 
by PST-PZ prepared via Method B. The dielectric results after 
annealing are summarised in Table IV. and the results broadly agree 
with those given by Giniewicz et al. [17], however, the Tc2 values 
here are significantly higher, due probably to the inclusion of a hot- 
pressing stage. 
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TABLE IV. Properties of (1-* )PST-(x )PT ceramics after annealing 
at 1400-C _—  

Sample Tea er(atTc2) 
(1.5kHz) 

D(at 120°C) 
(1 ■5kHz"> 

Density 
(g pm^l 

Figure 2 shows the variation of FD for PST-PT(10%), PST- 
PZ(12.5%), in comparison with undoped PST. Significant increases 
in the optimum operating temperature have been obtained at modest 
doping levels. The peak value of FD is comparable with that of 
undoped PST, while the PbZr03 doped material indicates significant 
improvements at high temperature >20 x lO^Pa"1/2. 
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Fig. 2. Comparison of FrVtemperature for modified PST ceramics 
(a) PST; (b)(l-x)PST-(x)PT, x=0.1; (c)(l-x)PST-(x)PZ, 
x=0.125. 

Thin Film PST 
Deposition of PST onto unmetallised substrates has been 

demonstrated, with the maximum processing temperature of 900°C. 
This obviously is far too high for fully integrated structures, but it is 
still of merit for possible hybrid structures. We have shown recently 
that the growth of PST is viable from solution at temperatures of 
around 650"C. Indeed, sputtered PST is routinely deposited at 
temperatures of around 500°C[9]. 

Although, the low temperature films were highly crystalline 
(see Figure 3 they suffered from low values of Er (typically l-2xl()3, 
with D values of -1%), mainly due to small grain size. For 
comparison, a X-ray diffractogram for a high temperature grown PST 
film on MgO/Sapphire is shown in Figure 4. Because the higher 
temperature fired films were routinely grown on insulating substrates, 
measurements were restricted to top IDE Cr/Au structures with a 
electrode gap of ~ll(im. As this was significantly greater than the 
film thickness, the measuring field was mostly parallel to the film 
surface. 

The pyroelectric response, also with upto 50V bias, was derived 
from the ac current produced by modulating the substrate 
temperature, typically by 0.2Krms at 0.01Hz. Any stray capacitance 
from the substrate and spurious signals proportional to the 
temperature coefficient of resistivity were measured and calculated 
respectively, and the results corrected accordingly. 

The dielectric data for a 3|im thick film with a grain size of 
~0.6^m is shown in Figure 5, with equivalent data for ceramic PST, 
produced as described above, to near full density with a grain size in 
the range l-2|im. The Tc value estimated from the permittivity peak 
is low; typically the films have a value of 5-30K below the normal 
ceramic value (-300K). The zero bias curve for the thin film shows a 
diffuse curve compared to a relatively sharp curve for the ceramic. 
This is expected, because the degree of B-site ordering[13], is much 
less for the film, typically -10% compared to -60% for standard 
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Fig.3. X-ray diffraction trace of a typical PST film deposited on silicon 
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Fig.4. X-ray diffraction trace of a high temperature PST film grown on 
MgO coated sapphire. 

ceramic. 
Both samples show a reduction in the dielectric peak, which is 

also shifted up by -30K, as expected for a first order transition[10]. 
Also, both show similar dielectric loss behaviour; high (>10%) at 
transition and low (<1%) below. It was also lower under bias or in the 
paraelectric phase. The pyroelectric responses under bias, (Figure 
5b), have similar magnitude, however , with the ceramic there is a 
detectable response associated with the biased permittivity peak, 
which is absent in the thin film due to the diffuse nature of the 
transition. 

Thin films have shown a less consistent behaviour with, for 
example, the peak relative permittivities, which span over the range 
1500-9000. The reason for this is not known, as there is no 
correlation between these values and either the film thickness, varied 
from 0.3 to 5.8|im or with the average grain size range of 0.3-2(im. 
This suggests that no significant degradation in the properties has 
been caused by either surface layer or inter-grain boundary effects. 

A marked variation in the resistivity was observed with values 
ranging from 0.3 to 3 xlO^O Qm for most thin films, but is typically 
over 10^2 Qm for bulk ceramic. 

PST Thin Film Release 
As mentioned above, insulating substrates were normally used 

for films grown at high temperature. Therefore, to fabricate a hybrid 
pyroelectric device, the film has to be physically released from its 
substrate prior to further processing.   We chose a thin layer of 
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magnesium oxide as a release layer[23]; as PST films can be 
successfully grown on MgO single crystal, but is restricted to l-2(im 
in thickness due to the thermal expansion mismatch (typically, 
llxlO-ÖK-1 for MgO and 6.5 xlO-ÖK"1 for PST). Sapphire which 
has a value of ~8 xlO'^K'^is more closely matched; and films in 
excess of 5(j.m can be readily obtained, with good demonstrated film 
properties. 

By using a thin deposited layer of MgO on sapphire, the 
thermal expansion characteristics of the composite substrate will be 
governed by sapphire. By using the same deposition scheme, PST 
films upto 4|im in thickness were obtained, showing high (100) 
orientation (Figure 4). Typical surface and cross-sectional SEM 
micrographs are shown in Figure 6. 

Film release was facilitated by chemically etching away the 
MgO interlayer using phosphoric acid(H3P04). With both faces of 
the released film electroded, through film dielectric measurements 
were made possible. Dielectric measurements of a released 4jxm film 
are shown in Figure 7. The peak permittivity was close to the value 
pre-release, but the peak was sharper, which may have resulted from 
the lifting of the clamping restrictions of the substrate, which would 
normally inhibit the dimensional changes associated with a phase 
transition. Also, the high (100) orientation would tend to favour the 
through film measurement, over the unreleased, made parallel to the 
surface, where a more random orientation of grains exists. 

Film Pyroelectric Performance 
The permittivity values obtained, would result in an element 

capacitance of a few pF, for high resolution 2d arrays. This would 
provide a good match for a MOSFET pre-amplifier, resulting in a 
detector noise dominated by the Johnson noise of the dielectric loss 
(D). The detector signal-to-noise would be proportional to the 
FD[24]. The relevant properties of a range of pyroelectric materials 
has been compared previously[22]; The values of FQ for bulk and 
thin film PST are 15-17 and 5-11 xlO"5 Pa" 1/2 respectively; although 
the values obtained for thin film PST are -70% of bulk values, it is 
still superior to most other bulk materials. Also, it is not known 
whether bulk materials would retain their properties as thin films. 

Further development is required before these thin film 
properties can be utilised. As PST would normally be operated under 
bias, the finite resistivity results in a leakage current and hence a 
associated shot noise term. Also, the fully released films have been 
demonstrated over small areas, this needs to be extended to area's of 
the order of 10" 3m2, and to remove the PST intact onto a support 
layer suitable for 2d array processing technologies. 

Integrated Arrays 
There is currently a major effort world-wide to develop the next 

generation of linear and 2d fully integrated arrays, with a number of 
key technologies, such as thermally isolated micro bridges, insulating 

(a) 500nm 2.00^m 

Fig.6. SEM micrographs of (a) surface and (b) cross-section of a PST film deposited on 

MgO/sapphire 
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B gave similar properties to PST-PZ from the same method. 
Pyroelectric measurements indicate useful performance for PST-PZ 
ceramic over undoped PST. 

PST films derived from solution have been characterised 
electrically. Their pyroelectric values approach those measured on 
bulk ceramic. The combination of low thickness and high 
pyroelectric coefficients make them suitable for large 2d arrays. The 
properties also appear to be independent of grain size and thickness. 
A novel release layer technique has been demonstrated using MgO, 
which is a necessary step in the fabrication of a PST detector array. 

A possible alternative array structure is also described, suitable 
for ferroelectric films grown at lower temperatures. 
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layers, IC compatibility which are under intense study. For example 
orientation effects are expected to change for deposition onto micro 
bridge structures, where the stress constraints may be different. 

A possible schematic structure, suitable for a integrated array 
is shown below, Figure 8. 
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Fig.8. A schematic cross-section of a thin film integrated thermal 
detector element 

The potential rewards are high as demonstrated by the work of 
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Qrr2K-l were obtained on a microbridge structure. It is speculated 
that when on a microbridge, temperature variations induced cause a 
bimaterial bending analogous to a bimetallic strip due to the thermal 
expansion mismatch, between the silicon bridge and the ferroelectric, 
which gives rise to a secondary piezoelectric signal which adds to the 
true pyroelectric component to give the observed high response. This 
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Conclusions 

The above results have shown that PZ- doped PST exhibits the 
highest dielectric constant at a x value of 0.125, using the optimum 
preparation route of Method C. Hot-pressed material from this route 
gave a dielectric constant and loss of 24000 and 0.1%, respectively 
when the average grain size was 2^im. PST-PZ samples produced 
using Method B were found to be highly dependant on the annealing 
temperature and a true solid solution was only obtained for annealing 
temperatures of >1300°C. PST-PT ceramics produced using method 

[I] R.W. Whatmore, "Pyroelectric Ceramics and Devices for 
Thermal Infra-red Detection and Imaging," Ferroelectrics, vol. 118, 
pp. 241-259 (1991). 
[2] R W. Whatmore, " High Performance, Conducting Pyroelectric 
Ceramics "Ferroelectrics, vol. 49, pp. 201-210 (1983). 
[3] L.A. Berardinis, "Night Vision," Mach.Des., pp. 57-61(1991). 
[4] J. Haystead,"Thermal Imaging," Defence Electr., pp. 48- 
52(1991). 
[5] S. Borrello, "Focal Planes for Infrared Imaging,"Texas Instr. 
TechJ., vol. 8, pp. 20-27 (1991). 
[6]W.F. Kosonocky,"Review of Infrared Image Sensors with 
Schottky-Barrier Detectors," Optoelectronics, Vol. 6(2), pp. 173-205 
(1991). 
[7] C.H. Lucas, "Infrared Detection, Some Recent Developments and 
Future Trends," Sens Actuators, Vol. A25-A27, pp. 147-154(1991). 
[8] N.M. Shorrocks, S.G. Porter, R.W. Whatmore, A.D. Parsons, J.N. 
Gooding and D.J. Pedder, " Uncooled Infrared Thermal Detector 
Arrays," Proc. SPIE -Int.Soc.Opt.Eng., Vol. 1320, pp. 88-94, (1990). 
[9] R. Watton, "Ferroelectric Materials and IR Bolometer Arrays: 
From Hybrids Towards Integration," IntegrFerroelectr. , vol. 4(2), 
pp. 175-86 (1994). 
[10] N.M. Shorrocks, R.W. Whatmore, and P.C. Osbond, "Lead 
Scandium   Tantalate   for   Thermal   Detector   Applications," 
Ferroelectrics, Vol. 106, pp. 387-392(1990). 
[II] B.M. Kulwicki, A. Amin, H.R. Beratan, and C.H. Hanson, " 
Pyroelectric Imaging," Proc.of 8th IEEE ISAF'92 , pp. 1-11(1992). 
[12] S.B. Lang, "Guide to the Literature of Piezoelectricity and 
Pyroelectricity," Ferroelectrics, Vol. 146(1-4), pp. 153-369(1993). 
[13] C.G.F. Stenger, F.L. Schölten and A.J. Burggraaf., "Ordering 
and Diffuse Phase Transitions in Pb(Sco.5Tao.5)03 Ceramics," 
Solid.State.Comm., Vol. 32,pp. 989-992(1979). 
[14] O.M. Stafsud and M.Y. Pines, " Characteristics of KTN 
Pyroelectric Detectors," J. Opt.Soc. Am., Vol. 6, pp.H53-5(1971). 
[15] P.C.Osbond, N.I. Payne, N.M. Shorrocks, R.W. Whatmore and 
F.W. Ainger., " Dielectric and Microstructural Properties of BST 
Ceramics Prepared From Citrate Precursors," Proc.öth. IEEE ISAF, 
pp.348-51(1986) 
[16]   R.W.  Whatmore,  P.C.   Osbond  and  N.M.   Shorrocks., 
"Ferroelectric Materials for Thermal IR Detectors," 
Ferroelectrics, Vol.76, pp.351-367(1986). 
[17] J.R. Giniewicz, A.S. Bhalla and L.E. Cross.," An Investigation 
of the Structural and Dielectric Properties of the Solid Solution 
System (l-x)Pb(Sci/2Tai/2)03-(x) PbTi03," Ferroelectrics Lett., 
Vol. 12, pp.355(1990). 
[18] Idem, Ferroelectrics, Vol. 118, pp. 157(1991). 
[19]   R.W.  Whatmore,  N.M.   Shorrocks,  P.C.  Osbond,  S.B. 
Stringfellow, C.F. Carter, and R, Watton.," Modified Lead Scandium 
Tantalate for Uncooled LWIR Detection and Thermal Imaging," 
Proc.of 8th IEEE ISAF'92 , pp.202-205(1992). 
[20] P.C. Osbond and R.W. Whatmore., " High Dielectric constant 
ceramics in the PbSco 5Tao.503-PbZr03 and PbScO.5TaO.5O3- 
PbTi03 systems,"/. Mats. Sei., Vol. 28, pp. 1377-1384(1993). 

651 



[21] C.Y. Ye, T. Tamagawa, Y.Y. Lin and D.L.Polla, " Pyroelectric 
Microsensors by Sol-Gel Derived PbTiC>3 and La-PbTi03 Thin 
Films," Mats.Res.Soc.Symp.Proc, Vol. 243, pp. 61-66(1992). 
[22] A. Patel, N.M. Shorrocks, R.W. Whatmore., " Lead Scandium 
Tantalate     Thin     Films     for     Thermal     Detectors," 
MatsRes.Soc.Symp.Proc, Vol. 243, pp. 67-72(1992). 
[23] A. Patel and R.W. Whatmore., " A method of Manufacturing 
Free Standing Perovskite Lead Scandium Tantalate Film," Patent GB 
9025547, (1992). 
[24] R. Watton, M.V. Mansi., " Performance of a Thermal Imager 
Employing a Hybrid Pyroelectric Detector Array with MOSFET 
Readout," SPIE, Vol. 865, pp. 78-85(1988). 
[25] N.M. Shorrocks, A. Patel, R.W. Whatmore., " Pyroelectric 
Properties of Thin Film Lead Scandium Tantalate," Ferroelectrics, 
Vol. 133, pp. 35-40(1992). 

652 



High Performance Infrared Detector Arrays using 
Thin Film Microstructures* 

B. Cole, R. Horning, B. Johnson, K. Nguyen, P.W. Kruse 1, and M. C. Foote2 
Honeywell Technology Center 

llR Technology 
2JPL 

Abstract 
Honeywell has developed a unique uncooled thermal detector 
technology based on fabricating thin film structures with 
temperature sensitive detector materials. High TCR resistive 
materials such as VOx and YBaCuO, and pyroelectric PbTi03 
have been used. Two dimensional imaging arrays of sizes up to 
240x336 have been integrated with Si substrate electronics to 
achieve temperature sensitivities of less than .04 C operating at 
room temperature.   The thin film detector materials are deposited 
on microstructure thin film pixels of 2 mil sizes which are 
subsequently thermally isolated from the substrate by etching away 
the underlying substrate. The thermal isolation of the 
microstructure pixel provides the temperature rise and the detector 
material provides the conversion to an electrical signal. 

Introduction 
Infrared (IR) detectors fall into two main classes, thermal and 
photon detectors.   Thermal detectors rely upon the detection of 
heat generated through the absorption of radiation. Photon 
detectors rely upon the direct photoexcitation of electrons to 
produce an electrical signal.   Typically single element photon 
detectors are more sensitive to radiation because of their higher 
efficiency and higher speed.   The main advantage of thermal 
detectors has been the ability to absorb radiation over a broad IR 
wavelength range.   The main challenge for thermal detectors has 
been to make a structure which has measurable temperature rise for 
low radiation powers.   Single element detectors have been used as 
calibration and radiometric standards. 

Honeywell is currently developing a variety of thermal detector 
arrays which have the ability to detect radiation at high sensitivity, 
rivaling photon detectors.   The two main reason for these dramatic 
improvements is that the detectors are highly efficient at 
converting radiative power into electrical signals and are integrated 
into an array to overcome the speed restrictions. Although each 
individual pixel is slow, designed with a time constant of 30 msec 
for video rates, the integration of these detectors into an array 
provides a low cost, high performance, large size, detector. 

Thermal detectors under development consist of two types, 
bolometers and pyroelectric detectors.   Both detector types rely 
upon the same basic thermal structure for the conversion of 
radiation to heat, the first step in the detection process. The 
bolometer and the pyro differ in the mechanism used to convert 
heat into an electrical signal.    The thermal detector shown in 
Figures 1 and 2 is essentially common to all technologies. Each 
detector is typically of 2 mil size. All detector types require 
special films on the microbridge to enhance film growth. The 
amorphous VOx bolometer detector material can be grown directly 
on amorphous Si3N4.   The superconductor requires a film of YSZ 
on the Si3N4 to provide the crysal growth.   The PbTi03 
pyroelectric material requires a thin film of Pt for proper 
orientation and growth. 

Thermal Detector Pixel 

Silicon Nitride 
Film 

Detector: 
Resistor or 

Farmnlectric Oanacitnr 

ignal Pixel           ^^* 
Line Address ^***^        Pixel 

Line Transistor 
Circuitry 

Via to Substrate 

Microbridge SiN Film 

Serpentine Resistor 

Figure 2: Photomicrograph of 50% fill factor 2 mil pixel with 
serpentine resistor. 

The thermal properties of these detectors can be defined by the 
thermal mass, Qh> and thermal conductance, Gth- The dimensions 
of the leg structures are defined by photolithographic patterning 
and consist mostly of Si3N4 films which have low thermal 
conductivity. The thermal conductivity of these films in vacuum is 
10-7 Watts/K. The pixel structure itself is supported over the 
underlying address electronics by the legs.   In this two level 
design, the address real estate is located on the lower level. This 
enables the pixel fill factor to be very large, on the order of 50% or 
more, greatly enhancing IR absorption.   The thermal mass of this 
lu,m thick suspended structure is 10-9 Joules/K. The time constant 
defined by 

tth = Qh / Gth 

is in the range of 10 msec. 

Bolometer Detector 
The bolometer detector utilizes a film with a high temperature 
coefficient of resistance, TCR, defined as dR/(RdT). The 
responsivity, R, which defines the signal produced by a radiation 
flux unit is given by 

TCR   a  FF 
R   =   lb R 

Gth d+cAth2)172 

Figure 1: Schematic representation of two-level pixel structure 

where a is the IR absorption coefficient for the band of interest, FF 
is the pixel fill factor, R is the pixel resistance, lb is the bias 
current through the resistor, and CO is the angular frequency if the 
radiation is chopped. 

A figure of merit, Fbol, for bolometer detector material 
performance under fixed voltage bias conditions when Johnson 
noise in the resistor is the dominant noise source is 

Fbol = TCR/(R)l/2 

For optimal performance, the array TCR needs to be as large as 
possible for a given pixel resistance.   For the present 2D arrays, 
VOx is the detector material. This amorphous thin film is 
deposited by ion beam sputtering process where tight control of 
film oxygen content is maintained.  This VOx thin film material 
with a resistivity of 0.1 Ohm-cm has a TCR of 2%.    Although 
thermistor materials can provide higher TCRs, in the range of 5%, 
the significantly higher resistance negates any added benefit. 
Using this material we have fabricated arrays of size 240 x 336 
pixels with a thermal sensitivity of better than .04 °C.   The 
fabrication of arrays is totally compatible with Si processing 
technology. Unlike all long wavelength IR photon detectors which 
must operate at 77K temperatures to achieve high performance, 
these arrays operate at ambient temperatures. By changing the film 
oxygen stoichiometry and the resistivity we are able to change the 
TCR. Figure 4 is a plot of film TCR vs. film resistivity for 500 and 
1000 Angstrom thick films. These individual films of different 
resistances can be described by different activation energies over a 
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100 C temperature range around room temperature. The activation 
energy, which can be derived, from the slope of InR vs 1/T line is 
shown for one 13 Kohms/square VOx film deposited on Si3N4 in 
Figure 4. 
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Figure 3: TCR vs VOx resistivity 

10 
VOx Activation Energy Measurement 
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Figure 4: Activation energy analysis for one 500 Angstrom VOx 
film 

High Temperature Superconducting Microbolometers 
A superconductor at its transition edge is a very sensitive 
temperature sensing material for use on microbolometers. A 
temperature coefficient of resistance exceeding 1.0 K"' at the 
transition midpoint of YBa2Cu307-x (YBCO) is not uncommon 
for good quality films with a transition temperature near 90 K. 1 
Films such as these, combined with a thermal conductance of-10- 
7 Watts/K achievable with silicon nitride microstructures 
fabricated by micromachining can theoretically give an infrared 
detectivity substantially higher than 1010 cm Hzl/2/Watt. 1 The 
detectivity, a common figure of merit for infrared detectors which 
is normalized for the detector area, is defined as 

D* = 
(detector area)1/2 (Responsivity) 

(noise voltage) 

A detectivity of 10*0 cm Hzl/2/Watt would be higher than that 
reported for any other type of thermal detector operating at a 
temperature greater than 70 K.2 

To fabricate YBCO microbolometers with ideal sensitivity, the 
YBCO film must have a high temperature coefficient of resistance, 
a low level of electrical noise, and must be passivated from 

damage caused by the etchant used to isolate the membrane from 
the substrate. To achieve a high temperature coefficient of 
resistance and low noise, the YBCO films must be epitaxial. 1 A 
thin film of epitaxial yttria-stabilized zirconia (YSZ) on silicon is 
known to provide a good buffer layer for growth of high quality 
epitaxial YBCO films on silicon wafers.3 We have shown that 
YSZ also provides good passivation for the YBCO against attack 
by a solution of KOH in water, a common anisotropic etchant of 
silicon used in micromachining. 1 Thus, we have chosen to use 
YSZ as the epitaxial buffer layer underneath the YBCO. 

Epitaxial films of YLa.05Bai.95Cu3O7-x superconductor were 
grown by pulsed laser deposition at the Jet Propulsion Laboratory 
on 3-inch silicon wafers. Following the procedure of Fork, et. al. 
for depositing epitaxial YBCO using epitaxial YSZ buffer layers 
on silicon,^ the silicon wafers were pre-cleaned in an HF etchant 
solution to remove the native oxide.4 Before depositing the 
superconductor, an epitaxial buffer layer of YSZ 1100 A thick was 
deposited by pulsed laser deposition onto the bare silicon surface. 
The YBCO film, 680 Ä thick, was then deposited epitaxially in- 
situ on top of the epitaxial YSZ. Finally, gold contact metal 800 Ä 
thick was deposited in-situ directly on top of the superconductor. 

At Honeywell, the films were patterned and processed into 
microbolometers. The details of this process have been described 
elsewhere.5 After patterning and passivation, the devices were 
etched in ethylene diamine pyrocatechol (EDP), an anisotropic 
etchant of silicon, to etch the silicon from underneath the 
microbolometers and produce devices with low thermal 
conductance. The superconductor on the thermally isolated 
membranes was passivated against attack by the EDP from above 
by 1 um of Si3N4, and from below by 1100 Ä of epitaxial YSZ. 

Fig. 5 shows the resistance and responsivity at 2 u.A dc bias as 
functions of substrate temperature for a microbolometer fabricated 
from an epitaxial YBCO film on YSZ on silicon, and Fig. 6 shows 
an optical microscope picture of this device. The etch pit 
underneath the microbolometer is 105 u.m x 140 urn. The 
responsivity was measured with a 449 K blackbody chopped at a 
frequency of 2.0 Hz and illuminating the microbolometer through 
an anti-reflection coated Ge window in the cryostat vacuum can. 
The measured thermal time constant of the device was 105 msec, 
resulting in a 3 dB rolloff of the responsivity at a frequency of 1.5 
Hz. The temperature coefficient of resistance at the transition 
midpoint is 0.64 K"l (measured at 0.5 p.A bias, where self-heating 
is negligible). The thermal conductance was measured by resistive 
heating to be 8.5 x 10"8 W/K at 95 K. 

72     75     78     81     84     87     90 
Temperature  (K) 

Figure 5: Resistance (open circles) and responsivity (closed 
squares) as functions of temperature for the superconductor 
microbolometer described in the text. 

Noise measurements performed in a 2-probe configuration on the 
device of Fig.5 and Fig. 6 give a noise voltage at the 
microbolometer of 50 + 10 nV/Hzl/2 at 2.0 Hz with a dc bias 
current of 2.0 uA. This gives a D* of 8 + 2 x 109 cm Hzl/2/W, 

654 



and a noise equivalent power (NEP) of 1.5 x ICH2 W/Hzl/2. This 
value of D* is higher than the highest value reported previously for 
a YBCO transition-edge microbolometer,2 and is comparable to 
the highest reported D* for a thermal detector operating at greater 
than about 70 K. 

Figure 6: Optical microscope photograph of the superconductor 
microbolometer element of Figure 5 measurements. 

Pyroelectric Detectors 
Pyroelectric detectors are being developed to use a similar thermal 
structure for IR detection. Rather than measuring a resistance 
change with temperature as in bolometers, pyroelectric detectors 
measure the change in polarization charge of a ferroelectric 
material. The responsivity, R, of a pyroelectric detector is given 
by 

(0 p a FF A 

GthGd (l+cü2Tth2)1/2 (l+o^Tel2)172 

where a is the absorptance, FF is the fill factor, A is the detector 
area, p is the pyroelectric coefficient, co is the angular frequency of 
chopped radiation, and e is the dielectric constant, and G are the 
electrical and thermal conductances.  When chopping the 
pyroelectric detector at frequencies which are high compared to the 
thermal and electrical time constant, the responsivity simplifies to 

e  p  a FF A 

Qh Cel  co 

A figure of merit, Fpyro, for pyroelectric performance when 
dielectric loss tangent, tan(ß), noise is dominant is 

Fpyro = P /Edtan(ß) 

where d is the film thickness.   It can be seen from this formula that 
thin film detector material with the low dielectric constant, e, high 
pyroelectric coefficient, p, and low loss tangents are the best 
choices for detectors. Of the ferroelectrics, c-axis oriented PbTiOß 
is one of the best materials. The present efforts are focused on 
growing oriented PbTi03 films on the thermal structure of Figure 
1 and 2. The PbTi03 detector must be sandwiched between top 
and bottom electrodes to form a capacitor.  At present Pt is the 
best material for growing substrate PbTi03 detector material. 

As described above, achieving a high fill factor requires that the IR 
sensing pixel be fabricated directly above the addressing 
electronics. This, in turn, requires that the substrate be a silicon 
wafer, typically having a dielectric film separating the electronics 
from the pixel. Excellent PbTi03 and PZT films have been 
deposited on single crystal MgO substrates, but cofabrication of 
electronics is impossible in that case. Our goal has been to 
fabricate pyroelectric devices on silicon substrates, depositing 
PbTi03 and related materials on Si3N4 and Pt electrodes. 

To achieve control of the film stoichiometry, a dual target ion 
beam sputtering system was built.6 PbO and Ti sputtering targets 
are mounted on a movable stage in the chamber. The targets are 
alternately shuttled into the ion beam, depositing very thin layers 
of PbO and Ti02 on a heated silicon substrate. Film stoichiometry 
is controlled simply and accurately by varying the ratio of 
sputtering times from the PbO and Ti targets, eliminating a 

common problem encountered in single target sputtering 
techniques.. At the deposition temperature of 500-600°C, the thin 
layers quickly interdiffuse, producing a homogeneous layer of 
PbTi03. Additional targets, such as Zr, can be added to deposit 
PZT films, with the Zr:Ti ratio again controlled by the sputtering 
time from the respective targets. Stoichiometric PbTi03 and PZT 
films are typically deposited at temperatures between 500°C and 
600°C. An oxygen flow of 7-10 seem is used during deposition. 
The deposition rate is 50 A/min. and films are typically grown to 
-0.5-1 urn thick. 

Figure 7 shows x-ray diffraction results from three PbTi03 films: 
one deposited directly on amorphous Si3N4, one on a Pt electrode 
layer (on top of Si3N4) and the third on a (100) MgO single crystal 
substrate. The films deposited on Si3N4 and on Pt both have the 
tetragonal perovskite phase. The (OOl)-(lOO) and (101)-(110) 
peaks show a strong tetragonal split. The (001) and (100) peaks 
are absent from the film deposited on the dielectric. In a randomly 
oriented film, the (001) peak would have half the intensity of the 
(100) peak. Thus the film on Pt shows some degree of preferred 
(001) orientation. This is the desired orientation for our 
pyroelectric structure. Given the choices of substrates we have 
restricted ourselves to, variation of other deposition conditions did 
not significantly increase the (001) orientation. The lower panel of 
Figure 7 shows PbTi03 on a single crystal MgO substrate. On this 
substrate, both Pt and PbTi03 can easily be grown epitaxially with 
the desired (001) orientation. PZT films were also deposited by 
adding Zr to the moveable target stage. These films again have a 
perovskite phase, as seen in Fig. 8; at times a peak from a Pb304 
phase was also observed. The Zr:Ti ratio was approximately 
40:60. 
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Figure 7: Xray diffraction spectra of three PbTi03 films deposited 
on Si3N4, Pt/Si3N4, and Pt on single crystal MgO. 

PbTi03 films deposited on Pt are smooth, while PbTi03 deposited 
directly on Si3N4 tends to be rough. This is due both to the good 
lattice match between Pt and PbTi03 and to the stress buffering 
effect of the metal film. Using a 500 Ä Pt film, the PbTi03 was 
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smooth, but contained small cracks. An intermediate 1000 Ä film, 
seen in Fig. 9, had slight cracking. The cracks disappeared 
altogether for Pt thicker than about 1500 Ä. Clearly, crack free 
films are required for capacitive devices. The roughness of the 
films on the dielectric present device fabrication issues. When 
using patterned Pt electrodes, the PbTi03 on the electrode is 
smooth but off the electrode is rough. Patterning, depositing and 
etching of the PbTi03 or other films that cross this boundary 
become difficult because of this difference. 

Figure 8: XRD spectra of PZT film deposited on Pt/Si3N4/Si 
substrate 
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Table 1. Dielectric properties of Ion Beam 
Sputtered Ferroelectric Films 
Property PbTi03 PZT 

Dielectric 
Constant 

50-200 400-1000 

loss tangent 0.002-0.04 0.04-0.05 
Remanent 
polarization 
(u.C/cm2) 

3-4   (unpoled) 5-7   (unpoled) 

Coercive field 
(kV/cm) 

7 

Pyroelectric 
coefficient 
(C/cm2K) 

1 - 5 x 10"8 

Summary 
A two level thremal structure design with separated electronics and 
detector levels is well suited to IR detection. Microstructures have 
been integrated into addressable arrays to produce IR cameras with 
very high thermal resolution. The basic thermal detector pixel can 
be modified by combining a variety of temperature sensitive 
materials with thin film underlayers to form a range of thermal 
detector for different applications.   The fabrication of these 
structures onto Si wafers can be made compatible with Si IC 
processes. 
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Figure 9: Photomicrograph of PbTi03 film morphology on Pt 
electrodes of three different thicknesses. 

Dielectric properties have been measured on both PbTi03 and PZT 
films, and are summarized in Table 1. These values are in the 
vicinity of values for bulk materials of the same composition. 
PbTi03 and PZT films showed ferroelectric hysteresis, although 
the remanent polarization of the PbTi03 films tended to be low. 
The polarization of PZT was appropriate for the composition used. 
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ABSTRACT 

Texas Instruments has been developing uncooled 
thermal imaging technology for the past 18 years with the 
promise that it would provide a low-cost solution to high- 
volume night vision applications. That promise is now being 
realized. Using technology developed for military 
applications with support from the U.S. Army Night Vision 
and Electronic Sensors Directorate (NVESD), the Advanced 
Research Projects Agency (ARPA), and the Balanced 
Technology Initiative (BTI), TI has teamed with Hughes 
Aircraft to provide a thermal imaging capability for police 
cruisers. The night vision kits include a thermal sensor, a 
pan and tilt head, mounting hardware, a display and a 
control center. The price of the introductory product is 
approximately $6000. 

BACKGROUND 

Uncooled thermal imaging at Texas Instruments began 
in the mid-1970's and has evolved into a major activity 
addressing multiple military and commercial applications. 
The present thrust began in late 1987 with demonstration of 
2-mil pixels having an NETD of 0.5°C with//l optics. This 
qualified Texas Instruments for the HTDAD program, a BTI 
program managed by NVESD and ARPA. The HTDAD 
program produced the technology that formed the basis for 
the developments discussed in this paper. It resulted in 
demonstration of an 80,000 (245 x 328) pixel array of 
detectors on 48.5pm centers, having an array-average NETD 
of less than 0.1 °C with f/1.0 optics. The program further 
included demonstrating that array in a compact system. 

Texas Instruments received one of two Low-Cost 
Uncooled Sensor Prototypes (LOCUSP) contract awards in 
1990. Phase 1 of LOCUSP resulted in delivery of several 
units each of the Sight, Medium Range, Thermal Imaging 
(SMRTI), a sight for individual-served weapons, and the 
Sensor, Surveillance, Infrared (SSIR). Texas Instruments 
was the sole recipient of LOCUSP Phase 2 this year. 

The technology is based upon the induced pyroelectric 
effect near the phase transition of the ferroelectric ceramic 

barium-strontium titanate (BST). BST is a mixed-oxide 
perovskite ferroelectric with phase transition temperature 
determined by the barium-to-strontium ratio. The 
composition Bao.64Sr0.36Ti03 has a transition near room 
temperature. Its low-field peak relative dielectric constant is 
high, typically 30,000, which significantly reduces the 
adverse effect of parasitic capacitance in the readout 
electronics. Operation near the transition gives the 
maximum voltage responsivity in spite of the high dielectric 
constant. Application of an electric field enhances material 
responsivity, but it reduces readout efficiency by reducing 
capacitance. Thus there is an optimum field that maximizes 
responsivity. 

The detector array, shown in Figures 1 and 2, is 
reticulated to reduce thermal crosstalk between adjacent 
pixels. The backside of each pixel has a metal electrode that 
serves as one plate of a parallel-plate capacitor. The IR 
absorber is a three-layer resonant cavity. The bottom layer is 
an opaque metal film that also serves as the common 
electrode for the array of parallel-plate capacitors. On top of 
the metal film is a 1.25 pm thick layer of parylene that tunes 
the cavity for an absorption peak at approximately 10 pm. 
The top layer is a semi-transparent metal layer that matches 
the optical impedance of the cavity to that of free space. 
This structure can be optimized to obtain an absorptivity 
greater than 98 percent average over the 7.5 to 13 pm 
spectral region. 

Electrode IR 
Absorber 

Semi-Transparent 
Metal 

Parylene 

Opaque 
Metal 

Figure 1 - Schematic view of detector pixel structure. 
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Figure 2 - Uncooled focal plane array, showing the BST 
peeled back from the ROIC. 

The detector array interfaces with a readout IC (ROIC) 
that provides in the pixel unit cell a preamplifier, a low-pass 
noise filter, and a buffer. Figure 3 shows the unit cell 
schematic diagram. The ROIC is fabricated using a standard 
CMOS process with 1.0 urn minimum geometry. The 
preamplifier is a simple CMOS inverter. The low-pass filter 
is a single-pole R-C circuit. The capacitor is the gate of an 
n-channel transistor biased to accumulation, and the resistor 
is actually a diode biased using a constant current source set 
with an off-chip voltage. In this way the characteristic 
frequency of the filter is externally adjustable. Outside the 
unit cell the ROIC provides further amplification and signal 
multiplexing to provide single-channel output suitable for 
video formatting. 

buffer 

switch 

Figure 3 - Schematic diagram of the ROIC pixel unit cell. 

Thermal isolation between the detector array and the 
ROIC is provided by polyimide mesas, also shown in Figures 
1 and 2. Each mesa has an over-the-edge metal run that 
contacts the ROIC unit cell input. The mesas and the 
detector pixels both have indium bumps which, when 
pressed together, form a permanent weld between the 
detector array and the ROIC. 

The basic technology has remained constant throughout 
the development. The principal technical features are 

Ceramic BST mixed for a ferroelectric 
phase transition near room temperature 
Operation near the phase transition 

• Applied electric field to boost responsivity 
and provide stability 

• Reticulation for high MTF 
• Bump bonding of the detector to an ROIC 
• A mechanical chopper for field-difference 

processing and system simplification 
• Long-wavelength IR (7.5 to 13 pm) 

sensitivity 

APPLICATIONS 

Uncooled thermal imaging, in spite of its reduced 
performance in comparison to the cooled analog, offers 
numerous advantages for both military and commercial 
applications. First and foremost is its potential for low cost 
This is important for any application in which the 
acquisition volume is high or in which the platform cost is 
low. The basic ferroelectric material technology itself is 
considerably less sensitive to fabrication processes than are 
most other materials used for IR detectors. This results in 
comparatively high yields and good uniformity of response, 
leading to lower production cost. The focal plane output is 
in a serial format that is readily processed using standard 
low-resolution digital devices and techniques. The resultant 
signal is NTSC/RS-170 compatible without reformatting. 
Because of this simplicity, the electronic system has a very 
low parts count, and it is compact, reliable and low cost. 
The absence of a cryogenic cooler or a multistage 
thermoelectric cooler is, of course, a significant cost- 
reducing feature. The absence of a scanner not only reduces 
cost directly, but also indirectly by simplification of the IR 
and visual optical systems. The only moving part in the 
system is a chopper, which is low-cost and reliable by virtue 
of its simplicity. 

Other advantages of uncooled thermal imaging are its 
low weight and low power requirements. The electronic, 
mechanical and thermal simplicity described above leads to 
low weight and power as well as to low cost. A key feature 
that leads to this result is the use of a chopper with a detector 
that is inherently AC-coupled. This limits the dynamic 
range requirements for the electronic system and enables the 
use of a single-channel of low digital resolution components. 
This feature impacts weight, power and cost. 

The general applicability of thermal imaging is limited 
at both the high cost, high performance end and the low cost, 
low performance end. The relevant question is generally, 
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"Can I get enough performance to do the job for a cost I can 
afford?" The answer, of course, depends upon the precise 
meaning of "enough performance" and "cost I can afford", 
and in various situations either of these can dominate. At 
the high end, platform cost is usually high and performance 
demands may border on the impossible, requiring a custom 
configuration. In these situations performance is the driving 
requirement. In the markets addressed by uncooled thermal 
imaging technology the reverse is true. Conventional 
thermal imaging systems have more than enough 
performance to meet the performance requirements of, for 
example, a rifle sight. However, the cost of such a system is 
many times that of the rifle itself, and it is therefore not 
readily justified. Uncooled thermal imaging technology fills 
the void between conventional thermal imagers that are too 
expensive and image intensification devices that have 
inadequate performance. 

The rifle sight is an excellent example of an application 
of uncooled thermal imaging. The primary features required 
for such a sight are low acquisition cost, low life-cycle cost, 
light weight and simple logistical requirements. The 
necessity of low cost results from the low cost of the rifle and 
the desired widespread deployment. Aside from acquisition 
cost, life-cycle cost is dominated by the cost of batteries, and 
so low power dissipation and use of standard batteries are 
important design features. The present uncooled sight 
requires only six Watts of power from standard batteries, and 
the system weight is about 4.5 pounds. 

Another application for which uncooled thermal 
imagers are well suited is perimeter surveillance. Range 
requirements for such applications are limited, and reliability 
and low maintenance are critical issues. The small size and 
low power of the uncooled thermal imagers make their 
presence unobtrusive. Low sensor cost and high reliability 
permit deployment for protection of relatively low-value 
sites. 

An area of growing interest after the Gulf War is night 
vision driving aids for non-combat vehicles. Tanks, Bradley 
Fighting Vehicles, and armored personnel carriers are able 
to use modern thermal imaging equipment to advance in a 
battle zone, but logistic support vehicles generally do not 
have similar capabilities. This can leave forward positions 
without adequate support. Uncooled thermal imagers can be 
sufficienüy low cost to be affordable in the large quantities 
required for support vehicles, and they can be small enough 
to be integrated effectively into thin-skinned vehicles. The 
Driver's Vision Enhancer (DVE) program, sponsored by PM 
Night Vision, is intended to provide this capability to three 
different military vehicles. 

For non-military applications the considerations are 
similar, except that price is almost always an overriding 
factor. Texas Instruments and Hughes Aircraft have teamed 
to serve these markets. The principle applications that will 
drive development of the non-military market are cruiser- 
mounted sensors for police, surveillance sensors for 
buildings, parking lots and other sites, and driving aids for 
truckers. Of these, the police night vision aid will be the 
first application to see high-volume deployment. A product 
for this application is described in detail in the next section. 

THERMAL IMAGING FOR LAW ENFORCEMENT 

For millennia, malicious violators of the public good 
have used the cover of darkness to conceal their deeds. So 
much so that in every language the terms "light" and "dark" 
have connotations of good and evil. Thermal imaging for 
common law enforcement officers effectively removes the 
cover, and without revealing that the cover has been 
removed. This provides an immense advantage to officers in 
many routine and emergency situations. Texas Instruments 
and Hughes Aircraft loaned several uncooled thermal 
imaging units to police departments across the US and in 
Canada in 1993. The officers were briefed on the use of the 
equipment and its potential for helping them do their jobs. 
As expected, the officers themselves discovered innovative 
ways to use this new capability. Some examples of real-life 
uses follow. Entering foliated areas such as city parks can be 
treacherous at night, and at best it is frustrating because 
there are so many places for a mugger to evade a search 
aided only by flashlights. With thermal imaging, however, 
finding people hiding in bushes is relatively easy. Often 
evidence such as narcotics thrown from a moving car 
becomes useless as evidence either because it cannot be 
found or because there is reasonable doubt that the object 
found was actually the object thrown. Use of thermal 
imaging permits ready location of such objects because of 
residual heat from the hand that threw them. This thermal 
signature clearly distinguishes these objects as the ones that 
were thrown, and video tapes of the JR imagery can be used 
as evidence in court. A fleeing car that swerves into a 
crowded parking lot is easily distinguished from similar cars 
by its thermal signature. Responses to an alarms for 
breaking and entering are simplified because broken 
windows and open doors are readily detected. 

These uses of IR imaging technology are not new and 
unique to uncooled thermal imaging; however, their value 
has only become apparent after having placed uncooled IR 
imaging equipment in the hands of policemen in many 
locations. After using the equipment for several weeks, the 
officers found uses that were not anticipated, and market 
demand grew rapidly. Texas Instruments and Hughes 
Aircraft are responding to that demand by announcing 
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Figure 4 - NIGHTSIGHT™ thermal imaging system mounted on a police cruiser 
light bar. 

NIGHTSIGHT™, an uncooled thermal imaging system 
provided as a kit for installation in police cruisers. The 
NIGHTSIGHT™ kit consists of an uncooled IR sensor, a pan 
and tilt head, a video display, a control console, and 
interface hardware. The sensor and pan and tilt head are 
shown mounted on a police light bar in Figure 3.1. The 
sensor is similar in concept to uncooled sensors developed 
for military applications12, although the design is different 
in many ways to reduce cost by taking advantage of less 
stringent requirements on weight and size. The sensor 
mounts on the top of the cruiser near the light bar. The front 
window has an automatic defroster and a wiper blade. A 
bracket is provided as an interface between the cruiser and 
the pan and tilt head. Two display options are available. 
One option provides a console display, and a second option 
provides a head-up display in front of the driver. A separate 
control console has a joy stick to control the pan and tilt 
head, and other controls for on/off, polarity, scan, pan reset 

1 Hanson, Charles, et.al., "Uncooled Thermal Imaging at 
Texas Instruments", SPIE Vol. 1735 Infrared Detectors: 
State of the Art, 1992,17. 
2 Peranio, Leo, "Low-Cost Uncooled Sensor Prototypes 
(LOCUSP)", IRIS Passive Sensors Proceedings, February, 
1993. 

and wiper on/off. The scan control automates panning 
within limits set by the operator, and the pan reset control 
returns the pan head to its home position. 

NIGHTSIGHT™ system performance is not very 
different from similar systems designed for military 
applications. The performance specifications are listed in 
Table 1. Only system prototypes have been built to date; 
systems in the standard configuration will be available to 
police departments by the end of this year at a price of 
approximately $6,000. 

FUTURE PLANS 

The other commercial IR imaging markets to be 
developed in the near future are site surveillance and 
truckers' driving aids. However, there remains much to be 
done to prepare and execute near-term plans to develop the 
law enforcement IR imaging market. For the next year 
production preparations and market development will 
dominate activities. For the following year, emphasis will 
continue on cost reduction. During this time, development 
of the newer markets will not be neglected, and plans for 
new products will materialize. 
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Field of View 28° by 18° 
Depth of Field 20 feet to infinity (fixed focus) 
Standard Video Interface RS170/NTSC 
VCR Compatibility All standard formats 
Automatic Controls Contrast and Brightness 
Image Polarity Selectable 
Time to Operation < 30 seconds 
Operating Temperature -20°C to +50°C 
Max. Storage Temperature 105°C 
Power Consumption 6 Watts 
Operating Voltage 12 VDC nom. / 24 VAC optional 
Package Integrity Waterproof 
Physical Size 8"L x 6"W x 6"H 
Weight < 5 lbs. 
NETD < 0.12°C 
IFOV 1.5 mrad 

Table 1 - NIGHTSIGHT™ Specifications 
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ABSTRACT: 

The parameters of the electrical equivalent 
circuit for crystalline ferroelectric films 
may be derived from measurements of the 
dielectric response as a function of frequency 
and of temperature. Careful corrections must 
be made to minimise complications due to 
electrode resistance and probe inductance. In 
general simple R-C circuit models representing 
features such as low permittivity surface 
layers are insufficient to describe the data, 
and a distribution of relaxation times must be 
introduced. A major contribution to dielectric 
loss at low temperatures results from 
electronic hopping conduction. This is evinced 
by a frequency dependent ac conductivity of 
the form O(U)=A(D*. 

INTRODUCTION: 

The properties of a ferroelectric 
capacitor reflect various features of the film 
and of its electrode structure. These include: 
1) a dielectric constant and loss which 
depends on the composition and processing of 
the film and of its electrodes. The dielectric 
constant tends to be lower in the film than in 
the bulk material, and a wide range of values 
for a given material are often noted in the 
literature [1]. 2) In hysteresis experiments, 
the switched polarisation is similar to that 
of bulk materials and is similar for various 
methods of preparation. However, the coercive 
field is substantially higher . 4) Complex 
polarisation and time dependent breakdown 
phenomena are observed in dc leakage current 
and current-voltage studies [2]. Such 
phenomena are a function of the electrode 
material. 5) A frequency dependence can arise 
at high frequencies related to the electrode 
resistance, and to the methods used to connect 
the film to the measuring equipment. 

EXPERIMENTAL 
DISPERSION. 

MEASUREMENTS   OF   FREQUENCY 

The dielectric response as a function of 
frequency is described by the dielectric 
constant e' and loss tangent tan 5. These 
quantities are evaluated from the parallel 
capacitance CM and resistance RM or tan 6m 
measured by an ac bridge or network analyzer. 
Theoretical calculations are most often 
compared to the equivalent parallel 
capacitance Cp and resistance Rp of the sample 
with the implicit assumption of ideal 
conducting electrodes. However in a real 
system, C„ and RM can have contributions from 
the lead inductance L, and due to the total 
contact, lead and electrode resistances 
between a measuring probe and the sample 
electrode. 

a) 

b)  o-W—(ftp— 
HWS 

HI- 

Figure 1 a) Measured film parameters, b) The 
circuit which is present. This 
includes lead inductance, series 
resistances and the equivalent 
parallel circuit Cp and Rp of the 
sample. 

Analysis of this circuit is simplified if 
tan 8 = l/<aRpCp for the sample is small (<0.1). 
It can then be shown that: 

u C_ R +  tan 6 
tan 6„ =  £  

*    (1-co2 L C„) 

(l+tan28J (l-o)2LCp> 

CD 

oo 

L and R both increase tan 6m, while CM is 
increased by L and is decreased by R. The 
effect is more pronounced at high frequencies, 
and the onset of frequency dependent effects 
shifts to lower frequencies if the capacitance 
(area) of the sample is larger. This is a 
quick check to distinguish between frequency 
dependent effects which are intrinsic to the 
sample and extrinsic (L,R) effects. 

A numerical computation may be used to 
determine the four unknowns Cp, R,L and tan ö 
from measurements at different frequencies. 
However, L and R also can be estimated by 
equating CH and tan 8m in the mid frequency 
range to Cp and tan 6. Assuming that these 
values are independent of frequency at high 
frequencies, L and R can be estimated from 
eqns.(l) and (2) by a single high frequency 
measurement of CH and tan 6m. Thus the results 
shown in Fig.2 (a) for a 0.18 (im thick sol gel 
PZT film on Pt/Al [3] are due to a series 
resistance of 8-10Q and a lead inductance of 
3-4 uH. For PZT on YCBO [4] (Figure 2(b), the 
dispersion can be fully accounted for by the 
series resistance of the electrode - by 
neglecting L and calculating e' for the film 
from e'm(l+tan

2 6J . Thus the drop in e' at 
high frequencies is due to extrinsic effects. 
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vacancies and non-stoichiometry. 3) Hopping of 
electrons (holes) between reduced and 
unreduced states of transition metal ions. For 
example, charge compensation of oxygen 
vacancies may change the valence state of 
transition metal ions such as titanium from 
Ti4+ to Ti3+. Localized hopping of electrons 
and ions will contribute only to dielectric 
loss. If hopping occurs in a system 
characterised by random jump distances and 
varying barriers heights, a frequency 
dependent conductivity of the form o(u) = Aw" 
is expected. A and s are parameters and 
0.7<s<l.[6]. Dc conductivity and leakage 
current results from the long range hopping of 
localized electrons, free charge carriers and 
ions [7] . 

A generic equivalent circuit representing 
the above structure (Figure 3) is shown in 
Figure 4. 

Figure 2: High frequency dielectric dispersion 
due to lead effects a) sol gel PZT 
on platinum [4], b) laser ablated 
PZT on YCB0 [5] 

The Origin of Dielectric Dispersion 

The low frequency dielectric dispersion 
in ferroelectric films can arise due to domain 
wall fluctuations, hopping conduction, or 
space charge dispersion. The dispersion is 
strongly linked to the microstructure of the 
film. 

Top 
Electrode  p 

U'. 
Bottom      i 
Electrode 

Metallisation 

1—Space charge region 

yNon-ferroelectrlc 

surface layer 

Bulk 

L (space charge at 
' grain boundaries, 

defects and domain 

walls) 

Figure 3: Structures within 
capacitor 

a ferroelectric 

Figure 3 shows: 1) a space charge region 
between the metallisation and the insulator, 
2) a non-ferroelectric layer at the surface of 
the film, 3) perpendicular and parallel grain 
boundaries, 4) defects distributed throughout 
the bulk. These structures may be created by 
chemical interactions, solid state diffusion 
or component loss during film and capacitor 
processing. They may result from nucleation 
and growth of crystallites within the film 
[5] . Such structures will be repeated for both 
top and bottom electrodes. 

The field distribution between the 
elements, and the mechanism of charge 
transport and storage within each element will 
determine the measured properties of the 
capacitor. The conduction process in 
perovskite ferroelectric thin films has 
contributions from: 1) Free electrons (holes) 
in the conduction (valence) band. The number 
of these will depend on the temperature and 
the number of ionized defects. 2) Ionic 
conductivity  due  to  transport  through 

Spaca charge 

Bottom electrode 

r° 

Top electrode 

Figure 4 Electrical equivalent circuit 
representing all the features shown 
in Figure 3. The diode elements 
represent space charge effects. The 
components are duplicated at the 
bottom and top electrodes. 

The space charge regions at the electrodes, 
grain boundaries and defect structures are 
shown by diode elements. Parallel R-C circuits 
represent the dielectric properties, and the 
conduction mechanism in the bulk and in the 
low permittivity surface layers respectively. 
Such a circuit will be repeated for the bottom 
and top electrodes. The extraction of values 
for the parameters of such a model can be a 
daunting task and the results must clearly 
reflect the realities of the physical 
structure. 

Because of the high permittivity of a 
ferroelectric, even a very thin low 
permittivity surface or grain boundary layer 
can be significant at room temperature or 
slightly above. This is likely to be the major 
reason for the wide variation in the 
dielectric constant reported by different 
workers for films of the same composition. 
If no mobile charges (ions or electrons) are 
present, the measured capacitance is the 
series combination of the capacitance of the 
bulk and surface films. This is modified if 
conduction processes create a resistive path 
within either element. Since such processes 
are often both temperature and frequency 
dependent,  apparent changes  in dielectric 
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constant with temperature or frequency can 
actually be due to changes in charge 
transport. Thus the influence of a surface 
layer in single crystals such as TGS has been 
noted near the ferroelectric transition 
temperature when the capacitance of the bulk 
crystal becomes comparable to the interface 
capacitance [8] . In bulk ceramics, the surface 
layer capacitance is important in PbTi03 when 
the bulk conductivity of the samples becomes 
high [9] . In thin film PZT, surface layers 
are formed of non-ferroelectric pyrochlore 
films [10] and interfacial Ti02 layers 
resulting from the oxidation of Ti diffusing 
through platinum electrodes from an underlying 
glue layer [11]. 

A Simple Barrier Layer Capacitance Model 

At high fields the change in space charge 
width denoted by the diodes in Figure 1 with 
electric field plays an important role in 
determining the shape of P-E hysteresis curve 
[12] . However, at low ac signals the diodes 
can be replaced by their equivalent 
resistances and capacitances. Incorporating 
all capacitances and resistances other than 
those of the bulk film into a single 
capacitance CE and RE leads to the simple 
equivalent barrier layer capacitance model 
shown in Figure 5. 

U/s/v/J   L\A/SA» ^VSAA" 

Figure 5: A simple circuit model representing 
the bulk material and the combined 
effects of electrodes at each 
surface. 

The predictions of this model can be 
compared with experiment by calculating the 
equivalent capacitance Cp and conductance Gp = 
1/Rp which would be measured by a dielectric 
bridge. Using the following equations. 

C* (c" -C) 

c' 

(1   +   JU>X ) 

cp - C = (C" - C1) 
(1   +   CO2   X2) 

CO           u 

OT(C" - C') 
(1   +   CD2T2) 

CF CE c"_      1 

cF 
+ cE RF 

+ RE 

C„  + C (-?)'■ 

(1 

(3) 

(4) 

(5) 

(6) 

(7) 

(CF + CE)RE 

(1 + TJ 
(8) 

The capacitance predicted as a function of 
angular frequency u = 2itf, where f is the 
applied frequency, is shown in Figure 6. The 
parameters for the graph are given in the 
caption. The x-axis is expressed as a function 
of cot, where x is a time constant calculated 
from eqn. 8. This time constant contains the 
resistances RE and RF and hence the scaling of 
the x-axis is temperature dependent.The 
theoretical plot demonstrates that the 
magnitude of the measured capacitance and its 
frequency dependence is greatly influenced by 
the conductivity of the barrier region RE and 
of the bulk film RF. A low almost frequency 
independent value of Cp is predicted if RF is 
less than RE while the actual dielectric 
constant and width of barrier and film regions 
CE and CF remain unchanged. Useful information 
can be derived only if measurements are made 
over a wide temperature range. 

1000 
ux (radians) 

Figure 6: Measured capacitance versus 2itft, 
where x is given by eqn.6. The 
curves are calculated for ratios of 
RE/RF =0.01, 1 and 100 respectively. 
CE = 4 x 10-

10 F, RE = 1 x 10' Q, Cp = 
2 x 10"' F, and Rp has appropriate 
values. 

A low frequency-independent value of Cp or 
dielectric constant will be obtained even when 
RE and RE are much larger than the impedance of 
CE and CF respectively even at the lowest 
measuring frequency. This is evident from the 
experimental data of Figure (7). The 
dielectric constant of a sol gel derived 
barium titanate film deposited on a stainless 
steel substrate [13] shows a strong frequency 
dispersion at 300K while at 100K the 
dielectric constant is independent of 
frequency. An RF sputtered PZT film on a 
platinized alumina substrate [14] shows 
little dielectric dispersion at room 
temperature while a strong frequency 
dispersion is observed at higher temperatures. 

The experimental dispersion data shown in 
Figure (7) could not be fitted over the entire 
frequency range using eqn.(4). In the 
dispersion region, the fall predicted by 
eqn.(4) with increasing frequency is much 
sharper than that experimentally observed. 
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Assuming that Rr 

» RE and CF > CE, the properties of the film 
and the barrier layer are computed from, 

CF c"c' 

1 
G" 

R* = 
T 

c" 

(12) 

(13) 

The implications of alpha in changing the 
slope in the dispersion region is shown in 
Figure 8. All parameters CF,CE,RE and RF are 
kept fixed and only alpha is changed. 

Figure 7: Dielectric dispersion of a sol gel 
film of BaTi03 on stainless steel 
at 300K and 90K [13], and an RF 
sputtered PZT on platinized alumina 
at 300K, 350K and 400K [14]. 

Capacitance Model Involving a Distribution of 
Relaxation Times 

The deviation between the theoretical and 
experimental curves arises because all space 
charge regions, the metal-film interface and 
grain boundaries have been lumped into a 
single capacitance. A number of considerations 
suggest that this model is incorrect. The 
grains in a polycrystalline film are of random 
size and this size distribution will influence 
the dielectric constant of the film. Film 
growth on a substrate whose lattice constants 
do not match those of the film results in the 
growth of an initial layer whose properties 
will differ from those of the bulk. In PZT, 
lead loss at the surface during processing can 
lead to the crystallisation of a non- 
ferroelectric pyrochlore phase [10]. Thus, the 
local capacitance and resistance varies 
throughout a film, even within the specific 
elements incorporated into the equivalent 
circuit. The relaxation time calculated in 
eqn.(8) is therefore not a well defined 
quantity, and the variation of R and C will 
give rise to a distribution of relaxation 
times. Several distribution functions have 
been proposed to obtain the dielectric 
dispersion in polar liquids. The Cole-Cole 
distribution [7] has been the most successful 
in interpreting the data. The complex 
capacitance given in eqn.(3) is written as 

C" 
(C"  - C>) 

1 + (J'WT)
1

' 
(9) 

where a is an empirical parameter related to 
the width of the distribution which has a 
value between 0 and 1. The full expressions 
for Cp and Gp are, 

C  + 
(C" - c') (l+(cdTay)1-°sin(«7i/2)) 

l+2(ü)-cav)1-"sin(au/2) + (üuai,)
2(1-<" 

0.001 100 
QX (radians) 

1000 

Figure 8: Theoretical plot of dielectric 
dispersion with CE =4 x 10"

10 F, CF = 
2 x 10-9 F, RE = 1 x 10e Q and RF = 1 
x 1010 Ü. Values of a are 0, 0.5 and 
0.9. 

Experimental data for Cp and Gp can be 
fitted to equations (10) and (11) by choosing 
C",C',x, a and G" by a procedure similar to 
that described elsewhere [15]. A typical 
fitting for a 1 (im thick BaTi03 sol gel film on 
stainless steel is shown in Figure (9). 
Similar fittings were made for different 
thicknesses of BaTi03 films and for different 
temperatures in PZT films. The values of the 
fitting parameters for two thicknesses of 
BaTi03 films and for PZT films at different 
temperatures are reported in Table 1. The film 
and barrier parameters are estimated from 
eqns.(12) and (13). 

The effective barrier capacitance is 
almost independent of film thickness and is 
weakly dependent on temperature. It is 
probable that the barrier parameters depend 
only on fabrication conditions and can be 
controlled by proper processing conditions to 
achieve near bulk values. However, it may not 
be possible to completely eliminate them and 
so the influence of the barrier parameters on 
the measured dielectric parameters of the film 
will be observed at higher temperatures. 
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BaTiO, 

PZT 

t(|im) 

0.65 

1.0 

1.6 

Temp K 

300 

300 

320 

400 

C"(pf) 

3590 

2750 

720 

2100 

C'(pf) 

521 

520 

360 

440 

a 

0.41 

0.52 

0.68 

0.6 

(s) 

6.5 10" 

5.5 10-" 

7.2 10- 

2 10-' 

G"(mho) 

6.5 10-7 

1.5 10- 

1.3 IQ"8 

10" 

Table 1: Derived parameters  of  films  and 
space charge regions 
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Figure 9: Comparison of experimental and 
theoretical data for a sol gel 
BaTi03 film. The theoretical curve 
is calculated with the following 
parameters: 

C = 5.2 x 10-10 F 
C" = 2.75 x 10-°' F 
o  = 0.52 

G" = 1.5 x 10"e mho 
T  = 5.5 x 10-" s 

If we assume that the dielectric constant 
of the barrier layer is 30, the effective 
thickness of the low permittivity region for 
an electrode area of 2.25 x 10'3 cm2 is 500 A. 
Such a large value indicates that CE is mainly 
controlled by a low permittivity layer rather 
than by a space charge region associated with 
a conducting boundary. The layer thickness is 
only a very small fraction of the total volume 
and hence one would not expect it to greatly 
influence the spontaneous polarization. 
However the electric field will be divided 
across the two capacitors so that the coercive 
field will appear to be large as has been 
observed [1]. 

In contrast to crystalline films, 
amorphous films show a low value of dielectric 
constant and a small tan 6. The dielectric 
loss of crystalline films is greatly dependent 
on the crystallization process while for 
amorphous films it is invariably low for films 
prepared by different techniques. This is 
evident from Figure (10) in which data for 

barium strontium titanate (BST) prepared by 
different rapid thermal annealing schedules 
and measured at room temperature is reported 
[16] . 
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Figure 10: Dielectric constant and tan 8 
for amorphous A and crystalline 
■ barium strontium titanate 
films at 300K [16]. 

BST films prepared at a hold temperature 
of 700°C showed no evidence of crystallinity 
and 6' and tan 6 is low. The value of e' lies 
between 45 and 50 in common with amorphous 
films of PZT and BaTi03. The loss tangent of 
BST which is crystallized by RTA at 750-800°C 
is substantially higher. 

As shown in Figure 11, in BaTi03 

crystallized by normal furnace annealing, the 
dielectric loss tangent dramatically falls on 
cooling to 90 K and becomes equal to that for 
amorphous films. Amorphous films show low loss 
both at 300K and 90K. The larger loss in the 
crystalline film is due to a larger 
concentration of oxygen vacancies after a 
longer time of annealing with a consequent 
increased contribution from ionic hopping. At 
low temperatures, ionic hopping makes little 
contribution and the dominant mechanism is 
electronic hopping. No evidence of a 
ferroelectric hysteresis loop was noted in any 
amorphous BST, BaTiO, or PZT films. 

At low temperatures the electronic 
hopping conduction dominates the conductivity. 
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Figure 11: Dielectric loss tangent of 
amorphous and crystalline 
BaTi03 films at 30OK and 9OK. 

This is shown in Figure (12) for a crystalline 
film of PZT. Similar results were obtained for 
amorphous films. 

-5.00 r 

4.0 6.0 8.0 10.0 

1000/T   (K~S —- 

Figure   12: AC conductivity of crystalline 
PZT as a function of inverse 
temperature for four 
frequencies a)100Hz, b)1000Hz, 
c)10,000Hz, d)100 kHz. 

A strong frequency dependence and a weak 
temperature dependence is observed, while at 
higher temperatures the conductivity starts to 
show a temperature dependence. The hopping 
conduction will give a frequency dependent 
polarization over and above the polarization 
of perovskite film. This will show a small 
frequency dispersion at low frequencies 
(around 1 to 10%) depending on the number of 
hopping carriers. Such a weak dispersion is 
commonly observed in all crystalline films. 

The temperature at which the temperature 
dependence starts was found to be almost 
identical in both amorphous and crystalline 
films. This suggests that the conduction 
mechanism is same in both the films i.e. 
electronic hopping. It may be pointed out that 
even when ac conductivity appears with a 
relatively modest temperature dependence above 
300K it is still substantially higher than the 
dc conductivity. This implies that leakage 
current  and  dielectric  loss  arise  from 

different mechanisms and that low leakage 
current does not mean a correspondingly low 
tan 6. 

Conclusions 

Detailed dielectric response studies of 
both dielectric constant and loss over wide 
frequency and temperature regions are needed 
to achieve a proper understanding of the 
effects of microstructure, electrodes and film 
properties. 
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Switching in Ferroelectric Thin Films: How to Extract Information 
about Domain Kinetics from Traditional Current Data 
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Ural  State University, 
Lenin Ave.51, 

620083 Ekaterinburg, Russia 

Abstract - In this paper we demonstrate the possibility of 
extracting original detail information about domain kinetics 
during polarization reversal in thin ferroelectric films from 
the switching current data. The developed method of 
mathematical treatment was verified by computer 
simulations and direct experiments in model ferroelectric 
single crystals. 

INTRODUCTION 

Recently the interest in exploration of fast switching 
process has grown rapidly in view of some promising 
applications of integrated ferroelectrics in memory devices 
[1]. The measurement of transient current during 
application of square voltage pulses is practically the 
only method of experimental investigation of fast switching 
in thin ferroelectric films [2]. Up to now the extracted 
information is limited. The traditional mathematical 
treatment of experimental data commonly yield only field 
and temperature dependencies of switching time [3]. The 
polarization reversal is the result of arising and growing of 
great number of interacting domains accompanied by their 
coalescence. The process strongly depends upon the initial 
domain structure, the spatial distribution of nucleation sites 
and geometrical sizes of switched sample. It will be shown 
that this complicated behavior can be divided into several 
stages characterized by the definite sets of kinetic 
parameters. As a result, observed peculiarities of the shape 
of the transient current pulses are related to the changes 
of the type of the domain structure kinetics [4,5]. Therefore 
it is reasonable to propose that with adequate theoretical 
description the kinetic parameters of the main stages of 
domain evolution can be extracted even from the traditional 
integral measurements. 

CLASSICAL APPROACH 

The theoretical description of the switching process [6,7] 
is usually based on Kolmogorov-Avrami (K-A) statistical 
theoiy [8,9]. Two limiting situations are considered usually 
[8,10]: a-model - in which the number of domains is 
progressively increasing (the nucleation probability per 
volume a usually is chosen to be constant during switching) 
and ß-model - when all domains involved in switching are 
arising instantaneously at the very beginning of the process 
with the density ß per volume (remnant domains). In both 
cases the domain wall velocity v is usually taken to be 
constant for switching under the action of rectangular pulses 
of electric field. The main equations used for the description 
of the time dependence of   the fraction of the area occupied 

by    switched   domains,    which    is   proportional    to   the 
switching charge, runs as follows: 

q(t) = l-exp[-cav"tn+1/(n+l)] for a-model 

q(t) = 1- exp(-c ß vn tn) for ß-model 

(1) 

(2) 

where: n - the dimensionality of the growth, depending 
upon the type of domain structure (n = 1 or 1-D growth for 
lamellar domains, n = 2 or 2-D growth for isolated cylindrical 
domains and n = 3 or 3-D growth for bulk ones), 

c - the domains' shape constant. 
The main problems arising while fitting of experimental data 

in ferroelectric films by Equations (1) and (2) are: firstly, 
obtained values of n are usually noninteger [11,12] and, 
secondly, it appears impossible to describe the decaying part 
of the experimental current pulses. So this theory can not 
adequate describe the observed phenomena in such objects in 
the whole time range. The reason is that K-A theory was 
formulated for infinite media only. But in thin films the 
edge effects are very important. 

Recently Duiker and Beale [13], Ishibashi and Orihara [14] 
made an attempt to apply the modified K-A approach for 
the description of the behavior of real finite objects. It was 
pointed out that the effects due to the finite sizes are 
veiy important in polycrystal films and ceramics. In such 
objects the reconstruction of domain structure goes 
simultaneously and independently in individual grains of 
extremely small sizes. 

K-A theoiy did not account for the fact that at the 
instant the growing domain touches the sample boundaries 
there occurs the local geometrical catastrophe. The domain 
ceases to grow in one of the directions - in other words the 
abrupt change of the shape constant occurs. This process 
statistically averaged over the switching volume significantly 
influences upon the shape of transient current pulse. Such 
effect is the most pronounced while observing the growth of 
wedge-like or lens-like domains (at the high anisotropy of 
domain wall velocity) which is rather typical for thin 
ferroelectric films. 

SWITCHING IN FINITE SAMPLES 

We developed [15-17] the new description of the domain 
structure evolution in finite media in terms of the 
geometrical catastrophes. The proposed mathematical treatment 
based on simple model of domain kinetics during switching 
in finite samples allows us to overcome the above mentioned 
difficulties.   Moreover the developed theory of geometrical 
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transformations predicts the drastic changes of growth 
geometry at the definite moments of the geometrical 
catastrophes. Such consideration appeared to be rather 
fruitful for obtaining the complete statistical information 
about the stages of domain kinetics concealed in integral data. 

It was shown [15,17] that for ß-model during switching 
in restricted sample with high anisotropy of sideways 
domain walls motion there are two important peculiarities: 
first, the averaged shape constant of the domains decreases 
during switching and, second, the dimensionality of domain 
growth drastically changes at the appropriate catastrophe 
moment tcat. In other words ß(2-D) -> ß(l-D) geometrical 
transformation occurs. The influence of these peculiarities 
on the transient current diminishes with the increasing of 
effective sizes of the sample and in the limit the classical 
formula for   ß-model   can   be used. 

The analogous descriptions of the transient current shape 
were used for any model situations: arbitrary value of 
sideways domain growth anisotropy (account for the size 
limits in both directions) and   cc-model as well: 

i(t) = (2Psl
2nt"/t0a

n+1){l 

•exp[-(t/t0ar'(l - t/t)], 

[1 + l/(n+l)] t/tm}- 

for a-model      (3) 

(t) = (2Psl
2nf\'')[l-(l + l/n)t/y- 

exp[-(t/t0B)n (1 - t/t)], for ß-model      (4) 

,,nyl/n where   t0a = [cavn+1/(n+l)]-1/<n+1>,   top = (cßvn)" 

Ps - spontaneous polarization. 

The decay time tm (the characteristic time of the decreasing 
of the averaged shape constant) is the function of anisotropy, 
domains' shape and nucleation intensity. In any case the 
influence of the finiteness can lead only to decreasing 
of the growth dimensionality as a result of geometrical 
transformations/catastrophes. 

Another kind of geometrical transformations take place 
due to spatial nonuniform distribution of nucleation sites. 
This situation is rather typical for real thin films. It must be 
stress zd that in this case also the whole switching process 
can be divided into stages each characterized by integer 
value of growth dimensionality n. The peculiarity of this 
situation is that one can obtain even step increase of the 
growth dimensionality at the closing stage of the switching 
process. These effects are very pronounced, for example, 
when the most part of nucleation sites/remnant domains 
are situated at the edges of the sample/grain and also during 
«correlated» nucleation in «superstrong» field [5,18]. 

Carlo method were carried out on the 2-D matrix 
[15,17]. For every step the variation in the fraction of 
the area occupied by arising domains (the analog of transient 
current) was averaged over the great number (more than 
1000) of independent realizations/computer experiments for 
obtaining statistically reliable results corresponding to 
the experimental conditions in polycrystal thin films. 
The computer experiments were done for a - and ß - models 
in the wide range of the model parameters for random 
and   spatially   nonuniform distribution of nucleation sites. 

The results of computer experiments for a - and ß -models 
in all cases are fitted extremely good by the Equations (3) 
and (4) with integer values of growth dimensionalities 
(Figures 1 and 2). 
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Figure 1. Computer simulation of switching process with 
random nucleation: a) a-model, anisotropic domain 
growth; b) ß-model, isotropic sideways domain growth. 
The points -  results   of  computer experiments, 
the solid curves - fitting by Equations (3) and (4). 

TESTING OF THE NEW APPROACH 

The experimental examination of the model single crystals 
simultaneously by local and integral methods so as the 
computer simulation of domain evolution in two-dimensional 
case were used for testing of this new approach. 

Computer simulation 

In order to verify the validity of proposed description the 
computer simulations   of the switching  process  by   Monte 

It is important to point out also that these formulas 
succeeded in describing the decaying part of the transient 
current which is impossible within the framework of the 
classical approach. The typical results of computer 
experiments for random (spatially uniform) nucleation for 
ß - model with isotropic sideways domain growth and for 
a-model with high anisotropic growth are shown on the 
Figures 1 and 2. The geometrical catastrophes accompanied 
by decreasing of growth dimensionality ß(2-D)-»ß(l-D) 
and   a(2-D)-»a(l-D) are clearly seen in both cases. 

The computer simulation of the switching process in the 
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case of spatially nonuniform nucleation rate had shown 
qualitatively different type of catastrophic changes of the 
growth dimensionality. The typical result for prevalent 
nucleation at the edges of the sample/grain and anisotropic 
sideways domain growth is   shown   on  the   Figure   2. 
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Figure 2. Computer simulation of switching process with spatially 
nonuniform nucleation: a-model, nucleation near 
sample's edges only, anisotropic sideways domain 
growth. In insert - scheme of the domain structure at 
the different stages of switching. The points - results 
of computer experiments, the solid curves - fitting by 
Equations (3) and (4). 

The unusual shape of transient current is successfully fitted 
taking into account the existence of two consequtive 
catastrophes. As a result of first catastrophe the shape of two 
saw-edged domains which are growing near the sample's edges 
became stable. Their zigzag walls are moving to meet each 
other during second stage. The step increase of the growth 
dimensionality at the second catastrophe is the result of their 
coalescence. 

It was shown that fitting of the computer experiments data 
allowed to define the catastrophe moment and other model 
parameters with high precision. Furthermore the theoretical 
relations between model parameters and characteristics of 
domains' evolution are good enough for extracting the 
kinetic parameters from experimental integral data. 

Switching of model single crystals 

The complex experimental testing investigations of the 
switching process were done in thin plates (about 100 urn) 
of model single crystals with optically distinguished 
domains: lead germanate Pb5Ge,On (PGO) and bismute 
titanate Bi4Ti3012(BTO). Optical unit for real-time domains 
registration with the pulse dye laser as a light source was 
used to explore the domain kinetics with high spatial (about 
micron) and time (10 ns) resolution in wide range of switching 
times (up to microseconds). Transient current pulses and 
momentary domain patterns were simultaneously registered. 
All investigated samples had the controlled initial domain 
structure and only the 180° switching was observed. The 
BTO   samples contains   a   veiy small concentration of twin 

walls but they did not move during switching. 
Two different types of initial domain structures were prepared 

in PGO: the single domain state (Figure 3a) and the 
controlled maze structure with high density of domain walls 
(Figure 3b) [19]. The mathematical treatment allows us 
to show the qualitative and quantitative difference in 
domain   kinetics   in   these   two   cases. 
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Figure 3. The transient current for PGO single crystal during 
switching from: a)single domain state and b) the meza 
domain structure. In insert - scheme of the domain 
structure at the different stages of switching. 
The points - experimental results, the solid curves - 
fitting by Equations (3) and (4). 

Switching from single domain state demonstrate the 
ß(2-D)-»ß(l-D) geometrical transformation in the decaying 
part of the current pulse. It is necessary to mention that the 
first catastrophe on Figure 3b is due to the relatively large 
dimension of the sample in polar direction (d = 130 urn) and 
never can be realized in thin films. During switching from 
the maze domain structure we reveal another type of 
geometrical transformation ß(l-D)-»a(2-D). This fact enables 
us to state that the change from the maze to isolated 
cylindrical domains occurs. All predicted transformations 
of the types of domain structures are confirmed by direct 
real-time visualization of the domain kinetics. 

It must be shessed that the width of domain maze elements 
in our experiments were about few microns and it was 
very difficult to observe the momentary domain patterns by 
optical methods. The proposed method was very effective 
even in this case for extracting the information about the 
«geometry» (type) of the initial domain structure and its 
changing during switching. In contrast to any method of the 
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visualization of momentary domain patterns the proposed 
method has practically no resolution limits. 

DOMAIN KINETICS IN THIN FILMS 

The method has been applied with much success for the 
studying of thin polycrystal films of lead titanate doped by 
lanthanum (PLT), prepared by magnetron sputtering (Figure 
4) and lead zirconate titanate (PZT) films manufactured by 
sol-gel method (Figure 5a) and pulsed laser deposition 
(Figure 5b), so as epitaxial heterostructures PbZr0 4gTi0 }2OJ 
YBa2Cu307 x deposited by laser ablation on single crystalline 
SrTi03 substrates (Figure 6). 
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Figure 5. The transient currents for PZT thin films produced by: 
a) sol-gel method and b) laser ablation. Experimental 
points were fitted by Equations (3) and (4). 
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Figure 6. The transient current for   epitaxial heterostructures 
PZT/YBa2Cu307.x /SrTi03 produced by pulsed laser 
deposition.   Experimental  points were fitted  by 
Equations (3) and (4). 

It was demonstrated that the shape of transient pulses 
measured at the similar conditions are strongly depend not 
only upon the type of manufacturing method but also upon 
the technological parameters (film thickness, annealing 
temperature, material of substrate and electrodes and so on). 
All above mentioned types of the domain kinetics and 
geometrical transformations were realized in investigated 
films. 

The ß(2-D)-»ß(l-D) and a(2-D)-*x(l-D) transformations 
during switching (Figure 4 and 5b) are rather typical. This 
kind of transformations was discussed above in details 
and confirmed by computer simulation. The considered 
transformations in first case can be interpreted as a result of 
growth of residual/remnant domains in the grains of small 
sizes. The second type can be realized during anisotropic 
growth of the increasing number of domains. The predicted 
domain evolution is in accordance with the results of the 
TEM observation of static domain patterns in thin films 
[20,21]. 

The absence of the transformations during whole switching 
pulse (Figure 5a) shows that the process finished before 
catastrophe moment. But even in this case the decreasing of 
the shape constant as a result of grain finiteness was taken 
into account during fitting. 

Even the pulses with unusual shape similar to Figure 2 
are registered under proper switching conditions in the 
epitaxial heterostructures (Figure 6). These peculiarities are 
due to the nonuniform spatial distribution of the nucleation 
sites. Probably they are located preferably near the edges of 
grains which are extremely large in epitaxial   films. 

The presented treatment of experimental results reveals 
the influence of initial domain structure upon the whole 
switching process. It is well-known that this initial structure 
strongly depends upon many technological factors. But 
practically always it is impossible to define the main 
characteristics of the domain structure. The proposed method 
allows to do this even in real devices.  It opens the possibility 
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of the reproducible manufacturing of devices with controlled 
domain structure. 

Within proposed mathematical treatment we can obtain 
such important parameters of domain structure evolution as: 
kinetic process dimensionality n, anisotropy of domain growth 
A and characteristic times tQ, tm and tc. The knowledge of 
such parameters in turn makes it possible to describe the 
reconstruction of the domain structure in terms of the number 
of arising domains per volume (a and ß) and their sideways 
velocities (vx and v ). The obtain parameters are depended 
upon the voltage and temperature. They are changing 
significantly during aging and degradation. 

CONCLUSION 

It is important to understand that proposed method of 
mathematical treatment can be successfully used in traditional 
investigations of switching in any real integrated device for 
interpretation of various actual processes such as fatigue, 
degradation and so on in terms of domain kinetic parameters 
having clear physical meaning. Besides it allows to measure 
and control the geometry and spatial distribution of initial 
domains and to optimize the manufacturing of integrated 
devices by production of the desirable/optimal domain 
structures. The method   has  practically  no resolution limits. 
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Abstract - Ferroelectrics are attractive as thin-film driver layers for 
high frequency resonators because of their piezoelectric nature. We 
consider various measures of performance usually applied to resonator 
materials, and list observed values for various ferroelectrics being 
developed for use in cellular radio and collision-avoidance radar. For 
these applications, our analysis shows that the material parameter of 
paramount importance is neither the electromechanical coupling nor the 
acoustic quality factor. We introduce a new metric for judging material 
suitability for high frequency resonator use. It is a combination of all of 
the physical quantities associated with acoustic wave propagation in 
piezoelectrics. Ranking ferroelectric thin-film materials by use of the new 
measure leads to a number of unconventional implications regarding the 
future technology of these devices. 

(1) 

is one of the important attributes characterizing an acoustic medium, as the 
resonance frequency of a plate of a given thickness is directly proportional 
to the velocity. The velocity depends primarily on the elastic stiffness cE 

and mass density p of the medium, and to a lesser extent on the 
piezoelectric properties of the medium through the piezoelectric 
contribution to the elastic stiffness: 

(2) 

INTRODUCTION 

Ferroelectric materials are used in a variety of electromechanical 
devices, such as resonators, filters, transducers, and delay lines, [1,2] as 
well as sensors and actuators [3-5]. The material properties of primary 
importance vary with the application. In wideband filters, for example, 
coupling coefficient considerations are paramount, whereas in narrowband 
designs, minimizing loss is paramount. Resonators have been gauged by a 
variety of material or circuit measures over the years. To an extent, the 
differing measures pertain to the intended uses, but none of the usual 
performance figures is entirely adequate for characterizing resonator 
materials for cellular radio, radar, and similar applications at the higher 
frequencies. 

This paper considers some of the performance metrics traditionally 
applied to resonators and resonator materials. It then introduces a new 
metric for judging material suitability for high frequency resonator use, 
and tabulates its value for a number of materials. The new metric is a 
combination of all of the physical quantities associated with acoustic wave 
propagation in piezoelectric substances: mass density, dielectric 
permittivity, piezoelectric modulus, elastic stiffness and viscosity. Use of 
this characteristic number to rank resonator materials yields some 
nonobvious and somewhat counterintuitive conclusions that reflect on the 
directions the technology of these devices might take, and where the 
emphases for future progress might be placed. 

PIEZOELECTRIC RESONATORS 

The earliest bulk wave piezoelectric resonators were bars [1]. To 
achieve the higher frequencies required by current applications, resonators 
now employ the thickness modes of plates, [1,2,6] and variants such as 
ring-supported [7-9] and thin-film [10,11] configurations. For the past 

half-century and more, the push to higher frequencies was driven by 
practical applications and miniaturization [12]; this trend continues today. 
During this time, a recurring question has been "What is the highest useful 
acoustic resonator frequency?" We shall find that there is substantial 
reason to believe that the material-limited upper frequency for many 
piezoelectrics is considerably higher than usually thought, and that in 
many cases the upper limit on frequency achieved is more a result of 
manufacturing limitations than of material deficiency. 

Acoustic Velocity 

The acoustic velocity, given by 

The commonly used frequency constant, N0, is equal to one-half of the 
wave velocity. 

Piezoelectric Coupling 

The piezoelectric coupling factor k [6,9,17,18], is a dimensionless 
measure of electromechanical energy conversion efficiency in a 
piezoelectric resonator. It is determined by the piezoelectric, elastic, and 
dielectric constants as 

k~ =- (3) 

and is bounded by (0 < k < 1). The coupling factor is important in 
characterizing an acoustic medium, since it determines whether a 
resonator may be driven by an impressed voltage, and is a primary 
determinant of certain distinguishing frequencies of interest. 

Acoustic Loss 

The material-limited losses in acoustic materials such as quartz are 
often discussed in terms of the product (Q-frequency) being a constant 
[13]. A related, and, for many purposes, a better measure is the motional 
time constant x \ [6,9,14,15], given by 

(4) 

This quantity is dependent upon the acoustic viscosity and elastic stiffness 
of the medium [16]. 

Equivalent Network 

The Butterworth-Van Dyke (BVD) equivalent network of a 
piezoelectric resonator [1,2,6,15,18-20] is a simple, four-element circuit 
used to characterize the mechanical vibrations of the resonator in electrical 
terms. The network consists of a series R), L], C] combination in parallel 
with a second capacitor, C . The nominal frequency of the resonator at 
harmonic M is given by 

f(M) _ Mv ^ MN0 

2t t (5) 

This frequency is often called the series resonance frequency, fs, and is 
used for normalizing the network functions.  If present, dc conductivity is 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 674 



modeled by the addition of a resistance R in parallel with CQ [3,15,21]. In 
deriving the new material metric, we assume small dc conductivity. 
However, the conclusions we arrive at regarding loss and the directions for 
future work are germane to the general case of arbitrary dc conductivity. 

The BVD circuit element values [6,19,20] depend upon the physical 
parameters of the medium and the geometry of the structure. The relations 
between the circuit element values, material constants (physics factors), 
and associated geometric factors are shown in Table I for the case of a thin 
plate of thickness t, with coextensive electrodes of area A on the major 
surfaces. For simplicity, all material constants in Table I are taken to be 
scalars. 

Figure of Merit Criterion 

The immittance functions, e.g., reactance, of the BVD circuit may be 
obtained by network analysis. Despite the simplicity of the BVD circuit, 
there are quite a few distinguishing frequencies defined by the zeros and 
extrema of the various network functions [19]. For example, setting the 
reactance function to zero yields the quadratic equation 

while the capacitance ratio n"*) is found as 

^>v. ♦0-c-*)-o.^=£ (6) 

the roots of which define the resonance and antiresonance frequencies, f 
and f > f . Between f and f the reactance is positive, indicating that the 
crystal looks like an inductor; outside this range the reactance is negative 
and the crystal looks like a capacitor. For most oscillator applications, the 
crystal is operated in the region of positive reactance. It is found from (6) 
that the frequency separation {fA-fR} ("pole - zero" distance) depends 
jointly on Q and r. 

The various measures used to describe the region and extent of 
resonance are detailed in reference [19]. For our purposes here it is 
enough to recognize that resonance as usually construed ceases to exist 
when the condition (f = fA) is satisfied. At this point the crystal just 
ceases to achieve a positive reactance, and its utility for frequency control 
and selection purposes is limited. The point at which (f = f ) is found by 
setting the discriminant of (6) equal to zero. This leads, in turn, to another 
quadratic on the square of the figure of merit, ff: s Q/r, as function of r: 

r2'14-2r(2r + l)";2+l = 0 . 

The roots of equation (7) can be factored to yield 

I+.   1+- 

(7) 

(8) 

(M) _    C0 
C,M) = 

K2 

8k 
■M2. 

Therefore, 

r 

"4k2 

]{■ >       ) 
f(M).M2j   • 

which for 71 = 2 yields the condition 

f(M).M2 = 
"2k2" 

L" Ti J 

(10) 

(11) 

(12) 

for which the product f<M)-M2 is equal to a constant. We now substitute (5) 
into (12) and solve for M to obtain 

MJ = 

hence 

M> =- 

2kz 

*3x,N0 

where L0 is the characteristic length of the piezoelectric medium: 

-£)■ 
IVNo] 
L   k2    J 

(13) 

(14) 

(15) 

The physical interpretation of L0 is that thickness for which % = 2 at 
the fundamental harmonic. By way of example, for AT-cut quartz, L0 a 
39.2 nm, or roughly one hundred molecular spacings! The smallness of 
L0 compared to the usual resonator thicknesses encountered in practice 
leads one to conclude that substantially higher frequencies are available as 
far as the material constants are concerned; the difficulty in achieving such 
arises from an inability to fabricate resonators to the requisite thinness so 
that they can be used at the fundamental harmonic. 

The characteristic length L0 can equivalently be expressed in terms of 
material (physics) constants by using 

N„=- (16) 

Only the positive root applies, from which the criterion IT. = 2 when (f = 
f ) is obtained for typical values of r. For values of 71 of 2 or less, 
resonance ceases to exist [2]. Since Q decreases with absolute frequency 
and r increases with harmonic, % is diminished both by increasing the 
harmonic as well as the frequency of operation. The limiting condition 71 
= 2 thus imposes a constraint jointly upon frequency (or equivalently, the 
thickness) and harmonic. This is a very simple criterion, and we shall see 
that it leads to interesting conclusions. On the other hand, particular 
situations may require other criteria for 71 or Q, etc., yet 71=2 is a suitable 
condition for many purposes. 

along with (1), (3), and (4), such that (15) becomes 

-£)■ .VP   e2 . 
(17) 

One sees that L0 contains every relevant acoustic parameter: p, e-\ e, c, 
and r\. That is, L0 is a function of velocity, coupling, and loss. 

For a given plate thickness t, the maximum usable harmonic is 

FREQUENCY LIMITS 

We now invoke the ''1 = Q/r = 2 criterion to infer the frequency limits 
imposed on simple thickness mode resonators by the intrinsic 
phenomenological material constants of piezoelectric acoustic media. The 
quality factor Q is found from the motional time constant and the 
operating frequency f(M) at the Mm harmonic as 

Q = 
2nf (M). 

1 

2JIT, 
(9) 

M„ (18) 

Of course, M(max) is to be rounded down to the nearest odd integer.   At 
M      , the operating frequency is 

(max) r 

(19) 

(Lo-tf 
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The consequences of operating on a particular harmonic may be 
examined by considering piate resonators of differing thicknesses, such 
that M(max) = 1, 3, or 5. The fundamental mode resonator has a thickness 
of L0, while the harmonic resonator thicknesses are M3L0. The 
frequencies at the intended harmonic are then 

M' 
:f„' (20) 

where the quantity 

frequency, f0, found by rewriting (15) as 

fn = (22) 

The characteristic frequency f0 thus appears in a natural fashion, 
benchmarking the different generic material classes. With proper attention, 
the region delimiting the piezoceramics can be extended downward to 
lower loss values, and consequently higher useful frequency domains. 

(21) 

denotes the characteristic frequency of the acoustic medium; it is the 
limiting frequency for which " = 2 at the fundamental harmonic. From 
(20), it is clear that, if one desires to attain high frequencies, one pays a 
severe penalty for using harmonics other than the fundamental. By way of 
illustration, data for AT-cut quartz and PZT-5A are given in Table II. 

The issue then clearly focuses on the availability of technology for 
making thin films, membranes, and similar structures. Technology, not 
intrinsic material properties, is the real limitation. The use of sol-gel 
techniques [23-29] for processing ceramic thin films seems particularly 
promising for producing cost-effective ceramic resonators at UHF and 
higher frequencies. To be sure, there are certain material-related issues 
associated with growth, microstructure, surface finish, etc., but 
manufacturing problems, such as achieving films with adequate 
parallelism are, in reality, the main difficulty. With suitable attention 
focused less on material limitations and more on overcoming fabrication 
shortcomings, the way will be clear for achieving resonators at 
unprecedented frequencies. 

PIEZOELECTRIC ACOUSTIC MATERIALS 

The properties of piezoelectric materials for acoustic wave 
applications have been tabulated for a wide variety of substances [30,31]. 
However, even as measurement methods and apparatus have become 
increasingly more refined [17,18,32,33], there remains a lack of values for 
the elements of the viscosity tensor. As a consequence, values for L0 and 
f0 can be deduced only for those orientations and modes of vibration for 
which Q measurements have been reported. 

Table III presents the fundamental piezoacoustic parameters for a 
number of ceramics [23-31, 34-37] and related ferroelectrics. Table IV 
similarly presents parameters of a representative semiconductor, gallium 
arsenide, [38-42] as well as zinc oxide and aluminum nitride, which are 
currently popular thin-film resonator materials. The notations "TE" and 
"LE" refer to thickness- and length-extension, respectively [18]. 

Figs. 1 and 2 show log-log plots of operating frequency versus plate 
thickness. Fig. 1 corresponds to the entries in the top portion of Table III, 
while Fig. 2 is plotted for the materials and cuts listed in Table IV. The 
lines for a given substance are drawn subject to the constraint ft = 2 and 
allowing the harmonic number M to be a continuous variable. Indicated on 
each line are the physically meaningful, odd-integer, values of M. Above 
each curve ''!.. < 2, while below each curve /' > 2. 

The ceramics in Fig. 1 exhibit characteristic frequencies that are in the 
range used for cellular radio. With advanced growth techniques, it is 
highly probable that inexpensive resonators capable of use in the GHz 
region can be fashioned of these materials. The entries in Fig. 2 are seen 
to be compatible with the frequencies of radar systems such as might be 
used for collision-avoidance in automobiles. 

More generally, Fig. 3 shows the normally encountered ranges of 
motional time constant TJ and piezoelectric coupling factor k for poled 
ceramics, refractory crystals (such as lithium niobate and tantalate), 
quartz, and SI semiconductors. Also shown are values of the characteristic 

CONCLUSIONS 

We have introduced a new metric for gauging piezoelectric materials 
for high frequency resonator applications. It is a combination of velocity, 
coupling, and loss. Use of the measure leads one to conclude that 
piezoceramics and other ferroelectrics should be useful at frequencies into 
the GHz region. One concludes that much greater emphasis ought to be 
devoted in the future to devising advanced growth and fabrication methods 
for making such resonator structures commercially manufacturable. 
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TABLE I 
RELATIONS BETWEEN CIRCUIT PARAMETERS, PHYSICS FACTORS, AND GEOMETRIC FACTORS 

Circuit 

Parameter 

Physics 
Factor 

Geometric 

Factor 

Effective Elastic Stiffness ~ -      E    e2 

c = cE+ — 

Wave Velocity - v2=i 
p " 

Piezoelectric Coupling 
" 8S  C 

Static Capacitance Co ES A 

t 

Motional Resistance R(M) MVT] 

8e2 

t 

Ä" 

Motional Inductance L<M,=L, P 

8e2 A 

Motional Capacitance C(M) 8e2 

M27t2c 

A 

t 

Capacitance Ratio 
r(M) _    C0 

C(M) ■M2 

Resonance Frequency 
f(M)       °>M          1      1          1 

Mv 

2 

1 

t 
2*      2* ] L(,M)CJM) 

Motional Time Constant <M)       „(M)r(M)       D   p                  1 il 
T,        -K,      C,             K,C, 

°>MQM c 

TABLE II 
LIMITING OVERTONE FREQUENCIES OF QUARTZ AND CERAMIC PLATES 

SUCH THAT W, = 2 AT FIRST, THIRD, AND FIFTH HARMONICS 

Plate M t Quartz PZT5A 

t(u-m) f(GHz) t(um) f(MHz) 

#1 1 Lo 0.0392 42.4 2.75 527 

#2 3 27-Lo 1.06 4.71 74.3 58.6 

#3 5 125-Lo 4.90 1.70 344 21.1 

TABLE HI 
FUNDAMENTAL CHARACTERISTICS OF SELECTED TYPES OF PIEZOELECTRIC RESONATOR 

Type N0 (m/s) *i (ps) k' (%) L0 (urn) f0 (MHz) Reference 

PZT 5A (LE) 1450 11 9 2.75 527 [43] 

Modified PbTi03 2210 31.8 25 4.36 507 [44] 

PZT/ radial 2300 53 27 7.00 328 [03] 

Fresnoite (crystal) 2350 33.9 6.25 19.8 118 [45] 

Fresnoite (glass) 2250 35.4 6.25 19.8 114 [45] 

PZT 5A (TE) 2225 236 22.1 36.8 60.5 [43] 

PZT/epoxy (LE) 1060 17 0.64 43.6 24.3 [43] 

PZT/epoxy (TE) 1950 878 32.5 81.7 23.9 [43] 

BGST 2600 102 2.25 183 14.2 [46] 

BZT50 1870 575 10.24 163 11.5 [34] 

BGT 2500 45.5 0.56 314 7.96 [46] 

PVDF (TE) 1025 128 1.44 141 7.3 [43] 

TABLE IV 
FUNDAMENTAL CHARACTERISTICS OF SELECTED TYPES OF THIN-FILM RESONATOR 

Type 
GaAs (TS/Lateral-Field) 

ZnO (c-axis oriented) 
A1N (c-axis oriented) 

N0 (m/s)      T, (ps)        k'' (%)       L0 (urn)     f0 (GHz)     Reference 
1671 0.07 

2500 0.045 

5000 0.032 

0.372 0.487 
0.022 
0.028 

3.43 
115 
181 

[42] 
[10] 
[10] 
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Abstract~We present experimental results showing an 
improvement in the spatial resolution of phase conjugate images 
obtained from mutually pumped phase conjugators. Resolutions of 
>100 lines/mm are presented and we demonstrate that this 
resolution can be achieved while performing image processing tasks 
such as the addition and subtraction of complex spatial 
distributions. These results represent greater than an order of 
magnitude improvement over previously reported resolutions 
obtained in photorefractive mutually pumped phase conjugators and 
approach the theoretical limit imposed by the grating spacing and 
crosstalk. 

INTRODUCTION 

Photorefractive ferroelectric crystals have been the subject 
of numerous recent investigations owing to the particular ability of 
these materials to display high optical nonlinearities using only 
milliwatt input powers. One such nonlinear optical process 
involves the use of two mutually incoherent laser beams which 
pump each other simultaneously resulting in the formation of two 
phase conjugate wave fronts (double phase conjugation).1'2 These 
devices, called mutually pumped phase conjugators (MPPCs) are 
unique to photorefraction, and have been demonstrated in a variety 
of geometries.3 

MPPCs operating in the steady state exhibit stable 
conjugate output signals after some characteristic build-up time. 
The build-up time and the phase-conjugate reflectivities depend 
upon the particular crystal being used and also upon several other 
factors associated with the geometry and pumping conditions, such 
as beam intensities, angles of incidence, the relative coherence of 
the pumping beams, and the spot-size of the pumping beams. To 
date, the spatial resolution of images conjugated in MPPCs has 
been disappointing. In most cases the reported spatial resolution is 
only ~3 to 5 cycles/mm. M.4,5,6,7 

Recent work by Segev et. al.8 indicates that high phase- 
conjugation fidelity can be obtained above a well defined gain 
threshold (y0L = 2). They used an input beam ratio of 0.87 and 
found that the fidelity threshold depends on the feature size of the 
spatial information carried on the beams, where the threshold 
decreases for input beams with increasing feature size. This 
suggests that high phase conjugation fidelity should be possible for 
beams carrying information with small feature size, if the crystal has 
a large y0L, and should result in higher spatial resolution of the 
conjugated images. We demonstrate in this work that high 
resolution phase conjugate images are obtained for a wide range of 
input conditions using a "bridge" MPPC.2 

EXPERIMENT 

The bridge MPPC was setup as shown in Fig. 1. A large (6 
mm x 13.4 mm x 12.2 mm) cerium doped SBN:60 crystal (0.01% 
cerium in the melt) was used as the MPPC. The output of a helium 
cadmium laser (14 mW) is collimated and divided into two beams 
by beam splitter #3. A delay line is used in beam #2 to insure that it 
is incoherent with beam #1. Both beams pass through positive 
masks (Air Force resolution targets) which are then imaged in a 2f- 
2f configuration into the photorefractive crystal. Imaging lenses #1 
and #2 have focal lengths of 17.5 cm and 25 cm respectively. Each 
beam enters the crystal at an angle which was varied from 5° to 
70° from the normal as discussed below. The beam diameters are 
~ 2.5 mm upon entering the sample. Neutral density filters, NDF's, 
were used to adjust the beam ratio, q = (Beam #1/Beam #2). The 
resulting phase conjugate replicas were imaged (with approximately 
7X magnification) onto CCD cameras where they were 
photographed. 

He Cd Laser 

Beam 
Collimator 

Bs«i5ä-hkH—i-—4 

3i<- 
Camera# I 

M#l 

Delay Line 
Camera#2 

Phase Conjugate #2 

. NDFs        Mask #2     BS#2 Imaging 
Lens #2 

* Phase Conjugate #1 

BS#I tf^4 e,> 
Mask #1 Imaging 

Lens # I 

Figure  1.     Experimental  Apparatus for Double 
Pumped Phase Conjugator 

Beam Ratio 
Several experiments were carried out with different spatial 

information impressed on the pair of input beams. The beams were 
each incident at about 45° to the normal and were adjusted to cross 
near the center of the crystal.   The mask is placed in the beam at a 
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45° angle so that the horizontal and vertical features on the mask 
would be treated equally in the beam fanning and subsequent 
conjugation process. In the first experiment beam #1 carried spatial 
information and beam #2 had a near uniform spatial distribution. 
For this case, an example of the highest resolution obtained is 
shown in Fig. 2 (group 7, element 1 corresponds to 128 
cycles/mm). In the second experiment, spatial information was 
imposed on both beams and similar high resolution was obtained. 

&'&, * 

<♦♦:$ 

Figure 2. Photograph of the phase conjugate image 
of the resolution chart displayed on CCD camera #1. 

Additionally, as the beam ratio varied from ~ 0.02 to 56, both the 
phase conjugate reflectivity and the resolution were monitored. In 
general, the spatial resolution obtained was observed to be high (~ 
100 to 115 cycles/mm for beam #1 and ~ 85 to 90 cycles/mm for 
beam #2) and independent of the beam ratio until the device would 
no longer support phase conjugation. There is however, a loss of 
contrast (or fidelity) at the extreme ratios as pointed out by Segev, 
et. al.8 Figure 3 shows the effect of changing the beam ratio on 
both the phase conjugate reflectivity and the resolution. Similar 
reflectivity results were obtained by Bogodaev, et. al.9 
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Figure 3. Phase conjugate reflectivity and 
corresponding resolution for the two input beams 
incident at 45° as a function of beam ratio. Circles 
indicate resolution and squares indicate reflectivity 
where solid are beam #1 and open are beam #2. 

In other experiments, the resolution was determined as a 
function of the input angle from 4° to 65° and was found to be 
nearly independent of the input angle at ~ 125 cycles/mm. At very 
small angles (Q{ = 02 < 10°) the phase conjugate never forms, 
instead, the well-known ring pattern forms, but never collapses into 
a conjugate.2 The resolution of the phase conjugate images was 
observed to improve from 30 cycles/mm at 1 mm beam diameters 

to the maximum observed at ~  125 cycles/mm at ~ 4.5 mm 
diameters. An input angle of- 45° was used for both beams. 

Using the technique described in Ref 10, we carried out the 
addition and subtraction of high resolution phase conjugate images. 
Two conjugate signals, one with a nearly uniform intensity profile 
and the other with a spatially modulated profile were interfered to 
obtain the contrast reversed phase conjugate image with a 
resolution of- 70 cycles/mm. 

Limits of Resolution 
In the MPPC we study here, the transmission gratings are 

written by the input beams and their own scattered light. When a 
good imaging system (2f72f, for example) is used to write the 
volume holograms two conditions must be met to optimize the 
resolution. One, the feature size of the object, d, must be much 
greater than the grating spacing, Ag, and two, the feature size must 
be much greater than the effective interaction length or d » L0, 
where 0 is the crossing angle of the scattered beam and the 
spatially modulated input beam. The resolution is optimized when 
Ag = L0, or Ag

2 - IA. For X = 442 nm and Ag = 1/125 
cycles/mm = 8um, we get an Leff= 145 um. When the transmission 
loss of the input beam due to fanning reaches 0.65, and we express 
this as two-beam coupling loss, Tloss - 2/[l + exp(rLefr)] we can 
estimate the gain of our crystal as T - 50 cm"1. This is a reasonable 
value suggesting that 125 cycles/mm is approaching the resolution 
limit for this device. 

CONCLUSIONS 

In conclusion, we have shown that high resolution phase conjugate 
imaging can be accomplished using MPPCs and we demonstrate 
that in the bridge MPPC this resolution approaches the theoretical 
limit imposed by the grating spacing and crosstalk. We show that 
the resolution is independent of the beam ratio for all values which 
can support phase conjugation. We estimate the gain of our crystal 
based on the observed resolution obtained and find it (50 cm_1)to 
be typical for moderately Ce-doped SBN:60 crystals. We also find 
that the resolution is independent of the incident angles of the 
beams provided the system will support phase conjugation. 
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Abstract—We report a reflective thin film ferroelectric light 
modulator which has exhibited optical phase modulation as 
large as fifty degrees and on/off signal ratio of twenty for in- 
tensity modulation. The large optical modulation was achieved 
by means of multiple reflection. A ferroelectric (FE) PLZT thin 
film material, deposited on Pt-coated silicon substrate, was 
used as the modulating medium. An indium-tin oxide (ITO) 
thin layer was deposited on the ferroelectric films as the top 
electrode. A He-Ne laser beam was obliquely incident on the 
ITO/FE/Pt structure. The light modulation was detected in the 
laser beam reflected from the thin film structure when a voltage 
signal was applied to the ITO and Pt electrodes. Unlike trans- 
mission-mode modulators, the sandwich of the ferroelectric 
films between the air-ITO and FE-Pt interfaces exhibited char- 
acteristics of a Fabry-Perot etalon. Near a Fabry-Perot peak, 
drastically enhanced light modulation than transmission devices 
was obtained. Design principles and the performance of the 
modulator are discussed. 

INTRODUCTION 

A number of thin film ferroelectric materials, including lead 
lanthanum zirconate titanate (PLZT), barium titanate, lithium 
niobate, strontium barium niobate and lead magnesium niobate, 
have exhibited attractive birefringent electrooptic effect when 
deposited on suitable substrates [l]-[4]. Using these materials 
for optical modulation has been the focus of many studies. In- 
tegrated optical modulators using ferroelectric media may adopt 
three different designs, namely, transmission devices, wave- 
guide devices and reflection devices. Transmission modulators 
are not compatible with opaque substrates; their usage are thus 
limited. They also suffer from shallow modulation depth be- 
cause of the rather short optical path. Waveguide devices, such 
as total internal reflection (TIR) switch, using PLZT thin films 
grown on sapphire substrate have been successfully demon- 
strated [5]. 

With the advances in high-performance optoelectronic de- 
vices, it has become increasingly desirable to realize the inte- 
gration of thin film optical modulators with semiconductor sub- 
strates to form hybrid devices [6]. Ferroelectric optical modula- 
tors in these devices may perform such functions as electrical- 
optical signal interface through spatial light modulation, intra- 
and inter-chip optical interconnections. The same ferroelectric 
media in these device may also perform all-optical operations, 
such as frequency doubling and optical logic, by using their 
outstanding optical nonlinearities. Combined with the more 
traditional task for ferroelectrics, namely, nonvolatile memory 
capability, ferroelectric thin films may become multifuctional 
media in various integrated optoelectronic devices. Using fer- 
roelectric/electrooptic thin film for optical interconnection has 
been proposed by Lee and Ozguz [7],[8]. Enhanced phase re- 

tardation by means of interference has been observed in PZT 
films by Dimos et al [9], however, incoherent light scattering 
has prevented a sufficient signal-to-noise ratio for intensity 
modulation. 

In this paper we will report a reflection thin film ferroelectric 
spatial light modulator constructed on silicon substrates. By 
adopting a low finesse Fabry-Perot cavity, the modulator can 
achieve large phase modulation and high signal-to-noise ratio 
for intensity modulation. The device may be used as an imple- 
mentation of free-space optical interconnections. 

DEVICE DESIGN AND THEORY OF MODULATION 

The thin film light modulator was constructed on oxidized 
and Pt/Ti-metallized silicon wafers. Fine grain ferroelectric 
PLZT thin films were deposited on the metallized silicon sub- 
strates by using magnetron sputtering. An indium-tin oxide 
(ITO) layer was then sputter deposited on the ferroelectric thin 
films as top electrode. Figure 1 shows the schematic cross- 
section of the thin film modulator. 

INCIDENT 
LIGHT    K. 

REFLECTED 
LIGHT 

•ITO 

WWWWWW 
PLZT 
Ptffi 
Si02 

Figure 1.    Schematic cross-section of the ferroelectric thin 
film reflection light modulator. 

Linearly polarized light beam with equal amplitude for p- 
polarization (parallel to the incident plane) and s-polarization 
(perpendicular to the incident plane) was obliquely incident on 
the modulator as shown in Figure 1. Because of the polycrys- 
talline nature of the ferroelectric thin films, the materials are 
optically uniaxial defined by the normal of the substrates. With 
an external electric field exerted through a voltage across the 
ITO and Pt layers, the extraordinary index ne and ordinary in- 
dex n0 experience field-induced changes, Aiie and An0, respec- 
tively. The corresponding changes in the indices for the p- and 
s-polarized light components are given by 
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&np(&2) = sin2#>Ane + cos2#>A«0 

A«= An„ (1) 

where 62 is the refraction angle of the light beam inside the 
ferroelectric thin film material. As the ferroelectric films are 
bounded by the Pt and ITO layers, the light beam experiences 
multiple reflections. Although all three interfaces, namely, air- 
ITO, ITO-FE and FE-Pt interfaces, cause light reflection, the 
air-ITO and FE-Pt boundaries dominates the characteristics of 
the reflected light beam because of the moderate difference 
between ITO and FE in refractive index. The device therefore 
can be characterized as a low finesse Fabry-Perot reflector. Un- 
der an external electric field, the optical length of the Fabry- 
Perot etalon becomes different for p- and s-polarized light 
components because of the field-induced birefringence in the 
ferroelectric thin films according to Equation (1). The polariza- 
tion state of the reflected light, therefore, can be modulated 
with an voltage signal. As expected from any Fabry-Perot eta- 
lon, the modulation of the light can be greatly enhanced when a 
critical optical length of the etalon is satisfied. In the present 
devices, the critical optical length is determined by the thick- 
ness of the films and the incident angle of the light. Theoretical 
modeling has resulted in an accurate prediction for the light 
modulation as a function of the thickness of the films and inci- 
dent angle [10]. The following equation can be used to formally 
describe the phase difference Ar = &Tp - Ar,, between the field 
induced phase change in p-polarized light ATp and s-polariza- 
tion light Af,: 

Ar = w sin2<% Ane - (ws - w cos2 6^) An0 (2) 

where wp and ws are complicated functions of indices and 
thickness of all the layers involved as well as the incident angle. 
Figure 2 shows the calculated wp and ws as functions of the 
thickness of the ferroelectric layer with other parameters given. 
The oscillation of w and ws is caused by the alternating phase 
relation between the neighboring reflected partial light beams 
with the thickness change. Consequently the total phase retar- 
dation of the device, Ar, exhibits similar oscillation. A phase 
retardation maximum occurs as neighboring reflected partial 
beams differ in optical phase by 180 degrees. Under this condi- 
tion, partial light is forced to remain in the ferroelectric films 

0 0.2 0.4 0.6 0.8 1 
thickness (wavelength) 

Figure 2.  Calculated coefficients, w  and ws, as functions of 
the thickness of the electrooptic layer. 

for a much longer average path, experiencing accumulated 
phase retardation. 

In order to characterize the ferroelectric thin film modulator, 
a reflection differential ellipsometer [11] was employed to 
measure the field-induced phase retardation of the reflected 
light. The intensity modulation of the light beam was measured 
with the optical setup shown in Figure 3. Linearly polarized 
He-Ne laser beam of 632.8 nm wavelength was obliquely inci- 
dent on the thin film modulator, upon which electric signals 
were applied. A light sensor is located after a polarizer to detect 
the light reflected from the modulator. 

MODULATOR 
POLARIZED 
LIGHT 

POLARIZER 

LIGHT SENSOR 

TO OSCILLOSCOPE 
O   O 

TO PULSE GENERATOR 

Figure 3. Light intensity modulation detecting system. 

EXPERIMENTAL RESULTS 

Lead lanthanum zirconate titanate (PLZT) of composition 
2/55/45 (La/Zr/Ti) was deposited on Pt/Ti-coated silicon sub- 
strate as the modulating medium. A post-deposition annealing 
process was employed to acquire the perovskite structure of the 
deposited thin films. Thickness of the PLZT films was ap- 
proximately 480 nm. Indium-tin oxide layer of thickness ap- 
proximately 350 nm was also sputter deposited on the PLZT 
films. 

The phase shift of the reflected light beam as a function of 
the applied voltage, measured with the reflection differential 
ellipsometry, is shown in Figure 4. The measured phase shift 
roughly represented the birefringence, An = Ane-An0, of the 
film when a proper incident angle was chosen for the measure- 
ment. As shown in the figure, the field-induced birefringence of 
the PLZT film exhibits a slightly asymmetric butterfly-shaped 
loop, typical for ferroelectric thin films. Field-induced phase 
shift loops were taken at various incident angles. A phase-shift 
peak was located at approximately 57 degrees, where phase 
shift reaches approximately 50 degrees. This peak is consistent 
with the model calculation, from which the thickness of the 
films was designed. 

The performance of the device as a light intensity modulator 
was examined using the measuring system shown in Figure 3. 
Electric pulses were applied to the devices with 2 mm diameter 
ITO dots as top electrodes. Light intensity modulations, sensed 
by a photo-multiplier tube, were recorded by an oscilloscope. 
Figure 5 shows a light intensity modulation responding to 
electric pulses of 10 volts in peak height and 5 ms in pulse 
width. An on/off signal ratio of 12 was measured during this 
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Figure 4. Field-induced relative phase shift (phase retarda- 
tion) of the reflected light beam measured by using the reflec- 
tion differential ellipsometer. The horizontal and vertical 
scales are 7.9 volts per division and 0.28 per division respec- 
tively. 

4 6 8 10 
PULSE VOLTAGE (V) 

Figure 6. Light on/off ratio as a function of the pulse voltage. 

operation. Higher on/off signal ratio may be acquired by further 
reducing the light in the off state. The on/off signal ratio as a 
function of the peak height of the pulses is shown by Figure 6. 
Light modulation remained substantial under pulses of peak 
height less than 5 volts, while modulation at 10 volts peak 
height was very visible. 

Because of the large area of the top electrode for the conven- 
ience of the experiments, the re constant limited the operation 
bandwidth of the devices. Under this limitation, intensity 
modulation at a frequency of 100 kHz was still detectable, al- 
though with much shallower modulation depth. The re constant 
may be drastically reduced with reduced electrode area and 
wiring impedance, which will ultimately results in a material 
response limited operation bandwidth. 

Because of the large field-induced birefringence in ferroelec- 
tric thin films, Ane - hn0 * 0.02 under a moderate external field, 
the modulator remained a substantial on/off signal ratio for in- 
tensity modulation even when the incident angle is a few de- 
grees away from the Fabry-Perot peak. This property gives the 
ferroelectric modulator a great tolerance to the error of thick- 
ness  control  of the  films,  vital  for practical  fabrications. 

CONCLUSION 

A thin film ferroelectric reflection spatial light modulator has 
been constructed on semiconductor substrates. The device con- 
sists of an ITO/PLZT/Pt thin film structure on oxidized silicon 
substrate. With the help of interference of multiple reflection, 
larger than 50 degrees phase shift in the reflected light from an 
obliquely incident light beam has been achieved. Using the de- 
vice as an intensity light modulator, on/off signal ratio of 
twenty has been obtained with electric pulses of 10 peak volt- 
age. This device may be used in various optoelectronic devices 
as an implementation of free-space optical interconnections. 
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Abstract - PLZT films in the composition range 7/0/100 - 32/0/100 
have been deposited by CVD from a single source reagent using a 
liquid delivery / flash vaporization approach. Single phase perovskite 
films ranging in thickness from 1-5 \im were deposited on fused 
silica substrates at 535°C. The films had very strong crystallographic 
texture with [100] normal to the plane of the film. Optical loss per 
unit thickness was lower for thicker films suggesting that interfacial 
effects dominated losses. Very large electro-optic effects were 
observed in a number of the films. Birefringent shifts were measured 
by phase retardation in transmission mode with an electric field 
applied in the plane of the film using interdigitated electrodes. 
Birefringent shift varied quadratically with applied field and showed 
little hysteresis with R coefficients as high as 5 x 10"'6 (m/V)2. The 
strength of the electro-optic effect is attributed to the high degree of 
crystallinity of the films and the a-axis orientation. 

INTRODUCTION 

Ferroelectric materials have been the subject of numerous 
investigations for the past 50 years [1,2]. More recently, thin films 
have received attention for applications where bulk materials are 
difficult to integrate into microscopic structures [3]. Of the numerous 
ferroelectric materials, (Pb,La)(Zr,Ti)03 or PLZT, is known to 
possess superior electro-optic effects. PLZT films have been deposited 
by a variety of methods, including RF sputtering [4-9], ion-beam 
sputtering [10,11], metal-organic decomposition [12-14], sol-gel 
processes [10,15], laser ablation [16] and metalorganic chemical vapor 
deposition (MOCVD) [17,18]. 

Of these thin film deposition process, MOCVD offers significant 
advantages in terms of high deposition rates, conformality, and scaling 
to large area deposition. Given the present state of the art in bulk and 
thin film materials, effective devices such as spatial light modulators 
(SLMs) will likely require an electro-optic film of approximately 10 
microns in thickness [19,20]. Such thicknesses lie on the "thick" end 
of the thin film spectrum, beyond the practical limit for most thin film 
processes but within the capability of MOCVD. MOCVD is widely 
recognized as the process of choice for large area deposition and 
generally can be scaled to large areas. For the deposition of PLZT and 
other complex oxides, the liquid delivery technique used here allows 
excellent composition control [21,22] in an MOCVD process compared 
to traditional techniques involving the use of bubblers. In recent 
efforts to deposit BaSrTi03 on 150 mm wafers, we have achieved run- 
to-run repeatability (la) of 0.24 at% Ba, 0.18 at% Sr and 0.26 at% Ti. 
Target composition for the material was: 35 at% Ba, 15 at% Sr, 50 
at% Ti. 

The objective of the present work was to investigate electro-optic 
effects in thick x/0/100 type PLZT films (PLT) produced by MOCVD. 
(The notation x/y/l-y corresponds to the formula Pbi-xLaxZryTii- 
y03. For example, a film with the composition 7/0/100 contains 3.5 
at% La relative to the other metal elements.) PLT films typically 
crystallize into the perovskite phase more easily than Zr containing 
compositions, and have been used for this reason as seed layers below 
PLZT [9]. Inexpensive silica substrates were chosen for two reasons. 
First, they will be useful in several applications, such as hybrid 
transmissive or reflective SLMs, as well as optical waveguides. 
Second, the integration of electro-optic materials into devices with Si 
drive electronics will require barrier layers [23] to prevent diffusion of 
Pb into the active circuitry. In practice, such barriers will likely be 
amorphous oxides. 

EXPERIMENTAL PROCEDURE 

Film deposition was performed in an inverted vertical reactor with the 
walls heated to approximately 200 °C to prevent condensation of the 
precursors. A two inch diameter SiC susceptor was heated by a high 
intensity lamp to 750°C. The surface temperature of the substrate was 
approximately 535°C as measured by a fine gauge thermocouple 
cemented to the surface of a calibration substrate. The liquid delivery 
technique was used to create the precursor gas stream. Solid 
precursors dissolved in a solvent were delivered into a vaporization 
zone by a liquid pump [24]. We have chosen bis- Pb (Pb(thd)2), tris- 
tetramethylheptadionato La (La(thd)3), and bis-isoprponate,bis- 
tetramethylheptadionato Ti (Ti(OiPr)2(thd)2) as precursors for PLT 
deposition because they are stable with respect to ligand exchange in 
both the solution and the gas stream. Also, Pb(thd)2 has the benefit 
of low room temperature volatility, in contrast to alkyl Pb 
((C2H5)4Pb), which makes it comparatively safe to handle. Film 
growth was carried out in an oxidizing atmosphere of O2/N2O at 
reduced pressure of ~ 2 torr, controlled by a gate valve on the vacuum 
pump. Typical deposition parameters are listed in Table 1. Films of 
various compositions were produced by mixing precursor solutions of 
different compositions. 

Table 1. MOCVD deposition parameters for PLT. Molar delivery 
rates are typical, but were varied from run-to-run to change the 
composition of the film. 

Substrate temperature 
Total reactor pressure 
Reactor wall temperature 
Reagent manifold temperature 
Pb flow (typical) 
La flow 

Ti flow 
Ar flow through precursor manifold 
O2 flow 
N20 flow 
Deposition rate 

535°C 
2.1 torr 
>200°C 
220°C 
28 u.moles/min 

10 u.moles/min 
59 (imoles/min 
110 seem 
450 seem 
450 seem 
1.3 u.m/hr 

Films deposited by MOCVD were characterized for composition, 
crystallinity, optical transmission, and electro-optic response. 
Composition was measured with a Rigaku 3613 wavelength 
dispersive XRF wafer analyzer. Crystallinity was determined by x- 
ray diffraction using a Rigaku Dmax system in a Bragg-Brentano 
geometry (0-20) with Cuka radiation and a monochrometer. Optical 
properties were determined by UV-Vis spectrophotometry and FTIR. 
Electro-optic response was determined in selected films with the 
system shown in Figure 1, which uses crossed polarizers to convert 
polarization modulation into amplitude modulation.   A transverse 
geometry was used, with Pt/Ti interdigitated electrodes (6 (im in width 

separated by 6 (im) evaporated onto the films through a 
photolithographic mask. Intensity modulation of an incident He-Ne 
laser (A. = 632.8 nm) source as a function of square wave electric field 
step height was measured with the use of a lock-in amplifier. Prior to 
quantitative measurements, the system was calibrated with a well 
characterized bulk PLZT ceramic electro-optic element. 
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Figure 1. System used to measure electro-optic response in PLT 
films. The electric field was applied in the transverse geometry with 
interdigitated electrodes. X = 633 nm. 

RESULTS AND DISCUSSION 

Desired film compositions were chosen according to the stoichiometric 
formula Pbi-xLaxTii-x/403, which assumes B-site vacancy charge 
balance of La+3 substitution for Pb+2 [13]. The relationship of film 
composition to precursor solution composition is shown in Figure 2. 
Note that the relationship of film composition to precursor solution 
composition behaves similarly across the phase diagram in the vicinity 
of stoichiometric PLT and that a wide range of compositions from 
7/0/100 to 32/0/100 was easily accessible in a series of deposition 
runs indicated by the numbers in the figure. 

the case of 5 u.m films deposited on silica. This effect was mitigated 
by deposition on the borosilicate glass, which had a better CTE match 
with the PLT. 

Angle 29 

Figure 3. X-ray diffraction pattern from a 5 u.m thick 17/0/100 film 
deposited on fused silica. The absence of diffracted intensity from 
planes other than (100) and (200) indicates a highly [100] oriented 
film. 

Representative UV-visible and IR spectra are shown in Figures 4 and 
5 for a 17/0/100 film. Optical losses were low in the IR and were 
dominated by scatter losses in the visible regime. Scatter may be due 
to the PLT surface, which was somewhat rough as shown in the 
scanning electron micrograph in Figure 6. This is consistent with the 
fact that a 5 p.m film showed lower optical loss than a 1 u.m film than 
would be predicted by a linear dependence of loss on thickness. 
Another source of scatter may be at the PLT/Si02 interface which 
underwent diffusion (see below). Further improvements are certainly 
possible in the area of transmission; MOCVD variables such as 
pressure and deposition rate could play a significant role in 
transparency and have yet to be investigated in detail. 

mole frac. La 

Figure 2. Relationship of film composition to precursor solution 
composition. Open symbols represent film composition, filled 
symbols represent solution composition. The inclined line represents 
stoichiometric PLT compositions. The sum of mole fractions of the 
Pb, La, andTi= 1.0. 

The deposition conditions resulted in dense, single phase perovskite 
films with grain sizes of approximately 500A as calculated from the 
(200) peak width in x-ray diffraction patterns using the Scherrer 
formula. A typical diffraction pattern, shown in Figure 3, reveals a 
highly oriented film with the [100] direction perpendicular to the plane 
of the film. The [001] orientation was typically absent from the 
diffraction patterns. Given that the compositions of most films 
studied were below the tetragonal/cubic phase boundary (28/0/100), 
this means that the optic axis (c-axis) of the tetragonal crystallites lies 
within the plane of the film. Orientation within the plane of the film is 
likely random given the lack of a crystallographic template in the 
amorphous substrate. We suggest that the large mismatch in the 
coefficient of thermal expansion (CTE) for PLT (6.6 - 9.8 ppm/°C) 
[10] and the silica substrate (- 2 ppm/°C) is responsible for the high 
degree of out of plane orientation. Films with La contents greater than 
26/0/100 (46 and 43 in Figure 2) showed cracking when deposited on 
silica.  Cracking was exacerbated by the stress-thickness product in 

100% 

80.3691-i                                          / 
Corning 7059 

60.27681                                     ' 5.1pm PLT on 
Corning 7059     -A/ 

Figure 4. Spectral transmittance (k = 180-820 nm) for a 5.1 \im 
17/0/100 PLT film deposited by MOCVD on borosilicate glass in the 
UV-visible region. 
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Figure 5. Spectral transmittance (A. = 1.3 - 20 urn) for a 5.1 \im 
17/0/100 PLT film deposited by MOCVD on borosilicate glass in the 
UV-visible region. Cut-off at approximately 2.7 u.m occurs due to the 
substrate. 
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Figure 7. Birefringent shift versus applied electric field calculated 
from the experimentally measured R coefficients. 

Figure 6.   Scanning electron micrograph of a 17/0/100 film deposited 
by MOCVD at 2.1 torr total reactor pressure. 

The variation of electro-optic coefficient with La content is shown in 
Figure 8. Here, we see a peak at approximately 12/0/100. All three 
films had rather large R coefficients for PLT [8,10] and similar values 
to those reported for 9/56/35 PLZT [9]. Large electro-optic response 
in PLT film is significant from the perspective that PLT is relatively 
easier to crystallize in the perovskite phase than PLZT and is a simpler 
system to control in a manufacturing environment. The strong electro- 
optic response of the films produced by MOCVD on silica is most 
likely related to a number of contributing factors. First, composition 
control is quite good. A SIMS depth profile taken through a 17/0/100 
film is shown in Figure 9 which reveals that the film composition is 
unchanged throughout the thickness. This demonstrates the stability 
of the liquid delivery approach to MOCVD of complex oxides. 
Second, the films have high quality in terms of crystallographic 
orientation. Finally, and perhaps most importantly, the direction 
applied field was well aligned to the optic axis. While the in-plane 
orientation is likely random because of the amorphous substrate, the 
domain orientation is much more optimal than for a field applied 
through interdigitated electrodes on an [001] (c-axis) oriented film. 
The case of [111] oriented films, such as those produced on basal 
plane single crystal alumina represent an intermediate case. 

A large electro-optic response was found in a number of the films 
produced in this study. Quadratic electro-optic behavior with little 
hysteresis was observed in all cases. We found that poling the films 
using the same interdigitated electrodes had minimal effect on the 
response. This is in contrast to other reports [8] where films with La 
contents below 28/0/100 showed linear response after poling. At 
present, we do not have an explanation for the apparent disparity in 
results. The quadratic electro-optic coefficient (R) was calculated 
from the observed change in transmitted intensity with applied field 
according to the following relationship: 

R = C (AI/tAV2)(d2V27tn3) 

where C = system constant, AI = change in transmitted light intensity, 
t = film thickness, AV= applied voltage (as squarewave), d = 

electrode spacing, X = incident light wavelength, n = refractive 
index.   Figure 7 shows the variation of birefringence with applied 
electric field for three different films of approximately 1 |xm thickness. 
These curves were calculated according to the relationship: 

An = n3RE2/2 

where E = applied electric field. A refractive index of 2.5 was 
assumed in the calculations. One should note that small changes in n 
result in rather large changes in R due to the cubic dependence of R on 
n. Small errors in measured intensity are also possible. Therefore, 
these values should be considered accurate to approximately 25 %. 

3 ■ 

5.0 6.0 

at% La 

Figure 8.   Variation of quadratic electro-optic coefficient with La 
content for films produced by MOCVD on fused silica substrates. 
Film thickness was approximately 1 |a.m. 

The SIMS analysis shows significant interdiffusion (-1700A) at the 
PLT/Si02 interface. In addition, Si diffused throughout the bulk of 
the PLT film at approximately the 100 ppm level. This points out the 
need for diffusion barriers in this system as has been recently 
discussed by Brown, et.al. [23]. 
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Figure 9. SIMS depth profile showing variation of composition as a 
function of depth in a 17/0/100 film. Uniform composition 
throughout the film results from a highly stable deposition process. 
(The small jump at ~ 0.8 (im occured due to the start of a new SIMS 
acquisition.) 

CONCLUSIONS 

High quality PbLaTi03 films have been deposited by MOCVD using a 
liquid delivery approach. This approach affords a high degree of 
compositional control and flexibility. Highly oriented films were 
deposited on amorphous substrates with good optical transparency 
and strong quadratic electro-optic response. The quadratic electro- 
optic coefficient of the films in the range of 7/10/100 to 17/0/100 was 
found to reach a maximum value of R = 5 (m/V)2 at 12/0/100. 
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Abstract — Due to its high pyroelectric coefficient, low permittivity and 
relatively low piezoelectric coefficients, lead titanate is an important 
candidate for use in pyroelectric detectors. Sol-gel processing of lead 
titanate thin films, in combination with micro-machining of silicon 
substrates, is being used for the development of low-cost infra-red 
detectors with properties equivalent to existing "bulk" or single crystal 
devices. Here we report on some aspects of the sol-gel chemistry, the 
optimisation of the pyroelectric figure of merit and the fabrication and 
characterisation of an infra-red detector, consisting of two pyroelectric 
elements on a micro-machined Si02-Si3N4 membrane. 

INTRODUCTION 

The pyroelectric effect is well established for the detection of long 
wavelength infra-red radiation, as simple personnel and flame detectors, 
or in arrays for imaging applications [1]. Current fabrication technology 
for the majority of commercial devices employs ceramic plates 
(thickness = 50u.m), which are cut, lapped and polished from bulk 
ceramics. They are either diced to form discrete sensors, or reticulated to 
form imaging arrays. In either case, to maintain high responsivity and/or 
resolution, high thermal impedance mountings and interconnections are 
required. A number of advantages are foreseen in the use of 
ferroelectric thin films on semiconductor or ceramic substrates for 
pyroelectric detection. On the one hand, micro-machining of the 
substrate allows tailoring of thermal impedances to maintain high 
sensitivity [2 & 3] and on the other, the integration of read-out 
electronics may reduce noise and allow an increase in the complexity of 
the imaging systems. 

In the "point" detector sector of the market, the currently dominant 
issue is that of cost. For these devices, although an increase in the voltage 
responsivity through the use of thin film technology may be attractive, 
for commercial viability it should be available at no extra, or preferably 
lower, cost. Moreover, the tendency of standardisation of device 
architectures, in keeping with second-sourcing policies, dictates that thin 
film-based detectors should have similar geometries to their "bulk" 
counterparts and be compatible with existing optics. 

For point detection, the voltage per unit incident power or voltage 
responsivity (Rv) is the most important device characteristic [1 & 4]. For 
a detector in series with a unity gain, high input impedance FET, of 
which the capacitance is negligible, it is given by: 

R„ = 
pAT)CüR„R, 

V(l + co2^)(l + co2x?) (1) 

in which p is the pyroelectric coefficient, A is the area and r\ is the 

emissivity of the active element; CO is the angular modulation frequency 
of the input radiation. The electrical resistance of the detector is Re, and 
is assumed to be much greater than that of a gate bias resistor, Rg, which, 
therefore, in combination with the electrical capacitance, Ce, defines the 
electrical time constant of the device, xe (= RgCe). Likewise, the thermal 
time constant, Tt is defined by the thermal capacitance of the sensor, Q, 
and the thermal resistance to a constant temperature heat-sink, Rt. As can 
be seen from Figure 2, the maximum responsivity occurs at 
C0m = (Tt Te)"0,5 w'th a value of 

pAT|RgR( 

(Tc+Tt) (2) 

logRv 

(a) (b) 
Figure 1. (a) Thermal and (b) electrical circuits of a 

pyroelectric detector. 

V1 VCteV1 Tl logC0 

Figure 2. Theoretical voltage responsivity, Rv, of a pyroelectric detector 
as a function of radiation modulation frequency, co. 

The modulation frequency of interest for the majority of point 
detectors is in the range 0.1 to 10 Hz. For most applications, the 
electrical and thermal time constants are adjusted to be approximately 
equal and at the lower limit of this range, giving Rv(co) a co"1. 

Thin film lead titanate (PbTiC>3) has been reported by a number of 
authors to have suitable properties for pyroelectric detection due to its 
relatively high pyroelectric coefficient (p = 180 u.C m"2 K"') and low 
permittivity (er= 180) [5], but is also favoured due to its comparative 
simplicity when employing relatively immature materials fabrication 
technologies. Highly c-axis oriented films for device applications have 
been deposited by r.f. sputtering with good epitaxy on single crystal 
MgO substrates with Pt electrodes [6]. A pyroelectric coefficient of over 
250 u.C nr2 K"1 and a relative permittivity of 190 were obtained. Sol-gel 
techniques have also been used successfully to deposit PbTi03 films on 
silicon substrates with Pt electrodes [7 & 8], although with lesser degrees 
of preferred orientation than for sputtered films on MgO; values of the 
pyroelectric coefficient of 140 U.C m"2 K"1 and the relative permittivity 
of 150 are typical. 

In view of the importance of keeping capital investment costs low 
when considering a replacement technology for low cost pyroelectric 
detection, the sol-gel approach is perhaps more promising than either 
sputtering or MOCVD . Hence, the motivation for the present study is to 
determine the feasibility of fabricating infra-red point detectors, from 
ferroelectric thin films on micro-machined substrates, by sol-gel 
deposition and simple back-side etching, 

Here we report on some aspects of the sol-gel chemistry, the 
relationship between processing and pyroelectric properties, and the 
device design and characteristics. 
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SOL-GEL CHEMISTRY 

The process chosen for the film deposition is similar to that reported 
by other authors [9], based upon the reaction of lead acetate and 
titanium isopropoxide as solutions in 2-methoxy ethanol (Figure 3). The 
exact process and assumed reaction sequence varies from author to 
author, particularly with respect to the species formed on refluxing lead 
acetate in 2-methoxy ethanol and the product of reaction between the 
titanium and lead precursors. The possible reactions in both cases have 
been modelled using the partial charge approach proposed by 
Livage [10] and the volatile products from each distillation step were 
analysed by gas chromatography; the results are summarised below. 

Step I 

Lead acetate trihydrate 
+ 2-methoxy ethanol 

Refluxed 1 hour,110°C 

 Step II 

Titanium isopropoxide 
I + 2-methoxy ethanol 

2 hours, 90°C 
Distilation 350 mbar 

Route B 

) 

Figure 3. Sol-gel route for the preparation of lead titanate films. 

The calculation of the partial charges assumed by particular chemical 
groups during reaction processes allows an assessment of the feasibility 
of each proposed reaction step, according to the sense of the partial 
charge of a departing group with respect to that of the remaining group. 
In the case of lead acetate [Pb(CH3COO)2 = Pb(OAc)2] in 2-methoxy 
ethanol, previous work had suggested the presence of a hydrated lead 
acetate methoxy ethoxide Pb(OAc).(CH2CH20CH3)xH20 [11] or a 
basic lead acetate 3Pb(OAc)2-PbOH20 [12], after reflux. However, 
partial charge calculations suggest that the most likely reaction to occur 
is the formation of the 2-methoxy ethoxy acetate ester and a lead acetate 
hydroxide: 

Pb(OAc)2 + ROH —> Pb(OAc)(OH) + ROAc (3) 

where R = CH3OCH2CH2. 
Analysis of the distillate from the reaction between lead acetate and 

2-methoxy ethanol by gas chromatography has shown that between 0.1 
and 0.2 moles of the ester per mole of lead acetate are produced, 
depending upon the concentration of lead acetate in the solvent. This is 
consistent with the partial charge calculations and suggests that the 
before the second step reaction, the lead precursor solution contains 
mainly lead acetate with 10 to 20 % lead acetate hydroxide. 

The presence of this hydroxide may be of some importance to the 
next step in the process. Partial charge analysis of the subsequent 
reaction between lead and titanium solutions suggests that reaction 
between fully substituted titanium 2-methoxy ethoxide and lead acetate, 
to form a mixed metal species, is unlikely, however, reaction can occur 

with the lead acetate hydroxide. Nevertheless, given the yields of the lead 
acetate hydrolysis, this process may be slow. On the other hand, the 
analysis reveals that reaction of lead acetate with partially substituted 
titanium alkoxides is far more probable, with a final product of 
(RO)3TiOPb(OAc). 

Chromatography of the distillates from Step II/III indicate a greater 
quantity of ester is formed via Route A than via Route B, supporting the 
hypothesis that direct addition of the titanium isopropoxide, without any 
prior refluxing, to the lead precursor solution leads to a greater 
proportion of mixed metal species in the final solution. Consequently 
this route has been used for subsequent film preparation. 

PROCESS - PROPERTY RELATIONSHIPS 

A material figure of merit for voltage responsivity can be defined: 
p/(e0 er), where p is the pyroelectric coefficient, er is the relative 
permittivity and e0 the permittivity of free space. (Note the omission of 
the heat capacity of the pyroelectric material; its inclusion would be 
inappropriate for the case of thin films). It is expected that the 
pyroelectric coefficient should be highest and the relative permittivity 
should be lowest for films oriented with the [001] axis normal to the 
substrate. Hence the figure of merit should be related strongly to the 
preferred orientation exhibited by the films. 

It has been reported that in order to obtain stoichiometric lead 
zirconate titanate (PZT) films, excess lead oxide is required to 
compensate for its evaporation during thermal treatment [13]. The work 
of Sato et al. [14], (Figure 4), in which final Pb/Ti ratios were measured 
by electron probe micro-analysis as a function of initial PbO excess and 
annealing temperature, imply that for lead titanate, the evaporation of 
PbO is not as great as in PZT. It appears that lead over-stoichiometry in 
lead titanate films tends towards self-correction, so that, independent of 
PbO excess up to 25%, annealing at 700°C for 1 minute results in 
stoichiometric films. Nevertheless, it is interesting to note the effects of 
PbO excess upon the film orientation and pyroelectric figure of merit. 

For this study, the samples were those used as in the measurements of 
Figure 4 [14]. That is, films were prepared according to Figure 3, with 
appropriate amounts of excess lead acetate in Step I. A hot-plate was 
used for the for the pyrolysis steps between gel depositions and a rapid 
thermal processing furnace for the annealing step. X-ray diffraction 
analysis was carried out using a powder diffractometer. The preferred 
orientation was estimated using conventional symmetric 8 - 29 scans for 
the peaks h, k & 1 = 1 or 0. 

The function fhkl, 
LW 

h 
Us 
ihkl 

(4) 

1.20 

^ 1.10 

1.00 

0.90 

T 1.40,  

1.30 

n 

f-  -I- 

- 4- 

1.11 .,., 
°   5% excess PbO      : 

A   15% excess PbO   " 
a   25% excess PbO   J 

□ 5                                j 

~r . 
"X z \                            1 

-i> v        \                                     -■ 

-s- i^i i S.               ^ 

. ,1, . i.. 

As Dried     As Pyro.   550 650 750 

Annealing Temperature (°C) 

Figure 4. Pb/Ti ratio as measured by electron probe micro-analysis for 
as a function of annealing temperature. 
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Annealing temperature 600 °C 650 °C 700 °C 
Initial PbO excess 0 5 15 25 0 5 15 25 5 15 25 

Final PbO excess 3.5 ±0.7 9.5±1.0 22+1.1 -1.0+1.1 2.9±0.6 11.3+1.6 1.3+1.1 1.510.7 4.2±0.9 

fnni 0.93 1.88 1.53 2.95 0.21 0.65 1.70 2.52 

fnm +finn 2.82 4.28 2.63 4.64 2.01 3.64 3.19 4.37 
p/UCnr2^1 73 68 63 49 45 131 96 60 105 
£r(l kHz) 234 298 240 197 239 259 322 240 248 
P/Fr/kVm^K"1 35.0 26.0 29.4 28.2 21.5 57.6 33.9 28.2 47.4 

Table 1. Orientation and pyroelectric properties of PbTi03 films as a function of PbO excess and annealing temperature. 

was used to express the relative importance of each of the orientations 
normal to the substrate, where the intensity of each [hkl] peak, Inki, is 
normalised, first by the equivalent relative intensity from the JCPDS 
standard for a random oriented polycrystalline sample, Ishkl. and then 
by the average of the normalised intensities, N being the number of 
peaks addressed. The maximum value of N for h, k & 1 = 1 or 0, is 5, 
as is the maximum value for fhkl- That is, a value of frjoi = 5 indicates a 
film in which all crystal planes oriented parallel to the substrate are 
associated with a normal [001] axis. 

For the electrical measurements, a matrix of 0.5 mm diameter gold 
electrodes was deposited by sputtering. Measurements of capacitance 
and tan 8 were carried out at 1 kHz. The pyroelectric coefficient was 
determined by applying a temperature modulation of amplitude 1 °C and 
period 100 s to the sample whilst measuring the current with an 
electrometer. For a triangular wave temperature modulation, the 
pyroelectric coefficient can be calculated from the amplitude of the 
resulting current square wave. Films were measured both before and 
after poling by the application of 10 V for 10 minutes. The full 
characterisation of films annealed at 700°C was hindered by an 
increased incidence of short circuits. 

The values of fhkl, pyroelectric coefficient, relative permittivity and 
pyroelectric figure of merit are shown in Table 1 for 0 to 25% initial 

PbO excess and annealing temperatures of 600 and 650CC for 1 minute. 
The pyrolysis temperature was 500°C. The final PbO excesses for the 
initially stoichiometric samples were not measured, but from the low 
values of pyroelectric coefficient and permittivity they are assumed to be 
slightly sub-stoichiometric. From the trends shown in Figure 4, the final 
PbO deficit is expected to be less than 5%; no free TiÜ2 was observed in 
X-ray diffraction analyses of these samples. 

In general, the [001] preferred orientation increases with increasing 
initial PbO excess, but decreases with increasing annealing temperature. 
However there is little correlation between the orientation and the 
electrical properties. Not surprisingly, the pyroelectric coefficient and 
the relative permittivity both increase as the final PbO excess approaches 
zero, as shown in Figures 5 and 6, However, the peak in permittivity 
occurs at around 2 to 3 % excess PbO, whilst that of the pyroelectric 
coefficient is nearer to the stoichiometric composition. The solid 
solubility of PbO in PbTi03 is practically zero, the excess PbO is 
thought to reside as discrete pockets or at grain boundaries. Thus, 
perhaps even at 1 kHz, there is a contribution to the permittivity from 
space charge effects associated with free PbO, which for small 
concentrations of excess PbO, offset the dilution of the permittivity. 

The pyroelectric figure of merit is shown in Figure 7 and can be seen 
to peak close to the stoichiometric composition. The high permittivity 
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Figure 5. Preferred orientation as a function of final PbO excess. Figure 7. Relative permittivity as a function of final PbO excess. 
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and low pyroelectric coefficient of the slightly over-stoichiometric 
samples combine to determine a rather narrow processing window in 
order to achieve the highest figure of merit. Optimisation within this 
window has produced figures of merit up to 68 kV nr1 K"1. 

DEVICE FABRICATION 

Device chips were designed to fit onto a standard T05 header; this 
dictates the maximum chip size to be approximately 5x5 mm. To form 
a dual element detector, compatible with standard I.R. detection optics, 
two active areas are defined, each with an aspect ratio of 2.6:1, as shown 
in Figure 8. The two elements have a common bottom electrode and are 
poled in the same sense with respect to the substrate. Within these 
constraints, devices of various membrane and element size have been 
fabricated. 

Bottom electrode 
via. Top Electrodes 

PbTi03 >4      pt 

Silicon 

Exaggerated vertical scale 

Electrodes 

Figure 8. Dual element chip design; plan view and cross section. 

The devices were prepared on standard, 4" diameter, 300 |xm thick, Si 
substrates as described previously [15]. To obtain mechanically stable 
membranes the difference in thermal expansion between the membrane 
and substrate must be minimised and adjusted to leave the membranes 
under a slight tensile stress at the completion of processing. This is 
achieved using composite membranes of 6500 Ä SiC>2 and 2000 Ä 
Si3N4. On the front side of the wafers this bi-layer acts as the membrane, 
whilst at the backside it is patterned by standard photolithography and 
plasma etching to act as a mask during the subsequent silicon etching. 

A continuous bottom electrode of 1000 Ä Pt on a 100 Ä Ta adhesion 
layer is deposited by sputter deposition. The PbTiÜ3 film is then 
deposited to a thickness of 0.4 um. Access to the bottom electrode, to 
facilitate poling, is made by etching vias using a 50% aqueous solution 
of HC1 containing approximately 0.1 % HF. Infra-red absorbing top 
electrodes of nichrome are deposited by evaporation through a photo- 
resist mask. Finally, anisotropic etching of the backside of the devices is 
carried out in aqueous KOH solution (40 %) at 60°C for twenty hours, 
whilst protecting the front side. The resulting Si02/Si3N4 membranes are 
0.7 to 0.8 |im thick, depending on etch time. 

Devices were poled at room temperature for 10 minutes with -10 V 
on the upper electrodes. The voltage response to a modulated heat 
source was measured as a function of modulation frequency. An 
example result is shown in Figure 9 for a 1.56 x 0.6 mm active area on a 
3x3 mm membrane. 

In comparison to conventional devices, the frequency response of the 
thin film-on-membrane device exhibits a plateau in responsivity around 
1 Hz. This response is similar to that demonstrated for early prototypes 
of this structure [15] and can be explained in terms of a device with two 
thermal time constants. That is, at low frequencies there is sufficient time 
for the whole of the device, membrane and margin, to follow the heat 
flux modulation. The device therefore behaves like a conventional 
detector with a thermal time constant of > 10 s. At higher frequencies, 
the membrane area can respond independent of the margin and the 
device behaves as though it has a much shorter time constant, which 
might be estimated from the result of Figure 9 to be in the range of 0.3 
to 1 second. A more detailed model of the frequency response of as a 
function of device geometry is currently under development for 
comparison with experimental data. 
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Figure 9. Voltage responsivity (arbitrary reference level) as a 
function of frequency for a single element. 

CONCLUSIONS 

The formation of the mixed metal species, (RO)3TiOPb(OAc), in the 
sol-gel preparation of PbTi03, is favoured by addition of unsubstituted 
titanium isopropoxide to the lead precursor and may be facilitated 
through the production of a lead acetate hydroxide in the reaction 
between lead acetate and 2-methoxy ethanol. 

The pyroelectric figure of merit of PbTi03 thin films is strongly 
dependent upon the Pb/Ti ratio of the films. It is suggested that a slight 
initial PbO excess is required to optimise the properties. 

Thin film-on-membrane infra-red detectors, compatible with 
standard devices have been fabricated. Initial device geometries yield a 
frequency response which is thought to result from two thermal time 
constants, one for the chip as a whole and one for the membrane. The 
assumptions which lead to the derivation of Equation 1, are not valid for 
the device structures presently under study, and a new model for the 
responsivity is required. 
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Abstract - Effects of L-alanine + nickel and L-alanine + 
chromium are investigated on the dielectric and 
pyroelectric properties of TGS crystals. The crystals were 
grown by temperature lowering technique. Dielectric 
constant and pyroelectric coefficient measurements of 
these crystals are reported and compared with pure and L- 
alanine doped crystals. TGS crystals doped with chromium 
plus L-alanine and nickel plus L-alanine exhibit two to 
three times better materials figures of merit for 
pyroelectric infrared detectors over pure TGS crystals and 
L-alanine doped crystal. The Vicker's hardness of 
CrLATGS crystal was found to be two times of pure TGS 
crystals. Growth characteristics of these crystals are also 
presented. 

INTRODUCTION. 

Triglycine sulfate (TGS) is one of the most studied 
ferroelectric materials. The interest in studying pure and 
doped TGS crystals has increased due to their promise in 
various devices for military system, astronomical 
telescopes, earth observation cameras, environmental 
analysis monitors, medical vidicons and Fourier 
Transform Infrared (FT-IR) instrumentation. These 
devices have many attributes such as low cost, low power 
requirements, a wide operating range of temperature and 
frequency, and room temperature operation compare to 
quantum detectors where low temperature cooling is 
required. Many efforts [1-2] have been made to improve 
the pyroelectric properties and growth of TGS crystals. It 
was found that substitution of small percentage of analine 
[3] introduced asymmetry in the hysteresis loop which 
gave the material a preferred poling direction, thus 
eliminating random poling of the material. 

The objective of the present work is to investigate 
the effects of simultaneous doping of L-alanine and 
chromium and L-alanine and Nickel on the pyroelectric 
and dielectric properties and hardness of TGS crystals. 
Using these properties applicable figures of merit [1] are 
calculated for comparison over pure and L - alanine doped 
TGS crystals. Growth characteristics of these crystals are 
also presented in this paper. 

EXPERIMENTAL 

Single crystal of pure and doped TGS crystals were 
grown from aqueous solution by temperature lowering 
technique using modified version of reciprocating 
crystallizer [4] . The amount of dopants were 15 mol % of 
L- alanine and 5000 ppm by weight of Nickel sulfate and 
Chromium sulfate respectively in the solution. The 
concentrate of Nickel and chromium ions was not 
quantitatively determined, however, incorporation of small 
amounts of impurities could be detected by indirect 
methods of dielectric and pyroelectric data. Saturated 
solution of TGS at 40°C were prepared using BDH Optran 

grade crystalline powder. The growth solution containing 
required dopants was equilibrated in the crystallizer at 
42°C for 48 hours. The temperature of the crystallizer 

was maintained at +0.01 °C. The appropriate polyhedral 
TGS seed crystals were affixed to the seed holder with the 
Dow Corning silicone adhesive. The seed holder and seed 
crystals were preheated to 42 °C before insertion into the 
growth cell. Seed crystals surface was allowed to dissolve 
slightly before the temperature was lowered to the correct 
saturation temperature and held there for 24 hours. 
Afterwards it was lowered at a programmed rate which 

increased from initial 0.1 °C per day to 0.3 °C per day. All 
the growth parameters were kept identical so as to balance 
out the effect of growth parameters on the properties of 
resulting crystals. After completion of the growth runs, 
the crystals were removed from solution and slowly cooled 
to room temperature to avoid any thermal shock. The 
growth data were then recorded. Transparent and high 
optical quality crystals were generally obtained. Thin slices 
of samples were cleaved perpendicular to b-axis of pure 
and doped crystals. These samples were lapped and 
polished using fine grit 5-3 micron alumina polishing 
paper and iso-propyl-alcohol as a lubricant. Silver 
electrodes were thermally evaporated onto major faces 
(010) of the crystal. A 1659 GenRad RLC bridge was used 
to measure the sample capacitance and dissipation factor 
during heating cycle. The pyroelectric current in these 
samples was measured by the direct method of Byer and 
Roundy [5]. The detailed calculation of electrical 
parameters are described elsewhere [6]. Vickers hardness 
was measured using a Leitz miniload machine with a load 
of 0.49N for a dwell time of 15s. Freshly cleaved and 
polished surfaces (010) were primarily tested. 

RESULTS 

Table I describes the growth runs performed. The 
growth data of the crystals studied are given in Table II. It 
can be seen from Table II that growth yield is highest in 
the case of L-alanine doped crystal and lowest in case of 
chromium and L-alanine doped crystal. The axial velocity 
along [010] direction is twice as compared with [001] 
direction in all the crystals studied. The growth 
characteristics and habit of chromium doped crystals are 
quite different than pure TGS crystals [Fig.l]. Table III 
shows values obtained for dielectric constant and 
pyroelectric coefficients of these crystals. The calculated 
value of various figures of merit using above parameters 
are also presented in Table III. The values of dielectric 
constant and pyroelectric coefficient of pure TGS crystals 
are in good agreement with literature values. However, 
properties of TGS crystals vary widely in the literature 
because its physical properties depend on various factors, 
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Fig.l. Habit of a CrLATGS crystal 

Table I 
TGS Growth Runs Performed 

Crystal 
Concentration of 

L-alanine in the solution 
Inorganic (I) 

dopant 
Concentration of I- 

dopant in the solution 
(ppm) 

TGS - - - 
LATGS 15 mol % - - 

NiLATGS 15 mol % NiS04 5000 
CrLATGS 15 mol % Cr2(S04)3 5000 

Table II 
Growth Data of TGS Crystals 

Crystal Yield 

(g/d/°C) 

Axial Growth 
(mm/°C/d) 

Velocity 

V(010) V(001) V(010)/V(001) 

TGS 0.170 0.88 0.340 2.58 

LATGS 0.223 1.14 0.54 2.174 

NiLATGS 0.0445 0.143 0.052 2.717 

CrLATGS 0.042 1.0 0.50 2.0 

Table III 
Materials Figures of Merit of Doped TGS crystals 

Crystal 

Temp 
(°C) 

Fi = P 
nC/cm2oc e' 

Fv= p/e' 
nC/cm2oc 

Fvid=p/Ve^ 
nC/cm2oc 

Fjj=p/VfF 

nC cm2oc 

TGS 
35 45.0 70 0.64 5.4 52.3 
40 80.0 105 0.75 7.8 83.0 
45 160.0 250 0.64 10.0 152.6 

LATGS 
35 60.60 45 1.33 8.9 54.8 
40 94.40 60 1.57 12.2 99.5 
45 154.35 90 1.70 16.3 208.12 

NiLATGS 
35 82.50 51.6 1.60 11.46 213.0 
40 133.8 70.80 1.90 15.90 226.2 
45 186.2 104.10 1.80 18.30 240.4 

CrLATGS 
35 50.32 41.15 1.25 7.90 179.7 
40 86.90 54.9 1.60 11.74 299.6 
45 182.0 67.78 2.70 22.20 568.8 
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such as, growth conditions, history of the sample, method 
of measurement, and finally the growth pyramid from 
where the sample has been cut. It can be seen from 
Tablelll that pyroelectric coefficient of doped crystals is 
higher and dielectric constant is lower than pure TGS 
crystals which make them suitable for infrared devices. 
Furthermore, calculated figures of merit for doped 
crystals are higher than pure TGS crystals. NiLATGS and 
CrLATGS crystals have higher figure of merit than pure 
as well as LATGS crystals in the temperature range of 

40°C-45°C. For high current responsivity (Fi) NiLATGS 
based devices will be advantageous. For high voltage 
responsivity (Fv) and detectivity (FD) NiLATGS and 
CrLATGS will be useful. However, actual use of the above 
crystals in infrared detectors or vidicons will determine if 
predicted improvement in signal to noise ratio is realized. 
LATGS crystals usually crack during polishing while 
CrLATGS and NiLATGS crystals do not. These crystals 
seems to be harder than pure TGS crystals. The Vicker's 

9 
hardness number for CrLATGS crystal was 188gm (im ^ 
where as pure TGS has a value of 89. The hardness of the 
other crystals will be reported later. This multiple doping 
technique seems to be useful for crack prevention and 
property enhancement in TGS crystals. 

CONCLUSION 

It can be concluded that Chromium sulfate and 
Nickel sulfate plus L-alanine doped crystals are attractive 
for pyroelectric infrared detector applications because of 
high values of figures of merit and increased hardness as 
compared to pure and L-alanine doped crystals. 
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With a   "Pyroelectric  Wafer"   Gate 
Y.M.Poplavko, V.A.Moskalyuk, A.I.Timofeyev and Y.V.Prokopenko 

Kiev Polytechnic Institute, 37 Peremogi Ave, 252056 Kiev, Ukraine 

Abstract. The multifunction properties of GaAs 
and other III-V semi-insulating crystals can be 
expanded by the artificial decreasing of their 
electric response symmetry that could be trans- 
formed from piezo- into a pyroelectric class. 
An artificial pyroelectricity of III-V type se- 
miconductors can form a basis for one-crystal 
pyroelectric sensors.The voltage sensitivity of 
GaAs (lll)-cut corresponds to one of PZT pyro- 
electric ceramics so the GaAs wafer could be 
used as thermal-to-electric transducer in a new 
microelectronic device named "pyrotransistor" 
that is uncooled far infrared detector based on 
MESFET technology. 

Introduct ion 

The current tendency for modern night vision 
system's development is the increase of sensor 
elements number in the receiving matrix (focal 
plane array). This permits to get rid of optic- 
mechanical scanning unit and reduces the requ- 
irements to sensor element sensitivity because 
the response is accumulated at all frame dura- 
tion. The essential feature of such elements is 
quite uniformity so the sensitivity of each se- 
parate elements should differ no more than 0.1% 
Such uniformity is possible to realize with the 
application of the modern microelectronic pro- 
cessing. However, far infrared semiconductor 
sensors use photoconduction and need cooling. 

Modern uncooled sensors are based on pyro- 
electric effect in some polar dielectrics.Pyro- 
electric ceramics is possible to integrate with 
semiconductor by microelectronic technology [1 ] . 
But the main problem of pyroelectric integrated 
sensor is to provide negligible thermal contact 
between pyroelectric transducer and high thermo- 
conductive silicon wafer. So such arrays really 
need complicated system of packaging. Moreover, 
the rigid bound of several materials with sharp 
distinction between their chemical and thermal 
properties poses problems for technology. For 
example, as water-soluble pyroelectric-champion 
TGS so crystals of LiTaÜ3-type are difficult to 
integrate with semiconductor matrix processor. 
Moreover, all pyroelectric cells of such hybrid 
type "pyroprocessor" have different sensitivity 
so the effect from this matrix fall short of 
its ideal. 

The possibility exists to use the artificial 
pyroelectricity in III-V polar semiconductors 
in order to apply the potentialities of micro- 
electronics for one-crystal thermal imaging[2]. 
In the proposed case the GaAs-type wafer is a 
pyroelectric transducer itself while amplifiers 
and other microelectronics is no more than very 
thin epitaxial layers with an ultra low thermal 
mass. 

III-V Crystals Polar Properties 

Gallium arsenide type crystals, in the first 
place, are semiconductors and, secondly, they 
are not pyro- but piezoelectrics. Nevertheless, 
it will be shown from here on how to get arti- 
ficial pyroelectric response from piezoelectric 
of GaAs symmetry. 

Piezoelectric and all the more pyroelectric 
properties of semiconductors have usually been 
out of consideration because of charge carries 
screening effect. But in this work charge gene- 
ration process is ignored so the term charge 
separation [3] has to be used. By this means se- 
miconductor lattice is considered as dielectric 
and the only electric polarization should be 
taken into account. This is well represented by 
semi-insulating GaAs but largely for its solid 
solutions with AIP. 

As a matter of fact,polar properties of GaAs 
type crystals was taken into account for charge 
carries mobility and at the sacrifice of this 
polarity Gunn effect has been supposed.The goal 
to be sought is to transform the passive i-GaAs 
wafer into an active thermal-to-electric energy 
transducer. It is known that only the crystals 
of pyroelectric symmetry is operable as such 
transducers while GaAs type crystal are nothing 
more than piezoelectric. 

Pyroelectricity is based on the spontaneous 
polarization Ps temperature dependence (the pri- 
mary pyroeffect). The symmetry requires pyroel- 
ectric crystal to have unique polar axis which 
direction coincides with Pe. It is important 
that pyroelectric coefficient pi includes also 
secondary coefficient from piezoelectrically 
transformed thermal strains. Only 10 from 20 
piezoelectric classes of crystals allow pyroel- 
electricity (primary and secondary). Others 10 
piezoelectric classes show "latenf'polar struc- 
ture that is self-compensated if crystals are 
stress-free. But polarity manifests itself over 
a very wide limits: thermal conductivity of po- 
lar crystals is much less than non-polar ones 
and their thermal expansion coefficient passes 
through zero at low temperatures (at 60 K for 
GaAs) instead of showing T3-dependence). Polar 
crystal microwave fundamental (lattice) absorp- 
tion is vastly superior ones of central symmet- 
ric crystal and shows the low-temperature maxi- 
mum of quasi-Debye type. Etching of (111)-GaAs 
plate depends crucially on "+" and "-" faces 
just as in pyroelectric crystals. At last, the 
growing GaAs crystal can swim in its melt just 
as the ice in the water because the arrangement 
of crystal polar bonds expands the material. 

Recently  it has been originally shown that 
uniform thermal influence induces pyroelectric 
response in all 20 piezoelectric classes of cry- 
stals if they are partially clamped [4]. In the 
case being considered the GaAs unit cell posse- 
ses an octupole-type latent polarity which has 
to be totally compensated because of its four 3- 
fold polar axes are crossing at angle of 109.5°. 
But the self-compensation could be artificially 
broken due to a partial limitation of strains 
under the special boundary conditions. 

Thermomechanically induced response 

Thin GaAs crystal plate of (111)-cut shows a 
longitudinal piezoeffect P3 = e33 X3 where "3" 
is [lll]-axis and transverse piezoeffect P3 = 
= (e3i+e32)x3. The sum of piezoelectric coeffi- 
cients e3i+ e32+e33 = 0 so any scalar influence 
totally  compensates each other  if crystal is 
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free to expand. This eonpensation is shown on 
Fig.lb for GaAs crystal thermal treatment: pie- 
zoelectric contribution from the longitudinal 
strain component X3= a dT is compensated by two 
transverse components xi= xz= a dT. If the last 
ones are forbidden by planar clamping the pola- 
rization P3 = eaa-a-dT will imitate "pyroelee- 
tricity" ( a is thermal expansion coefficient). 
So the used effect is equivalent to the secon- 
dary pyroelectric effect that is inherent to 
pyroelectrics but previously unknown in piezo- 
electrics. 

'/,.''. 
a 6 

Fig.l. Thermal treatment of semi-insulating 
GaAs thin plate cemented on silica (a); 
thermal strains produce polarization (b). 

Any variation of P3 with the temperature 
produces in GaAs artificial pyrocoefficient: 

pa = dP/dt = 2V3 di4 a /(4 S11 + 8S12 + S44), 

where di4 is piezoelectric constant and Sun 
is elastic compliance.lt is evident that (111)- 
cut shows a maximum of effect. The angle depen- 
dence of p in the spherical coordinates is: 

P (0,?) = P3 sin 28 sin 8 sin 2y> 

where 8 is the angle deflection from [111] = 3 
axis and y is azimuth. 

In our "static" experiments thin GaAs plate 
was cemented to hard substrate (fused silica in 
Fig.la) with low thermal expansion coefficient. 
This is convenient for performing measurements 
but for device application the finned structure 
(produced by special etching) is sufficient to 
provide planar strains limitation. For the same 
purpose wafer-transducer could be compressed in 
its plane bounded by a rigid ring. In any case, 
only thermally induced thickness strain should 
be permitted and just in the direction of [111] 
type polar axis. 

It was obtained that GaAs "pyrocoefficient" 
is 1.5.10juC/m2K with the voltage sensitivity 
Sv = 0.02 m2C-1. Our investigations show that 
some of III-V semiconductors that is capable to 
form solid solutions with GaAs have these para- 
meters 10 times more. Above all, they are much 
closer to dielectrics than semi-insulating GaAs. 

Construction of Pyrotransistor 

GaAs type artificial "pyrotransducer" integ- 
rated with FET amplifier can be basis of a new 
microelectronic device named "pyrotransistor". 
The last one consists of MESFET with submicron 
channel that can be realized out of thin epita- 
xial layer deposited onto (lll)-cut wafer ope- 
rating as a "pyrogate". 

Infrared radiation could be absorbed as by a 
special IR-absorbent covering the back side of 
wafer so due to internal IR absorption of wafer 

(that could be explained by III-V crystal polar 
lattice and by its imperfections and doping). 

The first method is usually used in the py- 
roelectric detectors based on the ferroelectric 
materials with the very high IR reflection and 
large near-surface IR absorption. Thermal dif- 
fusion from IR-absorbent to pyroelectric bounds 
operation speed. As applied to semi-insulating 
GaAs, the modulating frequency about 1 KHz is 
required at which the temperature wave length 
in GaAs wafer is about 100 jim. The more thick 
wafer could not essentially increase the "pyro- 
electric" response. 

The occasion of internal absorption seems to 
be more interesting because it is inherent to 
the ITI-V type crystals only that are semi- 
transparent for infrared radiation. Thermal-to- 
electric response could be got directly in the 
crystal lattice without any delay while MESFET 
is also capable to rapid operation with pulses 
rise about 10-"c. So the inertialess is one of 
the advantages of new device. 

In GaAs and related crystals the absorption 
and transparency may be "resonant" in the range 
over 8-14 microns but an enlightenment layer is 
desirable in order to decrease IR reflection. 
Fig.2 shows the reflection coefficient for the 
100 urn wafer thickness near 10 pm wavelengths 
as a function of GaAs dielectric absorption K" . 
The last depends on doping and can be control- 
led. At increased absorption the IR reflection 
is rather small but the only close-to-surface 
part of the wafer can work as transducer.In the 
opposite case IR radiation is absorbed in all 
bulk wafer while the reflection gains resonant 
character, Fig.2. The reflection coefficient 
passes trough minimum and increases thereafter. 
The device with internal absorption could be 
applied for a very fast IR pulses measurements. 

Modulation frequency of IR-radiation in the 
III-V crystaI"pyrodetector" depends on the equ- 
ilibrium concentration of charge carries.In the 
standard (10~s Ohm-im-iconductivity) semi-insu- 
lating GaAs the screening of pyroelectric field 
is overlooked at the modulation frequency 1 KHz. 
In some GaAs -III-V solid solutions this frequ- 
ency would be reduced to 20 Hz. 

Fig.2 IR reflection coefficient modulus versus 
IR wavelength and GaAs crystal absorption 
coefficient (K" is the imaging part of 
complex dielectric permittivity). 
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Produced by the charge carries diffusion into 
semi-insulating substrate from channel, the en- 
richment layer plays a crucial role in  source- 
drain (S-D) conductivity  if the channel length 
is less then lum. It is in short channel MESFET 
where  S-D conductivity  is  strongly dependent 
on substrate potential due to the variations of 
the enrichment layer thickness. The last  could 
be controlled  by the wafer  internal  electric 
field Ep.  Moreover, this field changes channel 
length that in its turn also controls a  MESFET 
drain current. 

Quasi two dimensional kinetic model [5] and 
the Monte-Carlo method [6] were used for MESFET 
pyrotransistor simulation. In the course of mo- 
delling of short-channel structure the main pe- 
culiarities of submicron device were accounted. 
Those are: drift speed overshoot, the substrate 
shunting influence and electrogradient effects. 
Some processes in the interface layer are also 
connected with the injection of charge carriers 
and their redistribution between channel and 
substrate. Simulation predicts that realization 
of submicron field structure pyrotransistor is 
possible with following main parameters: 0.5 urn 
distance  between  drain and source electrodes; 

0.06 jjm thickness of 0.2 x 500 jam  gate size; 
epitaxial  layer  that has 4 1017 cm-3 doping 
level; 100 um thickness of substrate=wafer with 
a 2 1014 cm-3 doping level. This structure is 
possible to arrange over 50 x 50 jim2 crystal 
area in a meander type design. Simulations show 
the most profitable drain current control could 
be got near the threshold region of MESFET cha- 
racteristics (if the gate potential is close to 
the pinch-off voltage). This mode of operation 
provides also the least noise faetor of MESFET. 

Fig.4. Detector cell in the crystal array: 
1 - schematized MESFET, 2 - substrate (wafer), 
3 - metallized ridges, 4 - absorbent layer in 
the valley, 5 - readout circuits. 

As a result the wafer heating on 0.1 K leads 
to drain current change in 40juA at gate poten- 
tial Vg = 0 V. At the gate potential Vg = -1 V 
the change of drain current is 50juA. 

Fig.4 shows the topology of "single cell- 
element" and its environment in form of valleys 
and ridges. Produced by the etching, a stepwise 
back-face of wafer is required to the partial 
clamping realization.The finned design provides 
IR reflection from metallized ridges and prac- 
tically full absorption of valleys covered by 
IR-absorbent layer or by enlightenment layer if 
the wafer absorption is intrinsic. Each valley 
is an under-MESFET "pyroelectrie" region. 

Conclusion 

Planar strain limitation in the [lll]-cut of 
III-V type of semi-insulating crystals opens up 
possibilities for new type of microelectronic 
sensor that is uncooled and one-crystal array. 
The last has advantages as over semiconductor 
photonic arrays that need cooling so over pyro- 
electrie ones produced by hybrid processing. 
Hundreds of pyrotransistors on the same wafer 

would form matrix thermal image processor which 
sensitivity increases as square root from cells 
number. The current status of microelectronics 
can guarantee the identity of each cell in this 
one-crystal. 
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Abstract: PLZT-based antiferroelectric (AFE) / ferroelectric 
(FE) composite thin films were fabricated by automatic spin coating 
and crystallized by rapid thermal processing. A computer- 
controlled automatic spin coat reactor was used to spin composite 
thin films from acetate precursors with successive layers of FE and 
AFE composition. Films were spun on platinum-coated silicon 
substrates and rapid thermal thermally processed at 700°C. 
Composite thin films exhibited improved AFE-type properties 
including increased dielectric constant (K) and saturation 
polarization (P^t) and decreased FE switching field (EF) compared 
to typical AFE compositions. X-ray diffraction results indicated 
that the composite thin films consisted of distinct AFE and FE 
phases. Modeling of the dielectric properties revealed linear series 
capacitor behavior within the composite thin films for low electric 
field conditions; however, nonlinear effects were apparent at high 
electric fields. 

INTRODUCTION 

Because of their numerous unique properties and 
characteristics, PLZT ferroelectric materials have created new 
opportunities for the utilization of electronic ceramics. Few 
ferroelectric systems boast such wide ranging usefulness including 
electrooptic, piezoelectric, electrostrictive, pyroelectric and 
dielectric applications. In fact, the extent of their applicability is not 
completely known, as new compositions and modifications of the 
PLZT system are continually studied. The search for new materials 
with unique and improved properties will always persist. 

One approach to the design of new electronic ceramics is to 
devise composite materials with alternate layers or mixing of 
different materials. Several investigations on bulk electronic 
ceramic composites have been reported. Shrout et al. [1] fabricated 
an antiferroelectric/ferroelectric composite by tape casting 
successive layers of soft ferroelectric PZT with antiferroelectric Sn- 
modified PSZT materials. This device yielded higher dielectric 
stability at high fields than conventional hard ferroelectrics. By 
stacking layers of compositions with positive and negative 
temperature coefficients, i.e. PMN and PMN-PT, respectively, 
composite resonators were fabricated with average values of 
temperature coefficients for more temperature stability [2]. 
PZT/PNZT multilayer composites fabricated by tape casting 
stabilized the temperature dependence of frequency constant and 
pyroelectric current [3]. Furukawa et al. [4] developed multilayer 
relaxor/BaTi03 capacitor composites with alternating layers of low- 
and high- Curie temperature dielectrics to meet X7R-type capacitor 
specifications. 

It is clear that the production of composite bulk ceramics for 
electronic devices has been beneficial; however, this technique has 
yet to be applied to thin film devices. Similar advances in thin film 
technology could be attained by producing composite thin film 
materials. In this study, multilayer thin film structures consisting of 
antiferroelectric (AFE) PbZr03 and ferroelectric (FE) PLZT were 
fabricated by automatic spin coating and characterized. Dielectric 
properties and P-E hysteresis loops were examined along with the 
composite film structure from x-ray diffraction. Modeling of the 
dielectric properties according to a linear series capacitor model 
was also performed. These composite thin films could produce 
AFE-type materials with more desirable properties for thin film 
device applications. 

EXPERIMENTAL PROCEDURE 

Processing 

Ferroelectric PLZT 2/55/45 (La/Zr/Ti), antiferroelectric 
PbZr03 (0/100/0) and composite AFE/FE thin films consisting of 
these compositions were spun on Pt-coated Si substrates using an 
automatic spin coat reactor [5]. In a single deposition chamber, 
this computer controlled spin coater contains an automatic fluid 
dispense system and rapid thermal processing unit with an in-situ 
laser ellipsometer for thickness measurement. Since the spin coater 
is capable of depositing one of three precursor stock solutions, 
composite thin films can be easily manufactured without 
reconfiguration of the spin coater or removal of the sample from 
the deposition chamber. 

Deposited precursor solution was derived from liquid acetate 
precursors consisting of lead subacetate (mixed into liquid form 
with methanol and acetic acid), lanthanum acetate, zirconium 
acetate and titanium acetyl acetonate with methanol and water [6]. 
All of the thin films were spun at 2000 rpm for 30 seconds and 
rapid thermally processed at 700°C for 2 minutes per layer for 10 
layers. A 5 minute rapid thermal post-anneal was also employed to 
ensure high quality films. For the 10 layer composite films, an 
initial deposition of x FE layers was followe'd by 10-x AFE layers. 
Identification of these composites was denoted by ^(x)k(10-x). 
Pure AFE and FE thin films were also fabricated for modeling of 
the composite films. 

The advantages of using RTP for the processing of FE thin 
films have previously been discussed [5,7]. Because of these 
benefits, rapid heating was chosen for the FE layers in composite 
thin films in order to optimize thin film properties; however, fast 
heating rates of at least 70°C per second for AFE layers caused 
thermal shocking during the AFE-to-FE phase transition in these 
layers resulting in rough film surfaces and poor electric properties. 
Hence, slower heating rates of approximately 25-30°C per second 
were necessary for AFE layer heat treatment and post-anneals. 
Variable heating rates were programmable in the rapid thermal 
processing unit of the automatic spin coater. 

Measurement 

Evaporated Cu electrodes (1 mm diameter) were deposited for 
measurement of the dielectric and hysteresis loop properties of the 
thin films. Thin film capacitance was measured at 1 kHz using a 
Leader LCR meter with a 1 V ac signal and from 100 Hz to 40 
MHz using a Hewlett-Packard 4194A impedance analyzer with a 
100 mV ac signal. Capacitance was also measured as a function of 
dc bias at 1 kHz on the impedance analyzer. Hysteresis loops were 
measured using a Sawyer-Tower circuit with digital oscilloscope 
output at 1 kHz using an ac signal of +40-45 V. Total film 
thickness, measured before electrode deposition on the laser 
ellipsometer (A.=632.8 nm) and a Tencor profilometer, was 
approximately 0.9 to 1.0 um. X-ray diffraction was performed on a 
Scintag XDS 2000 diffractometer using Cu-Ka radiation. 
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RESULTS AND DISCUSSION 

Composite Film Structure 

X-ray diffraction was performed on the pure FE, APE and 
composite thin films in order to reveal any macroscopic structural 
interaction between the FE and AFE layers of the composite 
materials. Figure 1 displays the x-ray diffraction pattern of an 
F5A5 composite film. As shown, distinct AFE and FE phases were 
the only phases evident in the diffraction pattern; furthermore, the 
d-spacings of the AFE and FE composite film peaks were equal to 
the d-spacings in the films of pure AFE and FE compositions, 
respectively. This result indicated that there was no large-scale 
interdiffusion between the AFE and FE layers since no intermediate 
phase or diffuse boundary with shifted d-spacings was detected. In 
addition, the residual strain caused by lattice mismatch between 
layers was negligible since the d-spacings in the composite films 
were unchanged from their pure component counterparts. 

1200 

Figure 1. X-ray diffraction pattern of an F5A5 composite thin film. 
F = ferroelectric phase, A = antiferroelectric phase and S = 
substrate peak. 
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Figure 2.   A) Virgin and B) poled effective dielectric constants of 
the composite thin films. Experimental (exp) results were measured 
at 1 kHz with a 1 V ac signal.    The calculated (calc) results 
displayed were based on the linear series capacitor model shown. 

Dielectric Properties and Modeling 

The dielectric properties of the composite films were modeled 
according to an equivalent circuit of linear series capacitors based 
on the pure AFE and FE films. This type of analysis has been 
performed on bulk ceramic composites [1,2]. Experimental virgin 
and poled effective dielectric constants (Kvir and K^) of the 
composite films measured at 1 kHz and 1 Vac are shown in Figure 
2. The composite films which still maintained AFE-type double 
hysteresis loop behavior possessed poled dielectric constants 
ranging from 220 in the F2A8 film to as high as 376 for F7A3 
compared to 174 in the pure AFE. As discussed in the next section, 
the F8A2 film possessed a FE-type single hysteresis loop. Effective 
dielectric constants were calculated based on pure AFE and FE film 
behavior from the expression 

K, eff 
_     KAKF'tot 

Kptj^ +K^tp (1) 

where the A and F subscripts denote AFE and FE layer dielectric 
constants and thicknesses and ttot is the total thickness of the 
composite. Equation (1) was derived assuming constant electrode 
area. General agreement was found between the experimental and 
modeled results. 

Figure 3 displays the experimental Keff of the F5A5 composite 
measured over a frequency range of 100 Hz to 40 MHz with a 100 
mV ac signal. Typical ferroelectric thin film behavior was revealed 
with a dielectric relaxation at approximately 1 MHz [8]. Once 
again, agreement was exhibited between the experimental and 
modeled composite film results. The correspondence of the 
experimental results with these models suggested that at low ac 
voltage levels the composite films indeed behaved as series 
combinations of AFE and FE linear capacitors. 

Disparity in this model did, however, occur when a dc bias was 
applied. Figure 4 shows Keff for the pure AFE and FE films, the 
experimental composite films and the calculated composite film 
models as a function of increasing dc bias at 1 kHz using a 100 mV 
ac signal. In this case, the linear series capacitor model did not 
correspond with experimental results under high bias field 
conditions. Ferroelectrics are known to exhibit nonlinear domain 
switching at high electric fields [9]. Not only did the ferroelectric 
polarization behave nonlinearly within each composite layer as 
shown by the pure components, but the electric field distribution 
across the composite films varied nonlinearly as the total dc bias 
increased. Because of its lower dielectric constant, most of the 
total voltage was initially distributed across the AFE layer creating 
a higher internal electric field on the AFE layer than the average 
field applied on the total composite material. In this respect, the 
composite films could be considered voltage dividers with nonlinear 
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Figure 3.   Effective experimental (exp) dielectric constant of the 
F5A5 composite measured with a 100 mV ac signal.   Calculated 
(calc) results were based on the linear series capacitor model. 

electric field distributions across the AFE and FE layers. As shown 
in Figure 4, the dielectric peaks at the AFE-to-FE phase transitions 
in the composite films were shifted to lower voltages compared to 
the series model predictions because of this nonlinear field 
distribution on the AFE layer. Modeling of these nonlinear effects 
is still in progress. 

P-E Hysteresis Loop Data 

As shown in Figure 4, the dielectric peaks became more intense 
in the composite films than the series capacitor model predicted. 
This was consistent with the hysteresis loops shown in Figure 5, 
where EF continually decreased and the double hysteresis loops 
became more square with increasing number of ferroelectric layers 
in the composites. Figure 6 also displays this decrease in EF and an 
increase in P^. Shrout et al. [1] suggested that in an AFE/FE 
composite, the voltage initially builds across the AFE layer and 
prevents switching of the FE layer. Once the AFE-to-FE phase 
transition field is reached, the domains in the FE layer are allowed 
to switch. This behavior was believed to occur in the composite 
thin films and, as discussed previously, caused a reduction in the 
average FE switching field EF of the composite. Furthermore, the 
presence of the FE layer in the composite films increased the overall 
polarization of the material once EF was reached, resulting in more 
square double hysteresis loops and increased P^,. EF ranging from 
298 kV/cm (30 V/um) for the F3A7 film to as low as 215 kV/cm 
(22 V/um) for the F7A3 film were obtained with P,^ values 
between 35 and 38 uC/cm2. Pure AFE properties were 330 kV/cm 
(33 V/um) and 20 uC/cm2, respectively. 

As shown in Figure 6, P^,, values seemed to plateau between 
the F3A7 and F8A2 composites, and EF continually decreased after 
the F2A8 composite in which EF was 330 kV/cm, the same as for 
the pure AFE film. Widening of the center or low field portion of 
the double hysteresis loops was observed with increasing number of 
FE layers until the F8A2 composite revealed a single hysteresis 
loop similar to the pure FE film. This increased P^ and decreased 
EF should be beneficial for device application. Typically, pure AFE 
PbZr03 possesses a high AFE-to-FE transition field making it a less 
desirable composition for thin film device application; however, the 
use of composite films with improved AFE properties will make the 
application of AFE materials for electronic devices more feasible. 
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Figure 4. Effective experimental (exp) dielectric constant of A) 
pure FE, B) F8A2, C) F7A3, D) F5A5, E) F3A7, F) F2A8 and G) 
pure AFE thin films measured at 1 kHz with a 100 mV ac signal. 
Calculated (calc) results were based on the linear series capacitor 
model. The y-axis scale for B)-F) is 50 per division. The dc bias 
was cycled from negative to positive voltage. 
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Figure 5. 
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Hysteresis loops for A) pure FE, B) F8A2, C) F7A3, D) F5A5, E) F3A7, F) F2A8 and G) pure AFE thin films measured at 1 
a +40-45 V ac signal. The scale for the y-axis (P^) is 15 uC/cm2 per division, and the x-axis (EF) is 100 kV/cm per division. 

'0 applications   and   improvements   in   existing   thin   film   devices 
including improved and more applicable AFE-type materials. 
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Figure 6. Ep and P^j values for the AFE/FE composite films (#FE 
layers = 2 to 8) and for the pure AFE (#FE layers = 0) and FE (#FE 
layers = 10) films. Note that thin films with 8 or more FE layers 
possessed single hysteresis loops, while films with less than 8 FE 
layers exhibited double hysteresis loops. 

SUMMARY 

Composite AFE/FE thin films were spin coated from acetate 
precursors using an automatic spin coat reactor. PLZT 2/55/45 and 
PbZr03 layers of variable thickness were deposited on Pt-coated Si 
substrates, and the electrical properties of these composites were 
observed. It was found that the dielectric constants of the 
composites were increased compared to pure AFE PbZrC^, and the 
dielectric properties were modeled at low electric field according to 
a linear series capacitor model consisting of independent 
components of AFE and FE composition. While the model 
corresponded to experimental results for low field conditions, 
nonlinear behavior caused deviations in the predicted behavior with 
applied dc bias. It has been shown that the composite films 
behaved as voltage dividers because of the difference in dielectric 
constants between the AFE and FE layers in the composites causing 
a nonlinear distribution of internal electric field across the AFE and 
FE layers. This effect not only decreased the total electric field 
necessary to induce the AFE-to-FE phase transition, but it also 
prevented the FE layer from switching until Ep was reached. As a 
result, more square, better saturated double hysteresis loops were 
attainable with lower FE coercive fields. Dielectric constants as 
high as 300-400 were obtained in the composites compared to 150- 
175 for pure AFE composites. In addition, Ep was reduced from 
33 V/nm to as low as 21-23 V/iim, and P^ was increased from 20 
to 35-38 |iC/cm2 in the composite films. It is believed that the 
development of composite thin film technology can lead to new 
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Abstract - Composite materials have found a number of 
structural applications but their use in the electronics industry 
has been relatively limited. As the advantages and 
disadvantages of electroceramic composites are better 
understood, we can expect this picture to change. 

In this paper we review some of the composite sensor and 
actuator studies carried out in our laboratory during the past 
decade. These functional composites make use of a number of 
underlying ideas including connectivity patterns leading to field 
and force concentration; the use of periodicity and scale in 
resonant structures; the symmetry of composite structures and 
its influence on physical properties; polychromatic percolation 
and coupled conduction paths; varistor action and other 
interfacial effects; sum, combination, and product properties; 
coupled phase transformation phenomena; and the important 
role that porosity and inner composites play in composite 
materials. These ideas provide a basic understanding of 
functional composites and have been discussed previously[l]. 
In this paper, we describe several composite piezoelectrics and 
thermistors which utilize some of these principles. 

COMPOSITE TRANSDUCERS 

Early investigators concentrated on polymer-ceramic 
composites for use as hydrophones [2]. Several interesting 
connectivity patterns [3]  were developed including 3-3 
structures made by the replamine process [4] and by fugitive 
phase technique [5,6]. Then came the more useful 1-3 
composites consisting of parallel PZT fibers embedded in a 
polymer matrix. These structures were made by extrusion [7 ], 
by dicing [8], and more recently by injection molding [9] and 
lithographic lost-wax techniques [10]. The coupling between 
the ceramic fibers and the polymer matrix is important [11]. 
In optimizing hydrophone performance, the d^gh product was 
chosen as a figure of merit. The 1-3 composite increases dn 

and gh by reducing the d3 I piezoelectric coefficient and the 
dielectric constant while maintaining the large d33 coefficient. 

The usefulness of the 1-3 composite in high frequency 
applications for non-destructive testing and medical diagnostics 
was recognized later [12,13,14]. Biomedical transducers 
require resonant frequencies in the 1-10 MHz range, high 
electromechanical coupling coefficients, low acoustic 
impedance, and broad bandwidth. The 1-3 transducers 
manufactured by Siemens [10] have thickness resonances of 5- 
10 MHz, coupling coefficients kt=0.67, K=600, tan 8< 0.025, 
and a mechanical Q about 10. 

Poling is sometimes difficult for the long, slender PZT 
fibers used in 1-3 composites.  Electric breakdown often 
occurs before poling is complete, and the transducer is ruined. 
Lower poling and driving fields are obtained when the 
spaghetti-like PZT fibers are replaced with macaroni-like PZT 
tubules. When electroded inside and out, the thin-walled tubes 
are poled and driven radially at relatively modest voltages. 
Radial motions are coupled to length-wise displacements 
through the d3 \ coefficient. Effective piezoelectric constants 
of about 8000 pC/N and large dngn products are achieved with 
these composites [15]. Other variants on the basic 1-3 structure 
include the 1-2-3 composite with transverse load bearing fibers 
[16], and the 1-3-0 composite with a foamed polymer matrix 

[17], and the interesting woven fiber composites devised by 
Safari and co-workers [18]. 

Perhaps the simplest piezoelectric composite is the 0-3 
transducer made by dispersing ceramic particles in a polymer 
matrix [19]. The NTK Piezo-Rubber films and cables are used 
as flexible hydrophones, keyboards, blood pressure cuffs, and 
musical instruments. They are made by hot-rolling PbTi03 
particles into a chloroprene rubber matrix [20]. 

As mentioned earlier PZT is widely used as a transducer 
material because of its high piezoelectric coefficients. 
However, for hydrophones applications, PZT is a poor 
material for several reasons. The hydrostatic piezoelectric 
coefficient, d^ (=d33 + 2d3i), is very low. The piezoelectric 
voltage coefficients, g33 and gjj, are low because of the high 
dielectric constant of PZT (1800). The acoustic matching of 
PZT with water is poor because of its high density (7.9 g/cm3). 
Moreover, it is a brittle, non-flexible ceramic. 

In the last decade, several investigators have tried to 
fabricate composites of PZT and polymers to overcome the 
above problems of PZT. It has been shown that it is possible to 
improve upon the piezoelectric properties of homogeneous 
PZT by the composite approach. The concept that the 
connectivity of the individual phases control the resulting 
properties has been demonstrated in a number of composites 
with different geometry and different connectivity of the 
individual phases. The hydrostatic piezoelectric properties of 
these composites are superior to single-phase PZT. However, 
some of the earlier composites suffer from disadvantages due 
to difficulty in preparation or reduction in hydrostatic 
sensitivity with increasing pressure. Thus, there still exists a 
need to further improve the piezoelectric properties of these 
composites. It is especially desirable to have the composites 
prepared without any problems in processing and fabrication 
and also show high figures of merit for hydrophone 
applications with little or no variation in static pressure 
sensitivity under hydrostatic loading. 

It was demonstrated by Safari [18] that based on the theory 
of connectivity new composites with different connectivity 
patterns could be fabricated with enhanced performance. 
Most of the work involved composites with 1-3 and 2-3 
connectivity, shown below in figure 1. These composites were 
prepared by drilling either circular or square holes in prepoled 
PZT blocks, in a direction perpendicular to the poled axis and 
by filling the drilled holes with epoxy. On the samples 
optimized for hydrophone performance, the gh and dfogh 
coefficients were about 4 and 40 times greater, respectively, 
for the 1-3 composites; and 25 and 150 times greater for the 2- 
3 composites compared to those of solid PZT. For 1-3 
composites, there was practically no variation of gn with 
pressure up to 8.4 MPa. In the case of 2-3 composites, there 
was a slight variation of gn with pressure. 

BB Transducers 

BB's are hollow spherical transducers a few millimeters in 
diameter, about the same size as the metallic pellets used in air 
rifles (BB guns). PZT BB's are mass produced, by a patented 
forming process in which air is blown through a PZT slurry of 
carefully controlled viscosity. The hollow spheres are 1-6 mm 
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in diameter with wall thickness of 0.1 \im. Densities are about 
1.3 g/cm3 giving the BB a low acoustic impedance close to that 
of water and human tissue. 

When embedded in a polymer matrix to form a 0-3 
composite the BB spheres are surprisingly strong, and able to 
withstand large hydrostatic pressure without collapse. Close- 
packed transducer arrays are easily assembled. 

When electroded inside and out, and poled radially the BB 
becomes an omnidirectional transducer [21] suitable for 
underwater or biomedical applications. For spheres with a 2.6 
mm diameter and 90 u.m thick walls, the resonant frequencies 
are 700 kHz for the breathing mode (d3i) and 10 MHz for the 
wall thickness mode (d33). BB's are small enough to be used 
in catheters for non-invasive surgery to act as beacons, sensors, 
and actuators. More than a million such procedures are now 
carried out annually. 

Zig-Zags and Smardes 

Zig-zag actuators are split bimorphs in which two ceramic 
legs are driven independently to generate synchronized 
horizontal and vertical displacements. The legs are joined in a 
teepee-like configuration which imparts a rolling motion to the 
load. Typical motions are in the 1- 30 urn range and look to 
be useful in piezomotor and conveyor belt applications [22]. 

Smarties are a family of composite transducers which 
combine two or more active elements to provide the sensing 
and actuating functions characteristic of a smart material. 
There are four solid-state actuator materials currently in use 
throughout the world [23]: Piezoelectric PZT, electrostrictive 
PMN, magnetostrictive TbFe2, and NiTi shape memory alloy. 
We have begun to look at ways in which these materials can be 
joined to take advantage of the best features of each. 
Preliminary results on the first of these composite actuators - 
NiTi strips coated with sol-gel layers of PZT have been 
reported [24]. 
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FIGURE 1 
Two connectivity patterns utilized in composite transducers. 

FLEXTENSIONAL TRANSDUCERS "MOONIES" 

In recent years, piezoelectric and electrostrictive ceramics 
have been used in many actuator applications. To meet these 
needs a new type of composite actuator based on a flextensional 
transducer has been developed [25-30]. This ceramic-metal 
composite actuator, or "moonie" consists of either a 
piezoelectric ceramic disc or a multilayer stack, sandwiched 
between two specially designed metal end caps. This design 
provides a sizable displacement, as well as a large generative 
force. In other words, it bridges the gap between the two most 
common types of actuators, the multilayer and the 
bimorph[31]. The shallow spaces under the end caps produce a 

substantial increase in strain by combining the dß3 and the d3j 
contributions to the ceramic.  It is attractive for hydrophone, 
transceiver and actuator applications, and is especially 
advantageous for use as a non-resonant, low frequency 
projector in deep water. 

The basic configuration of the moonie is shown in figure 2. 
The metal end caps serve as mechanical transformers for 
converting and amplifying the lateral motion of the ceramic 
into a large axial displacement normal to the end caps. Both 
the d3i (=d32) and d33 coefficients of the piezoelectric 
ceramic contribute to the axial displacement of the composite. 
Figure 3 below shows the enhanced displacement of the 
moonie actuator as a function of applied electric field 
compared to PZT ceramic. 

•* METAL END CAPS 

-PZT 

FIGURE 2 
The geometry of the ceramic-metal composite actuator 
"Moonie". The arrows describe the direction of displacement. 
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FIGURE 3 
Typical static displacement of the moonie actuator as a function of 
the applied E field. 

Applications of the Moonie 

Three applications for this type of flextensional transducer, 
the moonie, have been explored [32]: they include hydrophone 
sensors, transceivers for fish finders, and positional actuators. 
Geometry and bonding effects on the resonance characteristics 
and displacement of the moonie transducer were investigated 
using finite element analysis (FEA). 

Hydrophone Applications of the Moonie 

Hydrophone sensitivity depends on dn, the hydrostatic 
piezoelectric charge coefficient, and g^, the hydrostatic 
piezoelectric voltage coefficient. The moonie transducer was 
introduced as a hydrophone having the highest figure of merit, 
dh x gh = 50, 000 x 1015 m2/N, which is about 500 times 
larger than the PZT ceramic, as well as maintaining high 
capacitance and pressure tolerance. The stress distribution of 
the moonie hydrophone under a hydrostatic pressure was 
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determined using FEA. FEA showed that extensional stresses 
along the radial and tangential directions were generated under 
a hydrostatic pressure, and contributed significantly to the very 
high figure of merit of the moonie. 

In addition to this, the effect on prestresses caused by 
thermal treatment of the moonie were also estimated. The 
maximum stress concentration reached several hundred MPa. 
The maximum compressive stress concentration reaches about 
300 MPa along the radial direction at the inner bonding edge, 
and 400 MPa extensive stress concentration occurs at the cavity 
located at the top of the cap. 

The combined effect of high hydrostatic pressure (7 MPa 
corresponding to a 700 m water depth), and thermal processes 
were also estimated. Even 7 MPa hydrostatic pressure causes 
little deformation to the moonie hydrophone because the effect 
of relatively large prestress pressures exceed those of the 
hydrostatic environment. This is one of the reasons that the 
moonie hydrophone has high pressure tolerance. 

Transceiver for Fishfinder 

Using FEA to design the moonie fish finder made it possible 
to predict the flextensional resonant frequency. The effect of 
the following five geometrical parameters: PZT diameter, PZT 
thickness, cap thickness, cavity size, and bonding layer 
thickness on the resonant frequency were carefully 
investigated. Among these parameters, the resonant frequency 
is sensitive to the diameter, cap thickness and cavity size. The 
bonding layer thickness, however, has little effect on the 
resonant frequency. It was found that the lowest flextensional 
frequencies are proportional to the square root of the cap 
thickness and inversely proportional to the square of the 
diameter. These results are demonstrated below in figures 
4 and 5. 

From the results obtained by Onitsuka [32] the moonie fish 
finders showed high response sensitivity but poor transmission. 
The high impedance of the moonie fish finder makes it difficult 
for practical for usage, but additional inductance will help to 
reduce the impedance. 
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FIGURE 4 
First resonant frequencies as a function of the aluminum cap 
thickness.  Dimensions: dp=35 mm, dm=35 mm, dc=28 mm, tp=2 
mm, h=0.2 mm where dp=PZT diameter, dm=metal cap diameter, 
dc=cavity diameter, h=cavity depth, tp=PZT thickness, and tm=metal 
cap thickness. 

Actuator 

Moonie actuators have very high effective d33 coefficients 
depending on the geometry. Effective d33 coefficients as large 
as 4,000 pC/N were obtained with brass caps 0.3 mm thick, but 
the value decreased rapidly toward the edge of the transducer. 
This is approximately ten times higher than the d33 of a PZT-5 
ceramic. The characteristics of the moonie actuator depend 
markedly on the geometry and material combination. Among 
the geometric parameters, cavity diameter, cavity depth, and cap 
thickness are the main contributors to the displacement of a 

PZT DIAMETER (mm) 

FIGURE 5 
First resonant frequencies calculated by finite element analysis 
plotted as a function of the PZT diameter. 

moonie actuator.   An applied 1 kV/mm electric field produces a 
displacement of 22 |im at the center of a carefully designed 
brass capped moonie actuator. By stacking two identical 
single moonies with these dimensions, the double stacked 
moonie actuator produced 40 |im displacement. It was 
confirmed that the incorporation of a multilayer ceramic 
actuator as a moonie driver reduced the applied voltage to a 
practical range. 

The load carrying capability of the moonie was measured 
experimentally and calculated by FEA. The calculated 
maximum load (300 gf.) at the effective working area of 3 mm^ 
agrees with that obtained by the extrapolation of the 
experimental data. 

By choosing the appropriate position on the caps, their 
desired displacement and generative force can be obtained. 
The moonie actuator has a great potential for many applications 
because of its unique characteristics. 

SMART MATERIALS 

Smart materials[33] have the ability to perform both sensing 
and actuating functions. Passively smart materials respond to 
external change in a useful manner without assistance, whereas 
actively smart materials have a feedback loop which allows 
them to both recognize the change through an actuator circuit. 
Many smart materials are analogous to biological systems: 
piezoelectric hydrophones mentioned earlier are similar in 
mechanism to the "ears" by which a fish senses vibrations. 
Piezoelectrics with electromechanical coupling, shape memory 
materials that can "remember" their original shape, 
electrorheological fluids with adjustable viscosities, and 
chemical sensors which act as synthetic equivalents to the 
human nose are examples of smart electroceramics. "Very 
smart" materials, in addition to sensing and actuating, have the 
ability to "learn" by altering their property coefficients in 
response to the environment. Integration of these different 
technologies into compact, multifunction packages is the 
ultimate goal of research in the area of smart materials. We 
expect big changes to occur in this field during the coming 
decades. 
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Nonlinear Dynamics and Ferroelectric Materials 
S. Blochwitz, R. Habel, M. Diestelhorst and H. Beige 

Abstract—The aim of the presented paper is to show that 
the application of analysis methods of dissipative chaotic 
systems is a useful tool for the study of structural phase 
transitions and the large signal behaviour of ferroelectric 
materials. 

The series resonance circuit with a ferroelectric capaci- 
tor is a practical realization of a nonlinear dynamical sys- 
tem which exhibits period-doubling behaviour and chaos 
if the amplitude and the frequency of the driving voltage 
have suitable values. The response function of the nonlin- 
ear dynamical system is used for the determination of the 
nonlinear coefficients of the sample. 

I. INTRODUCTION 

IT is well known that the structural phase transitions in 
ferroelectric materials are connected with strong nonlin- 

ear properties [1], [2]. So we should expect all features of 
nonlinear dynamical systems as period-doubling and de- 
terministic chaos in these materials. 

The aim of the presented paper is to show that the ap- 
plication of analysis methods of dissipative chaotic systems 
is a useful tool for the study of structural phase transitions 
and the large signal behaviour of ferroelectric materials. 
The investigation of the large signal behaviour is stimulated 
by the shift in the ferroelectrics research and development 
to thin films with the aim of miniaturization. The paper 
tries to connect the following topics as shown in figure 1. 

Nonlinear 
dynamics 

Ferroelectric 
materials 

Thermodynamics of 
structural phase transition 

Physics of 
ferroelectrics 

II. DIELECTRIC NONLINEAR SERIES-RESONANCE 

CIRCUIT 

THE investigated nonlinear dynamical system is a di- 
electric nonlinear series-resonance circuit, consisting 

of a linear inductance L0 and a dielectric nonlinear capaci- 
tance Cni , e. g. a ferroelectric triglyzin sulfate crystal (see 
figure 2). Rs describes the loss of the resonance circuit. 

Uo cos(uet) 

Fig. 1.     Schematic illustration of the relation between the different 
topics in this paper 

Martin-Luther-Universität Halle-Wittenberg, 
Fachbereich Physik,Friedemann-Bach-Platz 6, 06108 Halle (Saale), 
Germany.email: e2odc@mlucom.urz.uni-halle.de 

u 

Cnl 

Rs 

Thermostat 

Fig. 2.   Dielectric nonlinear series resonance circuit 

The resonance circuit is driven by a sinusoidal voltage 
U0cos(uet). Then the differential equation (1) describes 
the behaviour of the circuit: 

U>nP   ■ a,    „ Uo 

LM 
cos(uet) . (1) 

Here D2 is the dielectric displacement, a the thickness, / 
the length and 6 the width of the sample. The electric field 
strength at the TGS-crystal along the ferroeelctric axis is 
denoted by En\. Q stands for the quality of the reonance 
circuit and woe for its resonance frequency. 

III. NONLINEAR NATURE OF THE RESONANT SYSTEM 

THE nonlinear properties of the series resonance circuit 
are determined by the nonlinear dielectric properties 

of the TGS-crystal. 
The ferroelectric phase transition of second-order in TGS 

at 0C = 49° C can be described by the thermodynamic po- 

tential [3] 

A 

2 
G = G0+ ^D\ + ^-D$ . 

B 
7 

The basic assumption for the coefficients A and B are 
according to Landau's theory A = A0(9 - 9C) and B = 
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const. > 0. The coefficient A0 is a positive constant. Note 
the following three cases are to be distinguished: 

1. Paraelectric TGS (6 > 9C), 

2. Ferroelectric TGS (9 < 6C) with small driving voltage, 
3. Ferroelectric TGS (9 < 6C) with large driving voltage. 

IV. PARAELECTRIC TGS (6 > 6C) 

AT temperatures above the phase transition the coeffi- 
cient A is positive. The potential has only one mini- 

mum and the electric field strength at the sample is calcu- 
lated as 

-En I 
dG 

dD2 
= AD2 + BD\    with    A > 0 (2) 

Inserting relation (2) into equation (1) yields 

D2 + ^-D2+LülD2+    A 
ul.B   3 _ w2

0eUo 

aA 
cos(uet)    (3) 

with u>oe = aA/Lobl.   Expression (3) is the so-called 
Duffingequation [4]. 

V. FERROELECTRIC TGS (9 < 9C) WITH SMALL 

DRIVING VOLTAGE 

AT temperatures below the phase transition the coef- 
ficient A is negative. The thermodynamic potential 

becomes double-well. The equilibrium value of the dielec- 
tric displacement 

D 2sp = ± 
-A 

~B~ (4) 

may be derived from the equlibrium condition of the po- 
tential. Exciting the series-resonance circuit with small 
amplitudes UQ, the dielectric displacement vibrates around 
the equilibrium values D2sp of the crystal without an ex- 
ternal field. There is no polarization reversal. 

VI. FERROELECTRIC TGS (6 < 0C) WITH LARGE 

DRIVING  VOLTAGE 

IF the amplitude of the driving voltage is increased, po- 
larization reversal in the ferroelectric material may oc- 

cur. This process is connected with the so-called dielectric 
hysteresis. The nonlinear relation between electric field 
strength En\ and dielectric displacement D2 can be writ- 
ten as 

Eni = AD2 + BD\    with    A < 0 . (5) 

At high amplitudes of the driving voltage the oscillator 
"feels" the whole potential and therefore the relevant dif- 
ferential equation is obtained with expression (5) in expres- 
sion (1). The result is the Duffing equation in a double-well 
potential 

Wo .B 

with woe = —2aA/Lobl. 

D} = 
2aA 

cos(tüet) (6) 

VII. EXPERIMENTAL METHODS 

NONLINEAR dynamical system may be conveniently 
analyzed by means of a multidimensional phase space, 

in which to any state of the system at any time corresponds 
a point. Therefore, to any motion of the system corre- 
sponds an orbit or trajectory. The trajectory represents 
the history of the dynamical system [5]. 

Figure 3 shows the block diagram of the measuring sys- 
tem for recording the phase portrait D2 = D2{D2) of the 
series-resonance circuit. For reasons of measurement two 
further components are attached to the resonance circuit 
introduced in figure 2. Using a linear capacitance Cun 

and a linear resistor Rn„ makes it possible to record time- 
dependent signals proportional to the dielectric displace- 
ment D2 on the specimen and the current density j2 = D2 

through the specimen respectively. If these components 

satisfy the conditions Cun > Cn\ and Rnn < 1/(CJC|,„) 

the circuit is not influenced at all by these components. 
The measuring system is based on a fully programmable 
true dual-channel digitizer (Sony/Tektronix RTD-710). 

external clock 

Fig. 3.   Block diagram of the measuring system 

With the measuring system the excitation, the hysteresis 
loop, the response function, the phase portrait, and the 
stroboscopic phase-portrait, i. e. the poincare-section can 
be recorded. 

VIII. RESULTS AND DISCUSSION 

A. Study of structural phase transitions 

We approached our goal to study the phase transition 
within two steps: 

1. Periodic phase portraits of the series-resonance cir- 
cuit  have   been   recorded   at   different   temperatures 
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above and below the phase transition. 
2. The equations (3) and (6) are solved by numerical 

means. If for a certain set of values of the modelling 
parameters {u)oe, A, B} can be observed a simulated 
phase portrait that is very similar to the experimen- 
tally recorded one then these set of parameters will be 
accepted as valid for describing the system. 

To make the term "very similar" more objective we ap- 
plied two criteria that had to be fullfilled for stating the 
success of our visually controlled successive approximation: 

(i) The experimental phase portrait and the simulated 
one must be bounded by the same values for D2 and 

(ii) Both curves must have the same internal structure. 
In practice that simulating method is quite effective. 

It can be carried out at a personal computer. The fig- 
ure 4 shows a successful simulation for a ferroelectric TGS- 
crystal (9 = 39.TC in the IT- and 2T-periodic case. 

-250 
-0.01 6 -0.008 0.000 0.008 

D,    [As/mz] 

Fig. 4. Comparison of the experimentally recorded phase portrait 
(dotted line) and the computer simulation (solid line) of equa- 
tion (6) in the IT- and 2T-periodic case (upper and lower picture 
respectively). 

It can be proofed that there is a one to one mapping of 
phase portraits to the modelling parameters by Fourier- 
Transformation of equation (6) [9]. Also the power spectra 
of the experimentally recorded response function and the 
simulated one are in good agreement (see figure 5). 

The comparison of experimentally recorded and numeri- 
cal simulated signals provides the opportunity to determine 
the linear and nonlinear coefficients of the investigated sys- 
tem. The phase portrait gives information about the "ef- 
fective thermodynanamical potential". Figure 6 shows the 

:o 10       20       30       40       50 

> 

J ,l 
0 10 20       30       40       50 

f      [kHz] 
sp 

Fig. 5. Comparison of the power spectra of the experimentally 
recorded response function (upper picture) and the numerical cal- 
culated (lower picture) for the 2T-periodic case in figure 4. 

effective thermodynamical potential of a TGS-crystal near 
the phase transition with the change from a one minimum 
potential to a double-well potential near the phase transi- 
tion. 

TGS 

Fig. 6.    Effective thermodynamical potential of a TGS-crystal near 
the phase transition 

Figure 7 gives an example of the high sensitivity of the 
phase portrait against a bias field (E — AkV/m) on the 
phase portrait in the ferroelectric phase. 

So the recording and simulating of phase portraits is a 
new approach to the study of structural phase transitions. 
With the help of this method it can be studied especially 
the large signal behaviour and dynamical properties of var- 
ious ferroelectric materials. 
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-0.05 

D2   in   a.u. 

Fig. 7. Influence of a bias field on the phase portrait of a TGS- 
crystal in the ferroelectric phase (upper picture: Ebia, = 4kV/m 
lower picture: no bias). 
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Fig. 8. Dielectric nonlinear coefficient B as a function of the exci- 
tation for two different temperatures (O : 0 = 20°C, A : 6 = 
115°C 
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B. Characterization of thin ferroelectric films 

A PZT-layer (Zr/Ti = 0.53/0.47) with the thickness 
0.39/im manufactured by Philips was investigated. The 
recorded phase portraits were used in order to determine 
the model coefficients of the thin ferroelectric film and ag- 
ing process in the material [6], [7]. Figure 8 shows for two 
different temperatures the dielectric nonlinear coefficient B 
as a function of the excitation. 

C. Characterization of a ferroelectric liquid crystal 

Further we treated a thin ferroelectric liquid crystal with 
the thickness 1.45/im like the TGS crystal. This system has 
a ferroelectric phase between 326if and 332Ü". The result 
is shown in figure 9. The effective thermodynamical poten- 
tial is — like that of TGS — changing from one minimum 
to double well at the phase transition, but note that the 
energy that is represented by that potential is about 10 
times greater than the energy of the TGS-crystal. 

IX. SUMMARY 

WE showed that the series resonance circuit with ca- 
pacitors made from various ferroelectric materials 

can be well described by a Duffing-like differential equa- 
tion. The dynamical properties of these materials can be 
determined by a visually controlled successive approxima- 
tion of simulated phase portraits to experimentally record- 

Fig. 9.    Effective thermodynamical potential of a ferroelectric liquid 
crystal in its ferroelectric phase between 326if and 332.Fsf. 

ed ones. 

X. ACKNOWLEDGEMENT 

THIS work was supported by the Deutsche Forschungs- 
gemeinschaft within the frame of the Sonder- 

forschungsbereich "Nichtlineare Dynamik". One of us 
(S. B.) was supported by the "Studienstiftung des 
deutschen Volkes". 

REFERENCES 

[i] 

[2] 

[3] 

W 

[5] 

[6] 

[7] 

[8] 

[9] 

Einführung in die Ferroelektri- 

Phys, 

A. S. Sonin and B. A. Strukov: 
zität, Akademie-Verlag 1974 
M. Diestelhorst, R. Hofmann and H. Beige: Jpn. J. Appl. 
24, Suppl. 25-2, 1019 (1985) 
M. E. Lines and A. M. Glass: Principles and Application of Fer- 
roelectrics and Related Materials, Clarendon Press, Oxford, 1979 
A. H. Nayfeh and D. T. Mook:   Nonlinear Oscillations, Wiley 
Interscience Publications, New York 1979 
H. G. Schuster:  Deterministic Chaos, Physik Verlag Weinheim 
1984 
D. Hennings, M. Klee and R. Weyer: Acta. Mater., 3 (7/8), 334 
(1991) 
E. Brauer, H. Beige, L. Flepp and M. Klee:  Phase Transitions 
42, 169 (1993) 
E. Brauer, S. Blochwitz and H. Beige: International Journal of 
Chaos and Bifurcation 4, vol. 4 (1994) 
S. Blochwitz: PhD-Thesis (in German), Halle 1994 

712 



Study on Characteristics of Standing Wave Motors 

Longtu Li, Shuxiang Dong, Zhilun Gui, Wei pan and Xiaowen Zhang 
Department of Materials Science and Engineering 
Tsinghua University, Beijing 100084, P. R. China 

Abstract - A standing wave rotational motor was made 
by using PMS-PCS-PZT ceramics. The dynamic 
characteristics and equivalent circuit of motor were 
studied theoretically and experimentally. Using finite 
element method, the vibration modes of longitudinal- 
torsional coupler of standing wave motor were 
analyzed. With improvement of coupler construction, 
the rotational speed of motor is increased compared 
with the original one. The typical values of this motor 
are 270 r.p.m. with no load. The diameter of stator is 
32 mm. Its resonance frequency, operation voltage and 
largest torque are 30 KHz, 24 V and 10 Kg-cm, 
respectively. 

INTRODUCTION 

Compared with other kinds of piezoelectric motors, 
the standing wave motor possesses larger output torque 
and higher efficiency. But its rotational speed is lower 
than that of traveling wave motor. The typical values of 
standing wave motor reported by some researchers [1.2] 
are 120 r.p.m. with no load. The purpose of the present 
research is to increase rotational speed by improving 
the structure of standing wave motor. 

In general, a Langevin-type ultrasonic motor is 
constructed by tightly contacting a rotor to a stator. 
The stator consists of a piezoelectric thickness vibrator, 
a longitudinal-torsional (L/T) coupler and a bending 
vibration plate [3]. The piezoelectric disks can generate 
a longitudinal ultrasonic vibration if an AC field is 
applied. This longitudinal ultrasonic vibration excites a 
flexural vibration in a thick disk of the torsion coupler. 
A square beam on the disk is torsioned by the flexural 
vibration of the disk. The elliptical vibration is excited 
on the top surface of stator by L/T coupler. When a 
rotor is contacted on the surface of the beam, it can be 
rotated by the friction force. Our experimental results 
show that the rotational speed can be increased by 
improving the structure of L/T coupler. 

EXPERIMENTAL PROCEDURE AND RESULTS 

1. Piezoelectric ceramic composition 
The composition of the piezoelectric vibrator is as 

follows: Pb[(Mn1/3Sb2/3)x(Coi/3Sb2/3)yTizZrw]03, x = 0 - 
0.20, y = 0 -- 0.20, z = 0.30 - 0.50, w = 0.30 -- 0.50, x 
+ y + z + w=l. 

The chemical grade Pb3Ü4, Zr02, TiOi, C02O3, 
MnC03, and Sb20s powders were used as raw materials. 
Ceramic powder was prepared by mixing/solid-state 
reaction method, then pressed into disc samples with  a 

diameter of 15 mm and thickness of 1 mm under 
pressure of 100 MPa. The samples were sintered at 
1200°C for 4 hours. After sintered, a silver paste was 
coated on the both side of the samples and fired to form 
electrodes. The electroded samples was then polarized 
by applying a DC field of 4 KV/mm at 120°C in silicon 
oil. Dielectric properties were measured by an 
automatic bridge. Piezoelectric properties were 
measured by resonance-antiresonance method. The 
measured results are KP = 0.54, d33 = 223 x ICH* C/N, 
e33T/eo = 1140, Qm = 1296, Tc = 300°C, Y,,E = 8.8 x 
1010 N/m2, and tan8 < 30 x IO-4, respectively. 

Two piezoelectric ceramic disks with outer/inner 
diameters of 32 mm and 15 mm, and thickness of 2 mm, 
made from the above composition and processing, were 
contacted by facing each positive electrode surface to a 
thin copper plate. They were bolted tightly into a 
torsion coupler to form a stator. The piezoelectric disks 
generate a thickness vibration within a stator when an 
AC field is applied. This longitudinal vibration excites a 
bending vibration in a 5 mm thick disk of the torsion 
coupler. A square beam set diagonally on the disk is 
torsioned by the bending vibration of the disk. 
Therefore, the elliptical vibration required is created on 
the top surface of the torsion coupler. 

A rotor was contacted tightly with a coil spring and 
a screw boult to construct a piezoelectric ultrasonic 
motor. The rotor rotated depending on the contact 
pressure. Fig.l shows the structure of a standing wave 
motor. 

-— rotor 

u   11 
notch   -J _—- L/T couple 

1 
Piezoelectric / \ _ electrode 

ceramics - 
"^ Langevin 

vibrator 

Fig. 1. Structure of Langevin-type standing wave motor. 
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2. Friction materials 
A ceramic/metal composite was used as friction 

material, in which metal powders with Si02, A1203 and 
mullite additives were used as matrix, graphite and 
MnS2 were used as lubricants, and some metallic fibers 
were used as strengthen material. After formed, the 
composite was sintered in N2 and Ar atmosphere at 
1000°C for 2 hours. The frictional coefficient, the 
density, bending strength and scuff rate of the frictional 
material are 0.48 - 0.52, 4.98 g/cm3, 90 MPa and 4 x 
10"8 cm3/kgf m, respectively. In order to suppress noise 
during the friction processing, a suitable porosity level 
in the frictional material is necessary. 

3. The improvement of L/T coupler 
Based on the operation principle of standing wave 

motor, the elliptical vibration generator required in 
ultrasonic motor can be composed by coupling the 
longitudinal mode to the torsional mode at the same 
frequency. Thus, the L/T coupler play an important role 
in Langevintype ultrasonic motor. The improved L/T 
coupler is shown in Fig.2. It can be seen that two 
notches lie symmetrically to a square beam on the L/T 
coupler. According to the apparent elastic theory [4], the 
vibration of L/T coupler can be synthesized by a 
longitudinal vibration with longitudinal apparent elastic 
constant Ez, a flexural vibration with bending apparent 
elastic constant EB and a torsional vibration with 
torsional apparent elastic constant ET. The experimental 
results show that the rotational speed can be obviously 
increased in L/T coupler with notches. Fig.3 shows the 
relationship between rotational speed and frequency, 
indicating that the largest rotational speed occurs at 
about 30 KHz. Fig. 4 indicates that rotational speed 
increases with operation voltage. Fig.5 shows the 
relationship between rotational speed and torque. It can 
be seen that the rotational speed decrease with increasing 
of load 

FINITE ELEMENT ANALYSIS 
AND EQUIVALENT CIRCUIT 

1. Finite element analysis of vibration mode for L/T 
coupler. 

The finite element analysis of the first to the 
seventh order or even higher order vibration mode for 
L/T coupler was conducted. The results indicated that 
only the fourth or the fifth order vibration mode can be 
used for driving motor. Fig.6 and Fig.7 show the 
vibration mode and resonance frequency of both the 
fourth and fifth order for L/T coupler without and with 
notches. It is indicated that after notched, large torsional 
vibration can be obtained by a relatively smaller 
longitudinal exciting force. Therefore, L/T coupler with 
notches can increase the driving effect. It can be also 
seen that the resonance frequency of L/T coupler with 
notches is lower than that of without notches, due to the 
lower stiffness of the notched L/T coupler. 

Fig. 8 shows a period dynamic processing of the 
fifth order vibration mode of L/T coupler with notches. 
In the above finite element analysis, the condition is that 

the end of square beam of L/T coupler is free and the 
bottom of coupler is affected by a period longitudinal 
force. 

Fig. 2. Longitudinal - torsional coupler with notches. 

150 

140 

130 

120 

110' 
*7 28 29 30 

Frequency (KHz) 

31 32 

Fig. 3 The relationship between rotational speed 
and frequency. 

300 

20 25 

Voltage (V) 

Fig. 4. The relationship between rotational speed and 
operation voltage. 
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Fig. 5. The relationship between rotational speed 
and torque. 

f4 = 38. 45KHz f5 = 40. 28KHz 

Fig. 6. The fourth and fifth order modes for 
longitudinal - torsional coupler without notches 

f4 = 34. OOKHz 
35. 45KHz 

Fig. 7. The fourth and fifth order modes for L/T 
coupler with notches. 

2. The equivalent circuit of L/T coupler for standing 
wave motor. 

The stator of standing wave motor consists of a 
Langevin-type transducer and a L/T coupler, the 
electromechanical equivalent circuit of Langevin-type 
transducer can be deduced by normal electromechanical 
analogism. But the electromechanical network of L/T 
coupler  can  not  be  deduced  directly  by  electro- 

mechanical analogism, due to the presence of coupling 
vibration. According to apparent elastic theory, the 
equivalent circuit of L/T coupler can be shown in Fig.9, 
where Z, = pC,S,L, Z2 = pC2S2L, Cz = VIz/p, S,L and 
S2L are the area of cylinder with length 1, and 12, p is the 
density of metallic match cylinder, ZB and ZT are the 
equivalent impedance of both bending vibration and 
torsional   vibration,   Z\ and Z2  are the equivalent 
impedance of longitudinal vibration, ZLL> ZLB and ZLT 
are the load impedance of longitudinal, flexural and 
torsional vibration, respectively. 1) and 12 are the length 
of underside and upside of metallic match body for 
longitudinal vibration, K = 27tf/v, f is frequency and v is 
the wave velocity of longitudinal vibration. 

upward 
V=V„ 

__     torsional speed 

Fig. 8. Schematic of a period dynamic processing 
of fifth order vibration mode for L/T coupler. 

J7,tg(kzl,/2) jz,lg(k7l,/2)' 

7,/ jsui(k7l,) jWkT,) U z'-' 

Fig. 9. Equivalent circuit of L/T coupler. 
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Fig. 10 shows the equivalent circuit of stator for 
standing wave motor. Zb, Zb' are the equivalent 
impedances, 

Zb =jPbVbSb taiÄ ^ = _P^A 
2 jSin{khlb) 

where, pb. Sb, Eb and Vb are the density, across-section 
area, elastic constant and acoustic velosity of underside 

[E~ 
match cylinder. V, =   —-     K, KL = , r is frequency. 

Ze, Zc'  and C0   are   equivalent   impedances   and 
capacitance of piezoelectric ceramic vibrator. 

Z< =JPeVeSe tan(U), z; =    P<V'S<      , 
jsm(2kele) 

where pe, le, Se and Ve are the density, thickness, across- 
section area and acoustic  velocity of piezoelectric 
ceramic vibrators. 

V. = 

co - se(l-K33)e33/le, n is electromechanical 
coupling coefficient. Zfl, Zf2 and Zf3 are the equivalent 
impedances of conical variable amplituder. 

zb      zh Z,.      a ' 7,,        7,n 

In 

*LTJ 
z„ 

ii      a'      HI    
N:i 

Fig. 10. Equivalent circuit of stator for standing 
wave motor. 

Fig. 11 indicates the schematic of conical variable 
amplituder, in which D, and Sn are the diameter and 
across-section area of under-section, D2 and Sf2 are the 
diameter and across-section area of up-section for 
conical variable amplituder, respectively. pf, Vf and lf 

are the density, acoustic velosity and length of conical 
variable amplituder. 

"/i -■jZfo tan 
Kfh 

+ j 
ZSoa 

Z/2   = JZfo tan 
Kfh 

-JZfo 
Na 

Z, 
-1° 

jsm(Kflf) 

D 
where N = (S, I S2 )1/2 = —1— , N is the ratio of under- 

Df2 

sectional diameter to up-sectional diameter of conical 
variable amplituder. 

N-l 
a = 

Dn-Df2 
Dfll, NL 

a is conicity 

D, 

Sn 
Pr 

Sß 

Fig. 11. Schematic of conical variable amplituder. 

Z/o = PfV/Sf] ' ll is trie characteristic impedance, a - a' 
is the nodal face of equivalent circuit. Based on the 
imaginary impedance equals to zero at resonance 
situation, the frequency equations of leftside circuit of a 
- a' (I, II part) and rightside circuit of a - a' (III part) 
can be deduced: 

pbvb 

/I   "^     /3   "^ "    ZLBT  =(J 

(1) 

(2) 

where ZLBT is the load impedance. 
According  to  equation  (1)  and  (2),  the  structure 
parameters of standing wave motor could be designed 
and calculated. 

CONCLUSION 

1. The notched L/T coupler can increase the rotational 
speed of standing wave motor. 
2. The Pb[(Mn1/3Sb2/3)x(Co1/3Sb2/3)yTizZrw]03 piezo- 
electric ceramics with excellent properties can be used 
for transducer in standing wave motors. 
3. A metallic fiber reinforced metal/ceramic composite 
with metal matrix, AI2O3, Si02 and mullite additives, 
graphite and MnS2 lubricant is suitable friction material 
for standing wave motors. 
4. The vibration mode and resonance frequency of L/T 
coupler has been analyzed using finite element method. 
5. The finite element analysis is an effective method for 
studying the vibration modes of ultrasonic motors. 
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Mixing and Detection of Electrical Signals from 10 Hz to 20 GHz 
in a Electrostrictive Fiber Optic Sensor 

S.T. Vohra and L. Fabiny 
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Washington, DC 20375 

Abstract - The nonlinear strain-polarization relationship in 
electrostrictive ceramics is exploited to demonstrate for the 
first time, mixing and detection of electrical signals over 9 
decades of frequency (10 Hz to 20 GHz) in a fiber optic 

electrostrictive sensor. 

INTRODUCTION 
The nonlinear strain-polarization relationship in 

electrostrictive materials has previously been exploited to 
demonstrate novel fiber optic electric field sensors [1-3]. The 
nonlinear strain-polarization (electric field) relationship in 
electrostrictors can be written as e = ME where e is the 
induced strain in the material, E is the applied electric field 
and M is a frequency dependent effective electrostriction 
parameter [4]. In this work, the nonlinear strain-electric field 
relationship in a lead magnesium niobate (PMN) based 
electrostrictive transducer is exploited for the first time to 
demonstrate mixing and detection of electrical signals over 9 
decades of frequency (10 Hz to 20 GHz). 

Consider two AC electrical signals applied to the 
transducer, EjCoscOjt and E2cosco2t. The fields will generate 
strain e = M(E]cosco]t + E2cosco2t)2 in the electrostrictor thus 
providing strain responses at co,, 2co,, 0>2, 2co2 and (co,± co2). 
Due to the mechanical nature of the effect, significant 
electrostriction is limited to frequencies below approximately 
100 kHz. However, in order to obtain strain at (CO , - co2) we 

found that it is not necessary for the transducer to respond 
electrostrictively at co, and co2; it is only necessary for the 
external fields E,cosco,t and E2cosco2t to induce electrical 
polarization at co, and co2 for mixing to occur. We show that 

this effect can be successfully exploited to demonstrate a novel 
type of a heterodyne electrical mixer/detector using fiber optic 
interferometry. A similar technique has been used previously 
to demonstrate mixing and detection of RF magnetic signals (f 
< 10 MHz) in a magnetostrictive transducer [5]. 

For an electrostrictive transducer driven by two ac 
electrical signals E,cosco,t and E2cosco2t, the strain response 
at the sum and difference frequencies (co,+ co2) can be written 

as 
e(co, + co2) = M((ü, + (o2)(E1E2cos(co1 + co2)t) (1) 

where M/Wi 

of the field 
0 + co ") 's tne va'ue °f M at frequency (co.±co2). One 
as (E.cosco.t) can be regarded as the 'test' signal 

while the second field (E2cosco2t) can be regarded as a local 
oscillator (LO) whose frequency is tuned to maintain the 
desired intermediate frequency (IF), C0jp = (co, - co2). The 

sensor effectively acts as a heterodyne detection system where 

the electrostrictive transducer functions as both the receiving 
element and the nonlinear mixing element. The resulting strain 
at IF is detected with a fiber optic interferometer. Considering 
only the difference term, the optical phase shift at the IF 
induced in the optical fiber attached to the electrostrictive 
transducer is given by 

^ = (2jm^)LM((D] . ^EjEjLCOstayco,)!] (2) 

where L is the length of the fiber interacting with the 
transducer, n (= 1.5) is the refractive index of the fiber core, X 
is the free space wavelength of the light, and ^ (= 0.78) is the 

strain-optic factor. 

EXPERIMENT 
The experimental arrangement is shown in Figure 1. A 

lead titanate (PT) doped lead magnesium niobate (PMN) 
actuator stack, (PT)0075:(PMN)0925, placed inside an 
elliptically shaped aluminum shell forms the electrostrictive 
transducer. Single mode optical fiber is wrapped (L = 35 
meters) around the transducer and the assembly incorporated 
into a fiber Mach-Zehnder interferometer operating at X = 1.3 

u.m. The sensor employed active homodyne demodulation 
with a PZT element in the reference arm. The electrostrictive 
coefficient at the IF, which was chosen to be 23.2 kHz due to a 
large mechanical resonance in the transducer at that frequency, 
was measured to be M,, = 3.3 x 10"15 (m2/V2).   The '(co, - co;,) 

layer thickness (T) of the electrostrictive actuator was 100 (im. 
The test and the LO microwave signals from two synthesizers 
(HP 8341 A) were combined with a conventional broadband 
electrical combiner and applied directly to the electrostrictive 
transducer. Although  electrostrictive materials are capable of 

Diode Pumped 
Nd:YAG Laser 

Optical Fiber 

Coupler 

Optical 
Detector 1 

X = 13 urn 

LO 

Figure 1 Schematic of the fiber optic interferometer 
containing the PT:PMN electrostrictive transducer. The local 
oscillator (LO) and test signals were applied directly to the 
transducer. In more practical situations, the test signal will be 
the measurand signal from an antenna. 
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responding well above 20 GHz, we were limited in our 
experiments to less than 20 GHz due to equipment limitations. 
Short cable lengths were utilized for high frequency 
measurements and the electrical response at IF was 
continuously monitored to ensure no direct excitation of the 
transducer at IF by the input circuits. 

RESULTS AND DISCUSSION 
Figure 2 is the interferometer response at the IF frequency, 

23.2 kHz, as a function of test signal frequency (ü^l2%. The 

LO frequency was automatically adjusted at each point to 
maintain coIF = (co, - to,). The test signal frequency was varied 

from 10 Hz to 10 Giga-Hz. It is clear from Figure 2 that the 
electrostrictive fiber optic sensor responds at IF in the entire (9 
decades in frequency) range. The interferometer noise floor 
was approximately 0.5 |iradA/Hz at the intermediate frequency 
(IF) of 23.2 kHz. 

From Figure 2 it is obvious that the response at IF is flat 
below 100 kHz. Between 100 kHz and 10 MHz the response 
of the sensor tends to roll-off at the rate of approximately 20 
dB/decade. For signal frequencies above 10 MHz the response 
is more or less flat upto 10 GHz. The data shown in Figure 2 is 
not normalized to the excitation fields which tend to change as 
a function of frequency due to the capacitive effects in the 
transducer. The flat response at low frequencies (f < 100 kHz) 
followed by a roll-off can be readily understood by a simple 
RC electrical model in which the electrostrictive transducer 
acts as the capacitor. However, the rate of the roll-off followed 
by another flat region above 10 MHz cannot be explained by 
the simple RC model. Furthermore, the dielectric coefficient 
of PMN:PT type electrostrictive materials, which tend to be 
strongly frequency dependent, is not well known for f > 100 
kHz, making it difficult to model the response in the entire 
frequency range with a simple RC type model. It is however 
clear from Figure 2 that nonlinear electrostrictive materials 
can be used as transducing elements in fiber optic 
interferometers to make high quality broadband electrical 
mixers and sensors. 

We made more detailed measurements in the microwave 
regime since the device has potential to act as a high quality 
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Figure 2   Response of the electrostrictive fiber optic electric 
field mixer/sensor from 10 Hz to 10 GHz. 
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Figure 3   Response of the electrostrictive fiber optic electric 
field mixer/detector in the microwave regime. 

microwave mixer/detector. The results are described in Figure 
3. The response at the IF is shown in terms of the optical phase 
shift and appears to be flat between 1 and 10 GHz. For 
(CO./27T.) > 10 GHz the response tends to show a slight 

downward slope. This is most likely due to microwave losses 
in the material as well as sundry parasitic effects at high 
frequencies. With the LO amplitude of 1.7 x 10 V , we 
detected signals below 10 GHz with a resolution of 5 x 10"6 

VA/Hz, limited only by the 0.5 |i.radWHz interferometer noise 
level at the IF. Further improvements in the resolution can be 
achieved by improving the optical phase resolution at the IF 
and improving the electrical design of the transducer for 
carrying microwaves more efficiently. The device should be 
usable above 20 GHz since the polarization in the material is 
theoretically predicted to respond well above 40 GHz. 

In summary, we have demonstrated for the first time, 
mixing and detection of electrical signals over 9 decades in 
frequency with a fiber-optic electrostrictive sensor. The 
technique utilized is a novel heterodyne detection scheme 
which relies on the nonlinear strain-polarization relationship in 
electrostrictive ceramics. We are currently investigating 
further improvements in signal-to-noise-ratio, increased 
frequency response and shifting the IF to higher frequencies. 

We acknowledge many useful discussions with R.D. 
Esman, G. Gopalkrishnan and F. Bucholtz. 
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Abstract - Illuminating a photoconducting strontium barium niobate 
crystal with a low intensity optical standing wave generates dynamic 
as well as remnant polarization gratings. We study the kinetics of 
these gratings and present a thermodynamic model for the grating 
formation. Fundamentally, light induced space charge fields 
dynamically modify the positions of ions within the unit cell and 
tailor the electronic, optical, and acoustic properties of the material. 

INTRODUCTION 

Light interference patterns can photoexcite mobile charge and 
generate periodic space charge fields with periods of typically 0.1 to 
100 microns in photorefractive crystals. The space charge field 
amplitude is typically 0.1 to 1 kV cm-1 in ferroelectrics such as 
Sr75Ba25Nb206 (SBN:75). A fundamental question is whether 
these periodic space charge fields can spatially modulate the 
ferroelectric polarization in materials which possess a coercive field 
on the order of the space charge field. We present experimental 
evidence demonstrating that this is indeed the case in SBN:75. We 
observe dynamic domain gratings, which form simultaneously with 
the build-up of the space charge field, and remnant domain gratings, 
which persist long after the space charge field disappears. 

These domain gratings are potentially useful in applications such 
as holographic data storage and second harmonic generation. For 
instance, one application is quasi-phase matching (QPM) of a 
second harmonic process, a technique to compensate for the phase 
mismatch of the fundamental and second harmonic beams. This is 
typically implemented by modulating the spontaneous polarization 
and as a consequence modulating the nonlinear coefficients. We 
experimentally demonstrate tunable QPM using dynamic as well as 
remnant domain gratings with periods equal to twice the coherence 
length of the second harmonic process. This all-optical technique 
achieves nearly instantaneously what would normally require 
complex and lengthy growth and materials processing and has the 
potential of achieving as large a second harmonic conversion 
efficiency as more mature technologies. We begin by describing a 
high intensity technique to optically record these domain gratings. 

HIGH INTENSITY DOMAIN FIXING 

The standard models of steady state photorefractive space charge 
fields are intensity independent. However, when recording 
holograms with high intensities in the region of strong optical 
absorption, significant local heating occurs (2-5 °C for 10 W cm2). 
As the crystal is heated closer to the Curie point, the polarization 
viscosity decreases and it is easier to modulate the ferroelectric 
polarization.   In addition, intensity dependent photoferroelectric 

phenomena may play an increasingly important role (e.g. electronic 
screening of ferroelectric dipole interaction). Thaxter and Kestigian 
[1] observed that the hologram lifetime during readout increased as 
the exposure level was increased beyond a threshold value, with 
enhanced hologram lifetimes of several minutes. Kewitsch et. al. 
[2] reported similar results displaying an exposure threshold for 
fixing of 100 J cm2, with effectively infinite lifetimes. This 
exposure threshold is primarily attributed to local heating in the 
region of intense illumination. 

Figure 1 is the experimental setup for writing transmission 
gratings with kg parallel to the c axis. The time dynamics of the 
hologram recording and readout at different intensities are depicted 
in figures 2a and b. For gratings written with intensities of 1 W for 
more than 100 sec (figure 2a), a significant fixed grating persists 
upon readout (figure 2b). The chaotic nature of the diffraction 
efficiency at high intensities is a signature of thermally induced 
domain reversal and is called optical Barkhausen noise [3]. During 
the first several minutes of high intensity exposure, local heating and 
the periodic space charge fields partially depolarize the crystal. As 
domains reverse, they produce a depolarization current dP/dt. This 
time varying current noise introduces noise in the hologram 
diffraction efficiency. Indeed, the noise in diffraction efficiency is 
strongly correlated in time to the thermal noise in current across the 
crystal. The noise subsides as a steady state temperature is reached 
and as fringe stability is maintained. However, a weaker 
Barkhausen noise in both current and diffraction efficiency 
continues for the duration of the writing process. 

Photodetector 

~>        Shutter 

2c»   IR Filter   Photodetector 

|PMT| 

Fig.  1:    Experimental setup for fixing and monitoring grating by optical 
diffraction and second harmonic generation. Source: Reference [4, 5]. 
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Fig. 2 (a) Diffraction efficiency during writing process for varying intensities. 
The noise at high intensities is due to optical Barkhausen pulses, (b) 
Diffraction efficiency during readout process with reference beam of same 
intensity. Note that magnitude of remnant polarization grating increases with 
exposure energy. 

A domain grating written with high intensities is revealed 
microphotometrically [6]. Figure 3a illustrates the initial 
monodomain state following electrical poling. A polarization grating 
is then recorded with a period of 10 microns (figure 3b). This 
grating may be subsequently erased as in figure 3c by applying large 
poling electric fields, leaving a random multidomain crystal. 

The experimental study of reference [2] indicates that the fixed 
diffraction efficiency during recording with high intensity beams (> 
1 W cm"2) increases for more than 8 hours upon continuous writing. 
Figure 4a depicts the first 2 hours of recording. Typical fixed 
diffraction efficiencies are 3%. Figure 4b illustrates the long term 
decay of a fixed hologram written at room temperature with a total 
intensity of 4 W cm"2 for 1 hour. Extrapolating this curve, the 
hologram is expected to survive at least several hundred days during 
continuous readout. The lifetime is further enhanced for readout 
with a weak plane wave, minimizing undesirable domain reversal 
due to the accumulation of space charge and pyroelectric fields on 
the periphery of a focused reference beam, in addition to local 
heating which reduces the polarization viscosity. 

(a) (b) (c) 

Fig. 3    Microphotometrically revealed domain grating with period of 10 
microns, (a) poled crystal (b) domain grating (c) electrically erased grating. 
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2 4 6 
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' Fig. 4 (a) Long term hologram recording, illustrating monatomic increase of 
remnant diffraction efficiency,   (b)   Decay of remnant hologram diffraction 

. efficiency at 24 °C during continuous reconstruction with intense illumination 
(488 nm). Source: Reference [2]. 

These high intensity recordings are performed in initially poled 
crystals. Following a continuous recording process of two days, 
the macroscopic spontaneous polarization as measured from the 
electrooptic coefficient decreased by a factor of 10. This severe 
depolarization typically requires optical exposures on the order of 
105 J cm-2. 

SHORT EXPOSURE FIXING 

High intensity fixing, using thermal effects and photorefractive 
space charge fields, leads to relatively strong fixed domain 
holograms. However, if a low intensity and short optical exposure 
is followed by a dark development stage, then space charge fields 
alone can produce fixed holograms. Note that the polarization 
change generally depends on the product of electric field and time in 
poling experiments, until saturation is reached. This is the 
motivation for using a dark development stage [4]. To make 
quantitative comparisons between the space charge and domain 
grating, the amplitude of the spatially periodic electric field is 
estimated from the measured diffraction efficiency during Bragg- 
matched reconstruction. In the symmetric transmission grating 
configuration with the grating vector kg parallel to the c axis, the 
amplitude of the net space charge field tor an index grating produced 
through the linear electrooptic effect is, for small diffraction 
efficiencies and small half angle of the writing beams [7]: 

E(kg= k,-k2) = 
2X.e«L/2Vr|(kg=krk2) 

n L n0 r33 
(1) 

where kg= k]-k2 expresses the Bragg condition for a diffraction 
maxima, k] and k2 are the wave vectors of the signal and reference 
plane waves in the medium, a is the absorption at the reconstruction 

wavelength A. in vacuum, L the interaction length of the readout 
beam and the volume grating, n0 the unperturbed index of refraction 
of the medium, r33 the dominant electrooptic coefficient for SBN:75 
and ri the diffraction efficiency defined as Ii/I0, where I] and I0 are 
the intensities of the diffracted and incident He-Ne beams, 
respectively (figure 1). 

The remnant polarization modulation depends on the magnitude 
of the space charge field. To isolate the role of the space charge 
field, a short exposure technique is performed as follows: an 
arbitrary periodic space charge field is generated within the crystal 
by low intensity optical beams for typically a second. The exposure 
is followed by a dark development stage of typically minutes, during 
which time the domains stabilize in their reversed orientation. The 
dark development stage is effective because the space charge fields 
persist in the dark due to the low dark conductivity. Following a 
dark development stage of 10 minutes, the remnant polarization 
modulation exhibits a linear dependence on the initial field 
modulation (figure 5a). The efficiency of the fixing process, 
defined as the ratio of the bound charge field (corresponding to 
domain grating) to the initial space charge field, is 1%. These light 
induced domain patterns are produced in the absence of external 
electric fields or thermal effects. 
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X(T) = 
(Tc-T) 

T<TC (3) 

the decrease in the electrooptic coefficients, and the thermal 
scrambling of the domain grating all conspire to reduce the 
diffraction efficiency of the domain grating. Consequently, a two- 
stage fixing process, in which the domain grating generation is 
thermally assisted at elevated temperatures (30 to 37 °C) and then is 
frozen-in at slightly lower temperatures (25 to 20 °C) in the dark 
enhances both the grating modulation and lifetime. 

The glassy ferroelectric properties of SBN reported in the 
literature [8] have several implications on the fixing method. We 
propose that the mechanism of optically induced domain reversal by 
space charge fields is a result of the macro-to-microdomain 
transformation under external electric fields [12]. External depoling 
fields in the presence of illumination have already been observed to 
produce a microdomain state in SBN [13]. In our experiments the 
periodic space charge is the source of the depoling field. To 
describe the kinetics of this process, we draw on the theory of spin 
glasses as applied to glassy ferroelectrics [12]. By cooling the 
crystal from above the Curie temperature to the freezing temperature 
Tf, in the absence of an applied field, the ferroelectric is in a zero- 
field-cooled state in which long range ferroelectric order is absent. 
However, by cooling under an applied poling field, long range order 
can be frozen-in below Tf. This is conventionally called the field- 
cooled state. Depoling electric fields E, applied parallel to the c axis, 
lower the local freezing temperature through the deAlmedia- 
Thouless relationship [14]: 

(4) TKE) = TK0)[l-(J)2/3 

where A is a constant defined as A = kßT/ps and ps is the freezing 
dipole moment. In our experiments the photogenerated space charge 
field is the source of this applied field. The periodic field spatially 
modulates the freezing temperature. In those regions where the 
freezing temperature is perturbed downward, the relaxation rate of 
the glassy polarization to the unpoled state increases dramatically. 
Therefore, in regions where the space charge field is parallel to the c 
axis, the long range order (or frozen-in polarization) will "thaw out" 
and reduce the polarization locally. In principle, large negative 
space charge fields (>1 kV cm"1 for SBN:75) not only lower the 
freezing temperature as in equation 4, but also locally transform 
these microdomains into new inverted macrodomains (with 
dimensions typically greater than microns). 

APPLICATIONS TO HOLOGRAPHIC DATA STORAGE 

Holograms individually fixed in SBN (with a diffraction 
efficiency of 3%) do not require any post-writing processing, such 
as a heating cycle or an electrical fixing pulse [2,4]. An increase in 
incident intensity, temperature (while below Tc) or write time all 
tend to enhance the diffraction efficiency of the fixed hologram. A 
potential advantage of this technique is the ability to individually fix 
holograms (by increasing the exposure above a threshold of 100 J 
cm-2) that may be individually overwritten [2]. This rewrite 
property is important in applications such as holographic random 
access memories or reconfigurable optical interconnects and has not 
been demonstrated using conventional thermal fixing techniques in 
LiNb03. Figures 8(a-c) illustrate three angle multiplexed holograms 
stored in the image plane and individually fixed for 15 minutes with 
incident intensities of 4 W cm2. The poor image quality is due to 
index inhomogeneities caused by growth striations, typically the 
result of impurities in the crystal growth process. The images were 
captured on a CCD camera after all three pages were fixed. The 
third page (c) was then overwritten by a fourth for 20 minutes. The 
3 original addresses were then readout. The original 2 pages (d,e) 
remained fixed, while the third page was replaced by a fourth (f) 
fixed image. Obviously, the fixing process of the latter holograms 
degrades all previously fixed gratings. Proper scheduling of 
exposures must be implemented to optimize the overwriting process. 

APPLICATIONS TO SECOND HARMONIC GENERATION 

Polarization gratings spatially modulate the nonlinear 
susceptibility of the crystal and offer the potential of significantly 
increasing the conversion efficiency of nonlinear wave mixing 
processes for modulation periods equal to twice the coherence 
length. Nonlinear phenomena such as second harmonic generation 
(SHG) and sum and difference frequency mixing are essential to 
extending the range of wavelengths generated by lasers. Phase 
matching, which is usually a prerequisite for efficient conversion, 
can only be achieved in a small fraction of nonlinear materials. The 
obstacle is overcome by using quasi-phase matching (QPM) [15, 
16] to periodically compensate for the phase mismatch between the 
fundamental and second harmonic waves due to the dispersion of 
the index of refraction. This technique relaxes the stringent phase 
matching requirements based on birefringence [17] or modal 
dispersion in waveguides [18]. QPM can be achieved by 
periodically poling a ferroelectric crystal so that the relevant 
nonlinear coefficients for SHG are spatially modulated with a period 
equal to twice the coherence length.   For co-linear beams, the 
coherence length is lc =7J4 (n^-n«0), where X is wavelength in 
vacuum of the fundamental, nm is the index of refraction at the 
fundamental wavelength and n2c0 is the index at the second 
harmonic. In the absence of periodic domain inversion, the 
coherence length is the maximum effective crystal length that is 
useful in generating the second harmonic power. Coherence lengths 
exceeding a few mm are needed in practice for efficient conversion. 
In ferroelectric crystals such as LiNb03 and SBN:75, the coherence 
length is on the order of a few microns for second harmonic 
generation in the visible; consequently, the non-phase matched 
conversion is negligibly small despite the relatively large nonlinear 
coefficients. For these and many other highly nonlinear materials, 
QPM is a means of increasing the effective crystal length. 

By using the photorefractive space charge to modulate the local 
polarization, tunable QPM can be achieved using dynamic 
polarization gratings. These gratings respond nearly instantaneously 
to changes in the photogenerated space charge field. This technique 
has been demonstrated in SBN:75 for doubling fundamental 
wavelengths of 880 to 990 nm [4, 5]. Figure 1 illustrates the 
experimental setup for writing domain gratings and simultaneously 
generating the second harmonic. 

Fig. 8 Selective, page addressable fixing. Source: Reference [2]. 

721 



15        30        45        60 
Initial Space Charge Field (V cm'') 

0        200      400      600      800 
Dark Development Time (min) 

Fig. _. 5 (a) Dependence of remnant polarization grating on initial space charge 
field, (b) Dependence of remnant polarization grating on dark development time. 
Source: Reference [4], 

The hysteresis is further enhanced by increasing the time 
duration of the dark development stage, or by applying an external 
depoling field during the development stage. For instance, a 1 
second depoling field pulse of 3 kV cm"1 applied after the optical 
exposure increases the fixed diffraction efficiency of the domain 
grating by a factor of two. Also, longer dark development times 
increase the diffraction efficiency of fixed holograms by more than a 
factor of 100, as illustrated in figure 5b. For this set of experimental 
conditions (grating period = 4 urn and T = 25 °C), the remnant 
polarization modulation saturates at approximately 0.02% of the 
spontaneous polarization, and the fixed grating buildup time is 
approximately 50 minutes. 

GLASSY DOMAIN HOLOGRAMS 

SBN possesses glassy ferroelectric properties that play a central 
role in the technique of optically induced domain gratings. SBN:75 
is a relaxor [8] ferroelectric characterized by a diffuse phase 
transition and a low coercive field (of the order of 1 kV cm-1). In 
the ferroelectric phase, the Nb5+, Sr2+ and Ba2+ ions occupy one of 
two stable positions along the c axis. In the paraelectric phase, the 
ions are centrally located between the two stable positions [9]. The 
energy barrier separating the two equivalent polarization orientations 
scales with the volume of the microscopic domain, so a typical 
microdomain of characteristic length on the order of 10 nm may 
thermally fluctuate between the polarization states allowed by 
crystalline symmetry, analogous to a superparaelectric [10]. These 
thermal fluctuations are believed to freeze out as competing 
interactions (ferroelectric and antiferroelectric ordering) frustrate the 
fluctuations, leading to an enhanced remnant polarization grating 
lifetime. 

The glassy nature of SBN has important implications on the 
lifetime of domain holograms. Although it is conventional to apply 
Gibb's free energy equilibrium arguments to evaluate the stability of 
domains, the stable glassy domain configuration may not necessarily 
be the equilibrium configuration. In fact, a non-equilibrium domain 
grating may be stable below a freezing temperature where the glassy 
polarization phase is inherently non-ergodic. At these temperatures 
the viscosity of the dipoles increases dramatically and freezes-in the 
polarization modulation. Figure 6a illustrates the thermally 
activated erasure of the domain grating at 35 °C. The temporal 
response of the decay follows a t~P law (as is common in spin 
glasses), were ß is a measure of the polarization viscosity. The 
decay of the polarization grating was monitored continuously for 
104 to as long as 7xl05 seconds. We verify that this decay indeed 
corresponds to a polarization grating by noting its insensitivity to 
optical intensity (as long as heating is avoided) and by erasing the 
grating electrically. We arbitrarily define the lifetime as the time in 
which the polarization modulation amplitude decays to 10% of its 
value at t = 1 second, to avoid the unphysical singularity of the 
power law at t = 0. The lifetime of the grating at 20 °C extends well 
beyond measurable times, yet the onset of freezing was readily 
apparent from the absence of grating decay after only 4000 seconds. 
By fitting a t"ß curve to the decay, we estimate that the lifetime is 
1015 seconds. The uncertainty of this value, while very large, does 
not influence the fit parameters significantly because of the 
divergence of the lifetime near the freezing temperature. The 
complete lifetime data is summarized in figure 6b. Data indicated by 
triangles correspond to measured lifetimes, the circle to an 
extrapolated lifetime. Each data point corresponds to two 
independent yet identical experiments. The functional fit (i) is the 
Arrhenius relation for the characteristic time T for thermal excitation 
out of a potential well of depth Ea for a system at temperature T. 
For a system that exhibits a polarization freezing temperature Tf 
(typical of glassy ferroelectrics), the Vogel-Fulcher law [11] is a 
more accurate empirical relationship between the decay time (i. e. the 
lifetime of the remnant domain hologram) and the temperature: 

4 -Ea l = i- 
x    T0 "'^kB(T - Tf) 

(2) 

The freezing behavior is readily apparent for temperatures below 30 
°C in figure 6b, where the inverse lifetimes asymptotically approach 
zero. Fit (ii) illustrates the Vogel-Fulcher fit, with Tf = 19 °C, Ea = 
5 meV and x0 = 1 sec, and displays excellent agreement with the 
data. This indicates that polarization gratings can be permanently 
frozen-in at sufficiently low temperatures. 

4000 
Time (sec) 

Fig. 6 (a) Power law decay of remnant polarization modulation amplitude at 35 

°C, typical of spin glasses, (b) Lifetime of remnant polarization modulation 
amplitude for different temperatures, (i) is Arrhenius activation process from a 
potential well, and (ii) is Vogel-Fulcher activation process for a system that 
exhibits freezing. Source: Reference [4]. 

The magnitude of the remnant polarization modulation shows a 
temperature resonance for experiments conducted at 30 to 37 °C 
(figure 7). The dynamic grating response shows a similar 
temperature dependence. The weak response at low temperatures is 
due to the large viscosity of the glassy polarization. On the other 
hand, at temperatures above 37 °C, the divergence of the static 
susceptibility according to the Curie-Weiss law: 

0.06 

30 40 

Temperature ("C) 

Fig. 7 Temperature resonance of magnitude of remnant polarization grating in 
SBN:75 
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The orientation of the crystalline axes of the SBN:75 crystal 
must be chosen so that both the grating vector and polarization of the 
fundamental beam have a significant projection along the c axis. The 
space charge field was used to invert domains, so a component of 
the grating vector along the poling axis is required. Similarly, the 
fundamental must have a significant projection of its electric field 
along the c axis to produce a large induced polarization at the second 
harmonic. The magnitude of the polarization at the second harmonic 
perpendicular to k2<0 (second harmonic wave vector) is: 

P2(0 = 2 (2 d15sin2e cos 6 + d33 cos39 + d31sin2e cos eJE^E*0, (5) 

where 9 is the angle of both P2m and the polarization of Ea relative 
to the c axis. Although P2ra attains a maximum value at 9 = 0 
degrees, this orientation prevents the space charge field from having 
a significant component parallel to the c axis. However, P2<0 

remains significant for 9 as large as 45 degrees. 9 = 45 degrees is a 
convenient tradeoff. By symmetry arguments, inverting the 
orientation of a ferroelectric domain changes the sign of all three 
nonlinear coefficients. Thus the effective nonlinear coefficient deff = 
(2 d]5 + d33 + d31) / 2

3/2 is modulated. The grating vector kg = 
KUC is oriented parallel to km and k2t0 to maximize the overlap of the 
fundamental and second harmonic field profiles. 

The QPM peak can be shifted in wavelength by writing 
polarization gratings with different periods. Figure 9a illustrates a 
typical QPM peak centered on 457.25 nm. The full width half 
maximum (FWHM) of the QPM peak was estimated using [19] in 
addition to the measured index dispersion data [20]. A FWHM of 
0.2 nm for a crystal of thickness 4.25 mm is predicted, in close 
agreement with the measured FWHM of 0.175 nm from figure 9a. 
This observation confirms that the grating is uniform over the entire 
4.25 mm propagation distance. 

Several gratings with different periods can be written at the same 
or different locations within the volume of the crystal to tailor the 
spectral response of the SHG and can be rendered permanent by 
cooling and/or increasing the writing beam exposure. Figure 9b 
illustrates a series of QPM peaks written sequentially in the same 
volume, with the strongest enhancement peak corresponding to the 
last grating written. The spectral response can be designed by 
writing several gratings (either simultaneously or sequentially) with 
different periods. This figure also demonstrates that an 
enhancement of a factor of 17 above the background can be achieved 
by writing dynamic domain gratings. Typical single pass 
conversion efficiencies obtained experimentally are of the order of • 
0.01%. The SHG enhancement may be increased with higher 
intensity writing beams or with a lower intensity fundamental beam. 
While this second option decreases the conversion efficiency, both 
options increase the fringe visibility of the optical interference 
pattern and enhance the polarization modulation of the grating. This 
effect is explained by noting that the uniform fundamental beam is 
incoherent with the two writing beams and reduces the modulation 
index of the intensity grating. The degree of reduction depends on 
the absorption of the crystal at the fundamental wavelength. As a 
direct consequence the photoinduced space charge field and the 
polarization modulation are reduced by a factor of the modulation 
index. 

457.25 
Wavelength (nm) 

457.5 0.2      0.4       0.6      O.i 
Wavelength Scan (nm) 

Fig. 10  Far field intensity profile of second harmonic (collimated TEM00). 
Source: Reference [5]. 

"0       40      80     120    160    200 
Time (sec) 

Fig. 11   Time evolution of second harmonic enhancement near center of QPM 
spectral response peak. Source: Reference [5]. 

The second harmonic beam exits the crystal in a well collimated, 
symmetric TEM0rj mode (figure 10). The polarization modulation 
extends well into the bulk since no degradation in second harmonic 
power is apparent while scanning the fundamental across the volume 
of the crystal. This demonstrates the uniformity of polarization 
gratings throughout the. volume of the crystal. 

The rapid enhancement of the second harmonic power during the 
writing of the volume hologram confirms the presence of dynamic 
domain gratings in addition to the more typical remnant domain 
grating. Figure 11 illustrates the time evolution of second harmonic 
power while writing a QPM grating with a total intensity of 1 W 
cm2. The dynamic polarization grating tracks the free space charge 
grating in time. The transients in the peak enhancement are due to 
the decay and build-up of the grating as the optical fringes shift due 
to vibration, air currents and temperature changes. The buildup time 
constant of the QPM peak is approximately inversely proportional to 
intensity and is consistent with the photorefractive grating buildup 
times for SBN:75. At 1 W cm2 the build up time is 0.5 seconds, 
and at 0.33 W cm-2 it is about 1.5 seconds. 

CONCLUSION 

In summary, we have explored the fundamental phenomena 
associated with optically induced domain reversal, a physical effect 
in which light alone modulates the symmetry of a bulk crystal over 
distances on the order of optical wavelengths. We have isolated the 
role of the space charge field alone, by performing low intensity 
experiments in the absence of optical heating or external fields. We 
propose a thermodynamic description of the fixing process in the 
glassy ferroelectric phase of SBN which elucidates the kinetics of 
domain reversal. We believe this understanding also applies to 
reports of high intensity and electrical fixing of volume holograms in 
SBN [2, 21, 22, 23]. 

Fig. 9 (a) Typical QPM spectral response peak with a FWHM of 0.175 nm. 
(b) Multiple QPM peaks by writing several gratings sequentially. Source: 
Reference [5]. 
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Abstract - We have developed a 64 element linear array of 
pyroelectric elements fully integrated on silicon wafers with MOS 
readout devices. The ferroelectric polymer film sensor deposited 
and polarized on the extended gate of the MOSFET results in a 
hybrid circuit, the pyroelectric-oxide-semiconductor field effect 
transistor (POSFET). 

The fabrication of the wafers included the design of the 
various masks required to produce the layers which made up, the 
transistor array: stopper layer, active layer, poly-silicon layer, 
contacts layer, and bottom electrode layer. A thin film of the 
ferroelectric copolymer P(VDF/TrFE) was spin coated onto the 
wafer. Patterned gold electrodes were sputtered as the top electrode 
layer. The ferroelectric copolymer was hysteresis poled in situ. 
Tests performed included the array's response to a CO2 laser 
operating in the CW and single pulse modes at 10.6 urn. We will 
present details of the design, processing, and testing of the fabricated 
devices. 

INTRODUCTION 

Directly coupling the gate of an MOS transistor to a thin 
ferroelectric polymer transducer serves as the basis of a pyroelectric 
or piezoelectric imaging array [1,2], PVDF and the VDF/TrFE 
copolymers are semicrystalline, the electric-field oriented crystalline 
component providing the macroscopic piezoelectric and pyroelectric 
activity. We utilized VDF/TrFE copolymers having molar ratios of 
VDF versus TrFE of 56/44, 61/39, and 70/30 since copolymers in 
this range of composition have the best pyroelectric response [3]. 
Rather than utilizing the epoxy-adhered PVDF film a la Swartz and 
Plummer, we have designed and fabricated a pyroelectric transducer 
array which utilizes a thin film of ferroelectric VDF/TrFE copolymer 
directly deposited from solution onto the extended gates of a silicon 
transistor array [1,4] We have designed and fabricated a small high 
density linear integrated array of pyroelectric elements fully 
integrated on silicon wafers with MOS readout. The pyroelectrically 
induced voltage biased enhanced current output of the MOS devices 
has been measured 

DEVICE DESCRIPTION AND FABRICATION 

The electronic interface to the pyroelectronic transducer is 
an n-channel poly-silicon gate transistor with an extended aluminum 
gate. The source and drain regions, which are electron doped, are 
connected by a channel which is covered by a thin insulating film of 
silicon dioxide which itself is covered by the aluminum electrode 
gate. The combination of the channel, oxide layer, and gate acts as 
a capacitor. The VDF/TrFE copolymer film is sandwiched between 
a bottom aluminum electrode which is the extended gate of the 
MOS transitor and a top gold electrode which is the ground 
electrode during device operation. When the top electrode is 
exposed to radiation, the pyroelectric sensor modulates the electric 
field of the gate region. The greater the voltage produced on the 
gate due to the pyroelectric modulation, the lower the resistance 
between the source and drain and the greater the conduction. 

Two arrays of transistors were designed to fit on each 
50mm diameter*0.33mm thick p-type silicon wafer. Each array 
had 32 pairs of transistors for a total of 64 transistors per array 
(Figure 1). The transistors in a pair are mirror images of each 
other. The fabrication of the wafers included the design of the 
different masks required to produce all the layers that make up the 
transistor array: stopper layer, active layer, poly-silicon layer, 
contacts layer, and bottom electrode layer. The masks were 
fabricated from computer generated mask designs [5]. In Figure 2 
the transistor array layers are shown for a single transistor. The 
transistor region, consisting of the drain, source, and gate regions 

-3       2 
and contacts, is 0.3mm*2.4mm.   The gate area is 14.5 10 mm 
(lOum* 1.45mm). Each thin film sensor sits atop an extended gate 
of area 3.9mm2 (0.39mm* 10mm). 

The ratio between the gate voltage Vg and the transducer 
voltage VT is the transfer ratio [1]: 

Vg/VT = {1+Cg/Cx}"1 ; Cg = [Cgs+Csub+Cgd(l+Av)]   (1) 
Here Av is the voltage amplificaiton of the transistor amplifier 

circuit and Cgs and Cgd are the gate-to-source and gate-to-drain 

capacitances, respectively. Csub is the extended gate to substrate 
(bulk) capacitance and CT is the transducer (copolymer film) 
capacitance.  In order to obtain a good transfer ratio one wants to 

Silicon wafer 

transistor pair 

Figure 1. Silicon wafer transistor arrays and transistor pair. 
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minimize the Cg/CT ratio. The use of a thick field oxide reduces 

CSub. A voltage follower configuration can reduce the influence of 
Cgs and Cgd . The gate oxide, poly-silicon and bottom electrode 
aluminum thicknesses were the same as in [1]: 120nm, 500nm, and 
200nm, respectively. However we increased the field oxide 
thickness from 0.6um utilized in [1] to 1.2u.m (by thermal 
deposition) for some of the wafers and to 3.0um [1.2um (thermally 
deposited) + 1.8um (via CVD)]. From the above dimenisons we 

can approximate (1) by Vg/VT*{ 1+Csub/C-r}"1.    Utilizing the 
approximate values, sox«4 and 8T«9 we estimate for tT =7um that 

Cg/CT~ 2.6 or 1.0 for tox = 12um or 3.0um. Thus Vg/VT*0.28 or 
0.5, respectively. 

Cutting lines 
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<5ATE CONTACT 
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STOPPE R. 
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TEAM'S >STO£  gE^iOKl 
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Figure 2. The design of individual transistor regions and layers. 

Figure 3. Wafer cutting to separate individual arrays. 

FERROELECTRIC COPOLYMER PROCESSING 

Six layers of copolymer were coated onto the wafer with a 
spin coating machine. When a twenty percent by weight solution of 
copolymer in methyl ethyl ketone was utilized, a copolymer 
thickness of ~7\xm was achieved. A twenty-five percent solution 
produced ~15u.m films. After each coating step, solvent 
evaporation from the wafer was accomplished by air drying for 25 
minutes at R.T., followed by oven baking at 95°C for 45 minutes, 
followed by air cooling for 35 minutes. A thin gold electrode was 
sputtered through a mask onto the copolymer film (Figure 3). 

To pole the film and to make contact to the device bonding 
pads part of the aluminum on the silicon wafer must be exposed A 
thin coat of negative photoresist was spun on top of the thin 
copolymer film. After exposing the photoresist to UV light through 
a mask, the photoresist was removed from the gold metalization 
and the bonding pads area. The remaining photoresist protected 
the rest of the copolymer from being washed away by the acetone 
soaked cotton swabs used to remove the copolymer from the 
bonding pads. Note that we could not use positive photoresist 
because its developer would attack the copolymer. 

The wafers were annealed for 1.5 hours at 135°C. The 
wafers were slowly cooled to prevent cracking of the copolymer 
film or electrode due to the different thermal expansion coefficients 
of the copolymer, electrode, and ceramic wafer. The annealing step 
enhances the copolymer's crystallinity and the subsequent 
achievable polarization. 

We note from Figure 2 that all the source, drain, and gate 
electrodes in an array are connected together. During the poling 
step all are kept at common ground. The entire 64 element array 
was poled at once. After the poling step the source and gate 
electrodes are cut apart to isolate the individual transducers and to 
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make connections to the external circuitry. Hysteresis poling was 
carried out by applying a sinusoidal 0.01 Hz voltage signal: ±550V 
to the 7um films (±80V/um) or ±1350V to the 15um films 
(±90V/um). The polarization coercive field peaks occurred at 
(~±50V/um) ±350V or ±770V for the two film thicknesses, 
respectively. The peaks were very broad for the 56/55 composition 
and sharp for the 70/30 composition. 

Each wafer had two arrays on it. The wafer was cut to 
separate the arrays so that they could be assembled and utilized 
separately (See Figure 3). 

EXPERIMENTAL CHARACTERIZATION OF THE POSFET. 

PYROELECTRIC SENSOR'S RESPONSE TO CW AND SINGLE IR 
OPTICAL PULSES 

Because of the silicon wafer design (FET exposed to the 
environment) all optical response measurements needed to be 
performed at an optical wavelength that could not generate charge 
carriers in the gate region of the FET. The POSFET was evaluated 
by measuring its response to a carbon dioxide laser operating at 
10.6um in the CW mode and in the single pulse mode. At this 
infrared wavelength the measured electrical signals could only be 
produced by the pyroelectric effect. 

Responsivity (V/W) 
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The electrical circuit used to measure the charge induced 
field change in the MOSFET device is shown in Figures 4-6. The 
MOSFET can be used in either the common-source or source- 
follower configuration. The source-follower configuration was 
used in all evaluation measurements on the POSFET detectors. 
The MOSFET input stage will provide an impedance or load 
resistance of up to 1011 Q. The output impedance is given by Zout 

~ Rf/(l+gmRf), where gm is the low-frequency transconductance of 
the FET. The voltage gain of the source follower is approximately 
gmZout The values used for Rf were 100, 1000, and 10,000 Q for 
the impulse response measurements and 1000 Q for the frequency 
response measurement. Assuming gm « 10" A/V this corrresponds 
to gains of 0.1, 0.5, and 0.9, respectively. 

The thermal and electrical characteristics can be determined 
from the frequency response of the POSFET detector. An 
electrically controlled CW CO2 laser illuminated a portion of a 
single pixel on the array. The frequency response from a single 
pixel is given in Figure 4. 

The thermal and electrical time constants can be determined 
from the measured data in Figure 4. The data is fitted to the 
formula, 

VT = (pWATlCOTTHTeyttTCTCpXl+CO^TH^'^l+Cö^e2)''"] (2) 
Here Cp' is the volumetric specific heat, p is the pyroelectric 
coefficient, W is the amplitude of the radiant power incident on the 

Voltage 

Figure 4. Frequency Response from single detector of the array. 
Figure 5. POSFET detector response to square wave illumination 
from a CW carbon dioxide laser (10.6um IR, 500ms pulse width). 
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Figure 6. POSFET detector response to a pulsed CO2 laser 
(10.6LimIR,50um width). 

area A of the sensor, and rj is the transducer emissivity [1], The 
thermal time constant, TTH, was found to be 0.01 sec. This time 
constant is typical for a pyroelectric material heat sinked to a 
thermal mass [1]. The electrical time constant was more difficult to 
determine to a high degree of accuracy because of the low 
frequencies involved; te was determined to be about 3 sec. The 
capacitance of a single pixel is estimated from the pixel area and 
copolymer thickness as 44 pF. The impedance or load resistance 
for this pyroelectric system was determined to be about 68 GQ 

The peak responsivity occurred at low frequencies (< 50Hz) and 
had a value of lOOV/watt. The characteristic voltage response 
between the thermal and electrical 3db roll-over points can be given 
by (iTH<xe) 

Rv = RiRL(TTH/ie) (3) 

where R, is the current responsivity and RL is the load resistance 
From (3) and a gain of 0.5 we calculated a current responsivity of 
1.5 u A/watt. 

The POSFET detector response to a t0 = 500msec duration 
square wave illumination from a CO2 laser is shown in Figure 5. 
The impulse response from the POSFET detector array was 
performed by illuminating a single pixel of the array with a t0 = 

50usec (FWHM) C02 laser pulse. Figure 6 shows the impulse 
response for Rf values of 100, 1000, and 10,000 Q which 
corresponds to amplifier gain values of 0.1, 0.5, and 0.9, 
respectively. The bias voltages were -3.5V, -3.0V, and -1.1V, the 
observed currents were 0.26ma, 0.05ma, and 0.028ma, and the 
responsivities were 20V/J, 92.7V/J, and 192V/J, respectively. At 
unity amplifier gain the energy response to the laser was measured 
at 200V/Joule. 

We note that the data in Figures 5 and 6 can be understood 
as the pyroelectric response to pulsed radiation for the case 
"CTH<t0

<Te and t0<tTH<Te, respectively. 
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Abstract — Positive temperature coefficient of resistivity (PTCR) 
characteristics of strictly single grain boundaries in barium titanate 
ceramics have been investigated. The results indicate that in the ce- 
ramic samples there existed grain boundaries exhibiting typically 
three different PTCR characteristics, which can be described as fol- 
lows: 1) PTCR characteristics similar to those observed for usual ce- 
ramic samples, 2) an abrupt increase in resistivity by more than three 
orders at the Curie point, then, immediately followed by a 
monotonous decrease of it, and 3) substantially little or no resistivity 
jump. The second type of the PTCR characteristic cannot be inter- 
preted at all by the Heywang model, which is based on the tempera- 
ture dependence of the grain boundary barrier height determined by 
the dielectric constant in barium titanate which steeply decreases 
above the Curie point according to the Curie-Weiss law. A new 
possible mechanism of the PTCR effect is discussed. 

INTRODUCTION 

It is well-known that doped semiconducting barium titanate ceram- 
ics exhibit an anomalous positive temperature coefficient of resistiv- 
ity (PTCR) effect above the Curie point (=120°C), and a grain 
boundary barrier layer model proposed by Heywang1 has been ac- 
cepted to interpret most adequately the PTCR effect. The Heywang 
model can be essentially described by the temperature dependence of 
the potential barrier height built at the grain boundaries, which is 
determined by the dielectric constant of the material, the amount of 
acceptor states formed at the grain boundaries and the donor concen- 
tration. This model was extended by Jonker2 to interpret more ap- 
propriately the low resistance at room temperature by taking account 
of a compensation effect of surface states by spontaneous polariza- 
tion below the Curie point. 

To understand more directly the PTCR characteristics several in- 
vestigations3'4 have been made on single grain boundaries of barium 
titanate ceramics. Although grain boundaries examined in these 
studies were not strictly single boundaries, the results obtained 
clearly demonstrated the existence of grain boundaries exhibiting 
current-voltage characteristics which cannot be interpreted well by 
Heywang's barrier layer model. In this study, to obtain a much 
closer picture of the PTCR mechanism measurements of the PTCR 
characteristics of strictly single grain boundaries in barium titanate 
ceramics were carried out. For this purpose ceramic samples con- 
sisting of single grains sintered together in line were produced. 

EXPERIMENTAL 

Ceramic samples consisting of single grains sintered together in 
line used for the present study were prepared as follows: 
Commercially obtained high-purity barium titanate (Fuji Titanium, 
HPBT-2; purity = 99.98%), 0.1mol% La203 (semiconducting 
dopant) and 0.5mol% TiCh (to enhance grain growth) were used as 

. starting materials. A mixture of the starting powders was ball-milled 
with ethanol and nylon-coated iron balls as grinding media in a 
polyethylene container for 24h, into which adequate amounts of 
PVB (Polyvinyl butyral) and BPBG (Butyl phthalyl butyl glycolate) 
were then added to make a barium titanate slurry which was submit- 
ted to tape casting with a doctor blade. The obtained ceramic tape 
(thickness: 30-40 urn) was cut into string-like slabs (width: =50 
um), which were sintered at 1370°C for 2h in air to yield ceramic 
samples with desired grain structures. 

Measurements of the PTCR characteristics of strictly single grain 
boundaries in the samples were carried out with In-Ga microelec- , 
trades (two-probe method) put on the adjacent grains of their single 
boundaries to be examined. Such measurements were conducted on 
many single boundaries formed between grains with various types 
of growth pattern morphologies on their surfaces. Growth pattern 
morphologies of grains in the samples were observed by an optical 
microscope (OM). 

RESULTS AND DISCUSSION 

Figure 1 shows a typical example of the grain morphologies of the 
ceramic samples produced in this study with growth patterns appear- 
ing on the grain surfaces. PTCR measurements were conducted for 
such single grain boundaries as this, adjacent grains of which had 
various types of growth patterns on them. Figures 2-4 show the 
PTCR characteristics and the current (/)-voltage (£) characteristics 
at several temperatures obtained for single boundaries in the present 
ceramic samples. One may recognize that the PTCR characteristics 
shown in Figs. 2, 3 and 4 are essentially different from each other. 

The PTCR characteristics of the single boundary of sample 1, 
shown in Fig. 2(A), are quite similar to those observed in usual ce- 
ramic samples except for the remarkable dependence of the charac- 
teristic upon applied bias above the Curie point. Figure 2(B), in 
which the Log / vs Log E plots of this sample are presented, 
demonstrate that the IE characteristic below the Curie point was 
nearly ohmic in the whole range of biases applied, while above the 
Curie point the I-E characteristic showed a significant nonlinearlity 
above around 0.1V. If a double Schottky-type potential barrier was 
formed at the grain boundary as assumed in the Heywang model, an 
exponential-type IE characteristics should be expected to appear. 
However, any exponential behavior can be seen in the I-E character- 
istics shown in Fig. 2(B). The obtained I-E characteristic above the 
Curie point seems to be rather much like space-charge-limited-cur- 
rent (SCLC).4 

It is most interesting and important for better understanding of the 
PTCR mechanism that we could experimentally confirm the exis- 
tence of grain boundaries which exhibit such PTCR characteristics 
as those shown in Figs. 3 and 4. Nemoto et al.4 have found the ex- 
istence of grain boundaries with no PTCR effect in ceramic samples, 
but they did make any interpretation at all about this phenomenon. 
Rather unfamiliar PTCR characteristics similar to those shown in 
Fig. 3 have also been reported several times in the literature,5-6 but 
no careful attention has been paid for such behavior of the PTCR ac- 
tion whether this kind of PTCR characteristics can be interpreted by 
the Heywang model. 

Fig. 1. A typical grain morphology of the samples used 
and growth patterns appearing on the grains. 
Bar indicates 50 um. 
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Fig. 2. (A) Resistivity-temperature characteristics at 
increased applied biases (curve 1; 0.1, 2; 0.2, 3; 0.5, 
4; 0.7, 5; 1.0, 6; 1.5, 7; 2.0 V) and (B) current-voltage 
characteristics obtained at several temperatures for the 
single boundary of sample 1. 

Temperature (°C) 

Fig. 3. Resistivity-temperature characteristics at increased 
applied biases (curve 1; 0.1, 2; 0.2, 3; 0.5, 4; 0.7, 5; 1.0, 
6; 1.5, 7; 2.0 V) for the single boundary of sample 2. 
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Fig. 4. Resistivity-temperature characteristics at various 
applied biases for the single boundary of sample 3. 

To interpret consistently by the Heywang model these three types 
of PTCR characteristics observed in the present study, we can use 
only the difference in the amount of acceptor states at the grain 
boundaries in the respective samples: the grain boundary of sample 
2 had the largest amount of acceptor states (>2xl014cnr2), the 
smallest amount of acceptor states existed at the grain boundary of 
sample 3 (<lxl013 cm-2) and the boundary of sample 1 had acceptor 
states with a concentration between the two limiting cases.7 

However, this interpretation for these PTCR characteristics seem to 
be unlikely, because no such significant change in the room 
temperature resistivity as expected for the assumed differences in the 
amount of acceptor states can be seen. It may thus be concluded that 
the Heywang model cannot explain consistently all kinds of PTCR 
characteristics observed for single boundaries in the present 
samples; a new model is necessary to fully understand the PTCR 
effect. 

One possible model to interpret well the PTCR characteristics ob- 
served in this study would be a modified Jonker's model; the essen- 
tial of this model is that the compensation of surface acceptor states 
still occurs above the Curie point and determines the potential height 
of grain boundary barrier layers in the whole PTCR region. This 
model is based on the assumption that spontaneous polarization in 
the vicinity of grain boundaries remains up to a certain temperature 
over the Curie point. The temperature dependence behavior of 
spontaneous polarization is considered to vary in the grain bound- 
aries with different spontaneous polarization domain structures and 
lattice mismatching; this gives rise to various types of PTCR charac- 
teristics and can explain well the bias dependence of the PTCR char- 
acteristics observed here. To confirm this point more decisively a 
further investigation is being performed. 
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A STRESS-SENSING CERAMIC DEVICE BASED ON 
PTCR BARIUM TITANATE 

Joseph S. Capurso and Walter A. Schulze 
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Alfred, New York 14802 

Abstract - Positive temperature coefficient of 
resistance (PTCR) barium titanate is used as the base 
material for a ceramic sensor which employs 
piezoresistivity to detect changes in applied stress. Tape- 
cast sheets of undoped (insulating) and PTCR 
(semiconducting) BaTi03 are laminated to produce a 
three-layer "trilaminate" - a sintered structure which has 
two PTCR layers separated by an insulating layer. The 
trilaminate is exposed to mechanical stress in a four-point 
bend configuration (placing one semiconducting layer 
completely in tension, the other in compression), and the 
resistivities for both stress states are measured 
concurrently as functions of the applied stress magnitude. 
The piezoresistivity coefficient (x) is calculated from the 
slope of the linear resistivity-stress response. 
Piezoresistivity results are presented versus PTCR layer 
composition (counterdopant species) and furnace cooling 
conditions (grain boundary oxidation level). These results 
are interpreted with respect to Heywang's model of the 
grain boundary potential barrier. 

INTRODUCTION 

Semiconducting barium titanate is a well-studied 
material which may exhibit a large increase in resistivity 
over a relatively small temperature range beginning near 
its Curie temperature (Tc). It also exhibits piezoresistivity 
(stress-sensitive resistivity), making it a potential base 
material for stress-sensing applications. 

The PTCR phenomenon was first observed in the 
mid-1950's [1], and was explained by Heywang in terms 
of a double Schottky potential barrier existing at the 
boundaries between semiconducting barium titanate grains 
[2]. He derived an expression for the height of the barrier 
(<Ao): 

er1 en. 

8W. 
0) 

where ns is the number of electrons trapped at the grain 
boundary per unit area, n0 is the number of conducting 
electrons per unit volume in the bulk, er is the relative 
permittivity (dielectric constant), and e0 is the permittivity 
of free space. The resistivity of PTCR barium titanate 
ceramic with z grains per unit length is exponentially 
dependent on <j>0: 

1'   , zbkT   e*°^ 
1 + e 

e<t>„ 
,kr 

(2) 

where pb is the resistivity of the bulk (0-cm) and b is the 
electron depletion region half-width. 

Below Tc, these barriers are partially compensated 
by surface charge resulting from discontinuity of the 
normal polarization components of ferroelectric domains 
terminating at the grain boundary, according to Jonker [3]. 
This causes a suppressed resistivity in the ferroelectric 
state, resulting in an abrupt increase in resistivity once the 
domains vanish (barrier compensation disappears), above 
Tc- 

The temperature dependence of er for paraelectric 
barium titanate (above Tc) follows the Curie-Weiss law 
[4]: 

£r = 

where C and 0 are constants. So, as temperature 
increases, er decreases; causing an increase in barrier 
height and thus a dramatic rise in resistivity. Samara [5] 
showed that an analogous hydrostatic pressure 
dependence exists: 

C 
fzö (4) «, = 

raising the possibility that the grain boundary potential 
barrier may be adjustable through application of stress. 

Relatively little attention has been focused on the 
piezoresistive effect in PTCR barium titanate. Early 
investigations of the stress sensitivity of semiconducting 
barium titanate disks [6,7] indicated that piezoresistivity is 
maximized at temperatures near Tc in the paraelectric 
state under uniaxial compressive stress, although 
discrepancies in the direction (sign) of resistance change 
were seen. Specifically, hydrostatic compression resulted 
in a positive change in resistance, while negative 
piezoresistivity was observed under uniaxial compression 
(indicating a non-uniform stress state). More recent work 
[8-11] further reinforces the concept of piezoresistivity 
being due to the temperature and stress sensitivity of cr 

near the Curie temperature, through its effect on the 
magnitude of grain boundary potential barriers. 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 731 



In this work, a four-point bending apparatus is used 
to apply stress to a trilaminate structure [12], which 
consists of two layers of PTCR barium titanate separated 
by a layer of insulating barium titanate. A photograph 

Fig. 1. Photograph of several trilaminates. 

of several trilaminates is shown in figure 1. Using this 
configuration, the effect of stress on resistivity in both the 
compressive and tensile modes may be observed. This is 
an approach which minimizes shear stresses, and gives 
results which agree with the aforementioned model of the 
grain boundary potential barrier. 

EXPERIMENTAL 

Processing 

Trilaminates are produced by laminating tape-cast 
sheets of barium titanate together and sintering at 1350°C 
to form a structure which can withstand a moderate 
mechanical stress. The composition of the trilaminate with 
respect to its thickness is determined by the stacking 
sequence of green tape layers, which are either insulating 
or semiconducting. Insulating tape is produced from as- 
received powder*, while semiconducting tape consists of 
the same powder plus precipitated dopant(s): a 0.3 atom% 
lanthanum addition causes semiconductivity, and transition 
metal counterdopants (e.g. manganese, iron, cobalt) result 
in the formation of acceptor traps at the grain boundaries, 
enhancing the PTCR effect [13]. Details of dopant 
incorporation procedures, trilaminate formation, binder 
burnout, and sintering/cooling are described elsewhere 
[14]. 

Testing 

The four-point bend configuration is used to stress 
the trilaminate. This configuration provides a region of 
constant longitudinal stress between the two inner contact 
points (Fig. 2). Trilaminates are lightly ground on a 600M 
SiC pad to minimize surface flaws and to provide a clean, 
smooth surface for electroding.   Electrical contact to the 

trilaminate is made by evaporating aluminum metal onto 
either side, leaving a gap on each surface which is well 
within the region of constant longitudinal stress. 

P/2 

Compression 1 P/2 
Al Electrode 

A 

V  ) O  /       ("Ptos) 

-><^^\^\\^^^\<^^ 
Tension T 

Surface 
Stress 

Position 

Fig. 2.    Application of stress on a trilaminate in four-point bend. 

Note that the upper semiconducting layer is in 
compression only, since it lies completely above the plane 
of zero stress. This layer undergoes a volumetric 
decrease, resulting in an overall constriction of unit cells 
and thus a decrease in relative permittivity (er). 
Conversely, the lower semiconductor layer is strictly in 
tension, experiences a volumetric increase, an expansion 
of unit cells and therefore an increase in er. From 
Heywang's model (described earlier), one would therefore 
expect a resistivity increase in compression and a 
decrease in tension, due to the effect of er on the barrier 
height. 

Piezoresistance testing is performed using a 
computer-controlled system which acquires resistance 
versus load data at 1 °C intervals over a ten-hour ramp 
from 107°C to 143°C. Resistance is measured at 0.1 
VDC+. The four loading points also act as electrical 
contacts to the aluminum electrodes on the trilaminate 
under test. Load is applied at 4.45 N intervals from 8.90 
N to 26.7 N, then back down to 8.90 N; using a closed- 
loop load sensing/driving system which employs a stepper 
motor to drive the loading column. The slope and y- 
intercept of the least-squares regression line through these 
nine data points are calculated, and the isothermal 
piezoresistivity coefficient IT is determined by dividing the 
slope by the intercept (resistance at zero stress, RQ): 

J_ 'dR^ 
da 

)T 
(5) 

' Code 219-9, Transelco Div., Ferro Corp., Penn Yan, NY. M140B pA meter, Yokogawa-Hcwlctt-Packard, Ltd., Tokyo. 
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RESULTS AND DISCUSSION 

Microstructure 

A typical semiconductor-insulator interface 
microstructure is shown in figure 3. Note that the 
semiconducting material has a significantly larger grain 
size (40-60 /xm) than the insulating material (10-30 /un), 

Fig. 3. SEM micrograph of a typical semiconductor/insulator 
interface (secondary electron image). 

and that the interface is continuous and well-defined, with 
no lamination defects or abnormalities with respect to 
porosity. Grain boundary relief was obtained by thermal 
etching at 1325°C for 30 minutes in air. 

Piezoresistance 

The piezoresistive response of a trilaminate is 
shown in figure 4, for several temperatures. Note that in 
all cases, the resistance ratio (resistance at some stress 
divided by unstressed resistance, RQ) is greater than unity 
in compression and less than unity in tension, 
substantiating the arguments stated previously. Also note 
that the responses are linear, and are more pronounced in 
tension at these temperatures. 

■ 128C/ Compression 

D 128C/Tension 

• 131C/ Compression 

O 131C/ Tension 

▼ 136C / Compression 

V 136C/Tension 

♦ 144C / Compression 

o 144C / Tension 

20 30 
Surface Stress (MPa) 

Fig. 4.   Normalized resistance of a 9/18/9 layer trilaminate (0.30 
at% La, 0.04 at% Mn) vs. surface stress at several temperatures 

above TP. 

It can be seen that the piezoresistive effect is 
reduced in magnitude as the temperature is increased 
above Tc (»123°C). This is another confirmation that 
piezoresistivity is a result of changing relative 
permittivity, since er is most sensitive to pressure and 
temperature changes as Tc is approached from above, 
according to the Curie-Weiss dependencies (eq. 3,4). 

T«mperahre ( C) 

(a) (b) 
Fig. 5. Normalized resistance of a 3/30/3 layer trilaminate (0.30 

at% La only) vs. surface stress and temperature, for regions under 
a) compression, b) tension. 

Similar data were obtained for another trilaminate, 
over a wider temperature range extending both above and 
below Tc. These data are illustrated in figure 5 (a,b), 
where resistance ratio is plotted as a function of both 
temperature and applied stress: each line corresponds to a 
constant-temperature resistance-stress plot. Observe that 
the magnitude of piezoresistivity (slope) maximizes in the 
vicinity of Tc; and that a smaller, yet non-zero slope is 
seen below Tc. 

Trilaminates having differing counterdopants in the 
PTCR regions were produced to evaluate the effect of 
acceptor state level and density. Manganese is known to 
cause "deep" acceptor states [13], and was added at a 
0.04 atom% level. Iron causes formation of shallow 
states, and was added at a 0.02 atom% level. Cobalt 
forms states between these two extremes, and was added 
at the 0.04 atom% level.   Optimum counterdopant levels 
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Fig. 6. PTCR response of pellets with different counterdopants, 
cooled from 1350°C to S00°C at (a) l°C/min., (b) 10°C/min. 
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were obtained by increasing the addition until room 
temperature resistivity began to rise rapidly. The density 
of acceptor states can be adjusted by variation of the 
cooling rate from the 1350°C peak sintering temperature 
to 500 CC, and is indicated by the steepness of the PTCR 
curve above Tc. 

PTCR responses for these materials for two cooling 
rates are shown in figure 6, and figure 7 contains 
piezoresistivity plots for the same materials and 
conditions. Note that the piezoresistivity peak is basically 
equal and cooling-rate-independent for the Mn- and Fe- 
counterdoped trilaminates, but that cooling rate has a 
significant effect on the Co- and non-counterdoped 
samples. It is interesting to note that the Co- and non- 
counterdoped samples also show a change in initial PTCR 
slope with change in cooling rate, but the Mn and Fe 
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Fig. 7. Piezoresistive response of 4/28/4 layer trilaminates with 
different counterdopants, cooled from 1350°C to 500°C at 
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samples do not. These results indicate that piezoresistive 
response appears to be independent of acceptor level, but 
is somewhat sensitive to density of states. 

SUMMARY 

A new type of stress-sensing device based on 
barium titanate - a trilaminate - has been described. The 
piezoresistive response of the trilaminate is in sign 
agreement with Heywang's model, and is more 
pronounced at temperatures near the Curie point, 
indicating that the basic mechanism responsible is a 
change in the relative permittivity of the material in the 
vicinity of grain boundaries. It was also seen that the 
piezoresistive response of PTCR barium titanate can be 
engineered to some degree through variation of 
counterdopant species and cooling conditions. 
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Abstract Several requirements for NTC thermistors 
used for office automation (OA) equipment and home electronics are 
small size, high sensitivity and high reliability . 

Commonly used NTC thermistors do not have adequate 
reliability against thermal shock. Size reduction is difficult due to 
the multi-phase structure and porosity in ceramics. It is also 
difficult to realize the required properties because the resistivity-B 
value relationship control method has not been established. 

So we have developed a method to control the properties of 
NTC thermistor by controlling the numbers and the valence of solid 
solution ions on A and B sites in the single phase spinel structure. 
Based on these methods, we have also established a method to 
make a more dense structure. A NTC thermistor series has been 
developed possessing small size, high sensitivity and high 
reliability. 

1. INTRODUCTION 

Recently, smaller and more reliable NTC thermistors have 
been required in office automation equipment (facsimile, copy 
machines etc.), home electronics (ovens, air-conditioners and 
refrigerators) and automobile. The required properties are (1) high 
reliability: especially thermal shock test, (2) wide series of electrical 
properties, (3) thermal time constant=1.7s-2.9s. At present, NTC 
thermistor compositions are spinel type transition metal oxide 
ceramics that are consist basically of Mn oxide and Co, Ni, Cu, Fe, 
Al oxides. Presently, NTC thermistor compositions research of 
spinel type transition metal oxide ceramics were began between 
1950's and 1960's. Crystal structure of Mn-Ni oxides were 
researched by Larson et al. [1 ] and Hata et al. [2J. Crystal structure 
of Mn-Co oxides were researched by Aukrust et al. [3] and Aoki 
[4J. Crystal structure of Mn-Co-Ni oxides were researched by 
Yokoyama [5]. Relationships between various spinel oxides 
compositions and thermistor properties were researched by Futaki 
|6]. 

But when size reduction is proceeded on commonly used 
NTC thermistors, it is too difficult to have adequate reliability, 
especially, thermal shock due to the multi-phase structure, coarse 
grain size and porosity in the ceramics. It is also difficult to realize 

the required properties because the resistivity-B value relationship 
control method has not established based on single phase cubic 
spinel. So we researched to establish NTC thermistor compositions 
that can get single phase cubic spinel in resistivity-B value range, 
commonly required in NTC thermistor. To develop NTC 
thermistor compositions, at first base composition that has single 
phase cubic spinel was determined, then substituted elements and 
those content amount were determined based on valence control and 
dilution principle which means other ions substitute into single 
phase spinel crystal. The manufacturing process conditions were 
determined based on a material design to get fine grains and dense 
sintering structure. Based on these material design concepts, we 
have developed compositions, designed manufacturing processes 
and succeeded to develop NTC thermistor sensors that satisfy 
required properties adequately. As an example of composition 
development and manufacturing process design, this paper mainly 
explains about R2(X)= 1 kQ sensor (Table-1). 

2. EXPERIMENTAL PROCEDURE 

Fig.l shows a flow chart of high sensitivity NTC 
thermistors fabrication process. Regent grade materials of Mn304, 
NiO, AI2O3, that have over 99% purity were used as the starting 
materials. A fixed amount of powder was weighed within O.lg 
accuracy. Those powders (1000g) and water (1500g) were mixed 
for 12hr by ball mill and dried. 010 Zr02 balls were adopted as 
media because Zr4-1- ion does not substitute into spinel structure. A 
ball mill pot was a diameter of 100mm and a volume of 6 liters. 

Mixing (80rpm-12hr) 

Calcination (850-950°C-2hr) 

Grindina (80rpm-12hr) 

Compaction 
I 

Sinterina (1100-1250 C-4hn 

Table l.The target properties of high sensitivity 
NTC thermistor (R200= 1 kQ) 

Zero-Power Resistance(at 200°C) lkQ<5% 

B Value (100~200°C) 4537K<3% 

Thermal Time Constant 1.7-2.9S 

Dissipation Factor 0.35~0.55mW 

Maximum Operating Wattage 0.1 mW 

Operating Temperature Range -50~250°C 

: Present Address : The Pennsylvania State University, MRL, 
University Park, PA 16802, USA 

Slicing (t=200-300/<m) 

I 
Annealina(1100°C-2hr) 

I 
Making electrodes (Au paste) 

Dicing (w=250~40(V<m) 

Assembling (Attaching lead Wires) 

Glass coating (780°C-20s) 

Aging 

I 
Selection 

Fig. I Flow chart of high sensitivity 
NTC thermistors fabrication process 
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Dried powders were ground below 0.5mm granules. The granules 
were poured into Z1O2 sheaths and calcinated at a range of 
temperatures from 800"C to 1200°C for 2hr. Increasing and 
decreasing temperature rate was 150"C/hr. Crystal structure of each 
calcinated condition was analyzed by powder X-ray diffraction 
analysis. The grain size of each calcinated condition was analyzed 
by SEM observation. Using same conditions as in the powder 
mixing, the calcined powder was ground and the particle size 
change was measured at each of the fixed sampling times by laser 
particle size distribution analyzer. 

Considering to powder handling easiness, spray dying 
conditions were determined so as to get about 100//m size particles 
as possible. Granulated powder with the 40 to 60^m particle size 
distribution was obtained. PVA (poly vinyle alcohol) was used as a 
binder and poly ether conductor was used as a deflocculcant 
chemical. Green compacts with a diameter of 30mm and thickness 
of 12mm were made by cold pressing. The compacting pressure 
was determined to saturate the green compact density. The 
compacting pressure was 2000Kg/cm-, The green compact density 
was 3.15 ~ 3.20 g/cm-\ The green compacts were sintered at a 
range of temperatures from 1170 to 1350C for4hr. The increasing 
and decreasing temperature rate was 100°C/hr. The crystal structure 
of each sintering condition was analyzed by powder X-ray 
diffraction analysis and the grain size of each sintering condition 
was analyzed by SEM observation. 

Ceramic wafers were cut from a sintered ingot using a 
diamond blade. The thickness ranged from 200//m to iOOptm. The 
wafers were annealed at 1100'C for 2hr. Gold paste was printed on 
both side of wafer by a screen printer and baked at 850°C for 
10min. The increasing and decreasing temperature rate was 
35 C/min. Silver electrode was not selected since silver migrates 
into the grass during the glass sealing process. Fixed dimension 
chips (250 ~ 400 /im) were cut from the wafer by using a diamond 
blade. Dumet wire (Cu covered Fe-Ni wire) was attached on both 
side of the chip by using gold paste. After drying, a glass tube was 
inserted and sealed at 780"C for 20s. K20-Si02-PbO glass was 
selected because of its heat resistant property and thermal expansion 
coefficient which matches the ceramic and Dumet wire. The linear 
thermal expansion coefficient is 89 ~ 93xl07/°C. Resistivity was 
measured at 25°C, 85°C, 100°C in a precise controlled water bath 
that was controlled within 0.04°C and 200°C in an alumina fluid 
isothermal bed that was controlled within 0.5°C. The B value was 
calculated from following equation. 

B=(ln R25-ln R85)/( 1/298.15k-1/358.15k) 

Valence control 
2+ Ni 

-Cu + 

(Mn2+) 

4+^3+ + h 

[Mn3+Mn3+] 04 

Oxygen ion 

The crystal structure of Spinel 

Fig. 2 The properties control principle of NTC 
thermistor 

After the reliability tests, resistivity was measured at 25°C and 
85°C. The conditions of thermal shock test were 10 cycles at 25°C 
for 15s in an oil bath to 200°C for 15s in the oil bath. 

3. RESULTS AND DISCUSSIONS 

3-1 Composition System Investigation 

Base compositions that show stable single phase cubic 
spinel were developed on low resistivity region and high resistivity 
region. The low resistivity base composition were determined 
Mn304 : Co304 = 42.7wt% : 57.3wt% based on researches about 
Mn-Co oxide system crystal structure. The high resistivity base 
composition was determined Mn304 : NiO = 75.7wt% : 24.3wt% 
based on researches about Mn-Ni oxide system crystal structure. 

Elements that control resistivity - B value relationship were 
determined by valence control and dilution principle that are 
mentioned next in detail. Conduction mechanism of NTC 
thermistor is below. In the case of Cu+ ions substitution to A sites, 
the same number of Mn3+ ions at B site of spinel structure change 
to Mn4+ ions. Therefore, the number of holes increase and the 
resistivity decreases. This is valence control. Al, Fe, Co ions 
substitute on the B site, but that substitution does not change the 
valence of Mn3+, it only changes the distance between the Mn3+ 

and Mn4+. As a result of the hole hopping probability change, B 
value (activation energy) and resistivity are changed [7j. This is 
dilution principle. (Fig. 2) 
High resistivity compositions that show stable single phase cubic 
spinel structure were developed based on the Mn-Ni oxide system. 
The base composition is Mn3Ü4 : NiO = 75.7wt% : 24.3wt%. In 
order to increase resistivity and not increase the B value, based on 
the dilution principal, Fe ions were substituted. High resistivity 
low B value compositions were developed by Cu+ ions substitution 
to the Mn-Ni-Fe oxide system. Based on the dilution principle, 
high resistivity high B value compositions were developed by Al3+ 

ions substitution to the Mn-Ni oxide system. Low resistivity 
compositions that show stable single phase cubic spinel were 
developed based on the Mn-Co oxide system. The base 
composition was Mn304 : Co304 = 42.7wt% : 57.3wt%. Based on 
valence control, low resistivity low B value compositions were 
developed by Cu+ ions substitution to the base composition. Based 
on valence control, compositions between low resistivity low B 
value and high resistivity high B value composition were developed 
by Ti ions substitution to the Mn-Co-Cu oxide system. (Fig. 3) 

Therefore, we have succeeded to develop NTC thermistor 
compositions that satisfy commonly required properties (resistivity 
range: 8 to lOOOOQcm at 25°C, B85/25 value: 3100 to 4300K). All 

4400 

4300 

g 4100 

1   3900 

J   3700 

_ Mn-Co-Cu 
Cu increasing 

Mn-Ni-AI 
Al increasing 
R200=lkQ A 

lCtea^ 

Ik 10k 

Resistivity at 25°C (Q cm) 

Fig. 3 High sensitivity NTC thermistor 
B value - resistivity map 

736 



compositions show single phase cubic spinel. As an example 
(R2(X)=lkQ) of development in this paper, property matching was 
performed by Al3+ ions substitution to the high resistivity high B 
value composition. The composition was Mn304 : NiO : AI2O3 = 
72.1wt% : 23.1wt% : 4.8wt%. 

3-2 High Reliability Realization 

Property decay at thermal shock test is due to several 
reasons; ordinary NTC thermistors have the following ceramic 
structure (1) coarse grain size, (2) porosity, (3) two phase structure 
with rock-salt type oxide. These structures decrease the ceramic 
toughness. During a long time heat test, low reliability is due to the 
crystal structure and cation ions distribution change after sintering 
since it is not the equilibrium state under the high temperature. In 
order to achieve high reliability, the following must occur, (1) fine 
grain size, (2) sintered structure densification, (3) single phase 
cubic spinel structure, and (4) equilibrium treatment of cation ions 
distribution. It is a key point to realize a fixed property according to 
material design. 

As an example of Mn-Ni-Al oxide system, how to 
determine manufacturing process conditions is described. 
Calcination condition was determined to generate single phase cubic 

I ' I 
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1                   - 

(1100°C) 
i 

i , 
(lOOOT) 

-•  
 ■' 

(950°C) s 

s 

! (900°C) 

1     m 
m 

(800°C) 

Peak split 

A 

S        IS 

s :i     S 

m        m 

20    25    30    35    40    45    50    55    60    65 
s...NiMn2Ü4   m...Mn203 

Fig.4 X-ray diffraction pattern 
as a function of calcination temperature 

spinel and get fine grain size. Fig.4 shows X-ray diffraction pattern 
as a function of calcination temperature. Mn203 peaks exist below 
900°C. Only cubic spinel peak pattern exists over 950°C. But 
above 1000'C, peaks in powder X-ray diffraction pattern split into 
2 at high angle. As the defects in the crystal structure decrease, 
driving force and sinterbility become weak. Fig.;» shows a average 
particle size change as a function of calcination temperature. The 
average particle size increases according to calcination temperature 
increasing. Low calcination temperature is suitable for getting fine 
grain size. So the calcination condition was determined at 950°C 
for 2hr. Fig.6 shows particle size change as a function of grinding 
time. After lOhr, average particle size change saturated around 
about \.5fim. Sub-micron powder has very good sinterbility but it 
is too difficult to handle it. From manufacturing stand point, an 
average grain size of 1 to 3/<m can be achieved by grinding. So the 
grinding time was determined 12hr. Fig.7 shows X-ray diffraction 
pattern as a function of sintering temperature. Only cubic spinel 
peak pattern exists between 1170 and 1350°C. But NiO 
precipitation is observed at 1350T by SEM observation. At high 
sintering temperature, rock salt type oxide is precipitated from 
single phase cubic spinel. On temperature decreasing after sintering, 
the^rock salt type oxide shows solid-solution into single phase cubic 
spinel. This solid-solution needs oxygen diffusion which obeys 
Fick rule from outside, therefore, it is easy to show a composition 
change between inside and outside [8J. Fig.8 shows average grain 
size change as a function of sintering temperature. Fine grain size 
can be obtained at lower sintering temperature. So it is important to 
sinter at lower temperature for normalization of properties, 
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Fig.6 Particle size as a function of grinding time 
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Fig.8 Influence of sintering temperature 
on average grain size 

equilibration of cation ions distribution and obtention of fine grain 
size. The sintering condition was determined at 1250'C for 4hr. 
To get the equilibration of cation ions distribution, the annealing 
process was performed on the ceramic wafer at 1100°C for 2hr. 
Fig.9 shows a comparison between fine grain (=;8/<m) and course 
grain (=;23^m) ceramic at thermal shock test. According to the 
thermal shock test, finer grain size improves reliability. 
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Fig.9 Influence of grain size on 
thermal shock reliability 

3-3 Miniaturization 

To achieve thermal time constant=l.7 to 2.9s, sensor 
miniaturization is necessary. In Fig.10, relationship between 
thermal time constant and sensor body volume is shown. To satisfy 
the required thermal time constant, it is necessary that the sensor 
body volume is under 1.3mm3. Then sensor dimension was 
determined to be a diameter of 0.9mm max. and a length of 2mm 
max. at the main body. The chip size is a thickness of 200~300/<m 
and a length of 250~400//m. Before to start manufacturing, the 
dimension was certified to satisfy the required thermal time constant 
by FEM analysis. Fig.l 1 shows the structure of the high sensitivity 
NTC thermistor. Sensor shape is radial lead type. To endure 
miniaturization, it is so important to have fine grain size and a dense 
structure, and also not to have precipitation of another phase in the 

_ 20,  

Target volume = 1.3mm} 

Required thermal time 
constant =1.7-2.9s 

5 10 15 
Sensor body volume (mm3) 

Fig. 10 Relationship between thermal time 
constant and sensor body volume 

ceramic. Developed ceramic chip is a key point to realize 
miniaturization. Taking into account the thermal expansion 
coefficient and sealing ability of the glass, Dumet wire (Cu coated 
Fe-Ni wire) was selected as the lead wire [9|. A linear thermal 
expansion coefficient of the Dumet wire is 77 ~ 85xl0~7/°C. 
Considering the thermal expansion coefficient matching of the 
ceramic and glass, K2OSi02-Pb0 glass was adopted as sealing 
glass. A linear thermal expansion coefficient of the glass is 89 ~ 
93xl0-7/"C and that of ceramic is 80xl0'7/"C. In response to 
requests, Ni plating is performed on lead wire to increase heat proof 
and anti-oxidation ability. The required thermal time constant (1.7 
to 2.9s) was achieved by adopting this structure. 

70mm -«— 
max.2mm 
 •. 
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/ 1 
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*• 
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TV 
!              !                 \ 

—J                Ni plating 
Lead wire 
(Cu coated Fe-Ni wire) 

/      Overcoating alass 
/      (K20-Si02->b02) 

Connecting electrode(Au) 
/      Electrode (Au) 

Thermistor chip (w:350^m x t :220/(m) 

Fig.l 1 Structure of high sensitivity NTC thermistor 

4. CONCLUSION 

In this research, we have established the electrical 
properties control method of NTC thermistors using valence control 
and dilution principle on single phase cubic spinel. High reliability 
and miniaturization have been achieved by processing conditions 
optimization to get fine grains and dense structure. We have 
succeeded in developing high sensitivity NTC thermistors that have 
the three features below. 
(1) High reliability: especially thermal shock resistance 
(2) Compositions that can be tailored for a wide range electrical 
properties 
(3) Thermal time constant: 1.7s to 2.9s 
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Abstract-In this paper the solution of general problems 

of bending vibration of the thin peizoelectric 

ceramic / metal composite plate of driving stator for 

travelling-wave motor was analysed. Considering the 

electromechanical coupling effect, the concepts of gener- 

alized stress and strain were introduced and generalized 

piezoelectric equations, the relation of generalized stress 

and strain, differential motion equation of thin composite 

plate satisfying were derived. Combining finite element 

method, the vibration mode of composite plate for travel- 

ling-wave motor was calculated considering the 

electromechanical coupling. Therefore, theoretical basis 

was provided for optimizing design of ultrasonic motor. 

I. INTRODUCTION 

plate, strain relations expressed by deflection w can be 

achieved 

S   = 

S   = 

2 
3   W 

3   W 
' 2 
ay 

S    = -2z 
2 

3   W 

3X3)' 

or    [S] = z[e] 

,T 

(1)' 

(1) 

[5]=[S.,S.,5  ,]    is the strain matrix of the thin plate, 

2 2 2 
r3   W   3   W   ~3   W   ,T rfii = _ rl_!l ±JL 2- ]     is curvature and torsion ma- 

(2) 
ax    sy 3X3): 

trix. 

In typical bending travelling-wave rotatory motor, 

its driving stator is composed of thin piezoelectric ceram- 
ic/metal composite plate. Many theoretical analysis 

have been reported on bending vibration composite 

transducer made by piezoelectric ceramic / metal, In 

these cases axisymmetric supposition is usually intro- 

duced and the analysis is derived directly with analytic or 

semi-analytic methods. 
In this paper, the solving method of general prob- 

lems of bending vibration of the thin piezoelectric ceram- 

ic / metal composite plate of driving stator 

travelling-wave motor was analysed. 

II. GENERALIZED PIEZOELECTRIC EQUA 
TIONS OF THE THIN PIEZOELECTRIC 
CERAMIC / METAL COMPOSITE PLATE 

The driving stator of travelling-wave motor can be 

regarded as the problem of small deflection bending vi- 

bration of the thin plate. That is, the thickness h of the 

plate is far more less than the least dimension b of the 

middle face (h < - ~ -). 

Deflection w is far more less than the thickness of 

the plate (w < < h). For small bending deflection of thin 

/. Governing equations of piezoelectric ceramic 
The polarized direction of the thin piezoelectric ce- 

ramic plate is along the thickness direction (z direction), 
the electric field of piezolectric ceramics can be consid- 

ered as a homogeneous one and d-type piezoelectric 

equationsCl3 are applied, thus governing equations are 

given by 

YSv,Sx+Sf)-eE! 

(3) 

7\ = Y,(S. +v,Sj-eE 

T 

T    =G S xy r      xy 

D   =e(S   + S )+ eE 
I X Y Z 

where 

r, = i/sM, v,= -sf2/sf,, 

y, = rr/(i-v'), G: = F,/2(I + V,) 

•j 

IK" 
e = diJ,/(l-vl),  6=4<1-T4 

Express the first three equations of equations (3) 

with matrix. 
[71, =z[D'Je]-[eflE] (4) 

In   equation   (4),   subscript  "\"  indicates  the  part  of 

piezoelectric ceramics and 

■). 
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[£',]=■ 
Y 

1 - v' 

1     v; 0 

vt     1 0 

1 -v 
0     0    ——- 

[ef = e 

o o r ' 0 

0   0   1 , E = 0 

0   0   0_ _£3_ 

(5) 

2. Governing equation of metal 

Formetal, let [e]=0, in equation (4) change  Yt,vt,Gt 

into  Y  ,}'   ,G     and governing equation of metal 
m      m m 

can be obtained. 

IT]    = 

Tx 

T 

= z[D'][s] (6) 

Subscript "m" in the equation indicates the part of 

metal, and 

W 
1 - v" 

1     v 0 
m 

v        1 0 
m 

1-v 
0      0    -^ 

(7) 

3. Generalized piezoelectric equations 

According to equation (4) and (6), stress and strain 

compositions show linear variation along the thickness 

direction of the plate (z direction). 

The first term of equation (4) and equation (6) are 

both odd functions of z. Furthermore, it is easy to prove 

that integral term of stress along the direction of the 

thickness of the plate is zero when poisson ratio of metal 

and piezoelectric ceramics ym,yt are almost identical. 

Under this condition, the position of the mid-face of thin 

piezoelectric ceramic / metal composite plate can be 

achieved:      (See figure 1) 

Y,h~ + Y,h   +2Y,h h 
2      m If \       t      m 

XY2h„ + Ylhl) 

t    ={h    +h )-t , (8) 

The integral of the second term of equation (4) 

which is a vector related to applied voltage VE is not 

metal 

tn^EM±mm~~ 
mid-face 

h, 

piezoelectric ceramic 

Fig.l   The   position   of   the   mid-face   of   thin 

Piezoelectric ceramic / metal composite plate. 

zero. For thin piezoelectric plate, let: 

[E]=[MF]VF,    [M.] = [0    0    \/h, (9) E'     £'       l        E1 

Thus ' [e]T [E]dz = V AH] (10) 

T 
i the above equation [H] = h t[e   ]{M   ] = e (11) 

Equation (10) shows that applied voltage can be 

transformed into an equivalent stress vector matrix, 

which makes thin piezoelectric composite plate bend. 

Acording to equation (4), (6), the bending torque of 

the thin composite plate can be obtained by 

[M] = M 
y 

M 
-i 

T 

T 
V 

T 

dz 

+ 

T x 

T 

dz 

or 
[M] ={[DJ +[/),]}[£] -a[ef[E] 

= [DM-a[e]T[E] (12) 

in equation (12), [D] = [Dm] + [Dt] is called generalized 

bending stiffness, [e] is called generalized strain. [M] is 

called generalized stress or internal force, a is a construc- 

tion parameter. In a thin composite plate consisted of 

piezoelectric ceramics and metal, applied electric field [E] 

will produce an extra generalized internal force. 

Write the fourth term in equation (3) in matrix form. 
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0 ~0   0   0" 

0 = ze 0   0   0 

D _ _1   0   0_ 

-2 

2 
3   W 

2 
3   W 

2 

3 y 

2 
3   W 

dxsy. 

+ 6 

0 

0 

E 

or [D  l = r[c][e]+e[£] (13) 

in the above equation, [De] indicates electric displace- 

ment vector matrix, [e] is piezoelectric stress constant ma- 

trix. Because electric displacement of piezoelectric ceram- 

3D _ 
ic   keeps   constant   in   cross   section,   that   is   —- 

= 0,or- 
AD. 

32 
= 0 in equation (13), integrate along z di- 

rection and obtain 

[Dj=a[e][s] + A, 6[/][£] (14) 

in equation (14), [I] is unit matrix, [D eJ = h f[D J. Be- 

cause the problem has been changed into a plane one, 

\D   1 is called the electric displacement vector of the 
L      eh J 

plane problem. 
(12), (14) are written again here: 

[M] = [D][s]-a[e)  [E] 
[Dj = a[e][c}+ h: e[I][E] (15) 

Equation (15) is the generalized piezoelectric equa- 

tions under the condition of small bending deflection of 

the thin piezolectric ceramic metal composite plate. 

However, they are correct only under the supposition of 

homogeneous electric field of piezoelectric ceramic. For a 

thin plate, the supposition is generally correct and they 

have been changed into planiform stress problem. 

In the above two equations, [M]> [fi] are generalized 

stress and strain, correspondingly, [D eJ, [E] can be cal- 

led generalized electric displacement and field. 
Applied the same method, generalized piezoelectric 

equations with the independent variables of [e], [D eh ] can 

be achieved by 

lM}={[Dj+[DjlE}-f-[h][Deh] 

lE]=-f-[h]T[e] + ^-{I]lDeh] (16) 

in the above equations, 

[h] = 

u>„] = 

"0   0 r 
e 
e 0   0 1 

_0   0 0_ 

-KA.-'rf + A,)3-**.-'*)^',,] 

[U.THE RELATION OF GENERALIZED STRESS 

AND STRAIN OF THIN PIEZOELECTRIC CE 
RAMIC/ METAL COMPOSITE PLATE: 

From the second equation of generalized 

piezoleectric equations (16), [Deh] is solved and put into 

the first equation, the result is that 

[M]={[Dm]+[Dlt]-[J]}[e]- 

that is 

M   +f£-VF v /, E 

'      h       E 

M 

or [M'] = lD'][e] 
in the above equation 

a.V r 

■[//] 

e 
X 

= [D'\ e 
Y 

s 
_   xy - 

(17) 

2     2 
a e 
h e 

"1   1   0" 

1   1   0 

_o o oj 
[J]= 

Equation (17) shows that applied voltage adds 

equivalently internal force. Therefore, equation (17) is the 

relation of generalized stress and strain of the thin 

piezoelectric ceramic / metal composite plate. 

IV. DIFFERENTIAL MOTION EQUATION OF THE 

THIN PIEZOELECTRIC CERAMIC/METAL 
COMPOSITE PLATE 

With equation (17) that expresses the relation of 

generalized stress and strain of the thin piezoelectric ce- 

ramic / metal composite plate derived above, the motion 

equation of the thin composite plate can be obtained 

directly. 
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Consider the equilibrium equations of generalized 

stress of a differential element, the motion euqation of 

the differential element in z direction can be obtained by 

stator for travelling-wave motor can be calculated com- 

bining finite element method. Figure 2. shows a vibration 

mode for travelling-wave motor. 

3~M' d~M' 
 r^ + 2- 

3X 3X3}' 

3~M' 

ay 
+ q = (p   h 

+ p h )—- r  l      1 2 
3t 

(18) 

in the equation, M' is generalized stress when considering 

electromechanical coupling effect, p ,p are the density 

of metal and piezoelectric ceramic relatively, q is the ap- 

plied force of unit area of differential element in z direc- 

tion. 

Put  the  relation  (17)  into  equation  (18)  and  notice 

*2VE ^VE 3~V 

2 
3X 3}' 

written as: 

dxsy 
— = 0,   thus equation (18) can be 

3x  3y   axay 
ß2 /?,   o 

0      0    jS, 

3X 

3}' 

3X3)' 

w + q 

<P   A    +PA): 
3   W 

3t 

or    lßl
±

T+ßl
1-T+2(ßi+2ß3)}    3 

3X 3 V 
2        2 

3x sy 
2 

+ (p   h    + p h )—7- = q r m      m r I      1 ' 2 l 

3t 
(19) 

where ßt  (/= 1,2,3) is a parameter related with con- 

struction, mechanical characteristics of materials. 

The above equation is the different motion equation 

of thin piezoelectric ceramic / metal composite plate. 

Fig.2 A vibration mode of piezoelectric ceramic / metal 

composite plate of driving stator for ultrasonic mo- 
tor. 

VI. CONCLUSION 

The governing equations and vibration modes of the 

thin peizoeleectric ceramic / metal composite plate of the 

driving stator of bending travelling wave motor were stu- 

died theoretically. The concepts of generalized stress and 

strain were introduced and generalized piezoelectric 

equations, the relation of generalized stress and strain, 

differential motion equation of the thin piezoelectric ce- 

ramics/metal composite plate that small deflection 

bending vibration satisfied were derived. 

The generalized piezolectric equations can be ap- 

plied not only in axisymmetric bending vibration, but al- 

so in anaxisymetric. Combining finite element method, 

dynamic electromechanical coupling problems and vibra- 

tion mode problems of thin piezoelectric ceramic / metal 

composite plate of any shape can be solved. It is very im- 

portant for optimizing design of ultrasonic motor. 

V. VIBRATION MODE OF THIN PIEZOELECTRIC 
CERAMIC/METAL COMPOSITE PLATE OF 

DRIVING STATOR FOR TRAVELLING-WAVE 
MOTOR 

According to the greneralized piezoelectric equations 

(15). vibration modes and resonance frequences of thin 

piezoelectric ceramic/metal composite plate of driving 
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Abstract - Photostriction in ferroelectrics arises from a 
superposition of photovoltaic and inverse piezoelectric effects. This 
phenomenon provides promise for photo-acoustic devices, when the 
response has been sufficiently improved. In this paper, B-site donor 
doping was investigated in (Pb, La)(Zr, Ti)03 based ceramics with 
the aim of improving the response speed. Using a PLZT bimorph 
configuration, a photoacoustic device was trially fabricated, and the 
fundamental mechanical resonance was observed under intermittent 
illumination of purple-color light, having neither electric lead wires 
nor electric circuit 

INTRODUCTION 

Photostrictive effect is a phenomenon in which strain is induced in 
the sample when it is illuminated. This effect is focused especially 
in the field of optical communication, where the key components are 
solid state lasers as a light source, optical fibers as a transfer line, 
and displays/telephones as a visual/audible interface with the human. 
The former two components have been developed fairly 
successfully, and the photo-acoustic device (i. e. optical telephone 
or "photophone") will be eagerly anticipated in the next century. 
Photostrictive devices which function when they receive the energy 
of light will be particularly suitable for use in the above-mentioned 
fields. 

In principle, the photostrictive effect is the superimposing of a 
photovoltaic effect, where a large voltage is generated in 
ferroelectrics through the irradiation of light, and a piezoelectric 
effect, where the material expands or contracts from the voltage 
applied. The photovoltaic effect mentioned here generates a greater- 
than-band-gap voltage, and is quite different from that based on the 
p-n junction of semiconductors (i. e. solar battery).1"3) It is 
generated when electrons excited by light move in a certain direction 
of the ferroelectric crystal due to the spontaneous polarization (i. e. 
crystallo-graphic anisotropy). 

So far, most of the studies on the photovoltaic effect have been 
made on single crystals to clarify the origin of the effect.1"3) 
However, our research group has been focusing on polycrystalline 
samples such as PbTi03-based4-5) and Pb(Zr, Ti)03-based 
ceramics6'7) from a practical application point of view. High 

photovoltage (= 1 kV/cm) generators with relatively quick response 
(= 10 sec) have been developed in the (Pb, La)(Zr, Ti)03 (PLZT) 
system. Moreover, bimorph-type photostrictive elements could 
exhibit large tip deflections under UV light illumination.6-7). 

In this paper, the photovoltaic effect in PLZT(3/52/48) based 
ceramics has been investigated as a function of B-site donor 
dopants. Then, using the PLZT bimorph, a photoacoustic device 
was trially fabricated, and the fundamental mechanical resonance 
was observed under intermittent illumination. 

SAMPLE PREPARATION 

PLZT (x/y/z) samples were prepared in accordance with the 
following composition formula: 

Since the photostriction figure of merit is defined as the product of 
the photovoltaic voltage and piezoelectric coefficient 
(xph =di}xEph), PLZT(3/52/48) was selected due to its optimum 

photostrictive response within the PLZT system.6) According to 
our preliminary study on impurity doping,7) WO3 doped PLZT 
ceramics were prepared. 

Ceramic powders were prepared by a conventional mixed oxide 
technique. PbC03, La203, Zr02, Ti02 and WO3 were weighed in 
the appropriate proportions and mixed in a ball mill for 2 days using 
ethanol and zirconia grinding media. 0.5 wt% excess PbC03 was 
added to compensate for weight loss during calcination and 
sintering. The slurry was dried, then calcined in a closed alumina 
crucible at 950 °C for 10 hours. The calcined powder was ball- 
milled again for 48 hours. The samples were sintered in sealed 
alumina crucibles at 1270 °C for 2hrs. A PbO rich atmosphere was 
maintained with lead zirconate powder to minimize lead loss during 
sintering. Sintered samples were cut, polished and electroded with 
silver paste. Finally, each sample was poled at 15 kV/cm in silicone 
oil at 120°C. 

The poled PLZT ceramics were used to make bimorph actuators. 
The elements were 20 x 4 x 0.15 mm3: the 4 x 0.15 mm2 surface 
was electroded with silver paste and silver wires were attached. The 
bimorph actuator consisted of two bonded oppositely-poled ceramic 
plates (refer to Fig. 2). 

IMPURITY DOPING EFFECT 

Impurity doping on PLZT affects the photovoltaic response 
significantly.') Regarding the photostriction effect, it is known that 
as the photovoltaic voltage increases, the strain value increases, and 

Pbl_yLa,(Zrl_Ji,)    03. 

Concentration of WO3 doping (atm%) 

Fig. 1     Changes in photovoltaic current, voltage, power and tip 
displacement as a function of dopant WO3 concentration in 
PLZT (3/52/48). 
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with increasing photo-current, there is an increase in the overall 
response. The photovoltaic response is enhanced by donor doping 
onto the B-site (Nb5+, Ti5+, W6+). On the other hand, impurity 
ions substituting at the A-site and/or acceptor ions substituting at the 
B-site, whose ionic valences are small (1 to 4), have no effect on the 
response. 

Figure 1 shows the photovoltaic current, photovoltaic voltage, 
photo-induced tip displacement and stored energy (P=(l/2) 
Imax X Vmax) in PLZT 3/52/48 samples ploted as a function of atm 
% of WO3 doping concentration. It was found that higher 
photovoltaic response can be obtained in WO3 doped samples. The 
photovoltaic voltage reaches 1 kV/mm, and the current is on the 
order of nA. The maximum of the saturated tip displacement was 
about 120 |im for 0.4 atm% WO3 doped samples. The 
displacement of 30 |im could be obtained in one second under a light 
intensity of 4 mW/cm^ (k = 370 nm). 

PHOTO-ACOUSTIC MEASUREMENT 

The mechanical resonance frequency of this bimorph sample can be 
estimated according to the equation: 

/, =0.158x-ipj, (1) 
/ ypsn 

where t and 1 are the thickness and length of the bimorph sample, 
respectively, p is the density and s^ is the elastic compliance of the 
ceramic. The calculated resonance frequency of the PLZT based 
bimorph, (p = 7.9 g/cm^ and s^ = 16 x 10~12 m^/N), was about 
3 kHz: too high for photo-induced resonance measurements. 
Therefore, a thin cover glass was attached to the bimorph sample to 
reduce the resonance frequency, as shown in Fig. 2. Initially, to 
determine the electromechanical resonance behavior, an ac. voltage 
was applied to the bimorph, and the tip displacement was monitored 
by changing the drive frequency, using the experimental setup 
shown in Fig. 3. Figure 4 shows the mechanical resonance 
characteristics obtained from this experiment. The resonance 
frequency was - 79 Hz with a mechanical quality factor Q of ~ 30. 
The maximum displacement of this thin-plate attached sample was 
about 14 um at 80 Vp-p. 

Then, the photo-induced mechanical resonance was measured using 
the system shown in Fig. 5. Radiation from a high-pressure 
mercury lamp (Ushio Electric USH-500D) was passed through a 
UV bandpass filter (Oriel Co., No.59811), an IR blocking filter 
(Oriel Co., No.59060), an optical focusing lens and an optical 
chopper to provide intermittent sample irradiation. A wavelength 
peak of 370 nm, where the maximum photovoltaic effect of PLZT is 
obtained, was used. A dual beam method was used to irradiate the 
two sides of the bimorph alternately.7) Two beams, A and B, were 
chopped so as to cause a 180 degree phase difference as illustrated 
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Fig. 3      Experimental setup for the electro-mechanical resonance 
measurement. 
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Fig.2      Configuration of a thin-plate attached photo-acoustic 
bimorph. 

Fig.4      Electromechanical resonance behavior of the PLZT 
bimorph. 
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Fig.6      Wave forms for the two beams for illuminating the 
bimorph sample. 
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in Fig. 6. The slow recovery because of the low dark conductivity 
was overcome using this dual beam method. The mechanical 
resonance was then determined by changing the chopper frequency. 

The tip displacement of the thin-plate-attached sample as a function 
of chopper frequency is presented in Fig. 7. Photo-induced 
mechanical resonance was successfully observed. The resonance 
frequency was about 75 Hz with the mechanical quality factor Q of 
about 30; in good agreement with the previous electromechanical 
data. The maximum tip displacement of this photostrictive sample 
was about 5 u.m of resonance. 

CONCLUSION 

Photo-mechanical resonance of a PLZT ceramic bimorph actuator 
has been successfully induced using chopped UV irradiation, having 
neither electric lead wires nor electric circuit A thin cover glass was 
attached on the bimorph structure to decrease the resonance 
frequency so as to easily observe the photo-induced resonance. The 
resonance frequency was 75 Hz with a mechanical quality factor Q 
of about 30 under dual beam operation. The maximum tip 
displacement of this sample was about 5 u.m, smaller than the level 
required for audible sound. However, the achievement of photo- 
induced mechanical resonance in the audible frequency range 
suggests the promise of photostrictive PLZT bimorph-type devices 
as photo-acoustic components, or "photophones", for the next 
optical communication age. 
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ABSTRACT Transverse piezoelectric (TP) mode 1-3 tubular 
piezocomposites have been developed recently for low frequency 
ultrasonic transducer applications. The new piezocomposites made of 
piezoceramic tubes embedded in a polymer matrix has many unique 
features, such as increasing the tunability on acoustic impedance, 
enhancing the effective piezoelectric responses and improving the 
electrical impedance matching with the driving circuit. This paper 
theoretically described the surface displacement profile of 1-3 tubular 
piezocomposites under an uniaxial stress. The effective piezoelectric 
coefficients of 1-3 tubular piezocomposites have been derived in terms 
of the tube volume fraction, tube size and the elastic constants of 
matrix polymer. The theoretical analysis and experimental results 
indicate that the elastic parameters of polymer matrix have significant 
effects on the performance of 1-3 tubular piezocomposites. By 
optimizing the structure of the composite and elastic properties of the 
polymer matrix, the 1-3 tubular piezocomposite has a exceptionally 
large effective piezoelectric coefficient, d33, and less undesired 
resonance modes. A low electrical impedance and large effective 
piezoelectric coefficients suggest that the TP mode 1-3 tubular 
piezocomposites are superior to conventional 1-3 rod piezocomposites 
in low frequency ultrasonic transducer applications. 

INTRODUCTION 

Piezoelectric ceramic-polymer composites have found 
numerous applications in the piezoelectric transducers. The most 
significant advantage of piezocomposites is the tunability of their 
physical properties, such as effective piezoelectric coefficients, 
acoustic impedance and effective elastic constants by changing the 
connectivity and matrix polymer properties of piezocomposites. As a 
example, because their high electromechanical coupling constant and 
relative low acoustic impedance, 1-3 rod piezocomposites have been 
successfully applied in advanced transducers, including medical 
imaging transducers in megahertz frequency regime and underwater 
acoustic transducers [1-4]. For high frequency applications 1-3 rod 
piezocomposite transducers have less problem in electrical impedance 
matching and output acoustic power. However, when frequencies fall 
in the kilohertz regime, namely, for those applications involving 
acoustic wave through air , water and concrete, such as autonomous 
vehicle guidance, manufacturing assembly, under water imaging, 
nondestructive test and noise control, the conventional 1-3 rod 
piezocomposite transducers suffer some difficulties due to their small 
effective strain coefficients, high electric impedance, hence, a small 
acoustic power output. To overcome those problems, a new type of 
1-3 tubular piezocomposites have been recently proposed which 
shown several advantages over traditional 1-3 rod piezocomposites 
for hydrostatic transducer applications. The hydrostatic piezoelectric 
coefficient dh and figure of merit dhgh are as high as 5,000 pC/N and 
6,000 x 1015 m2/N respectively[7-8]. In general, for an ideal piezo- 
acoustic transducer material, the basic parameters are large 
piezoelectric coefficients, good acoustic and electric impedance 
matching. The new 1-3 tubular piezocomposites have demonstrated 
those features by operating in the transverse piezoelectric (TP) mode. 
The effective longitudinal piezoelectric constant d33 of 1-3 tubular 
composites has a substantially large value by selecting a large tube 
wall thickness/length ratio, while the effective transverse piezoelectric 
constant d3i of 1-3 tubular composites can be tuned from negative to 
positive through optimizing the dimensions and piezoelectric constants 
the piezoceramic tubes. As a result, the hydrostatic coefficient, 
dh=d33+2d3i, becomes exceptionally large. In addition, a low 
acoustic impedance can be achieved in 1-3 tubular piezocomposites by 
encaping an air phase inside the tubes which will significantly reduce 
the acoustic impedance of the composites. 

Similar to other piezocomposites, the performance of TP mode 
1-3 tubular piezocomposites depends on their structural design and the 
component selection. There are a number of parameters which are 
critical to the performance of TP mode 1-3 tubular piezocomposites, 
such as elastic constants of the matrix polymer and the dimension of 
piezoceramic tubes. Increasing the tunability of acoustic impedance, 
suppressing undesired resonant modes, and enhancing the sensitivity 
of the piezocomposites are the basic goals to design advanced 
piezocomposite transducers. In this paper, a static physical model will 
be addressed to analyze the effect of various designing parameters on 
the uniaxial piezoelectric response of TP mode 1-3 tubular 
piezocomposites based on the results of recent theoretical and 
experimental investigations. 

MODELING 

One of the major concerns in the thickness resonant mode 
transducers is the effective longitudinal piezoelectric coefficient of 
materials. The performance of piezocomposite transducers is also 
determinated by the surface displacement field. The basic idea of the 
model is to construct a static elastic equilibrium condition under an 
uniaxial loading pressure. The transferred stress on each single 
ceramic tube is not only from the surrounded polymer matrix, but also 
from the nearest piezoceramic tube neighbors. A cylindrical 
coordinate system (r, 6, z) with the z and r directions along the axis of 

the piezoceramic tube and radial direction respectively, and 6 as the 
angular variable, has been chosen, see Fig. 1. Because it takes the 
contribution of neighbor tubes and periodic structure into 
consideration, this model is expected to be more closer to the practical 
case than pervious models in describing the static performance of 1-3 
tubular piezocomposites. The piezoceramic tubes are poled and 
operated in radial direction, with a large aspect ratio. The stress 
transfer in 1-3 connectivity composites only enhance the piezoelectric 
response in the z direction near the surface region of the composite, 
therefore, a combination of rigid thin surface layers and soft polymer 
matrix is desirable to improve the stress transfer between polymer 
matrix and piezoceramic tubes without increasing the self-loading of 
the piezocomposite[6,8]. 

The effective longitudinal piezoelectric response of 1-3 tubular 
piezocomposites mainly controlled by both the effective piezoelectric 
coefficient d33eff of tubes and the elastic properties of the polymer 
matrix. Because the elastic stiffness of rigid surface layers is orders of 
magnitude higher than the soft polymer matrix, the surface 
displacement of the 1-3 tubular piezocomposite under an uniaxial 
stress is governed by the movement of rigid surface layers. Hence, a 
thin plate elastic equation can be used to describe the static 
displacement profile on the radiation surface of the composite. The 
basic elastic equation can be written in the following form [5]: 

D A2u - P = 0 (1) 

where D = - h3Y 
12(l-o2) 

h is the thickness of the rigid surface layer, 

Y and o are the Young's modulus and Poisson's ratio of the rigid 
surface layers, respectively. The stress term P in the equation depends 
on external pressure and transferred stress from polymer matrix in the 
z-direction. By solving the above equation, we can obtain the surface 
displacement profile and then piezoelectric responses in the z-direction 
of the 1-3 tubular piezocomposite . 

The displacement field on the composite surface can be 
divided into three regions (refer to Figure 1.): 

Region i. inside the ceramic tube, r<ri 
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where 

Rigid Surface 
Layers PZT Tubes 

Figure 1. Schematic draw of 1-3 tubular composite, 
a), top view, b). cross section of the composite. 

P,     4    .   2 
1    64D 

Region ii. within the ceramic region, ri<r<r2 

(2) 

r2<r< R 

u = K  (constant) (3) 
Region iii.  in the polymer matrix outside the ceramic tube, 

uz = a2 + 

+ c2 l\r 

'\ 
Z\r 

64D.=i 
_ |2 

+ b,Z\r -  |2 
■r-\ 

(4) 

lnr -r,\ + d-, In r -r-. 

where ai, a2, bi, b2, C2, d2 are the integration constants which can be 
determined from the boundary conditions: at polymer-ceramic 
interfaces, polymer phase has the same displacement as the ceramic 

phase; and — = 0. Pi is loading pressure in the z- direction. 
dr 

du 
Inside the tube region, at r=n, u=k (constant) and — = 0 

then from equation (2), 
Pi      4 

ax = k + —— r,     and bx=- Pi (5) 
64D  ' '        32£> 

substituting equation (5) into equation (2), the displacement on the 
radiation surface can be expressed as: 

„   =k+-^r* -A_,V +A_r,4       (6) 
64 D 32D 64 D 

In the polymer region  (r2<r<2R-r2),   using  boundary 
conditions: at r=r2 and r=2R-r2, u=k (constant); at r=r2 and r=R, 
du 
— = 0. The equation (4) can be written as 
dr 

"z =<*i +-£:Mr,0) + b2f2(r,e) 

+ c2f3(r,6) + d2fA(r,6) 
(7) 

/1(r,0) = X|r-r,.|4; 
i 

f2(r,9) = Z\?-rl\
2 

i 

f3(r,6) = Z\r-ri\
2 

i 

f4(r,6) = Zln\i:-ri 

In r -r, 

With rigid surface layers, the iso-strain model is a good 
approximation to predict the stress transfer in the 1-3 tubular 
piezocomposite which means the decoupling of stress components in 
both z and r directions. The displacement inside the tube in radial 
direction can be expressed by the following elastic equation 

ur =a,r (8) 

and the strain within ceramic tubes is 

un =-=Sc
33(p + pt) (9) 

at the polymer matrix r2<r<R, the radial displacement of the 
composite can be written as 

,r + - (10) 

where a3, M, b4 and k are constants; t is the wall thickness of tubes; P 
and Pt are external pressure and transfer pressure, respectively. 

By using these equations and boundary conditions, all 
integrated constants and then the displacement field of the composite 
will be obtained. Equations (3), (6) and (7) describe the surface 
displacement profile of 1-3 tubular piezocomposites. The effective 
peizoelectric coefficients of 1-3 tubular piezocomposites can be 
derived from the piezoelectric constitutive equations from the 
relationship of the uniaxial stress and the surface displacement. Figure 
2-6 illustrated the predicted performance of 1-3 tubular composites 
with various polymer matrix and piezoceramic tube conditions. 

In these calculations, the piezoelectric ceramic tubes are PZT 
5H (trademark of Mogan Matroc, Inc., OH, for La doped PZT 
ceramics )with d33 =593 x 10"12 m/V, d3i=-274 x.lfr12 m/V, 
YE33=4.8 xl010N/m2 and sE33= 21 xlO"12 m2/N. 

Figure 2 shows the piezoelectric performance of TP mode 1-3 
tubular piezocomposite (25% ceramic tube volume fraction) as a 
function of the elastic constants of the polymer matrix under an 
uniaxial stress. The longitudinal piezoelectric response of 1-3 tubular 
piezocomposites has been normalized by the single peizoceramic tube. 
Unlike the hydrostatic piezoelectric coefficient of 1-3 tubular 
piezocomposites[7,8], the longitudinal piezoelectric response of the 
composite is less sensitive to Poisson's ratio of the matrix polymer 
within 0.15-0.364 range due to excluding the effect of Poisson's ratio 
on the effective d3i coefficient of the piezocomposite. However, the 
longitudinal piezoelectric coefficient of 1-3 tubular piezocomposites is 
rather sensitive to the stiffness of the matrix polymer. When the 
stiffness of the polymer is greater than lxlO8 N/m2 the longitudinal 
piezoelectric response of 1-3 tubular piezocomposites decreases 
drastically as the stiffness of the polymer matrix increases. In the 
calculation, a spurrs epoxy (Young's modulus 4.8 xl09N/m2) is 
used as the rigid face layers with the thickness of 1 mm. Figure 3 
shows the relationship between the Young's modulus of the rigid 
surface layers and piezoelectric response of the 1-3 tubular 
piezocomposites. Obviously, in order to achieve a high longitudinal 
piezoelectric response, the rigid surface layer has to be 10 times stiffer 
than the rest of matrix polymer. 

As an alternative to increase Young's modulus of the surface 
layers, increasing the thickness of the rigid surface layers also 
improves the stress transfer within 1-3 tubular piezocomposites. 
Figure 4 illustrates the longitudinal piezoelectric response as a 
function of the thickness of rigid surface layers and the outer 
diameters (OD) of tubes. Under the same tube volume fraction (25% 
in this case), the piezoelectric response increases as the thickness of 
rigid surface layers increases. There is a minimum thickness of rigid 
surface layers, below this thickness the longitudinal piezoelectric 
response of the composite will drop rapidly. The 1-3 tubular 
piezocomposite with a smaller tube OD is less sensitive to the 
thickness of rigid surface layers than the piezocomposite with a larger 
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Figure 2. Longitudinal piezoelectric response of 1-3 
tubular composites varies with the stiffness and Poisson's 
ratio of matrix polymer, h is the thickness of rigid face 
layers, the tube volume fraction is 25 %. 
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Figure 3. Longitudinal piezoelectric response of 1-3 
tubular composites as a function of Young's modules of 
rigid face layers. The tube volume fraction is 25 %, the 
diameter of tubes are 0.05" and 0.1125" respectively. 

Figure 4. Thickness effect of rigid surface layers on the 
longitudinal piezoelectric response of 1-3 tubular 
composites. 

1.2 

1.0 

cd 
E 
o 
Z 

W    0.B 
T3 

0.6 

0.4 

0.2 

0.0 

I           1    1 r          i 

2. 

1  

lxlO7 

4.8xl07 
- 

h=  1   mm 

" 
L =   10  mm 
cr =  0.364 
OD  =  0.0S" 

1.08x10 - 

I.  =   0.01" 

- 1..             1                1 ' 
\ 

100       44      25        16       11 8 6 

Volume (%) 

Figure 5. Effect of tube volume fraction on the 
piezoelectric response of 1-3 tubular composites 

tube OD. Because, with a same tube volume fraction, the distance 
between two ceramic tubes is shorter in the composite of smaller OD 
tubes than that of larger size tubes. In other words, the 1-3 tubular 
piezocomposite with small OD tubes has a more uniform strain 
distribution. 

As we have mentioned before, the piezoelectric response of 1- 
3 tubular piezocomposites is also closely related to the piezoceramic 
tube volume fraction. Figure 5 is the calculated results of the effective 
piezoelectric response as a function of the piezoceramic tube volume 
fraction for different Young's modulus of polymer matrix. As we 
expected, the effective piezoelectric response of 1-3 tubular 
piezocomposite declines with the decrease of the tube volume fraction. 
In the calculated region, the composite of a softer matrix polymer is 
less sensitive to the tube volume change than that of a harder matrix 
polymer. This may be attributed to the fact that the 1-3 tubular 
piezocomposite with a softer polymer matrix has a smaller self- 
loading effect than a hard polymer matrix. Therefore, in the design of 
a 1-3 tubular piezocomposite transducers, a soft polymer matrix is 
favorable to the longitudinal piezoelectric response, especially, in the 
region of low piezoceramic tube volume fractions. 

EXPERIMENTAL RESULTS 

To verify the design concepts and the results of theoretical 
analysis, a number of 1-3 tubular piezocomposites were fabricated. 
The piezoceramic tubes were poled in the radial direction at 20 kV/cm 
electric field. The longitudinal piezoelectric coefficient of these 

samples were measured by a laser dilatometer. The impedance spectra 
of the composites were measured by a HP 4192A impedance 
analyzer. The pulse-echo experiments were carried on the ultrasonic 
transducer analyzer (Panametrics, model 5052UA). The experimental 
results are described as follow. 

1-3 tubular piezocomposites were made of the piezoceramic 
tube volume fraction from 5% to 20% and the dimensions of PZT 5H 
tubes were OD=0.635 mm, ID=0.381 mm and L=10 mm. As 
indicated by the theoretical calculation, rigid surface layers can offer 
an effective stress transfer between the polymer matrix and the 
piezoelectric tubes, the soft polymer matrix can reduce the self- 
loading effect of the piezocomposite. In this experiment, the initial 
combination of the samples used a hard spurrs epoxy (Polysciences 
Inc., Warrington, PA) as rigid surface layers and formed soft 
Polyurethane (Miles Inc., Pittsburg, PA) as matrix polymer. The 
Polyurethane was foamed by 50% volume fraction microballons 
(Expancel 551 DE 20, microspheres, Nobel Industries Sweden, 
Sundsvall, Sweden). The measurement of surface displacement 
shows that the 1-3 tubular piezocomposite with 5% volume 
piezoceramic tubes and 1 mm thick rigid surface layers has an 
effective d33 value of 3200 pC/N which is 6-7 times higher than the 
conventional piezoceramics (e.g. 593 pC/N for PZT 5H). Based on 
theoretical calculations, see Figure 2 and 3 , it is clear that increasing 
the stiffness of the rigid surface layers and reducing the Poisson's 
ratio of the matrix polymer will further improve the piezoelectric 
performance of the composite. A 1-3 tubular piezocomposite with 20 
% volume piezoceramic tubes and 1 mm rigid surface layers exhibited 
the effective d33 over 6000 pC/N which is close to the effective d33 
of the single piezoceramic tube (6800 pC/N) and also has a good 
agreement with the calculated value by the model. 
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A 1-3 tubular piezocomposite transducer with 25% volume 
tubes and 20x20x9 mm in size was selected for the ultrasonic test. As 
a comparison, a 1-3 rod piezocomposite transducer with 40 % volume 
ceramic rods and <}> 30 mm in diameter was used in the experiment. 
Both transducers were air backed. Figure 6 plots the impedance 
spectra of 1-3 rod and tubular piezocomposite transducers. Clearly, 
the tubular transducer has much less undesired resonant modes than 
the rod transducer. This feature indicates the potential of 1-3 tubular 
piezocomposites for broadband resonant transducer applications. The 
drawback of 1-3 tubular piezocomposite transducers is their two 
structural resonant modes, namely, wall thickness mode and tube 
breathing mode always exist in 1-3 tubular piezocomposites. Those 
structural resonant modes may cause some troubles in their high 
frequency applications by the current technology. 

The result of pulse-echo tests also shows the advantage of 1-3 
tubular piezocomposites. Figure 7 exhibits the impulse responses of 
the low frequency (100 kHz) ultrasonic transducers made of 1-3 
tubular piezocomposite and 1-3 rod piezocomposites. Obviously, the 
sensitivity of new tubular transducer is at least 10 dB higher than its 
counterpart. The high sensitivity is mainly attributed to the large 
effective longitudinal piezoelectric coefficient of 1-3 tubular 
piezocomposites. 

SUMMARY AND ACKNOWLEDGMENT 

1. The combination of a soft polymer matrix and rigid face 
layers can improve the piezoelectric response and reduce the acoustic 
impedance of the composites. The requirement of the thickness and 
stiffness of rigid surface layers depends on the size of piezoceramic 
tubes. 

2. The elastic stiffness of the matrix polymer should be at least 
about 10 rimes smaller than that of rigid surface layers to reduce the 
self load and increase the piezoelectric response of 1-3 tubular 
piezocomposites. However, a further reduction on the elastic stiffness 
of the matrix polymer has no advantage in the increase of the 
piezoelectric response, but detrimental the mechanical strength of 1-3 
tubular piezocomposites. The optimum elastic stiffness of the soft 
polymer matrix is in the range of 107-10^ m2/N. 

3. The low frequency ultrasonic transducers made of 1-3 
tubular composites have high sensitivity and broadband which show 
the promising applications in nondestructive evaluation (NDE) of 
materials. 

The authors appreciate Mr. X. Geng for useful discussions. 
This work was supported by ONR and FMI. 
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Figure 7. Impulse responses of a) 1-3 rod piezocomposite 
transducer and b) 1-3 tubular piezocomposite transducer. 
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Abstract -- The destruction process of piezoelectric actuators under 
bipolar driving was studied using Acoustic Emission (AE) 
monitoring and induced-displacement measurement. The effect of 
floating electrode over the internal electrode's end was also 
investigated. Floating electrodes can suppress the field concentration 
and cracking in the actuator. 

I. INTRODUCTION 
Piezoelectric multilayer ceramic actuators have been widely 

used as key components of electromechanical devices, because of 
their large displacement, low driving voltage, quick response, large 
generative force and high electromechanical transduction 
capability[l],[2]. This type of actuator can be fabricated by a tape 
casting method with an interdigital electrode configuration that used 
in the conventional multilayer ceramic capacitor industry. The 
interdigital electrode (Fig. 1(a)) structure is appropriate for large- 
volume production, but the field concentration is an inevitable 
problem, which creates stress concentration and cracking in the 
actuators[3],[4]. Figure 1(b) and Fig. 1 (c) show the plate-through 
and the interdigital with slits type electrode configurations which can 
provide uniform distribution of electric field and release the stress 
concentration respectively. The latter two designs, however, require 
much sophisticated technology, leading to high production cost. Note 
that in piezoelectric ceramic materials, the field concentration is 
equivalent to the stress concentration. 

7mm 

(a) 
Interdigital 

(b) 

Plate-through 
(c) 

Interdigital 
w/slit 

(d) 
Interdigital 
w/float electrode 

Figure 1 Various of internal electrode configuration. 

This paper deals with the destruction mechanism the 
interdigital electrode type actuator first and a couple of detection 
techniques are introduced [5]. Finally, a new internal electrode 
design with float electrodes (Fig. 1 (d)), which can release the electric 
field concentration, will be proposed. 

II. EXPERIMENTAL 
Piezoelectric Pb((Nii/3Nb2/3),Zr,Ti)03 (PNN-PZT) ceramic 

was selected for this study, because this material is presently widely 
commercialized in co-fired multilayer actuators. The samples, 
prepared by a tape casting method, have two internal electrodes 
which is simulating the interdigital electrode configuration with an 
electrode gap of 200um. Figure 2 shows the structure of samples. 
The floating electrodes were placed right over the end of internal 
electrodes and in the center of the layer. 

10mm 
(a) Interdigital type (b) Interdigital 

w/ floating (w: 1.5mm) 

Figure 2 Structure of the samples. Layer thickness :200um. 

Figure 3 shows the measuring system consisting of a linear 
variable differential transducer (LVDT) (Millitron, Model 1301) and 
an acoustic emission sensor (NF Corporation, AE-905USF116). 
A large electric field was applied (KEPCO BOP 1000M) in order 
to accelerate the actuator collapse. The samples were bipolar- 
driven at 1 Hz by a triangular electric field of ±2.0kV/mm. To 
detect Acoustic Emission (AE), an AE sensor was placed under the 
actuator. The acoustic emission signal was amplified by 50dB, and 
a high pass filter (100kHz) was used to discriminate noise. Induced 
displacement were also monitored during the driving. Induced 
displacement measurement was held at the center of the samples. 

OSCILLOSCOPE 
COMPUTER 

FUNCTION 
GENERATOR 

AMPLIFIER 

L.V.D.T 

SAMPLE AE 
DISCRIMINATOR 
AND COUNTER 

AE SENSOR 

Figure 3 Measurement system. 

III. RESULTS AND DISCUSSIONS 
A. Crack and delamination 

Figure 4 shows typical crack patterns in the samples. The 
crack is usually initiated at the edge of the internal electrode and 
propagates obliquely outward to another electrode (Fig. 4(a)). At 
the same time, delamination is generated between the electrode and 
ceramic interface (Fig. 4(b)). Occasionally, a crack which 
propagates vertically between a pair of internal electrodes is 
observed. This crack is probably due to an internal defect located 
near the electrode ( Fig. 4 (b)) [6]. 
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Induced Displacement Initial 

(a) 

crack 

^^^^^^^^iliiiiliiiÄÄlii^pi 

Induced Displacement 

T^ m 
Electnc Field     (kV/mm) 

(um)      4000-cycle 

(b) delamination 

Induced Displacement 

rs nr 
Electnc Field     (kV/mm) 

f""1)      7000-cycle 

Figure 4 (a) Crack at the end of internal electrode. 
(b)Delamination and vertically-propagated crack. 

B. Acoustic Emission 
Figure 5 shows AE from the actuator plotted as a function 

of drive cycle. At the first stage, rather many AE were counted 
intermittently, which is caused by the poling process, and can be 
interpreted as the initiation of micro-crack. After this process, AE 
count is stabilized, owing This is probably due to the alleviation of 
stress by micro-cracking. Continuous AE started after several 
thousands cycle, and the number of AE was remarkably increased. 
This AE indicates fast crack-growth and delamination in the 
actuator. 

ixi to" 
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S 
s 
3 
w 
<     101 

100 

/ 

"•"•"■ 
  

Figure 6 Induced displacement change in the interdigital type. 

D. Effect of field suppression using  float electrodes 
Figure 7 shows comparison of AE generation among the 

Interdigital type and interdigital & floating electrode type actuators. 
It is clarified that the interdigital & float electrode type endure longer 
than the conventional interdigital type. This result implies that the 
floating electrode suppress the cracking at the end of internal 
electrode. 

10 °      " 10 ' 10 2 "   ~10 3 10 4 

Driving Cycle 

Figure5 AE count as a function of drive cycle. 

C. Change in induced displacement 
Figure 6 shows the induced displacement change of the 

model actuator. Obvious change was observed after 7000-cycle. 
The magnitude of induced displacement hysteresis-loop increased, 
and sharpness at the coercive field was lost. These results indicate 
crack and delamination in an actuator, but it is difficult to distinguish 
these failure from thermal and aging effect. 

• 

Inte r digital 
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f/floati 1{J 
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Figure 7 AE count in the interdigital and interdigital & 
floating electrode type actuators as a function 
of driving cycle. 
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iv. SUMMARY 
The destruction process of the actuator was studied. Acoustic 

Emission related to the poling was observed. From induced- 
displacement measurement, indirect information about destruction 
was obtained. It is confirmed that AE monitoring can be an excellent 
actuator's failure predictor. 

The effect of suppressing electrical field concentration was 
studied. It was clarified that suppressing electrical field by floating 
electrodes over the end of internal electrodes gives longer life time 
to the actuators. 
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Abstract-   This paper reports a detailed study of 
the electrostrictive effect and related properties of 
unpoled   ferroelectric   ceramics   (l-x)-PbZrO - 
x-K  Bi  TiO , where x=0-l, using a sensitive capaci- 

Q 5  0 5   3 ' * 
tance dilätometer at room temperature. The material was 
found to exhibit a large electrostrictive coefficient 
Q of ^0.3 m /C which is more than three times as 
large as that of single crystal BaTiO .Comparison with 
PZT ceramics indicates that new material is a poten- 
tially useful one for transducer application. 

INTRODUCTION 

The electrostrictive actuators are widely used in 
various devices of adaptive optics and laser techniqu- 
es, scanning microscopy and litography, linear motors 
etc. The main advantages of the electrostrictive devi- 
ces in comparison with the piezoelectric ones are smal- 
ler electromechanical hysteresis, higher temperature 
and time stabilities and absence of aging [1-3]. The 
most experiments on the electrostriction in ferroelect- 
rics with diffuse phase transition were performed for 
lead magnesium niobate [1, 4] and its solid solutions 
[2, 5] or for the lead zirconate titanate [6, 7]. They 
are to day increasingly used as actuator materials. 
However, recent requirements for new displacive trans- 
ducers with lower hysteresis and aging effects have 
promoted the development and study of a new family of 
electrostrictive ceramics. 

The purpose of this paper is to show the expe- 
rimental features of the electrostrictive properties of 
(l-x)PbZrO -xK  Bi   TiO  solid solutions near the 

3   0   5  0 5   3 
morphotropic phase transitions and to try to understand 
an origin of a large electrostrictive effect of these 
materials. 

and loss tangent ( tgS) of unpoled samples were measured 
at 10 KHz by a bridge LCR meter. 

The electrostrictive coefficient Q was measured 
at room temperature using a sensitive capacitive dilä- 
tometer. DC electric field up to 10 V/m were applied 
perpendicular to the large plane of the samples. The 
length change AL, or strain S=AL/L, of the samples 
along the electric field direction, was measured by 
determining the capacitance change of air gap of the 
capacitive dilatometer with one capacitive plate driven 
by the sample. 

RESULTS AND DISCUSSION 

X-ray diffraction investigation of prepared 
ceramics confirmed the presence of solid solution 
system which undergoes two morphotropic phase 
transitions from rhombic to rhombohedral phase at 
x=0.08 and from rhombohedral to tetragonal phase near 
x^0.5. 

Typical longitudinal strain measurements taken at 
room temperature for composition with x=0.25 are shown 
in Figure 1. 

EXPERIMENTAL PROCEDURES 0.8 E. 10 5 V/n 

The complex perovskite PbZrO^ -K Bi TiO cera- 
mics were prepared by the conventional mixed oxide rou- 
te, described in detail in the literature [8]. All the 
starting oxide powders, in stoichiometric proportions, 
were mixed in a jar with agate balls in distilled water 
for 20 hours. The mixed reagents were dried and then 
calcined at 850°C for 3 hours in air. After remilling 
the screened powder was dry-pressed into discs of 10 mm 
diameter and 1 mm thick under a pressure of 1000 Kg/cm. 
The samples were held for 1.5 hours at the sintering 
temperature of 1050 C and were cooled at the natural 
rate of the furnace. The high vapour pressure of PbO 
made it necessary to use 5 wt% excess PbO to keep a PbO 
atmospheres during the sintering process. Ceramic samp- 
les obtained were electroded with silver paint for the 
measurements of the dielectric and electrostrictive 
properties. 

The characterization of the ceramic structure was 
carried out by X-ray powder diffraction method withCu 
Ka-radiation and Ni-filter. 

Temperature dependences of dielectric constant (£) 

FIGURE 1. Strain-field dependence for the ceramics with 
x=0.25. 

Clearly the low-field portion was quadratic in 
the strain-field relation. The electrostrictive coef- 
ficient Q was determined in that region by the ex- 
pression 

AL/L = Q, ■u-v (1) 

where x is the dielectric permittivity,  c  is the 
electrical constant. In the very high field portion, 
the strain-field curve deviated from the quadratic 
behaviour to more linear behaviour due to saturation of 
the induced polarization. 

It must be stressed that the slope of the Q (E) 
ii 

curve clearly decreased with decreasing of the grain 
size (Figure 2). This result is in accord with the 
strain-field behaviour of the materials with different 
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FIGURE 2. Strain-field dependence for x=0.31 at mean 
grain size of -7 micron (1) and -4 micron (2). 

granular structure [9]. 
Confirmation that the Q value is a function of 

composition is shown in Figure 3. The results are 
compared with dielectric constant data for the same 
compositions. As is seen, the anomalous concentration 
variation of the real component of dielectric 
permittivity is very similar to that of 
electrostrictive coefficient Q v.s. concentration x. 
It is evident that the induced polarization in the 
materials could be responsible for the Q (x) behaviour 
of this ceramic system. 

FIGURE 3. Dielectric constant (1) and electrostrictive 
coefficient (2) versus concentration x at 293 K. 

Using the X value of 2000 measured at 50 kHz, Qli 
was then determined to be 0.32 m /C . A comparison of 
Qll measured with that of single-crystal BaTiO [10] 
shows that its value is at least three times as" large 
as that of BaTiO,. 

If we apply a dc voltage 1000 V across a sample 
with 10 m thick of the compositions with x=0.25-0.3, 
about 1 micron expansion would be realized which is 
comparable with the piezoelectric strain observed in 
PZT at the same an electric field. Therefore, the high 
stable electrostrictive deformations appear to malte the 
newly developed electrostriction ceramics suitable 
candidates for a number of specialed transducer 
applications. 

This work was supported by Russian Foundation of 
Fundamental Research, grant N 94-02-06591. 
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Abstract 

A fast optical deflection measurement of multilayer actuators 
is described. This two beam method eliminates the measuring 
problems arising from fixing one side of clamped actuators by 
detecting the movements of both sides of the actuator. The 
frequency range of this interferometric measurement reaches 
from static up to 200 kHz. In this way fast mechanical 
response can be detected even in the case of rectangular 
pulses. The accuracy of the deflection measurement is better 
than 1 %. The small and large signal effective d-*3 data of 
PZT multilayer actuators, consisting of up to 500 single 
layers, are determined using this method. The dependence of 
these data on clamping force and pulse duration is 
investigated. For characterization of reliability of multilayer 
actuators the maximum number of cycles under hard driving 
conditions of rectangular pulses with rise times of 10 /*s 
leading to maximum loading currents of 20 A is determined. 

1. Introduction 

Recently the interest in piezoelectric actuators has strongly 
increased worldwide [1,2]. These components are the fastest 
and most compact electro-mechanical actuators. The 
simultaneous characterization of the fast deflections and of the 
static and dynamic forces is presented using a contactless 
optical two channel elongation measurement, which also 
allows one to determine the spatially resolved deflection along 
the actuator cross section. 

2. Experimental 

2.1 Preparation of actuators 

The actuators (Fig. 1, 2) were 
fabricated using a multilayer 
technique [3]. Starting with a 
'green organic binder-bound tape 
of PZT ceramic composition with 
suitable printed patterns of electrode 
paste, monolithic layered structures 
of various shapes and sizes are 
produced by laminating such green 
ceramic tapes using pressure and 
temperature to form a monolithic 
body. Subsequently, the organic 
binder is burned out and the 
composite of ceramic material and 
electrodes is sintered at 1130 °C. 
After soldering, the actuators were 

poled with 2 kV/mm at room temperature. The dimensions 
and some typical data of the PZT type 5A multilayer actuators 
(see Fig. 2) are listed in Table 1: 

1 Piezo-stack 
(grey represents 
electrodes, transparent 
represents PZT) 

Tig. 2   Photograph of multilayer actuators (cross section 
10x10 mm2 and different heights) 

2.2 Measurement setup 

Laser deflection 
measurement 

Laser deflection 
measurement 

function generator 

X3-; 

® multilayer actuator 

© force sensor (static and dynamic) 

@ variable spring-load 

Fig. 3   Measurement setup 

personal computer data acquisition 

Fast deflection measurement is very important in 
characterization of actuators. The realization of an accurate 
dynamic deflection measurement requires optical methods. 
Two He-Ne laser beams focused on opposite actuator surfaces 
are reflected and subsequently detected with the respective 
laser Doppler deflection channel. The addition of both 
channels to the total deflection of the actuator eliminates 
vibrational disturbances. Bending of the clamping facility does 
not affect the accuracy. The overall accuracy is within 1 % 
using this two point deflection measurement with an upper 
limit of velocity of 2 m/s. Force measurement is achieved 
simultaneously by two different principles. Static and dynamic 
forces are determined using a strain gauge ring sensor (0 to 
20 kN) and a quartz force ring sensor (0 to 1 kN), 
respectively. Both sensors are connected in series in 
opposition to the variable spring-load (see Fig. 3). The driving 
currents are measured by a hall-probe measurement. The 
actuators can be driven with a power amplifier (dc to 
200 kHz, max. 3 A) or a pulse generator realizing rectangular 
voltage pulses with rise times of 10 ^s and peak currents of up 
to 50 A. 

total height 19 mm 39 mm 

cross section 10x10 mm2 10x10 mm2 

single layer thickness 80 jim 80 ^im 

capacity 4MF 8/xF 

electrical resistance 50 MQ 25 MQ 

application temperature range -40 °C to 150 °C -40 °C to 150 °C 

Table 1 Typical data of multilayer actuators of different 
heights 
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3. Results and discussion 

3.1 Static behavior 

Static measurements (see Fig. 4) show the dependence of the 
static deflection on different load conditions. 

500 1000 

Fig. 4 

1500 2000 

load condition [N] 

Static deflection measurements vs. different load 
conditions 
(rectangular waveform, pulse duration 10 s, pulse 
amplitude 80 V, spring-loaded 1 N//xm) 

At 1 kV/mm the measurement graph reflects an effective d^j 
value of about 550 pm/V independent of load conditions up to 
2 kN, for the case of spring-loads with small stiffness of 
1 N/fim in relation to the stiffness of the actuator (see next 
section). 

3.2 Evaluation of dynamic blocking force and stiffness of 
multilayer actuators 

From Fig. 5 it can be seen that for different spring-loads the 
operating point values of maximum deflection show a linear 
working characteristic with a slope of -255 N//xm and 
-135 N/fim corresponding to actuator heights of 19 mm and 
39 mm, respectively. 
The common intersection at zero deflection results in a 
blocking force of 26Q0±100 N and an elastic modulus of 
(4.8±0.2)- 101U N/m2 for both actuators of different heights. 
The maximum stiffness of the setup (spring removed) is 
limited by the superposition of the clamping rig and the static 
and dynamic force sensors (see slope of short dashed line of 
90 N/fim in Fig. 5). 

S,    3000 
CD 
Ü 

2500 - extrapolated blocking force 2600 N 

 actuator height 19 mm 
*. ^ actuator height 39 mm ..^ 

2,5 N/um     " x 

10      12      14      16      18      20      22 

deflection [|jm] 
Fig. 5   Force vs. deflection measurement of different spring- 

loads 
(sinusoidal waveform, pulse duration 1 ms, pulse 
amplitude 80 V, load condition 1500 N) 

3.3 Measurement of hysteresis curves 

Sinusoidal single pulses of different pulse durations in Fig 6 
show decreasing deflection of the actuator with decreasing 
pulse duration down to about 1 ms. 

80 

voltage [V] 

Fig. 6   Dynamic deflection vs. voltage for different pulse 
durations (sinusoidal waveform, pulse amplitude 
80 V, load condition 900 N, spring-loaded 20 N/^m) 

Additionally, the difference of zero voltage position before 
and after applying a single pulse to the actuator (hysteresis) 
increases with decreasing pulse duration down to about 1 ms 
The nonlineanty between deflection and voltage for sinusoidal 
single pulses of different amplitudes is shown in Fig 7 The 
effective d33 value has been measured to be 500 pm/V at 
1 kV/mm with a sinusoidal pulse duration of 1 ms and 1500 N 
loading force. 
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Fig. 7 Deflection vs. voltage measurement 
(sinusoidal waveform, pulse duration 1 ms, load 
condition 1500 N, spring-loaded 20 N/^m) 

Similar to static measurements, the hysteresis effect increases 
with increased voltage amplitudes in the case of dynamic 
measurement. 

3.4 Transient behavior of actuators 

In the case of rectangular pulses, the observed oscillations in 
Fig. 8a which did not occur at undamped conditions reflect 
the vibration modes of the assembly of clamping rig, spring 
and static and dynamic force sensors. These vibrations cause 
oscillations of loading force and therefore oscillations in 
actuator deformation. 
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a) Deflection and dynamic force vs. time measurement 
b) Voltage and current vs. time measurement 
(rectangular waveform, pulse duration 2.5 ms, pulse 
amplitude 80 V, load condition 1500 N, spring-loaded 
20 N/fim) 

The amplitude ratio of these dynamic force oscillations and 
deflection oscillations of about -300 N/^m (negative because 
of different sign of force and deflection oscillations) is in a 
first approximation equal to the value of the slope of the 
working characteristic of -255 N/^m discussed in section 3.2. 
The difference between these two values could be caused by 
the occurrence of additional inertial forces not considered 
here. The amplitude ratio of the values of force and deflection 
after decay of oscillations is 20 N//xm and reflects the stiffness 
of the spring-load. 
The voltage and current oscillations in Fig. 8b are caused by 
transformation of the vibrations due to the direct piezoelectric 
effect. 
Different types of delay between voltage and deflection have 
to be considered: 
1. The delay between start of voltage pulse and start of 
actuator movement is about 5 ps. This delay is independent of 
the maximum driving current. 
2. The delay between start of movement and reaching 90 % of 
full deflection of the actuator depends strongly on the 
maximum of driving current. The higher this current, the 
faster the capacitance of the actuator is charged. With the 
present maximum of driving current of 20 A this delay time 
reaches 50 ßS. 

3.5 Clamping effect of nonactive regions of actuator 

The non electroded and unpoled regions (see Fig. 1) in 
combination with the solder on the electrodes are the causes 
for a reduced deflection at nonactive corners of about 1.5 ßin 
in the case of 9.2 fim deflection at the centre of the actuator 
(see Fig. 9). Careful design of the shape and size of the non 
electroded area becomes very important for lifetime 
considerations discussed in the next chapter. 

1   '■=* pm | 5 
■   8-0 prn % i 

■1   8-1 pm € 3 

■i  8-2 pm % ■t 

Hi   8.3 pm 
■■   8-4 pm 
■   8.5 pm 
■   8.6 pm 

MM   8.7 pm 

1*^1   8.8 pm 
1     1   8.9 |im 

C3  9-0 um 
CD  9-1 Mm 
CD 

ZF       
Fi8- 9 Spatially resolved deflection measurement (sinusoidal 

waveform, pulse duration 1 ms, pulse amplitude 80 V, 
no load) 

3.6 Durability and Long Term Performance 

The long term performance of the described multilayer 
actuators has been observed up to 10" cycles (rectangular 
waveform with rise time of 10 ^.s, frequency of 200 Hz with 
an amplitude of 1 kV/mm). The endurance tests have been 
performed at room temperature under mechanical load 
conditions of 1000 N to reduce tensional stresses [4]. The 
maximum number of cycles achievable with actuators is 
strongly dependent on the driving conditions including applied 
electric field strength, driving frequency, maximum electric 
currents, mechanical bias load and temperature [5]. The 
influence of these driving conditions on the maximum number 
of cycles has to be investigated in detail because of its 
importance for future applications. 

4. Conclusions and outlook 

The effective d33 value has been measured as 500 pm/V at 
1 kV/mm with a sinusoidal pulse duration of 1 ms and 1500 N 
loading force. The measured blocking force of 2600 N at 
1 kV/mm and 10x10 mm2 cross section is independent of 
actuator heights. The elastic modulus of the multilayer 
actuator of (4.8+0.2)-1010 N/m2 is only slightly smaller than 
that of bulk PZT (5.3 1010 N/m2). At nonactive corners of 
the actuator a reduced deflection of 1.5 jum is observed. A 
consistent characterization of the dynamic actuator behavior 
has been demonstrated using this new measurement setup. 
The described multilayer technique provides actuators with 
easy to handle low driving voltages (< 100 V instead of some 
10 kV) and high operating temperatures. In combination with 
the high speed of piezoelectric actuators in the 50 jts range it 
offers a unique potential for fast actuator applications with 
excellent repeatability from cycle to cycle over the total life 
time of 1 • 10" cycles. 
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PTCR Characteristics in Undoped Barium Titanate Ceramics with Core-Shell Type Duplex Microstructures 
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Department of Applied Chemistry, Kyushu Institute of Technology 

1-1 Sensui-cho, Tobata, Kitakyushu 804, Japan 

Abstract — Undoped barium titanate ceramics exhibiting a distinct 
positive temperature coefficient of resistivity (PTCR) effect have 
been produced by sintering high-purity barium titanate powder com- 
pacts in the temperature range 1300-1400°C in air. The formation 
of core-shell type duplex microstructures in the materials covered 
with a nearly full dense layer is responsible to this phenomenon that 
undoped barium titanate ceramics (which are normally insulating) 
were converted to semiconductors and, moreover, exhibited distinct 
PTCR effects. The core-shell grain structure is described as a du- 
plex microstructure consisting of a large-grained (=50 urn) semicon- 
ducting phase inside and a small-grained (<10um) insulating phase 
outside. 

INTRODUCTION 

Pure barium titanate (BTO) is insulating and ferroelectric at room 
temperature, and it is well-known that BTO can be easily converted 
to semiconductors either by doping with small amounts of donors 
(La, Sb, or Nb), or reducing at high temperatures in a reducing at- 
mosphere. Doped semiconducting BTO ceramics exhibit an anoma- 
lous positive temperature coefficient of resistivity (PTCR) effect 
above the Curie point (=120°C),1-3 but no significant PTCR effects 
have been observed in reduced semiconducting barium titanate ce- 
ramics.4-5 Sintering of undoped BTO powder compacts in air nor- 
mally yields insulating BTO ceramics and does not produce semi- 
conducting materials. It has really never been reported that sintering 
of undoped BTO powder compacts resulted in semiconducting BTO 
ceramics with as low a resistivity as 100 Qcm at room temperature 
and moreover a distinct PTCR effect. 
Contrary to this common knowledge about the semiconduction and 

PTCR effect in BTO ceramics produced in air, it has recently been 
reported6 that a distinct PTCR effect was observed in undoped, 
high-purity BTO ceramics sintered in a specific temperature region 
around 1350°C in air. The materials were found to have a core-shell 
structure. This paper reports a quantitative examination of the 
change of the core-shell grain structures with sintering temperature 
and time and the influence of oxygen partial pressure of the sintering 
atmosphere used on the PTCR characteristics in the materials ob- 
tained. 

EXPERIMENTAL 

Details of the procedure for preparation of samples were reported 
elsewhere.6 A brief description of it is given here. High-purity 
commercial barium titanate was used (Fuji Titanium, Tokyo; 
Manufacture's analysis: BaO/Ti02 ratio = 1.001, Fe < 0.0007, Na 
< 0.0007, Sr < 0.0017 (all in wt%), Si and Al < detection limit) . 
The barium titanate powder was ball-milled with ethanol and nylon- 
coated iron balls as grinding media in a polyethylene container for 
24h. The powder was fired at 600°C for 2h in air to burn out com- 
pletely organic compounds introduced by the ball-milling. The 
powder was then pressed into pellets (10 mm in diameter and =1.5 
mm thick), followed by sintering at temperatures in the range of 
1250° to 1400°C for 10-300 min in air with heating and cooling 
rates fixed at 10°C/min to yield the sintered bodies. Sintering of the 
powder compacts was also carried out under atmospheres with 
various oxygen partial pressures to investigate how oxygen partial 
pressure of sintering atmosphere influence the electrical properties 
of the ceramic materials obtained. Resistivity measurements were 
carried out in air on slabs cut from the ceramic bodies by the two- 
probe method using In-Ga alloy electrodes. Phase confirmation 
was made by x-ray diffractometry (XRD). This phase analysis 
demonstrated that no phases other than the perovskite one existed in 
all the present samples produced. Microstructures of the materials 
were examined by scanning electron microscopy (SEM). 

RESULTS AND DISCUSSION 

Figure 1 shows an SEM fracture surface of a BTO ceramic with a 
duplex grain structure produced in this study and its schematic cross 
section. The duplex grain structure of the materials can well be de- 
scribed as being composed of a small-grained (<10|im) insulating 
phase outside and a large-grained (= 50 urn) semiconducting phase 
inside. 
The thickness of the semiconducting phase formed inside the ma- 

terials showed a significant dependence on the sintering condition 
used. The ratio of the thickness of the inner part of a semiconduct- 
ing phase / to the sample thickness d increased with sintering tem- 
perature (hold time: 2h) and hold time (sintering temperature: 
1350°C), as shown in Figs. 2 and 3 respectively. From these fig- 
ures it is obvious that the inner semiconducting part grows conspic- 
uously with increasing sintering temperature and hold time at the 
sintering temperature. It is most interesting and important to recog- 
nize that the results shown in Figs. 2 and 3 indicate that the outer in- 
sulating layer in the materials become thinner with increased sinter- 
ing temperatures and hold times and finally extinct; then it seems 
initially possible to produce an undoped BTO ceramic with its whole 
part semiconducting by firing in air. However, this can of course 
never happen. 

, T y Bar=100^m 

Small-grained 
insulating phase 

Large-grained 
semiconducting phase 

Fig. 1. SEM fracture surface of a ceramic produced with a 
duplex microstructure and a schematic of a cross section of 
the material. 
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Fig. 2. Change of the ratio t/d with sintering temperature. 
Ceramics indicated by closed circles were totally insulating 
with a simple grain structure; a small-grained structure for 
the ceramic obtained at 1250°C and a large-grained one for 
the sample at 1400°C. 
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Fig. 3. Change of the ratio t/d with time for which sintering 
was carried out at 1350°C. The sample indicated by a closed 
circle was obtained to be totally insulating. 

Ceramics indicated by closed circles in Figs. 2 and 3 were totally 
insulating with a large monosized grain structure. This means that 
the inner large-grained semiconducting part was converted into an 
insulator when the value of t/d reached unity. This phenomenon 
should be interpreted in connection with the formation mechanism 
of such a duplex microstructure as seen in the present samples. A 
discussion on this point has been done in terms of the oxygen partial 
pressure dependence of grain growth rate during sintering and the 
sinterability of the barium titanate powders used, where difference 
between the rates of out- and in-diffusion of oxygen in a ceramic at 
the sintering temperature played a key role to yield a relevant duplex 
microstructure.6 This interpretation is supported by the fact that 
rapid grain growth of barium titanate in early-stage sintering is as- 
sociated with the release of oxygen from the lattice.7 

Figure 4 shows the resistivity-temperature characteristics for ce- 
ramics sintered at 1350°C for 2 h under atmospheres with various 
oxygen partial pressures. The data of Fig. 4 show the characteris- 
tics of only the inner semiconducting part of the respective 
materials. It is evident that undoped BTO ceramics sintered in air 
with such a duplex microstructure as is seen on the photograph of 
Fig. 1 exhibited a large PTCR effect of more than four orders of 
magnitude and its magnitude further increased by firing in a 100% 
O2 atmosphere. On the other hand, BTO ceramics sintered in a 
slightly reduced atmosphere in the oxygen partial pressure range 10- 
103 Pa (corresponding to the oxygen concentration range 0.01-1.0 
% 02) exhibited only small PTCR effects of less than one order of 
magnitude in spite of that the materials had the same duplex grain 
structures with an insulating layer outside. 

In conclusion, undoped BTO ceramics with distinct PTCR effects 
were produced by sintering in air in the specific temperature region 
around 1350°C in this study. The materials had a duplex grain 
structure which was composed of a small-grained dense insulating 
layer outside and a large-grained semiconducting phase inside. The 
thickness of the outer insulating layer became thinner with either in- 
creasing sintering temperature and hold time at the sintering tempera- 
ture. BTO ceramics produced under the conditions at which small- 
grained outer layers disappeared were converted into insulators; this 
is the normal state of undoped BTO ceramics produced in air. This 
clearly demonstrates that the duplex microstructure formed in the 
present materials played a key role in the production of undoped 
BTO ceramics sintered in air with low room temperature resistivity 
and a distinct PTCR effect. 
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Electrically-induced Shape Changes in Cement-based Materials 
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The electromechanical behavior of hardened portland cement 
paste has been investigated as a function of measurement frequency 
and DC electrical bias using an interferometric technique. Large field- 
induced shape changes on the order of 100 Ä have been found in 
millimeter thick specimens exposed to moisture. In addition, strong 
hysteresis effects were found on cycling a large AC field. Dry samples 
were found to exhibit no field-induced deformations. The mechanism 
underlying this anomalous behavior is believed to be an electro- 
osmotically induced swelling of the pore structures. Evidence in 
support of this hypothesis was found by corresponding investigations 
of porous silica gels. 

I. Introduction. 
Nearly 20 years ago, Whittman observed an electomecanical 

effect in portland cement [1], which was strongly dependent on water 
content. He observed an electromechanical effect in centimeter-sized 
bars of hardened cement paste. A voltage (-200 u.V) was generated 
when an external load (2000 g) was applied to the specimen, and the 
converse effect of a bending displacement (-20 |im) was detected 
upon the application of a voltage (200 V). No further experiments 
have been done lo date to more thoroughly investigate this 
unexpected phenomena or to more clearly elucidate the nature of the 
underlying deformation mechanism. However, the influence of water 
diffusion under an electric field on the conduction properties in 
porous plugs is well-known [2,3], and is generally attributed to 
electro-osmotic forces. In electro-osmosis, an applied field acts upon 
ions in a liquid. The ions, then, move under the excitation, carrying 
along the liquid media. Consequently, it should be possible to 
establish nonuniform water distributions under AC or DC electrical 
fields in porous plugs, such as portland cement. This nonuniformity 
may provide a mechanism by which electrical energy can be 
converted to a mechanical deformation. 

The purpose of this investigation was to study the 
electromechanical behavior of hardened cement paste. Attention was 
placed on developing an understanding of the mechanism by which 
electrical energy can be coupled to a mechanical deformation. 

II.     Experimental Procedure 
Ordinary portland cement (OPC) was hydrated at a water to 

cement ratio (w/c) of 0.40. Samples were made by casting into 1.25 
cm x 2.5 cm cylinders, which were cured in a moist environment 
(100% relative humidity (r.h.)) for 8 weeks. Cylinders of hardened 
paste were then cut into samples of dimensions 4 mm x 4 mm x 4 
mm. The cubes were polished to assure parallel faces and 
subsequently electrodcd with gold. A thin glass mirror was then 
epoxied on the top surface of each cubical sample to ensure an 
optical-quality reflective surface for interferometric measurements. 
The samples were mounted on copper discs, which were also used as a 
conductive base to make contact with the bottom electrode. 

The samples were dried at 105°C for 48 hours before 
measurement, and subsequently placed in a desiccator to reabsorbe 
water. After drying, all specimens were saturated in a moist 
atmosphere (100% r.h.) for 36.0 hours. Similar investigations were 
performed on porous silica samples which had been saturated in the 
humidity chamber for three days. These samples were obtained from 
Gel-Tech Incorporated and had average pore sizes of -25 Ä. 

A modified Michelson-Morley interferometer was used to 
measure field-induced shape changes. Details of the experimental 
procedure and technique can be found in previous publications [4,5]. 

III.    Results 
III.l  Field-induced strain measurements for portland cement 
The sample displacement as a function of AC electrical 

excitation is shown in Figure 1. The maximum sample displacement 
can be seen to be -200 A. In consideration that the sample thickness 
was 4 mm, the maximum strain level can be estimated to be 10~5 at 2 
kV/cm. In consideration that the piezoelectric strain of PZT (d33~500 
pC/N) is ~5xl0"5 under AC driving fields of 2 kV/cm, the field- 
induced strain in the portland cement sample can be seen to be 
relatively large. However, larger displacements were not achievable, as 
the sample experienced dielectric breakdown at fields above 2.5 
kV/cm. 

Strong hysteresis in the e-E behavior is clearly evident in Figure 
1. Arrows are shown in the figure to illustrate the direction of 
alternating field. On starting from a virgin state, a critical threshold is 
needed to be applied in order to observe induced displacements. 
Above this threshold a rapid increase in the displacement was found. 
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Figure 1. The  displacement  as  a  function of applied  AC 
electrical field for portland cement. The measurement 
frequency was 1 Hz and the peak electrical field was 
1.8 kV/cm. 

No indications of saturation were observed in the response before 
breakdown was incurred. On decreasing the field, the value of the 
displacement was nonequivalent to that in the increasing direction, i.e., 
hysteresis. On reaching zero field, a small remanent displacement was 
retained. Upon reversing the AC driving field, the displacement was 
clearly switchable, as evidenced by the shape of the hysteresis loops. 

III.2 Piezoelectric measurements of portland cement 
Figure 2 shows a three dimensional plot of the effective d33 

coefficient as a function of dc electrical bias and AC measurement 
frequency for a portland cement sample saturated in a humidity 
chamber for three days. At zero applied field, no piezoelectric 
response was observed. However as a superimposed DC electrical bias 
was applied, a piezoelectric response was induced. This induced 
response remained relatively small (<2 pC/N) until -0.8 kV/cm, at 
higher bias levels the effective d33 coefficient increased markedly 
approaching a value of -14 pC/N near 1.2 kV/cm using a 
measurement frequency of 15 Hz. Higher values of the piezoelectric 
coefficient were observed in some samples, approaching 50 pC/N in 
some cases. The magnitude of the piezoelectric activity was in general 
larger than that of quartz (dn=2.31 pC/N) and significantly lower 
than that of PZT (d33~500 pC/N). 

Figure 2. Effective d33 coefficient as a function of DC electrical 
bias and AC measurement frequency for portland 
cement. 

One of the principle characteristics of the effective piezoelectric 
response was a strong relaxation with increasing frequency, as shown 
in Figure 2. Under a bias level of 1.2 kV/cm, the value of the effective 
d33 coefficient can be seen to decrease from -14 pC/N at a 
measurement frequency of 15 Hz to less than 2 pC/N at 104 Hz. The 
characteristics of this relaxation are qualitatively similar to that 
previously reported for the dielectric response by impedance 
spectroscopy [6]. The value of the effective d33 coefficient was -14 
pC/N between 102 and 10 Hz, and was seemingly relatively frequency 
independent at lower frequencies. 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 760 



IV. Discussion 
The electromechanical effect was only found in samples which 

had been placed in a humidity chamber. Dry samples exhibited no 
field-induced shape changes or effective d33 coefficients. A possible 
explanation is that shape changes are incurred due to long-range 
water motion under electrical fields. To more thoroughly investigate 
this possibility, studies were performed in an optical microscope. 
Figures 3 illustrates a micrograph of the surface of a portland cement 
sample after cycling the field (2.5 kV/cm) several times around the 
hysteresis loop at a frequency of 1 Hz. This sample had been placed 
in a humidity chamber (100% rh) for three days. After cycling the 
field water droplets can clearly be seen. This water did not condense 
from the atmosphere, as a glass microslide was placed on top of the 
sample surface. These results clearly show that long-range water 
motion occurs under electrical field and that in fact water can be 
forcibly driven out of the porous cement structure effectively drying 
the sample. 
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Figure 4. The displacement as a function of applied AC field for 
a porous silica gel sample. The measurement 
frequency was 1 Hz and the peak electrical field was 
0.25 kV/cm. 

V. Conclusion. 
Large field-induced shape changes have been observed in 

hardened cement pastes. This electromechanical response was found 
to be strongly dependent on measurement frequency, DC electrical 
bias and exposure to moisture. In addition, strong hystersis effects 
were found on cycling a large AC electrical field. The induced shape 
changes are believed to arise due to electro-osmotical-induced 
swelling of the pore structures under electrical bias. Similar results 
were then obtained on a porous silica gel containing an 
interpenetrating pore network with an average pore size of -25 A. The 
relevance of these results on cement-based structures is then discussed. 
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Figure 3. Optical  micrograph of a portland  cement  sample 
surface after the strong-field measurement. 

Water cannot by itself undergo long-range diffusion in response 
to a field, as it is not charged. The only intrinsic electrical response of 
water is to align its dipole moment with the field. However, if the 
internal surface of the cement is negatively charge, there will be an 
excess of positive ions in the surrounding double layer. An applied 
electrical field may, then, act upon ions in the diffuse part of the layer, 
leading to the development of a space charge (or double-layer) 
polarization. As a consequence of this ionic motion, water transport 
may be induced by an electrical field through the porous cement, i.e., 
electro-osmosis. Space charge polarization is characterized by a 
strongly dispersive dielectric response (known as the Maxwell-Wagner 
effect) in the frequency range between 10"2 and 105 Hz. The 
relaxation effect arises due to the inability of the relatively slow ionic 
species to follow the electrical drive. In consideration that water 
transport is induced by the development of space charge (or double- 
layer) polarization associated with long-range ionic motion, the 
frequency dependence of the electromechanical properties should 
reflect that of a space charge mechanism. This is consistent with the 
results shown in Figure 2. 

If the origin of the electromechanical behavior is due to electro- 
osmotic swelling, this effect should not be limited to portland cement 
samples, but rather may be a more general phenomena in any 
materials system which contains an interconnected network of gel- 
pore-like (or capillary-pore-like) structures. To more thoroughly 
investigate this possibility, studies were performed on porous silica 
glasses which contained an interpenetrating pore network with a mean 
pore size of 25 Ä. These samples were commercial obtained from 
Gel-Tech Incorporated, were cut into similar sizes as the portland 
cement specimens, and were saturated in the humidity chamber for 
three days. Figure 4 shows the e-E behavior of a porous silica gel 
sample. Displacements of over 200 A were achieved at field strengths 
below 300 V/cm. Assuming linearity, this corresponds to an effective 
d33 coefficient of nearly 400 pC/N. This value is approximately equal 
to that of the best PZT transducer materials (d33~500 pC/N). Again, 
strong hysteresis is clearly evident in this figure on cycling the field 
around the hysteresis loop. These results provide crucial evidence 
which strongly indicates that the origins of the electromechanical 
behavior in portland cement arise due to swelling effects in either the 
gel-pore or capillary-pore structure, but by no means gives conclusive 
proof of which pore structure is dominately responsible for the effect. 

[1] 

[2] 

[3] 

[4] 

[5] 
[6] 
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Abstract - The role of statistical design in the development and 
optimization of ceramic products is examined with particular 
reference to lead magnesium niobate/lead titanate (PMN-PT) 
ceramic dielectrics. It is shown that considerable benefits can be 
derived by following an appropriate design in which a number of 
factors (processing parameters) are varied simultaneously while the 
system response such as density, dielectric constant, loss, etc. is 
monitored. 

If it is assumed that complex factor interactions (e.g., having 
greater than three factors) can be ignored, only a fraction of the 
whole factorial matrix need be examined. Even in cases where 
only eight factors are involved each having only two levels, useful 
information can be obtained from only 16 trials drawn from the 
total of 256 trials (28) required of a full factorial matrix. Such 
studies are valuable in screening and ranking the importance of the 
various factors on the system response. Examples of such 
screening designs and the subsequent modelling of the system 
response for the important process factors so identified are 
presented. 

INTRODUCTION 

The properties of materials are strongly dependent on the 
processing steps required in transforming incoming raw materials 
to a final shipped product. Because of the overall complexity of 
materials processing, it can be a major challenge to produce 
optimized materials - particularly, when it is realized that a typical 
production flow sheet may have 30 or more process factors 
involved and each, ideally, should be set to a particular level. If 
each factor could be set to only two levels, then the full factorial 
matrix of possible combinations is 230 (over one billion) - in 
practice, many factors such as temperature, pressure, time, pH, 
etc. can be set to many levels, thereby making the matrix even 
more complex. Even at its simplest (two levels each), such a 
matrix is well beyond even the most generous budget. 

With the increased pressure to maximize the return on all 
aspects of investment it is crucial to maximize the use of all 
resources, staff, facilities and equipment so that the developmental 
lead time and hence financial investment from R&D to production 
is minimized. This demands that any material development 
program be conducted in the most effective manner possible so 
that the maximum amount of information is obtained from the 
minimum amount of effort (resources, time, $$'s etc.). In turn, 
this requires consideration of the methodology by which any 
program is conducted. 

In the past, R&D has been conducted using either a random 
"buck-shot" approach or, more commonly, a one-factor-at-a-time 
approach. Although both are easy to plan and conduct, they are 
not only very inefficient but also limiting in the amount of 
information that can be obtained. Some of the drawbacks include: 

• an inability to identify any significant factor interactions and 
• an inability to determine the optimum operating conditions. 

Because of the complexity of the processes involved in making 
virtually all products, it is highly likely that one or more 
significant factor interactions occur: if they are not recognized, it 
is unlikely the process will be optimized - even if it is, the effort 
to determine the appropriate operating conditions was undoubtedly 
excessive. 

In recent years, the increasing emphasis on improved quality in 
manufactured goods had led to a recognition that product variations 
arise from three basic sources: manufacturing variability, internal 
degradation of the product and the susceptibility of the 
process/product to uncontrollable external factors. Much of the 
quality assurance in the past has focused on inspection of the 
product and the use of Statistical Process Control (SPC) to 
minimize these variations. However, this is a reactive technique as 
it monitors the failure of a product to meet its specifications. It 
can not indicate what steps should be taken to bring the product 
back into specification, that is based on the experience of the 
production staff (additional invested effort), nor can it indicate 
what changes are required to improve the product. This is most 
easily understood by considering the following example of a two- 
factor problem that is examined one-factor-at-a-time. 

THE TRADITIONAL APPROACH 

It is common to find that factors such as sintering temperature 
and time have an influence on the dielectric constant of ceramic 
materials. In the example below, it is assumed that a new material 
is under study in which the objective is to determine the optimum 
temperature-time conditions that yield a maximum value for K 
measured at 25°C within the temperature limits of 1100° to 
1200°C and soak time of between 2 - 4h. 

Two methodologies found in the literature for studying such 
systems are shown in Fig.l (the random walk) and Fig.2 (one- 
factor-at-a-time). In both cases, nine experiments are shown. Of 
the two, the one-factor-at-a-time approach is the more commonly 
reported as it is easy to plan and conduct, however, the data can 
be misinterpreted. 

Applying the conventional one-factor-at-a-time approach, it is 
assumed that a temperature of 1150°C (middle level of 
temperature) is acceptable to start the work, Fig. 2. Consequently, 
a series of experiments are performed at 1150°C and progressively 
increasing sintering times up to 4h. The results from this first set 
of experiments might indicate that K is maximized on firing at 
1150°C for 3.5h. A further four experiments are then conducted 
for a sintering period of 3.5h at temperatures ranging from 1100° 
to 1200°C. The results from the second set of data might suggest 
that K is maximized on sintering at 1125°C (for 3.5h). 
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Given these data, it is tempting to assume that the optimum 
conditions have been found. However, when the temperature-time 
factor space was examined using statistically designed experiments 
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Fig.l   -  Using  a Random   Walk 
Approach 

Fig.2 - The One-factor-at-a-time 
Approach 

Ü 1200 

Fig. 3 - Plot Obtained Using a Full 
Factorial Approach 

(SDE) and the contours of K 
determined over this space (by 
interpolation) using nine 
experiments in a full factorial 
design (two factors at three levels 
each) and verified (by check 
points) it was found that the initial 
conclusion was inaccurate as 
superior K values can be obtained 
using lower levels for both time 
([~2.6h] and temperature [ = 1110°C]), i.e., there is a strong two- 
factor interaction as indicated in the contour plot of Figure 3. 

It is this interaction of factors that is difficult to recognise when 
the work is conducted using either a random walk or one-factor-at- 
a-time methodology and, in turn, is probably the source of most 
of the difficulties in scaling up laboratory-developed processes 
through pilot to full production. Clearly, there is a need for a 
more rigorous approach in which the maximum amount of 
information is obtained from the minimum amount of effort. That 
need is met by the use of SDE which allows the user to distinguish 
the significant factors from the myriad factors initially considered 
in developing any process. 

STATISTICAL DESIGN OF EXPERIMENTS 

The example of a contour plot of K vs sintering conditions 
shown in Fig. 3 is often the information required in establishing 
optimised conditions for a production process. Such information 
is obtained in two stages. Firstly, a series of screening 
experiments is conducted which results in a numerical ranking of 
the influence of each factor on the various responses studied (such 
as dielectric constant, loss factor, resistivity, Curie temperature, 
modulus of rupture, etc.). From such a complete ranking of all 
the factors studied, only those factors having an influence greater 
than experimental error (at a chosen confidence limit of typically 
95%) are significant. Secondly, only the (usually few) significant 
factors are studied further to generate and verify a response 
surface map of the type shown in Fig. 3. 

It is common to find that the independent factors involved in such 
designs are either "continuous" or "discrete": the former (quantitative) 
factors are those which can have any value within a given range, 
e.g., temperature, pressure, pH, time, etc., whereas the latter 
(qualitative) factors can only have single values, e.g., high or low, up 
or down, method A or B, etc. Within the continuous type of factors 
is a sub-set of particular interest to the materials scientist and these 
constitute the components of any mixture: they are continuous factors 
but with the additional constraint that their summation is 1 or 100%. 
The constraint differentiates them and their statistical designs from 
other process factors (continuous or discrete): they are often called 
mixture factors. 

What is the Basis for SDE? 

The essence of SD to determine the influence of any set of 
factors on a process is based on the familiar full factorial matrix 
in which, for example, the influence of n factors at two levels 
(high and low, present and absent, etc.) on a product is determined 
using 2" trials. In such cases, the influence of each factor and 
factor interaction is readily determined. 

The Full Factorial Matrix 
For simplicity, Fig. 4 shows the full matrix for a three factor 

(A, B and C), two-level (low[-], high [+]) design. Assuming a 
numerical value R (Rl, R2, R3, ... R8) is obtained (such as 
density, bend strength, dielectric constant, etc.) as the response of 
the system or process to each trial condition (tc), then the 
numerical factor effect can be found by summing each column in 
the design [1]: 
Effect A   = l/8[-Rl   +R2 -R3   +R4 -R5   +R6 -R7   +R8] 
Effect B   = l/8[-      -        +     +      -       -        +     +  ] 

AB = l/8[+ - - + + - - + ] etc. 
In this manner, all the factor and factor-interaction effects can not 
only be determined but also ranked in order of their importance on 
the selected response. However, it is frequently possible to study 
only a fraction of the full factorial matrix yet still obtain valuable 
information. 

The Fractional Factorial Matrix 
It has long been recognized 

that all full factorial matrices are 
composed of statistically 
equivalent sub groups, each of 
which, in turn, can be further 
split into their own set of 
equivalent sub-sub groups and so 
on. In effect, each full factorial 
matrix can be divided into a 
succession of sub-sets giving rise 
to half, quarter, eighth, etc. 
fractional factorial matrices. This 
is illustrated in Fig.5 which shows 
the simple full factorial matrix of 
Fig.4 re-arranged in such a way Fig. 4 - Full Factorial Matrix. 
that the matrix is presented in two parts (each a half factorial). 
The so-called "factor space" covered by three factors is 
represented in three dimensions by a cube, the corners of which 
represent the eight trial conditions. It can be seen that the two half 
fractions are mirror images of each other. 

Factc rs   Interactions 
tc A   B C AB AC BCABC Res. 

(D) (E) (F) (G) 

1 -   - -     ♦     ♦     +     -      R1 

2   *    - -     -     -     ♦     ♦      R2 

3   -    ♦ -     -     ♦     -     ♦     R3 

4   ♦     ♦ -     +     -     -     -     R4 

5  -    - +     +     -     -     +      R5 

6   ♦    - +     -     *     -     -     R6 

7  -    + +     -     -     ♦     -      R7 

8   *    ♦ +     +     *     *     ♦     R8 

Factors 
ABC 

Interactions 
AB AC BCABC Res. 
(D) (E) (F) (G) 

This existence of statistically 
equivalent fractional factorial sub- 
sets in a full factorial matrix has 
considerable importance to R&D, 
product development, process 
factor screening, etc., as it allows 
staff to decrease the number of 
experiments. However, a penalty 
is paid in this approach: as the 
full factorial matrix is reduced, so 
the degree of confounding 
(confusion) between factor effects 
and their multiple interactions 
increases. Figure 5 shows how 
this confusion arises. Assuming 
that only the experiments of a half 
factorial  design are   conducted, 
e.g., fraction 1, then it can be seen that the factor effect of A will 
be numerically equal to that of the interaction BC, i.e., in short 
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form A = BC, similarly, B = AC and C = AB. For fraction 2, 
the relationship is mirrored: A =   -BC, B = -AC etc. 

This example is somewhat simplified and constrained - usually 
bigger matrices are employed in which all the main effects 
(primary factors) may not be confounded with two-factor (or three- 
factor) interactions. This reality has several practical 
consequences: 
• Factors of particular interest may be assigned to those matrix 

columns that avoid confounding with two- or three-factor 
interactions - the confounding will occur with four- (or more) 
factor interactions. As four-factor (and higher) interaction 
effects are rare, it is a reasonable risk to assign factors of 
vital interest to those columns - any factor effect found being 
assumed to arise from the primary factor. 

• If some (or all) factor interactions can be confidently ignored 
on the basis of prior knowledge, experiment, theory, etc. 
then additional factors may be added to the matrix. For 
example, column AB in Fig.4 could be assigned to a new 
factor D. 

This opportunity to substitute additional factors for the original 
factor interactions can be continued progressively so that 
eventually up to seven factors (A - G, Fig.4) can be studied using 
only eight experiments. However, the trade-off is the loss of 
information on possible factor interactions that may occur - that is 
a decision for the researcher. 

As it is impossible to discuss here the details of the derivation 
of various designs from the fundamental full factorial matrix and 
how such designs may be exploited in various situations, the 
reader is referred to various standard texts on the subject 
[1,2,3,4,5], However, it is important to realize that the 
various designs (and the increasing number of commercially 
available software to create designs and analyze data so obtained) 
fall under the broad categories of: 

• Screening Designs for process factors, mixture factors or 
both. This group includes full and partial factorials, 
Plackett-Burman and Taguchi designs; 

• Response Surface Designs for process factors, mixture 
factors or both. These include Box-Behnken, Simplex, 
Extreme Vertices, Star and Central Composite designs. 

SD APPLEED TO MATERIALS DEVELOPMENT 

The benefits of using SD throughout the spectrum from R&D 
to production are considerable. The methodology is rigorous and 
imposes organization and it also provides many options in planning 
any study. For SD methodology to have any validity, it is 
essential that only the design factors under study are varied - 
material substitution, etc. can not be accepted if there is no 
provision for such a variable in the original design and the 
methods and procedures used must be unchanged until the trials 
are completed. This raises a crucial point: it is essential before 
conducting even the first trial that detailed consideration has been 
given to the design - have all the factors been included, are they 
represented at sufficient levels? If these considerations are met, 
then it is highly probable that a design will be beneficial. 

The appeal of SD in materials research is based on its universal 
application and the opportunities it affords to maximize the amount 
of information when operating under the constraints of limited 
time, budget, resources, etc. To illustrate these aspects, an 
example drawn from a program to develop PMN-PT ceramics is 
presented below. The first design deals with the challenge of 
screening factors to determine what are important while the second 
shows the benefits of using a response surface design to resolve 
the common conflict of producing a material for which the specific 
properties have to be compromised. 

The Processing of PMN-PT Dielectrics 
The objective of the work was to develop a 0.9PMN:0.1PT- 

based sintered ceramic having a specified high density, high 
dielectric constant and low loss. A literature survey suggested that 
values of K have been reported between 14,000 and over 28,000 
(over 37,000 with a modified composition) having D values 
ranging from 8% down to 3% for various compositions based on 
PT-doped PMN. As it was also intended to take the process into 
production, there was the additional constraint of developing an 
effective low-cost process suitable for a production environment. 
Although there is considerable published material on the effect of 

various dopants added to the system, as yet, there is still dispute 
whether dopants (contaminants?) such as Si02 or Zr02 or excess 
PbO or MgO are beneficial in enhancing the properties. 

Although it is possible to create experimental designs that 
combine both mixture factors and process factors in a single 
design, the analysis of the data is complex. Consequently, it was 
decided to approach the problem using two screening designs 
(Taguchi) to identify the significant processing factors and to then 
model the system further using a subsequent response surface 
design in which the compromise between low loss and high K can 
be determined. 

The processing of a typical 
ceramic involves many factors. 
Figure 6 shows a flow sheet 
that is typical for the batching, 
mixing, calcining, forming and 
firing of many ceramics. Some 
of the factors involved at each 
stage are shown and are 
assumed to have a choice of 
only two levels. If all factors 
were initially accorded equal 
importance then it can be 
appreciated that 227 possible 
factor combinations exist that 
would require examination in a 
full factorial study.   However, 

Raw 
Materials 

Source 
Purity 
Particle Size 

Batching Composition 

Mixing 
Method 
Fluid 
Time 

MediumiCharge 
Medium 
Deflocculant 

Calcination 

I 
Milling 

Forming 

Sintering 

Temperature 
Saggaring 
Time 

Mill Type  Time 
Medium 
Fluid 
Binder      Pressure 
Concentration 
Dwell 

Ramp-up Temperature 
Time Atmosphere 
Saggaring Ramp-down 

Fig 6 - Typical Flow sheet 

experience often allows one to reduce the number of factors by 
fixing a number such as choice of binder, forming pressure, mill 
type, milling media type, etc. In this way, the full matrix can be 
reduced to perhaps 214 - still too large for a complete study. 

The processing of PMN-PT followed a similar route to that 
shown in Fig. 6. Initially, a few "probing" experiments were 
conducted to establish reasonable values for the various factors and 
thereafter the work was conducted under design. 

Screening Designs 
The initial screening design was based on a simple two-level 

partial factorial based on a Taguchi L8 design [6] which screened 
for the effects of two dopants, calcination temperature and time, 
and sintering temperature and time. From the data, it was 
concluded that changes in the calcination conditions had no effect 
on the dielectric constant and loss of sintered ceramic whereas the 
dopant levels and sintering conditions were important - the latter 
suggesting that the control of the lead atmosphere during sintering 
was important, typical of probably all the PbO-based materials. 

After these initial eight experiments, a second set of eight tc's 
was conducted using fixed calcination conditions and dopants and 
varying the sintering conditions further to examine other factors 
that could control the loss of PbO from system such as: the surface 
to volume ratio of the disc samples, the leakage from the saggar, 
the number of samples, the use of an "atmosphere" powder around 
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Fig. 7 - Factor Effects 
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the samples and the free volume 
of the saggar cover.     Again a 
Taguchi L8 design was used. The 
data   of  measured   K   at   room 
temperature and 0.1 kHz ranged 
from     18,640    to     10,200. 
Manipulation   of   the   data   to 
determine the magnitude of the 
various factor effects resulted in 
the data shown in Fig. 7 which indicates that most factors have 
some effect but the dominant ones are the number of samples and 
the leakage from the saggar. 

Figure 8 presents the actual 
experimental K values with the 
values predicted by the model 
developed from the set of eight 
tc's studied. It can be seen that 
there is excellent agreement 
between the two. However, such 
agreement should not be regarded 
as conclusive evidence that the —1   2 3 4"5 6 7  8 
model developed represents the Treatment Combination No. 
system well: that requires several Fig. 8 - Comparison of actual and 
"check" points. In this case, four projected K values for each tc. 
other tc's were studied other than those used in the design. In all 
cases, the experimental data and the projected data were in 
excellent agreement suggesting the original model was adequate to 
project data to a confidence limit of 95%. 

Response Surface Designs 
Having established what factors influence the dielectric 

properties, it is necessary to optimize the factor levels so that 
ideally, high K and low loss materials are obtained. Unlike 
screening designs, which generally only use two levels for each 
factor, response surface designs require three or more levels so 
that an idea of the curvature of the response surface between levels 
can be obtained. There are several response surface designs such 
as the three-level Box-Behnken, face centred and star designs and 
the five-level central composite designs. 

In the present case, a response surface design was used to 
model dielectric constant, (K), loss (D) and density to the factors: 
amount of "atmosphere" powder, saggar leakage, and sintering 
temperature. Given the choice between the lower sensitivity of a 
three-level Box-Behnken design (15 tc's) and a five-level Central 
Composite Design (21 tc's), the former was chosen to minimize 
experimental effort in the anticipation that the 6 tc's saving could 
be used as final check points to confirm the model developed from 
the initial 15 tc's. 

One of the limitations in appreciating the data generated in this 
manner is that only two factors at a time can be presented on paper 
or screen (the third dimension is the response). Consequently, it 
is necessary to examine the various possible combinations of the 
factors studied to find conditions where, e.g., the maximum K and 
density, and minimum D values are realized. Figures 9-11 show 
the response surfaces generated for each response for samples 
sintered at 1200°C based on the 15 tc's. However, of real interest 
are those conditions where K and density exceed minimum values 
and D is less than a selected upper limit. This is determined by 
over-laying contour maps for each response and finding areas 
where the conditions are met, Fig. 12. In cases where there are 
several isolated areas that meet the criteria, it is common to choose 
those conditions that also meet other (secondary) criteria such as 
reduced firing temperature or time, use of the least amount of an 
expensive or toxic dopant, etc. 

=m 3 

Normalized Leakage 
Fig. 9 - Contours for Density (5) 
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Fig. 10 - Contours for K 
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Fig. 11 - Dielectric Loss Contours Fig. 
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SUMMARY 

The foregoing shows some of the benefits and considerations 
taken in applying SDE to the development of a ceramic dielectric. 
Although all ceramic systems are inherently complex, it is possible 
through a combination of experience, a few initial probing 
experiments and design to achieve a lot with the minimum effort. 
Although not obvious to first-time users of SDE, many of the 
benefits arise from the options that are presented when partial 
factorial matrices are used: there are many ways the factors can be 
assigned to the columns of the matrix and, hence, many factor 
confounding patterns can emerge. Equally important, SDE 
clarifies what can be learned of the influence of various factors and 
what can not - before the work has started. 
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ABSTRACT A measuring method of the high-power characteristics of the piezoelectric transducers and some experimental 
results are described. The vibrational velocity dependences of the equivalent circuit constants and the temperature rise were 
measured under the constant vibrational velocity control. In addition, when a high-power ultrasonic device such as an ultrasonic 
motor is practically used, the maximum efficiency is obtained at the antiresonance frequency, not at the resonance frequency. 
These phenomena arc caused by the increase of the dielectric loss related to the vibrational velocity. In the paper, a measuring 
method and the experimental results of the dielectric loss under the high vibrational velocity are also described. 

$1.  Introduction 
In a piezoelectric ceramic transducer operating under 

high-power excitation, the quality factor Q of the transducer 
becomes lower, and therefore, heal generation al and around the 
maximum-stressposition increases markedly. Even if the applied 
electric power is increased, almost only heat generation will 
increase, but the vibration energy will not. Under such a high- 
power operation,the equivalent electric circuit constants such as 
the mechanical quality factor Q cannot be measured by the 
ordinary admittance circle method, because the admittance circle 
becomes unstable. 

In the paper, a measuring method of the equivalent 
electric constants from a lower vibrational velocity through a 
higher vibrational velocity is described. This is an improved 
measuring method modified from the perturbation method. 
Duringthe measurement, the constant vibrational velocity control 
is performed for avoiding the jump phenomena in the resonance 
characteristics. The mechamical Q can be obtained easily by 
only three values of the driving voltage measured by the digital 
voltmctcrin ihcvicinity oflhe resonance frequency and transfered 
to the micro-computer through GP-IB. By using this measuring 
method, mesurements were performed on some piezoelectric 
transducer samples having various Q values. 

In additions measuring method and the experimental 
results of the dielectric loss under the high vibrational velocity- 
are also described. 

$2. Equiualent    circuit   and motional    current 
We employ the following fundamental equations for 

a piezoelectric transducer, which give the relation between the 
terminal current /, the terminal voltage V, the mechanical force 
Fand the vibrational velocity v: 

Z = r m+ imm + slim. (2) 

l=ju)CdV+ Av 
F=-AV+ z   v (1) 

where*» is the angular-frequency, Cd is the damped capacitance, 
A is the force factor and zm is the mechanical impedance under 
the electrically short-circuit condition. In the vicinity of a 
mechanical resonance, z is written as 

where m is the equivalent mass, rm=mrmlQm, s-m fir and wr is 
the resonance angular-frequency. 

^rSTHHVVi 

Fig. 1  Admittance-type equivalent electric circuit 
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Fig.2 Differential circuit for detecting 

the motional current / . 

The electric admittance Y{ of the mechanical force 
being frce(F=0) can be represented by the equivalent circuit 
shown in Fig.l. This is the admittance-type equivalent circuit. 
In Fig.l, L =m/A~, C =A'ls, R =r I A'. The series resonance 

c     »        rn in m       m 

circuit represents the admittance given by Yn=A'/zm. 
The current / f=K V,) indicated in Fig.l  is called 

the motional current. From Eq.(l), 

/ =Av. m 

So, / is proportional to the velocity v. 

(3) 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 766 



$3. Detection    of motional   current    lm 

Figure 2 shows a differential circuit lor detecting the 
motional current. Here, C and R are a capacitance and a 
resistance, respectively, for cancelling the damped capacitance 

The output voltage Vool thedillerential circuilin Fig.2 
is given by, 

V=-<RJT,)YVd 

-jojffRJTJC^R/TJCJV, (4) 

where 7, and 7\, arc the transformation ratio of current detection 
transformer. When R is adjusted for the resonance curve to be 
symmetric, Va becomes equal to -(RJTJY^^ that is, -(RJTt)Im. 
Hence, the motional current Im can be obtained from the output 
voltage V.  When V is controlled to be constant, the motional c: a o 

current / and therefore, the vibration velocity v can be kept 
constant in the vicinity of «>.. 

$4.  Method   of Measuring    equiualent 
circuit   constants 

Figure 3 shows the block diagram of the measuring 
aparalus.  The frequency of the oscillator is controlled by the 
micro-computer through GP-IB. The signal of the oscillator is 
applied to the Auto Gain Controled (AGC) amplifer and the 
power amplifier. The attenuators ATT1 and ATT2 are prepared 
for controlling the driving voltage applied to the transducer. 
When the attenuation of the ATT1 is decreased, the one of the 
ATT2 has to be increased.   After this adjustment, the driving 
voltage can be enlarged in keeping the voltage  V. constant, 
where the voltage Vc is the feedback voltage applied to the 
control terminal of the AGC amplifier.   Moreover, V. is the 
volage the value of which is decreased from the output voltage 
V of the differential circuit; that is, the value of Vu is decreased 
by the attenualer ATT2 and then becomes V.. Differential 

circuit including the test sample transducer has been already 
shown in Fig.2. 

Thedigital voltmeters DVM1 and DVM2are prepared 
for measuring the AC voltages; that is, the driving voltage V ä 

andthc output voltage of thedillerential circuit V o. The voltmeter 

DVM3 are for monitoring the AGC control voltage V.' (DC 
voltage). These voltages are transfered to the micro-computer 
through GP-IB, and then the equivalent circuit constants are 
obtained by using these enperimental values as follows. 
(l)Damped capacitance Cd: In Fig.2, R is adjusted so that the 
driving voltage Vd under constant velocity shows a symmetric 
resonance curve with respect to the resonance frequency on a 
logarithmic scale. After this adjustment, the damped capacitance 
is given by C^T/TJR/RJC,. 
(2)Resonance frequency /: When the constant vibration-velocity 
control (namely, constant7mcontrol) is employed, fr is given by 
the frequency where thedriving voltage Vd indicates minimum 
value. These frequencies can be obtained by automatic 
measurement system using microcomputer control . 
(3)Quality factor Qm: Using the frequency perturbation method2', 
the quality factor ß„"can be obtained by 

e„,= 
2fr 

h-f, 
V K(l+K) (5) 

K is 
p 

where/, and/, are frequencies very close to the resonance 
frequency/, and are in the relation /</<f,.   In addition, 
the perturbation ratio, which is given by the following 
equation under the constant vibrational velocity control, 

*„=(1WK» (6), 
where V^ is the driving voltage at the resonance Irequency /, 
and Vd isthat at the frequency/ or/,. These values are measured 
by digital voltmeters and transferred to micro-computer through 
GP-IB. In this study, the value of AT was selected below several 
percent. 
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Vo 
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Fig.3 Block diagram of automatic measurement system adopting constant vibrational velocity control 
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Fig.4 Vibration velocity dependence of the quality factor, temperature rise, capacitance ratio 
and force factor for three PZT family ceramic longitudinally vibrating transducers. 

(4)Equivalcnt resistance R : Using llic motional currciu /   and 
the driving voltage VM obtained at/r,ßm is given by 

R
m=   VJl. U=V (7) 

(5)Equivalent inductance L„ and capacitance C„: Since Qm, Rm 

and frwere given,equivalent inductance L„,and capacitance Cm 

can be obtained by 

Q R I L   = C  = 
Wrf   K 

(8). 2nfr 

$5. Experiments 
Quality factor Qm, temperature rise, capacitance ratio 

CJC„, and lorcc 'aclor A have been investigated on some PZT 
family ceramic rectangular bars. Vibration mode considered 
here is the fundamental longitudinal mode. Experimental results 
of Qm and temperature rise are illustrated in Fig.4(a) and (b) as 
functions of the vibration velocity v0 which was measured at ihe 
end of the ceramic bar using the "Fotonic Sensor". Also, 
temperature rise was measured at the center of the ceramic 

rectangular bar using a thermocouple. In Fig.4, the configuration 
and the dimensions of the test sample are illustrated. 

$6. Dielectric    loss   factor   tan ö 
As is well known, in the presence of finite dielectric- 

loss- angle Ö , the mechanical Q of a piezoelectric transducer 

resonating undertheopen-circuitcondition of theelectric terminal 
is higher than that under the short-circuit condition. In relation 
to this effect of ö, the maximum electroacoustic conversion 
efficiency is obtained at the mechanical resonance under the 
electrically open-circuit condition, which is called ß-type 
resonance . ß-lype resonance frequency coincides with the 
electrical anti-resonance frequency. Electro-acoustic conversion 
efficiency becomes lower at the mechanical resonance under 
the electrically short-circuit condition, which is called A-lype 
resonance '. A-lype resonance frequency coincides with the 
electrical series-resonance frequency. 

Quality factor QB, temperature rise, capacitance ratio 
CJCj. and force factor AB at the ß-type resonance frequency 
have been investigated on a PZT ceramic rectangular bar. 
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Vibration mcxJe considered here is the fundamental longitudinal 
mode. Experimental results of QB and temperature rise arc 
illustrated in Fig.5 as functions of vibration velocity v0 . A-lype 
resonance constants have also been investigated for comparison 
with ß-type constants. Experimental results of QA and 
temperature rise of the A-lype resonance arc also shown in Fig.5. 

From the figure, it can be recognized that QB is higher 
than QA over the whole vibration velocity range investigated 
here: from v0% 0.02 to about0.3(m/s), and the difference between 
ß^and QB becomes greater with increasing vibrational velocity. 
Temperature rise of ß-type resonance is less than that of A-type 
resonance because \IQR is smaller than \IQA. These facts arc 
caused by the presence of dielectric loss and its nonlinearity. 

Using Qn, C,JCf COn, in addition, the quality factor 

QA and the resonance angular-frequency coA of the /1-type 
resonance which have been obtained prior to the measurement 
on the ß-type resonance, dielectric loss factor tan Ö can be 
given as follows: 
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tan ö=CuICf-(llQA-COBICüA-UQB) (9) 

In Fig.6, capacitance ratio CBICp ß-type force factor 
AB and dielectric loss factor tan 5 are shown. For comparison, 
lan<50 which is directly measured at a sufficiently low 

Ircquency(lkHz) is also shown in the figure. Tan Ö n includes 
an elastic loss brought by a quasi-static strain4', therefore it is 
larger than tan ö in a small vibration velocity. CyC^and ABain 
be viewed as almost constant over the whole velocity range 
considered here. However, tan <5 has become larger remarkably 
in the large vibration velocity above about 0.2(m/s). 

$7. Conclusions 
First, a method of measuring the vibrational level 

dependenceof the equivalent circuit constantsof the piezoelectric 
transducers has been descrided. Somccxpcrimantal results have 
been also described. This study is available for the design of 
the piezoelectric devices, such as the ultrasonic motors and the 
other piezoelectric power devices. In addition, by comparing 
high- power charaleristics on various piezoelectric materials, 
materials with high performance can be selected. 

Secondary, a method of measuring the vibration level 
dependence of the dielectric loss factor of the piezoelectric 
transducers has been descrided. For obtaining the dielectric 
loss, the equivalent constants both at A-type resonance and at 
ß-lype resonance have been measured. From the results, it has 
been concluded, that QA<QB and the difference between them 
usually become larger with increasing vibration velocity, and 
temperature rise of ß-type resonance is less than that of A-type 
resonance. In addition, capacitance ratio CB/Cf and force factor 
AB of ß-type resonance have been shown to be almost constant 
over the range from v0%().02(m/s) to about ().3(m/s). However, 

dielectric loss factor tan <5 has become larger remarkably in the 
large vibrational velocity above about 0.2(m/s). 
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Fig.5 Vibration velocity dependence of the quality factor and 
temperature rise for both A- and B-type resonances of 
aPZT ceramic longitudinally vibrating transducer. 
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Flexi-Distortional Piezoelectric Sensor Results 

W. B. Carlson, S. M. Pilgrim. W. A. Schulze. Y. S. Kato, J. M. Frommelt 

New York Stale College of Ceramics, Alfred University, Alfred, NY, USA 

Abstract - A longitudunal ("RIBBIE") form of a shear amplification 
sensor has been tested for amplified d]5 response. The mechanically 
amplified flexi-distortional system may improve the d^gj, figure of merit 
by transferring the compressional stress on the device to a lateral shear on 
the electroceramic element This type of amplified system is mechanically 
classified as distortional and, therefore, without volume change By 
transforming the hydrostatic stress to transverse strain, the transverse 
forces can be used to develop shear strain and activate the d]5 coefficient. 
Electrodes are placed along the sides of the sensing element. Flexi- 
distortional devices are tested in order to check for the limits of sensitivity 
in their performance 

COMPARISON OF dj, PERFORMANCE 

The hydrostatic piezoelectric coefficient, dn, is determined from applying 
uniform pressure to all surfaces of the piezoelectric element. Each 
piezoelectric coefficient governs the charge generated at the electroded 
surface from the stress applied in each direction. For the monolithic 
sensor using poled ceramic (conical symmetry) the dj, coefficient is d33 + 
d3i + d32 For a 1-3 ceramic/polymer composite the objective is to 
minimize the effect of the d3i and d32 coefficients, thereby causing the dj, 
coefficient to approach d33. 

In flexi-distortional (shear) sensors, hydrostatic pressure is 
redirected and mechanically amplified, thereby creating high lateral 
internal stresses in the sensor. This lateral stress counters the lateral 
hydrostatic pressure change For devices with this internal amplification, 
the lateral hydrostatic pressure change may, in some cases, be neglected. 
Overall, there is a positive contribution to the surface charge polarization 
from the internal stress distribution on the dl5 coefficient 

The hydrostatic pressure produces the lateral internal stress, -np, 
where the hydrostatic pressure is multiplied by the lateral amplification, n. 
This stress is redirected laterally and causes the net lateral stress of-np+p 
The compression and flexural motion in a low angle cap over a lower 
pressure chamber transmits the stress to the sensing element. The flexi- 
designs have a greater width than depth, and, therefore, include a further 
effect for greater force from one direction. The amplification, n, includes 
the geometry of the device cap area, the cap slope, and the sensor cross 
sectional area In the flexi-distortional design the transverse polarization 
developed is: 

Pi = di5(p-np) (1) 

After dividing by the pressure change, p, the hydrostatic piezoelectric 
coefficient is found. Therefore, for flexi-distortional sensors with large n, 
dh is nd]5, or approximately n 3/2 d33, when di5 equals 3/2 d33. In 
flexi-distortional sensors, the amplification, n, is governed by the sensor 
shear area If the shear area is equal to the cross sectional area, then the 
theoretical dj,gn or (ndi5)2/Kie0 can be approximately 9/4 greater for the 
flexi-distortional sensors than for flexi-dilatational sensors. For PZT with 
d33 equaling 370 pC/N, di5 equaling 550 pC/N, a K3 equaling 1700, and 
an n equaling 3, flexi-distortional figure-of-merit performance is predicted 
tobel84,000(10"15m2/N). 

FLEXI-DISTORTIONAL "RIBBIE" MECHANICS 

In Figure 1, the force, F, is applied to the top side of an elliptical tube 
placed in grooves in an articulated PZT plate. The tube transmits a lateral 
force to the vertical side members projecting from the plate. The short 
vertical members represent the sensor elements These are electroded on 
the sides and collect charge from the shearing motion of the sensor. The 
inside of the tube is at a lower pressure because the ends of the tube have 
been sealed and isolated from the surrounding fluid pressure A shallower 
ellipse results in greater amplification of the applied force. The force 
amplification is simply the ratio of the major to minor axis of the ellipse, 
r. The stress transmitted to the ceramic is thus r F/A, where A is shear 
area of the ceramic sensor If F is equal to the hydrostatic pressure 
multiplied by the tube surface area, or pAcap, then the shear stress acting 

on the sensor is rpAcap/A The rAcap/A is the stress amplification factor 
n. The polarization is found by multiplying the piezoelectric shear 
coefficient, di5, by rpAcap/A. The elliptical tube and the material 
stiffness can also be incorporated into the mechanics to give the 
deformations of the device, and the change of the internal energy. 

The amplification mechanism may employ a long plate, or other 
stiffener rather than an elliptical tube. These designs and numerical stress 
calculations have previously been described[l]. Each design, however,' 
must be capped near the ends to prevent internal pressurization which 
would negate the force amplification. For long device lengths this end 
restraint will not result in significant performance deterioration. Normal 
piezoelectric coefficients are not activated in these flexi-distortional 
devices because only side electrodes are employed, and, ideally only shear 
stress is developed perpendicular to the direction of poling. 

CALCULATION OF FLEXI-DISTORTIONAL DEVICE STRESSES AND 
POLARIZATIONS 

Device stresses may be estimated based upon formula found in strength of 
materials literature[2]. These stresses can be used to estimate the device 
polarization, and, to compare with the stress limitations of materials used 
in the device. 

The "ribbie" device may be modeled as a three hinged arch, 
Figure 2, using thin plates for the cap, and, with hinges at the apex and at 
the edges above the ceramic This configuration will amplify the applied 
pressure, p, and produce a lateral reaction stress of -pL/2t tana. These 
stresses are then transferred to the sensor element where shear stresses are 
induced. Shear stresses are partially compensated by lateral pressure 
from the surrounding fluid. The value of the shear stress can be 
calculated by multiplying the lateral reaction stress by the ratio of the 
plate thickness to the sensor width, t/w For the tubular configuration 
tested in this work, the plate slope, tano, equals 1/3, plate length equals 3t, 
sensor width w equals t, and height h equals 2t, this results in an 
amplification of 9. The high cap slope necessitates reducing this 
amplification because of significant lateral hydrostatic pressure on the 
cap. Using the three hinged arch formula for large 0, this results in a 
reduction of the amplification by approximately 10%. The shear stress at 
the top of the sensor is then 8p 

INITIAL RESULTS 

Bent brass sheet shear sensors, as shown in Figure 2, were tested to check 
the potential performance of flexi-distortional type sensors. These tests 
consisted of Berlincourt measurements of the effective d33 response that 
develops in the "RIBBIE" type device from the amplification of stress on 
the d]5 coefficient The brass sheet slope was approximately a 1 to 3 
ratio, with an effective amplification limited to a theoretical value of 8 as 
indicated by the above calculations. Previous numerical stress 
calculations [1] indicate that the actual shear stress is limited to 
approximately half this value Therefore, the maximum lateral stress 
amplification is approximately 4, and the maximum effective A\s 
coefficient is approximately 4 times the unamplified di5 coefficient for a 
maximum sensitivity of 2000 pC/N Actual electrode area limitations 
result in a 2/3 reduction as calculated from the sensor height to cap width 
ratio, leading to an overall sensitivity of approximately 1300 pC/N. 
Several configuration of these shear devices were tested Initial tests in air 
have proven that effective d33 responses of -1000 pC/N at 100 hz are 
possible Hydrostatic tests were performed at low pressures of less than 8 
kPa. These tests yielded dj, values of-100 pC/N. Frequency response is 
expected to be lower in shear type devices as compared to the "moonie" 
type. PZT5-H ceramic with brass sheet were used in all tests. 

The amplified dj5 measurements can be used to estimate "ribbie" 
djjgi, performance. This is calculated from the theoretical amplification 
as d] 5 squared divided by the permittivity. The theoretical performance is 
then estimated to be 110,000 (10"15 mZ/N) if the amplified d]5 is 1300 
pC/N.   In the hydrostatic tests the actual djj results in a performance of 
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dh
2 divided by the permittivity of PZT of 650 (10"15 m2/N) is much 

lower than the estimate of that provided by the above theoretical 
Berlincourt measurements Though we are significantly below theoretical 
expectations, there are many design changes that have been identified 
which should affect the performance of these sensors. 

CONCLUSIONS 

The performance of "RIBBIE" brass sheet shear sensors have been 
evaluated Theoretical stress calculations show that they develop a stress 
amplification of approximately 9. Limitations of electrode surface area 
produces an effective d]5 coefficient of 3 times the unamplified dl5. 
Hydrostatic tests have been limited, but indicate that shear devices can be 
constructed and may be practical. The longer geometries may increase the 
hydrostatic response by eliminating the end clamping due to the end brass 
plates. Testing of these brass sheet shear devices have led us to conclude 
that they are feasible for hydrostatic applications, and may improve the 
manufacturability of composite sensors. 
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Figure 1   A schematic of the shear sensor depicting placement of the 
elliptical tube in the grooved PZT to activate the shear response from a 
compressive load. 
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Abstract-The effect on the photorefractive and optical properties by starting melt, and assumes the 
varying Cr and Mo dopant concentrations equally in co-doped 
SBN:60 is investigated. We report the effect on the absorption, 
two-beam coupling, speed of response, and diffraction efficiency. 
From these measurements the role of the donor and acceptor 
density is determined. 

Introduction 

The doping of photorefractive crystals, and specifically 
strontium barium niobate (Sri_xBaxNb206:l-x), can enhance the 
photorefractive performance in several ways. Dopants can affect 
the photorefractive gain, time response, and spectral response, 
amongst other things. Doping can also increase the absorption, not 
always a desirable feature for an optical device. Photorefractive 
optical devices may require particular combinations of gain, speed 
and absorption [1]. This amount of control requires a good 
understanding of the role the dopant is playing in the 
photorefractive effect. 

The photorefractive effect requires some mechanism for 
charge migration in the presence of light. Doping offers a 
convenient method to provide the necessary charges. By entering 
the bandgap at an intermediate energy from the valance and 
conduction band both light generated holes and/or electrons can be 
generated. One popular model, that fits Ce doped SBN:60 well, has 
the Fermi level midway between the donor and acceptor level. The 
acceptor level is then fully compensated with some charges left in 
the donor level if the donor density is larger than the acceptor 
density, Nrj > N^. This simple model involves only two dopant 
levels, however shallow traps are often present that are very 
thermally active and compete with light as a mechanism for charge 
excitation. This causes some of the constants in the two level model 
to have an intensity dependence. Since the donor and acceptor 
densities describe photorefraction in SBN:60 control of these 
densities will control the photorefractive properties of SBN:60. A 
single dopant, Ce for example, is effective in enhancing the 
photorefractive properties of SBN, but to date there is no control 
over Nrj and NA with the single dopant. The motivation for co- 
doping SBN is to achieve some influence over Nrj and NA 

separately. It is believed that Cr will enter the crystal as a donor and 
Mo as an acceptor. To test this hypothesis we performed various 
experiments to understand the role of Cr and Mo on NQ and N^, 

Experimental 

Four SBN:60 crystals grown by the Czochralski method 
were used in this study with varying dopant concentrations. Two 
0.03% total weight (0.015% Cr/0.015% Mo), and one each of 
0.02% and 0.01% total weight also at equal concentrations, 1:1 Cr 
to Mo. The concentration in weight % here represents the amount 
of Cr or Mo (in grams) for every 100 g of SBN:60 put into the 

fraction of dopant in the starting 
materials is the same as the grown crystals. The two 0.03% weight 
crystals were different in size. One was a thin crystal plate and the 
other a thicker cube. The cube dimensions of the highest weight 
dopant to the lowest were; 6.12 mm, 6.2 mm, and 6.4 mm. The 
crystal plate had the dimensions 6 x 6 x 1.025 mm. All had a pale 
yellow color with no visible striations. All the crystals were poled in 
the usual fashion. A cw Ar-ion laser operating at 488 ran was used. 
Since the gain was measured versus intensity the output power 
varied from 13 to 86 mW. The Gaussian spot size at the crystal was 
1.4 mm half width e"2 maximum. In order to avoid beam fanning 
the polarization was kept ordinary with respect to the crystals. The 
absorption of each crystal was measured from the measured 
transmission and reflectivity. It was found that the absorption 
increased with intensity for all the crystals. The measured 
reflectivity did not match the predic ted value based on the ordinary 
index of refraction, n0, for the plate and was about 13% off for the 
0.02% weight crystal. This is most likely due to poor surface 
quality. 

The photorefractive gain as a function of angle and intensity 
were measured by the two-beam coupling experiment outlined in 
reference [2]. The ratio of the input crossing beams was ß = 
Wak^strong = 0.00178. The gain, T, was measured with no 
applied electric field. Since the electro-optic coefficients are 
positive and the beam fanned to the negative c-axis the charges are 
predominantly electrons. No coupling was observed with beams 
bisecting the c-axis so the measured gain is mostly derived from the 
electro-optic coefficients. Because of the small ratio of ß the gain 
can be fit to the analytical expression in reference [2]. By fitting the 
gain curves we were able to derive the effective charge density and 
the electron-hole competition at each dopant level using rj3 = 55 
pm/V and n0 = 2.40 and E33 = lOOOerj, see Table 1. Most likely the 
intensity dependence in the absorption and the gain is due to the 
presence of shallow traps. 

The diffraction efficiency as a function of decay time was 
measured with the two-beam coupling experiment by simply 
blocking the weak beam into the detector and measuring the 
diffracted beam decay. This method is useful in that it is simple, 
being automatically Bragg matched, and ensures the erase beam is 
well characterized. But care needs to be used because it is possible 
to rewrite the gratings while erasing, which gives a longer decay 
[3]. We found there is no significant self-enhancement for gain- 
lengths less than 2, which we were careful to observe. Since we 
measured the whole Gaussian spatial beam, and the equations for 
the decay time assume plane waves, the decay time was modified 

from a simple exponential to   7^') = TJH_S 7(1-«-") where x 

is the response time [4] and r\ns is the steady-state diffraction 
formula given by Hong and Saxena [5] when there is gain. By using 
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the values found from two-beam coupling in the steady-state 
diffraction formula the theoretical diffraction fit closely to the 
experimentally measured value. This indicates the phase difference 
between the intensity grating and the index grating is small since the 
diffraction efficiency depends on the magnitude of the index change 
and not only the imaginary part, as the gain does. This is an 
indication there is no photovoltaic effect present. The time response 
of the cubes was measured at the angle 9 = 7.7° to the crystal 
normal and at the intensity I = 0.455 W/cm2, see Table l.The time 
response as a function of intensity for the 0.03% weight cube was 
also measured. A good fit to the inverse time response was found 
by assuming the grating spacing is much larger than the electron 
transport length and the Debye screening length. The fit also 
required using a dark decay time of TJ ~ 4s, including a linear 
intensity dependence for the acceptor density and using the 
measured intensity dependence of the absorption. 
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Table 1. Summary of the properties of the four crystals 

Discussion 

It is not possible to determine NA and NJJ from the data collected 
unless certain assumptions are made. However, we can determine 
some features of the dopant concentration on N^ and NJJ from the 
data.   For   instance,   Figure   1   shows   the   measured   quantity 

Neff{I)/a(I) = — —^  versus the weight % dopant for three 
S N D 

different intensities [6]. The quantum efficiency is given by, <£, and 
s is the absorption cross section. A straight line would indicate that 
as dopant concentration is increased the donor density increases in 
the same proportion to the acceptor density. A slight decrease with 
increasing dopant indicates N^ is not keeping up with NJJ, but the 
deviation is small and for the 2.79 W/cm2 intensity case the change 
is barely noticeable. (It is interesting to note the electron-hole 
competition is most changed with intensity at the 0.03% dopant 
level which correlates with an increase in the acceptor density). 
Either the dopants are working as anticipated or the presence of 
one alone increases both donor and acceptor densities equally. 
Another quantity of interest is the shown in Figure 2. Here the time 
response increases (slows down) with dopant concentration. If we 
ignore the dark decay compared to the intensity decay the time 
response should depend on the acceptor density alone. Hence the 
increase shows that N^ is increasing as we already suspected from 
Figure 1. 

It is planned to repeat Figures 1 and 2 for various weight 

concentrations of the Cr dopant alone. If the same general features 
are observed then the Cr dopant alone is acting in the role of the 
acceptor and donor and in such a way that both are proportional to 
the weight percent. If Cr is indeed responsible for the donor alone 
then the Nefj/a plot should fall off with increasing dopant 
concentration. Since NQ °C weight % if the weight % increases by 2 
then Neff/a should fall by one half. Also, the time response should 
not be affected much with increased dopant concentration, being 
dependent on N^ alone. 
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Figure 1. Ratio of Neff/a versus % dopant by weight. 
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Figure 2. Time response, x, versus % dopant by weight. 
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ABSTRACT 

Single crystals of pure and Cr3+ doped barium 
titanate (BaTi03) have been grown by top seeded 
solution growth technique (TSSG). TSSG system 
consists of a resistance heated super kanthal cylindrical 
furnace capable of temperatures upto 1540°C 
alongwith crystal rotation and pulling arrangement. 
According to the phase diagram, 65 mol% Ti02 is 
mixed with 35 mol% BaO to have a molten flux at 
1460OC. We typically have grown 20-39 g boules 
from 300 g of melt in a 100 ml platinum crucible. 
Polished and poled cubes as large as 15x15x10 mm^ 
have been successfully fabricated. 

INTRODUCTION 

Barium titanate-BaTi03 is one of the most 
promising electrooptic, photoconductive and 
photorefractive materials for a variety of applications 
that include optical phase conjugation, signal 
processing and for fundamental studies [1-4]. Barium 
titanate is normally grown by the top seeded solution 
growth (TSSG). This method combines several 
advantages of Czochralski technique and solution 
growth. A novel gradient transport technique and 
modified "Remeika" technique for BaTi03 crystal 
growth are also reported [5,6]. The barium titanate 
crystal growth of high quality and single domain 
samples, however, is complicated by a sequence of 
structure phase transitions and its physico-chemical 
properties. Current efforts at understanding the 
microscopic origins of photorefractive effect are 
directed towards improving material sensitivities and 
decreasing the response time by suitable doping and 
growing bulk BaTi03 single crystals. A number of 
pure and Cr3+ doped BaTi03 single crystals have 
been grown in our laboratory using the TSSG method. 
This paper discusses the limiting conditions for 
BaTi03 single crystal growth. The crystal color and 
inclusions in our experiment are also described. 

EXPERIMENTAL PROCEDURE 

A top seeded solution growth system has been 
designed and fabricated. This system consists of a 
resistance heated super Kanthal cylindrical furnace 
capable of temperatures up to 1540°C alongwith a 
crystal rotation and pulling arrangement. The 
schematic diagram of TSSG system is shown in Fig. 
1. 

1: pulling & rotation arrangement 
2: screw & slide arrangement 
3: Insulation cover 
4: super Kanthal elements 
5: seed rod 
6: after heater 

7: platinum crucible 
8: thermocouple 
9: insulating support 
10: base 
11: temperature control system 
12: recorder 

Fig. 1. Schematic diagram of top seeded solution 
growth system 
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The starting composition is selected near the 
eutectic as shown in Fig. 2 [7]. 

P   1600  - 

50 60 70 

—»-Ti02(mole%) 

00TiO2 

Fig. 2. Equilibrium phase diagram of BaO-Ti02 
system 

It can be seen that it may be possible to grow 
BaTiOß crystal from nonstoichiometric melt 
containing an excess of Ti02 in the temperature range 
14 00-13 30OC and this technique will avoid 
crystallization of the hexagonal phase of BaTi03. 
According to the phase diagram, a starting 
composition is around 65 mol% Ti02 + 35 mol% 
BaO. The melt is contained in a platinum crucible 
measuring 2 inch in diameter and 2 inch in height 
most of which is embedded in thermal insulation. 
Melts are prepared using Johnson-Matthey Puratronic 
grade BaTi03 and Ti02 powders. In a typical growth 
run, the melt is soaked for several hours at 1460°C 
and subsequently cooled down to near 1400°C. The 
seed orientation is <100> or <001> and then brought 
in contact with the melt and rotated at 50-60 rpm. 
After initial homogenization a seed is brought in 
contact with the melt and slowly pulled at a rate of 0.1 
mm/h. The furnace is cooled at a rate of 0.2-0.5°C/h. 
When the temperature comes close to the eutectic 
around 1332°C, the grown crystal BaTi03 is pulled 
out of the melt and cooled at 10°C/h. Cooling rate 
must be very slow (about l°C/h) while crossing the 
cubic to tetragonal phase transition near 132°C. We 
have been able to grow undoped and Cr3+ doped 
BaTi03 crystal boules weighing 14-39g in 100 cc 
platinum crucible. A photograph of the few crystals 
grown in our laboratory is shown in Fig. 3. 

m :.::ijjy<!$x   : 

( y-i~              Sfe*^ 

5£ 

I            5 

IIP*' 

1 cm 

1 cm Bi 

Fig. 3. A photograph of BaTi03 crystals grown by 
top seeded solution growth technique 

RESULTS AND DISCUSSION 

TSSG TECHNIQUE 

TSSG technique was originally developed at 
M.I.T. [8]. Most photorefractive crystals, however, 
have been grown by this method. Authors deem that 
there is no essential distinction between Czochralski 
and TSSG techniques. Some crystals melting 
incongruently (KNb03 etc) can be grown by 
Czochralski technique below the decomposition 
temperature [9,10]. The temperature gradient and 
cooling rate can be changed to induce crystallization. 
A novel three thermal zone flux method for the 
growth of BaTi03, KTai-xNbx03 and etc is reported 
[6]. 

INCLUSIONS AND COLOR IN BaTi03 
CRYSTALS 

During the BaTi03 crystal growth the shape of 
the crystal-melt interface and pulling rate strongly 
influence the formation of inclusions. It is well known 
that the concave interface and high pulling rate are 
easy to capture inclusions. Moreover, the inclusions 
induce domains to form . In BaTi03, the 90° domains 
or twins will form because of inelastic stress from a 
structural misfit at the phase boundary. 180° domains 
form to maintain electrical neutrality if the phase 
boundary velocity is too high and the surface charge 
density too low [11]. When the composition of 
starting materials is the same but different melt 
soaking temperatures are used, the resulting crystals 
will have different colors. For instance, when the 
temperature of the melt is lower than 1400°C, 
BaTi03 crystals will show a dark color, but they will 
be yellowish when the temperature is higher than 
1460°C. In addition, as the seed is withdrawn from 
the melt at a relatively low temperature, then a blue 
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region will occur around the seed crystal, but the 
growing crystal will gradually become yellow or even 
nearly light yellow. The formation mechanism and 
relation to soaking temperature are being studied now. 

SEED ORIENTATION AND CRYSTAL GROWTH 
MORPHOLOGY 

The seed orientation <001> or <110> can be 
used. For BaTi03 crystal growth along <001> 
direction, the major facets {100} and {110} were 
observed. However, usually the {100} facets were 
accompanied by less developed {110} facets. In 
practice the <001> is the preferred seed orientation 
over <110>. The growth rate on (110) faces was 
greater than that on (001) faces. 

Further studies on BaTi03 crystal growth 
morphology, poling and the photorefractive properties 
are in progress. 
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Abstract — K3Li2Nb5015 (KLN) Single crystals have been grown 
by the rf heating Czochralski technique from a melt with the 
potassium and lithium enriched composition, 35 mole % of K2C03, 
17.3 mole % of Li203, and 47.7 mole % of Nb205. Optimum growth 
conditions were a pulling rate of 1 mm/h and rotation rate of 25 - 30 
r.p.m.. The pulling axis was chosen in parallel to the [110] axis in 
order to minimize the cracking during the growth. Transparent and 
pale-yellow crystals up to 10mm in diameter and 20 mm in length 
were obtained. Dielectric constants EnT and e33

T at room 
temperature were 318 and 106, respectively, the constant e33

T 

showed a marked anomaly at the transition point of 430°C. 
Pyroelectric constant p at room temperature was determined as 80 
uC/m K from the pyroelectric current method. Resistivity p 
showed a small change at the phase transition temperature. Further, 
it was found that the addition of small amount of Na to KLN results 
in more preferable electrooptic and nonlinear-optic behaviors than 
those of pure KLN. 

INTRODUCTION 

Among various ferroelectric materials, a number of ferroelectric 
niobates having a tetragonal or related orthorhombic tungsten- 
bronze structure such as Ba2NaNb5015 (BNN), (Sr,Ba)Nb206 

(SBN), Ba2.xSrK1.yNayNb50I5 (BSKNN), (Pb,Ba)Nb206 (PBN), 
Pb2KNb5015 (PKN) and this K3Li2Nb5015 (KLN) have attracted 
much attention due to their potential applications in electrooptic, 
nonlinear optic and piezoelectric devices [1-8]. The tungsten-bronze 
structure is characterized by a framework of B06 octahedra sharing 
the corners with each other, and is represented by general chemical 
formula (A^A^C^B^B^gO^ corresponding to the contents 
of unitcell with an approximate dimension of a x b x c = 4.0 x 4.0 x 
12.5 A. One of the tungsten-bronze ferroelectrics, KLN was 
discovered by Van Uitert et al. in 1967 [6]. A KLN is a typical 
tetragonal ferroelectric material of completely filled tungsten- 
bronze structure with a point group 4mm. All the Ai and A2 sites 
are filled with K and all the c sites are filled with Li. However, 
detailed phase equilibrium study of the K20 - Li20 - Nb205 ternary 
system was carried out by Scott et al. [9] and Dceda et al. [10]. 
Ferroelectric tungsten-bronze type phase spreads toward the Nb-rich 
regions where the Nb205 concentration is 0.51 to 0.55, and the 
tungsten-bronze phase does not occur with completely filled 
alkalication sites at the composition K3Li2Nb5015. So far, crystal 
growth of KLN has been successfully attempted by various people 
for several different purposes [6-13]. However, the growth of these 
crystals in decent sizes and quality is generally difficult because of 
complex compounds and high melting temperatures. Nevertheless, 
the tungsten-bronze materials mentioned above are still attractive 
and important from applications points of view in the fields of optics 
and electrooptics in the near future. 

In our earlier studies on the KLN tungsten-bronze crystals and 
their thin films, crystal growth and piezoelectric properties of bulk 
crystals were reported [7]. The electromechanical coupling factor in 
KLN were k15=0.34, k31=0.18 and k33=0.52. The growth of single 
crystal KLN films for optical waveguides fabricated with good 
epitaxy on various crystal substrates such as tungsten-bronze 
potassium bismuth niobate (KBN) and sapphire substrates by the 
epitaxial growth of melting (EGM), the liquid-phase epitaxial 

growth (LPE) and the sputtering methods were also reported [14]. 
In this paper, crystal growth of KLN and Na doped KLN and 

their properties are described. 

EXPERIMENTAL PROCEDURES 

Single crystals of KLN were grown by the Czochralski 
technique from melts using SEREC 90032 crystal growth system 
with an ADC system. The raw materials used in this study were 
K2C03 of 99 %, and Li2C03 and Nb205 of 99.99 % purity. These 
oxides were mixed in nonstoichiometric proportion with potassium 
and lithium enriched composition, 35 mole %K2C03, 17.3 mole% 
Li20, and 47.7 mole % Nb2Oj. The compounds were weighed out 
and mixed well by ball-milling in a polyethylene bottle together with 
methyl alcohol and partially stabilized zirconia balls of 3mm <(> for 
24h. Methyl alcohol was removed by heating. After drying, the 
powders were calcined at 900 °C for 3h. The calcined powders were 
crushed using a mortar and pestle. The mixture was loaded in the 
platinum crucible and melted by the rf heating. The crucible was 50 
mm in both diameter and height, and was supported in an aluminum 
oxide crucible. A platinum after-heater was employed to reduce 
vertical and radial thermal gradients above the melt surface and to 
minimize heat losses from the crucible. As seed materials, KBN 
crystals were used because the crystal structures of KLN and KBN 
are both of the tungsten-bronze type and the melting temperature of 
KBN is higher by about 250 °C than that of KLN. These tungsten- 
bronze structures and their axes are shown in Fig. 1. In this figure, 
square Aj, pentagonal A2, octahedral B and triangular C are 12,15, 
6 and 9 coordinated, respectively. The polar axis of tetragonal 
ferroelectrics is the z axis.    The KBN is orthorhombic on the 

Fig. 1 The tungsten-bronze structure and reference Axes. The (001) 
projection of the tetragonal lattice is shown by a dashed 
square. 
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Table I Fundamental properties of KLN and KBN. 

K3Li2Nbs015 K2BiNb5015 

Symmetry 

Lattice constant 

Curie temperature 
Dielectric constant 

Tetragonal 

a = 12.51 Ä 
c = 3.97Ä 

430 t: 
e^^lS 
ET33 = 106 
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Fig. 2 XRD pattern of KLN powder. 

contrary to teragonal in KLN. The coordinate systems (x,y,z) for 
KLN and (x'.y'.z') for KBN are compared in Fig. 1 in relation to the 
crystallographic axes a^ a2 and c. The crystallographic and 
fundamental properties of KLN and KBN are listed in Table I. 

X-ray diffraction measurements were performed by means of a 
diffractometer using Ni filtered Cukot radiation. Lattice constants a 
and c were calculated using reflection peaks in the 29=20 to 80° 
range. Further the Laue method was used to cut the crystals with the 
appropriate surface. 

The dielectric constants £j J and £33 and dielectric loss factor tan 
5 were measured at 1,10, 100, and 1,000 kHz using HP 4192A LF 
impedance analyzer under full program control from room 
temperature to 600 °C. The pyroelectric constant p was detected 
using a YHP 4140B pA meter. 

The crystals were poled by the field cooling method under a DC 
current of about 1.2 mA/cm2at temperature of 550 to 350 °C along 
the [001]axis. 

EXPERIMENTAL RESULTS 

Single crystals of KLN could be grown with excess K2CO3 and 
L12CO3 by rf-heating Czochralski method. It has been experienced 
that while the crystallization rate along the [001] axis is much less 
than those along any other attempted directions, great difficulties 
often encountered in obtaining large crystals in this pulling 
direction, due to the unavoidable occurrences of cracking. 
Therefore, the pulling axis is chosen in parallel to [100] or [110] axis 
in order to minimize the cracking during the crystal growth. The 
crystals obtained are elongated in the lateral direction along the 
[110] axis and are generally prismatic with clearly defined faces, 
[001] and [110]. Transparent and pale-yellow crystals up to about 10 
mm in diameter and 20 mm in length were obtained. In order to 
determine the crystal structures of KLN, X-ray diffraction 
measurements were carried out. The X-ray diffraction analysis 
revealed that the powders prepared by crushing the crystal are of 
tungsten-bronze structure as shown in Fig. 2. Lattice constants a and 
c of the KLN crystal obtained by the X-ray diffraction measurement 
were 3.97 and 15.1 A, respectively. The values are in good 
agreement with Bonner's data [11]. 

The temperature dependences of dielectric constants EnT and 

£33 , and dielectric loss factor tan 5 are shown in Figs. 3(a) and (b). 
The dielectric constants Z\ jT and £33T at room temperature were 318 
and 106, respectively. In Fig. 3(a), the constant £33 at 10, 100 and 
1000 kHz shows a marked anomaly at the transition temperature of 
430°C and slightly diffuse dielectric property. The tan 5 along the 
[001] axis measured at 1000 kHz is nominally dependent on 
temperature up to 600 °C. However, tan 8 at 10 kHz drastically 
increases above 450°C. The EjiT shows a small anomaly at the 
phase transition temperature but decreases gradually with 
increasing temperature as shown in Fig. 3(b). Such temperature 
behavior and large anisotropiy for both £j j   and £33T are typical of 
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Fig. 3(a) Temperature dependence of dielectric constant E331 
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Fig. 3(b) Temperature dependence of dielectric constant EnT. 
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most tetragonal ferroelectric tungsten-bronzes. Figure 4 shows the 
resistivity along the [001] axis as a function of temperature around 
the phase transition temperature. As can be seen from the figure, the 
electrical resistivity shows an anomaly at the transition temperature 
depending on applied electrical fields. The pyroelectrical constant 
p measured by the pyroelectric current method was determined as to 
be 80u.C/m2K at room temperature. 

The reduced half-wave voltage \K related to the electrooptic 
coefficient rc , and rcwere determined as 1040 V and 6x10"'' nW, 
respectively, as shown in Table II. The electromechanical, linear 
electro-optic and nonlinear-optic properties of K^Nan 3Li2Nb50I5 

(KNLN) crystals were investigated to clarify the influence of Na 
doped in KLN. It was found that the eletrooptic halfwave voltage 
(\K) relating to the electrooptic constant rc for KNLN was reduced 
to a value of 750 V, much smaller than that for KLN, by adjusting 
the Na concentration. Further one of the nonlinear-optic 
coefficients, d31, of KNLN increased to 1.6 times the value for 
KLN. Therefore, It is concluded that the addition of small amount 
of Na to KLN results in more preferable electrooptic and nonlinear- 
optic behaviors than those of pure KLN. Further study on obtaining 
large and good quality single crystals of KLN and KNLN is in 
progress. 

lO* 

10a 

10' 

u    10o 

X 1°5 

104 

10J 

m 50[V/cm] H  100[V/cm] IS 200 [V/cm] 

10^ 

• 

• 

-i > *      m 
♦ 
♦ 

*rf*w ■ 
y^m— r 

0.5 1.5 

1/T(- 10'3K-1) 

Fig. 4 Temperature dependence of resistivity p. 

Table II Properties of KLN and KNLN. 

Material KLN KNLN 
Crystal system tetragonal tetragonal 
Lattice const. (Ä) a =12.51 a =12.56 

c = 3.97 c = 3.98 
Melting temp. (°C) 1050 1100 
Curie temp. (°C) 430 350 
Dielectric const. ea = 318 ea = 460 

ec=106 ec = 320 

Refractive index n0 = 2.294 

ne = 2.156 

Halfwave voltage (V) 1040 750 

CONCLUSIONS 

KLN single crystals have been grown by the rf heating 
Czochralski technique from a melt with the potassium and lithium 
enriched composition, 35 mo!e% of K2C03, 17.3 mole% of Li203 

and 47.7 mole% of Nb205. Optimum growth conditions were a 
pulling rate of 1 mm/h and rotation rate of 25-30 r.p.m.. The pulling 
axis was chosen in parallel to the [110] axis in order to minimize the 
cracking during the growth. Transparent and pale-yellow single 
crystal up to 10 mm in diameter and 20 mm in length were obtained. 
Dielectric constants EU

T
 and E33

T
 at room temperature were 318 

and 106, respectively.The e33
T showed a marked anomaly at the 

phase transition temperature of 430°C, but e, / decreased gradually 
with increasing temperature. It was concluded that the addition of 
small amount of Na to KLN results in more preferable electrooptic 
and nonlinear-optic behaviors than those of pure KLN. 
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ANISOTROPY OF SPECKLE-FIELD IN BARIUM-SODIUM NIOBATE CRYSTALS 
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Abstract       -  It  was  investigated  the 
dependence of the speckle-field in Ba_NaNb..O, _ 

z b 15 
crystals in laser beam on the orientation of 
the crystals,  temperature and direction of 
growing. The different pattern of scattering 
along the a and c axis make it possible to 
unambiguously determine the direction of the 
frroelecric axis in the crystal, while abrupt 
change in the nature of scattering with a 
ferroelectric  phase  transition  makes  it 
possible to determine the Curie point. 

INTRODUCTION 

A large number of mixed-oxide composition, 
possessing ferroelctric properties, 
crystallize in the tetragonal tungsten bronze 
structure. The term "tungsten bronze" derives 
from the metallic potassium tungsten oxide 
composition which were first demonstrated to 
has this structure. 

In contrast to the tungsten - containing 
bronzes, the niobate with this structure are 
generally transparent insulators.This 
ferroelectrics have been the subject on 
intensive investigations. The interest to this 
crystals has been motivated by actual or 
potential applications of these materials 
based on their outstanding piezoelectric, 
electro-optical and nonlinear optical 
properties [l-5] . 

Less attention has been given to the 
understanding of the mechanisms of the 
structural phase transitions. The 
ferroelectric tetragonal bronze have a too 11 
polar axis and transform to a tetragonal 
centrosymmetric  structure  above  T .   In 

additional an orthorhombic as well as a 
tetragonal modification of the tungsten bronze 
structure exists. 

Barium sodium niobate, Ba.NaNb O   (BSN) is 

at present the best characterized of these 
compounds though many of its features are 
still not clear understood. 
This  crystal  undergoes  three  successive 

phase transitions on cooling: 
4/mmm > 4mm > mm2 > 4mm  [6,7] . 
The highest one at 585°C is a standard 

ferroelectric transition with symmetry change 
from 4/mmm to 4mm. This phase contains 
ferroelectric domains of 180 type which are 
lying along the c axis. The ferroelectricity 
is mainly related to the eccentric position of 
the Niobium atoms in the oxygen octahedra. 

The other transition of about 300 C is 
ferroelastic with symmetry change from 4mm to 
mm2. The orthorhombic deformation is related 
to small displacement of the Barium ions 
parallel to the [110] direction. The 
ferroelasticity of the room temperature phase 
give rise to two orientation of orthorhombic 
structure. They constitute adjacent 
ferroelastic domains separated by plane walls 
with (100) or (110) orientation. Below -160°C 
the domains disappear. 

This crystal presents a unique example of a 
ferroelastic (mm2) phase sandwiched between 
two phases possessing the same higher point 

symmetry. 
The room temperature crystal structure of 

BSN has been studied by Jamieson at al. C8J . 
It is constituted by framework of oxygen 
octahedron sharing corners and forming three 
types of tunnels of different shape and size 
running along the c direction in which cations 
are located. The four triangular tunnels 
remain empty in BSN. The cubic and pentagonal 
tunnels respectively contain the Na and Ba 
ions. This structure data on BSN are available 
only at room temperature. 

The existence of incommensurate phases in 
BSN has been postulated [93 and subsequently 
confirmed [101 . The static and dynamic 
characteristics of the incommensurate phases 
of BSN have been investigated by means of 
elastic and inelastic neutron scattering 
between room temperature and 660 C [11] . Two 
incommensurate phases were observed on heating 
from room temperature. 
Phase II which is stable up to TI;[=250 C is 

nearly commensurate, the modulation vector is 
expressed as 

k=(a*+b*)(1+S)/4+c*/2, with 5=0.01. 

Phase I is incommensurate with the same 
direction of modulation and S varies linearly 
from 0.08 at T        up to 0.12 at Tj, about 

288°C;  TT_  is  discontinues  and  T_  is 

continues. 
The modulation consists mainly in a 

collective shearing of the oxygen octahedra, 
in which the basis of each octahedron in ab 
plane is fixed while the oxygen at the upper 
and lower vertices move parallel to this plane 
in opposite direction. This alternation along 
the z axis corresponds to the doubling of 
periodicity along this direction. The 
displacement have a predominant component 
along the a orthorhombic axis which is also 
parallel to the direction of the modulation. 
The incommensurate or nearly commensurate 
modulations, respectively, detected in phases 
I and II are due to the displacements of the 
oxygen and also barium atoms at microscopic 
level [12,13] . The soft mode detected above 
TT consists of the same collective shearing of 

oxygen octahedra. The modulation wavelength 
varying   significantly   in   the   T -T^ 

temperature range. In the framework of the 
existing phenomenological theories this 
variation is associated with a nonsinusoidal 
character of the modulation, i.e. the presence 
of discommensurations  [11,13,14] . 

In present work it was investigated the 
behavior of the laser beam in the crystal 
having such intricate structure. 

EXPERIMENT AND RESULTS 

This work investigated anisotropy of 
90 -scattering light in a BSN crystal in a 
broad temperature range (20-600 C). 

Single crystals were grown by Dr.I.I.Naumova 
and  co-workers  in  the  laboratory  of  the 
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Department of physics of the Moscow State 
University using the Czochralski method. 
Crystals have a composition close to conaruent 
with essentially no growth layers (An=10~ ). 
The samples 2x3x5 mm, oriented in the fOOl] , 
[100] , or [010] directions (tetragonal 
indices) , were placed in a region of 
constriction of a focused light beam (the 
length of the constriction was 3 mm and the 
transverse diameter of the light spot was 2 0 
Mm). The A = 514.5 nm generation line of an 
argon laser was used as the excitation source. 
The laser power was varied from 30 to 300 mW. 
The crystal was mounted in an oven which had 
two windows that allowed visual observation of 
the sample. The temperature was measured using 
a platinum-platinorhodium thermocouple located 
near the crystal. The focused laser beam was 
propagated in the crystal perpendicular to the 
ferroelecric axis and had a polarization 
direction parallel to this axis. In such a 
geometry 9 0 -scattering was observed in the 
crystal. (Fig.l). 

E 
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fir* I) \ u 
W 3\r^ 

1 2           ooooooo 
k 

Fig.l& Experimental setup for the observation 
of 90 -light scattering: 1 - argon laser; 2 - 
focal lens;  3 - sample; 4 - oven; 5 - screen. 

This scattering had a grainy structure in the 
form of brightly illuminating points both in 
crystals with zero-orientation (grown in a 
[001] direction) and in 90°-orientation (grown 
in the [010] direction) (Fig.2a). 

— C 

Fig.2. 90 -Scattering in BSN crystals at room 
temperature relative to the orientation of the 
samples: 
a) the direction of the laser beam is 
perpendicular to the c axis; 
b) the direction of the laser beam is along 
the c axis; 

In crystals with 90 -orientation the point 
scattering centers disappear at approximately 
300°C near the second-order phase transition, 
while in crystal with zero-orientation they 
are preserved right up to the ferroelectric 
phase transition (Fig.3a). 

C 

i 

a 

Fig.3. 90 -Scattering in BSN crystal: 
a) at temperature of 2 0°C; 
b) at temperature of 560°C. 

The speckle structure disappears also at the 
propagation of radiation along c-axis 
(Fig.2b). In these cases the trace of the 
laser beam presents homogeneous mat thread 
about five times narrower than the scattering 
trace with speckle structure. 

The described anisotropy of scattering is 
also characteristic for monodomain BSN crystal 
and makes it possible to visually identify the 
direction of the ferroelectric axis. To do 
this one must fined the direction in the 
crystal in which the laser beam passing 
through the sample causes scattering in the 
point centers (Fig.2a,3a). 
Such an effect is observed when the laser beam 
is propagated along the a axis in the ac 
plane. The direction perpendicular to the beam 
unambiguously determines the direction of the 
c axis of the crystal. The polarization of the 
beam in this geometry coincide with the polar 
axis c. 

Near the ferroelecric phase transition the 
laser beam in the crystal is abruptly narrowed 
(Fig.3b). The Curie point in ferroelectric 
crystals is determined from the abrupt change 
in some sort of physical property (heat 
capacity, dielectric permitivity, etc.) for 
ferroelectric with first-order phase 
transitions. The temperature of the crystal is 
equal to the Curie temperature at the moment 
of the abrupt narrowing of the beam and 
disappearance of the point scattering centers 
for the zero-orientation crystals. 
The described anisotropy of the 

90 -scattering of light is observed for 
multidomain and monodomain BSN crystals. 

CONCLUSION 

The behavior of the laser beam in the BSN 
crystal revealed by this study is following: 
if the beam was polarized to be an 
extraordinary ray in the crystal the 
scattering trace had a speckle structure at 
the room temperature both in crystals with 
zero and 90 -orientations. However in the 
crystal with 90 -orientation the 
speckle-structure of the beam disappears at 
about 3 00 C; in crystal with zero-orientation 
the point scattering centers disappear near 
the Curie point. 

An abrupt change of the scattering laser 
beam which corresponds to these phase 
transitions is simultaneously observed on the 
temperature relation of the elastic scattering 
of light [15,16] . 
The origin of this phenomenon is yet not 

clear. 
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Abstract — The dielectric properties of electrooptic thin films were 
varied by altering the stresses placed upon the films. Selected thin 
films in the lanthanum-modified lead zirconate titanate system 
(PLZT) were produced by using the dip-coating process and 
applying various stresses. Comparisons were made among thin 
films under mechanically applied stresses of different magnitude. 
Properties measured were dielectric constant, saturation 
polarization, remanent polarization, coercive field and d-spacing. 
The effects of the applied stresses on the physical and electrical 
properties of the films are discussed. 

INTRODUCTION 

Electrooptic ceramics have been a topic of interest due to 
the desirable properties they possess. The importance of 
electrooptic thin films is evident in their many applications ranging 
from sensors to light modulators.[l] Thin films possess advantages 
over bulk ceramics such as easier integration with silicon 
technology, lower operating voltage, higher speed and lower cost 
which make them more desirable for many devices. The perovskite 
PLZT system is under current investigation for thin and thick film 
applications because of their combined dielectric, pyroelectric, 
piezoelectric and electrooptic properties. 

Electrooptic thin films have properties that can vary widely 
due to their differences in thickness, processing method and 
substrate type. [2] The effects of applying mechanical stress to 
electrooptic ceramics, known as strain-biasing, has been used in 
image storage and display applications. [3] It has also been shown 
that under compressive stress a transition in ceramics from a 
rhombohedral to a tetragonal symmetry can occur. [4] It is believed 
that through the study of these materials, an optimization of their 
properties can be achieved. In order to understand and optimize 
thin film electrooptic behavior, the understanding of the correlation 
between stress and thin-film properties is desirable. 

EXPERIMENTAL PROCEDURE 

Processing 

A chemical coprecipitation process was used to produce 
PLZT acetate precursors. [5] All the elements needed were placed 
into an acetate form and mixed together. The acetate precursors 
were chosen primarily for their low cost, insensitivity to moisture 
and chemical stability. The starting precursors were titanium acetyl 
acetonate, zirconium acetate, lanthanum acetate and lead subacetate 
powder. The lead subacetate was mixed into solution by the 
addition of acetic acid and methanol so that all of the acetate 
precursors were in a liquid form in order to promote a 
homogeneous and intimate mixing. Incomplete mixing would 
produce compositional fluctuations within the thin film's structure. 

Thin films were produced by the automatic dip coating 
process. [6] For thin film production, the acetate solution was 
diluted with methanol at a 4:1 ratio by weight. This improves 
solution stability and reduces cracking during heat treatments. The 
films were dipped onto silver foil substrates, allowed to dry for a 
minute and then pyrolyzed at 700°C for three minutes. Three 
compositions (2/55/45, 9/65/35 and 28/0/100) were used, and of 

each of these compositions, three film thicknesses were produced. 
The three films of each composition had 24, 36 and 72 layers and 
were approximately 1, 2 and 3 microns thick respectively. The 
films were then electroded for measurement of their dielectric and 
hysteresis loop properties 

Stressing 

To induce a stress within the thin films, the films were 
placed within a three point bender and flexed as shown in Figure la. 
The applied stress in the films may be correlated to the curvature of 
the films. The electrical properties can be measured at various 
stress levels by measuring them at different film curvatures. 
Compressive versus tensile stress effects on properties are 
compared simply by taking measurements at concave versus convex 
curvatures. 

Measurements 

The films were electroded with vacuum evaporated copper 
and measured for dielectric constants, electrical resistivities and 
hysteresis loops. Capacitance and dissipation factors were 
measured using an LCR meter at 1 kHz. Resistance was measured 
using a Keithley electrometer and the hysteresis loops were 
measured at 1 kHz using a Sawyer-Tower circuit with an 

, oscilloscope readout. The coercive fields and remanent 
polarizations were calculated for all the films from their hysteresis 
loops. X-ray diffraction analysis was performed on the thin films 
using a Scintag XDS 2000 diffractometer with Cu Ka radiation at a 
scan rate of 2°/min. 

The strain induced within the thin films was calculated by 
Equation 1 

Strain = j_ 
2R 

(1) 

where t is the total thickness of the film and substrate, and R is the 
radius of curvature of the film. [7] Some assumptions need to be 
made before this equation can be used though. First, it is assumed 
that the axes of symmetry lie through the center of the film. 
Second, the film must have a constant radius of curvature. And 
third, the substrate must be rigid enough not to plastically deform 
so as not to relieve any of the stress applied to the film. Radius of 
curvature can be found by using the following equation 

(2R-d)*d = L2 
(2) 

where d is the deflection of the substrate and film, and L is the 
length of the deflection from the center as shown in Figure lb.[8] 
The stress is obtained by multiplying the strain value with the 
Young's modulus of the material. The sign agrees with the 
convention that it is positive for tension and negative for 
compression. 

A film residing on a rigid substrate of much greater 
thickness is unable to move freely. Therefore, after the fabrication 
process, the film is usually strained in a way corresponding to the 
induced tensile or compressive stress imposed by the substrate. 
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(a) 

(b)     n 0 

Figure 1. Three point bender showing a) applied stresses and b) 
measurements needed for the calculation of the radius of curvature. 

The substrate should also experience an opposite stress exerted by 
the film and deform accordingly, which may lead to a distribution or 
a relaxation of the induced stresses within the film. [9] This effect is 
neglected here since for the dip coating process the two sides of the 
substrate are evenly coated and the bending moments from the films 
on the opposite sides are thus expected to cancel each other. 

Should there exist any difference in the thermal expansion 
behavior between the thin film and the substrate, development of 
intrinsic stresses within the film during the cooling stage will occur. 
Since most ferroelectric materials possess large electromechanical 
coupling effects, the presence of an intrinsic stress in a ferroelectric 
film will affect its dielectric properties. This intrinsic stress tends to 
be compressive for PLZT thin films produced on silver substrates 
due to PLZT's lower thermal expansion than that of the silver 
substrate. Since it is the changes in properties caused by the 
addition of applied stresses that is of interest, any induced stresses 
on the films produced during fabrication are not taken into account 
within this paper. The effect of the total stress acting on the films is 
not analyzed, only the effects of the applied portion of the total 
stress within the films. 

RESULTS AND DISCUSSION 

Dielectric Constant 

It is observed from the experiment that the general trend of 
the dielectric constant for the 2/55/45 composition is to increase 
with an increasing tensile stress, as shown in Figure 2a. However, 
the l|im films dielectric constant does not continue to increase with 
added tensile stress. The reasoning for this is not yet fully 
understood and more research is needed before an accurate 
assumption can be made. The composition 2/55/45 was chosen for 
study because it lies near the morphotropic phase boundary in the 
PLZT system.   Since the composition lies near this boundary the 

material exhibits both a rhombohedral and a tetragonal symmetry. 
This phase boundary composition regularly exhibits a ferroelectric 
memory behavior. As mentioned previously a structural transition 
can occur within a material under a stress. It is believed that a 
transition in symmetry may be taking place within the 2/55/45 thin 
film upon stressing causing the dielectric constant to change. 

The 9/65/35 composition is near the paraelectric phase 
region and tends to have a slim-loop hysteresis with very little 
memory behavior. The dielectric constant for this composition is 
observed to be slightly affected by the addition of either a 
compressive or tensile stress as shown in Figure 2b. 

The 28/0/100 composition lies within a cubic region and 
also tends to exhibit slim-loop properties. This composition 
showed a slight change in the dielectric constant under different 
stresses with a maximum being reached when a compressive stress 
was placed on the film as shown in Figure 2c.   The addition of a 
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further   compressive   stress   caused  the   dielectric   constant   to 
decrease. A decrease was also evident with the addition of a tensile 
stress. 

Hysteresis Properties 

Both the 9/65/45 and the 28/0/100 showed an increase to 
some degree in remanent polarization under a compressive stress, 
but the 2/55/45 thin films had a decrease, as shown in Figure 3. 
The coercive fields of all the compositions increased under a 
compressive stress and decreased under tensile. The 28/0/100 thin 
films did not show much of a change within any of the properties 
measured. Research on quenched PLZT 9.5/65/35 ceramics 
showed that internal stresses induced in samples can enhance polar 
region ordering which would produce a more ferroelectric-like 
response by the material. [10] This response would produce higher 
remanent polarizations in quenched samples than in annealed 
samples. A compressive stress in the thin films will align the 
domains parallel with the applied electric field, enhancing the 
ferroelectric properties of the thin films. Tensile stresses will align 
the domains perpendicular to the applied field and the effect will be 
a decrease in the ferroelectric properties. The hysteresis properties 
under tensile stresses correspond to an alignment taking place, but 
the compressive effects do not follow this convention. The lack of 
change in the 28/0/100 properties with varying stresses may be 
related to the composition's pseudo-cubic structure, producing a 
very stable material with few domains present. Many of the results 
from this study are not yet fully understood. Most likely is a 
combination of factors are affecting the properties of the films 
under the stresses applied. The effects of having the sample 
clamped during measurement is now being investigated as a 
possible explanation along with understanding the thermodynamics 
involved. 

Lattice Spacing 

X-ray diffraction patterns of the 2um 2/55/45 thin film were 
taken at different stress levels. In analyzing the lattice spacings of 
the different levels of applied stress, it was observed that the 
compressive stress produced slightly larger d-spacings than in the 
tensile stress. Watanabe et al. [11] proposed that the mechanical 
stress present in PZT thin films can cause differences in lattice 
constant between bulk and thin film materials. When a 
polycrystalline ceramic is deformed in such a way that the strain is 
uniform over a relatively large distance, the lattice plane spacing in 
the constituent grains changes from a stress-free value to some new 
value corresponding to the magnitude of the applied stress. The 
new spacing is essentially constant from one grain to another for 
any particular set of planes that are similarly oriented with respect 
to the stress. A uniform strain over the thin film will cause a shift 
of the diffraction lines to new 20 positions. A smaller lattice 
constant perpendicular to the film corresponds to a tensile stress. A 
graph of the (211) d-spacings at the various stress levels is shown 
in Figure 4. From this figure it can be seen that the d-spacing does 
decrease from compressive to tensile stress as expected. 

SUMMARY AND CONCLUSIONS 

As anticipated, the properties of the thin films were found to 
be dependent on the sign and amount of stress applied. A 
compressive stress on the thin films will align the domains. This 
aligning will produce slightly larger d-spacings within the material 
and, if parallel with the applied electric field, will enhance the 
dielectric properties. It is also believed that the increase in 
dielectric constant within the 2/55/45 thin films, upon applying a 
tensile stress, may be caused by a stress induced structural 
transition.     The  28/0/100  composition's properties  were  less 

786 



1.726 1.597 1.6BB 1.641 1.814 

tensile 
0.319 

0.181 

% Strain 

0 

A ̂
 1.6587 

,v d-spacing 

../   \ 1.6596 
~x..   . _„_^_ 

[9]   R. W. Hoffman, Physics of Nonmetallic Thin Films, ed. by C. 
H. S. Dupuy and A. Cachard, 273-353, Plenum Press, 
New York (1976). 

[10]   W. Y. Gu, E. Furman, A. Bhalla and L. E. Cross, 
Electrooptics, 89, 221 (1989). 

[11]   H. Watanabe, T. Mihara and C. A. Paz De Araujo, "Device 
Effects of Various Zr/Ti Ratios of PZT Thin-Films Prepared 
by Sol-Gel Method," Proceeding of the 3rd International 
Symposium on Integrated Ferroelectrics. 139-50, 1991. 

-0.181 

compressive 

-0.319 

A 
(211) 

1.6648 

1.6658 

Figure 4. X-ray diffraction patterns of a 2um PLZT 2/55/45 thin 
film at various applied stresses. 

influence by the applied stresses possibly due to its pseudo-cubic 
nature. 

ACKNOWLEDGMENT 

This work was supported by ONR under contract number 
N0014-91-J-1508. 

REFERENCES 

[1]   G. H. Haertling, Engineering Materials Handbook. 1124-30 
vol. 4 (Ceramics and Glasses), ASM International, (1991). 

[2]   K. D. Preston and G. H. Haertling, "Comparison of Electro- 
Optic Lead-Lanthanum Zirconate Titanate Films on 
Crystalline and Glass Substrates," Appl. Phys. Lett. 60 [23], 
2831-33(1992). 

[3]   Juan R. Maldonado and Allen H. Meitzler, "Strain-Biased 
Ferroelectric-Photoconductor Image Storage and Display 
Devices," Proc. IEEE 59 [3], 368 (1971). 

[4]   A. H. Meitzler and A. H. O'Bryan, Jr., "Ferroelectric Behavior 
of PLZT Ceramics When Subjected to large Tensile 
Strains," Appl. Phys. Lett. 19 [4], 107 (1971). 

[5]   G. H. Haertling, "PLZT Thin Films Prepared From Acetate 
Precursors," Ferroelectric 116. 51 (1991). 

[6]   K. K. Li, "A Study of PLZT Ferroelectric Thin Films 
Chemically Derived From Acetate Precursors," Ph.D. 
Thesis, Clemson University, Clemson, SC (1993). 

[7]   C. H. Hsueh and A. G. Evans, "Residual Stresses in 
Metal/Ceramic Bonded Strips," J. Am. Ceram. Soc, [3] 
241-8,(1985). 

[8]   S. Timoshenko, "Analysis of Bi-Metal Thermostats," J. 
Optical Soc. Am., [11] 233-56, (1925). 

787 



Electro-optic Switching behaviour of a Noval Shortpitch Ferroelectric 
Liquid Crystal Mixture 

K.K. Raina and H.J. Coles * 

Thapar Institute of Engineering and Technology, 
Patialal47 001 (India) 

* Liquid Crystal Group, Schuster Laboratory, The University, Manchester M13 9PL (U.K.) 

ABSTRACT 

Electro-optic effects have been studied in a shortpitch (p0= 0.43 
um), large spontaneous polarization (Ps = 90 nC/cm2) ferroelectric 
liquid crystal mixture. The material in the form of thin films was sand- 
wiched between polyimide coated transparent conducting glass plates. 
The sample alignment was planar in an electric field without shearing. 
Disclination loops appeared at low voltages and were then removed at 
higher voltages to obtain a 'bookshelf structure which gives higher 
contrast. This material shows bistability, fast switching times (40 usec 
at 8 V/um) and multiplexability. These are useful parameters for the 
operation of a fast electro-optic liquid crystal display device. 

INTRODUCTION 

Ferroelectricity in liquid crystals is a specific property of a chiral 
smectic C (SmC*) phase [1]. This phase is characterized by a helical 
structure, the tilt angle and the spontaneous polarization associated 
with the helix. The properties of this phase are useful in fast Liquid 
Crystal Display (LCD) devices because it offers the possibility of fast 
switching between the permanent polarization of the liquid crystal mol- 
ecules and the applied electric field. A Surface Stabilized Ferroelectric 
Liquid Crystal Display (SSFLCD) device was then proposed by Clark 
and Lagerwall in 1980. This was a major breakthrough in fast respond- 
ing LCDs as this device showed submicrosecond switching times and 
bistability [2]. In a SSFLCD device, the helical pitch of the SmC* 
material is suppressed by surfaces of the bounding plates, when the 
pitch is much larger than the cell thickness and this leads to bistability. 
However, with the advancements in the analysis of switching mecha- 
nisms in SSFLC cells, it was found that their electro-optic performance 
was not as good as anticipated. It was difficult to obtain sufficient 
bistability, for multiplex driving because the smectic layer structure in 
a planar cell was not a 'bookshelf texture but a 'chevron' [3]. 

Funfschilling and Schadt [4] proposed a Shortpitch Bistable Fer- 
roelectric Liquid Crystal Display (SBFLCD) device and showed ex- 
perimentally that certain short pitch FLC mixtures do show good 
bistability, high multiplexing and fast switching times. In short pitch 
materials, switching takes place in tiny domains and higher contrast 
can be obtained when the sample is in 'bookshelf structure. Jakli and 
Saupe [5] reported a method for obtaining 'bookshelf textures in 
homeotropically aligned SBFLC mixtures in the presence of electric 
field and by shearing of smectic layers. Generation of defect free tex- 
ture in planar SBFLC cells under electric fields without shearing have 
been reported by Raina and Coles [6]. 

In this paper, we shall report on the electro-optic response of a 
shortpitch ferroelectric mixture. The experimental details and the re- 
sults have been discussed in the proceeding sections. 

EXPERIMENTAL 

Materials 

We have studied the electro-optic behaviour of a Ferroelectric 
Liquid Crystal mixture FLC 6430 (Roche, Switzerland). This material 
has a shortpitch (p0 = 0.43 um), large tilt angle (9 = 27°) and large 
spontaneous polarization (Ps = 90 nC/cm2) measured in 8 um cell gap 
at 22CC. A broad ferroelectric phase (SmC*) is found in this material 
given by the phase sequence : 

Apparatus 

We used polyimide and transparent indium tin oxide (ITO) coated 
glass cells of 2.5 um thickness (obtained from EHC, Japan). Investiga- 
tions were also carried out in Sum and 7um thin cells (Lucid, UK). 
Polyimide coating encourages planar alignment of the liquid crystal 
molecules. Electric fields were applied across conducting tin oxide lay- 
ers. These cells were filled with FLC mixture at its isotropic tempera- 
ture and then sealed using NORLAND Optical Sealant. Fig. 1 (a) 
shows the assembly of a cell filled with liquid crystal mixture. The 
electro-optic measurements were carried out using an OLYMPUS BH- 
2 transmission polarizing microscope adapted to give direct sample 
observations. The sample cell was heated in a thermostatically con- 
trolled hot stage LINKAM THM 600. Its temperature could be ad- 
justed in the range of-20 to +600°C with a stability better than 0.1°C. 
Voltages were applied to the cell using a THURLBY signal generator 
TG 1304, output amplified by an Electro-Optic Developments LA 10A 
linear amplifier. A photodiode BPW21PD (signal sensitivity response 
~25nsec.) was used and its output was detected on the HP 54501A 
digitizing oscilloscope. A schematic diagram of our experimental setup 
is shown in Fig. 1(b). 

Microscope 

nductino.       | ^FLC 6U30 
layers ,I 

Crystal- -*SmC* ->SmA- ->Isotropic 

Fig. 1 (a) Assembled sample cell, (b) experimental setup to study 
electro-optic effects 

RESULTS AND DISCUSSIONS 

Microscopic Observations 

The sample cell was first taken to the isotropic phase (above 
65°C) and then cooled slowly at the rate of 2°C/min. At isotropic - 
SmA transition temperature (TJA), a polycrystalline texture developed 
as seen through the microscope with the appearance of stick like 
'batonnets', which grew and finally combined with each other to form 
focal conic texture of SmA phase. To obtain a desired planar alignment 
in the sample, we applied a low voltage pulse to it across the conduct- 
ing electrodes at TJA. Continuous application of the field encourages 
the planar orientation and a monodomain SmA texture developed in 2.5 
Urn cell at an extinction position under crossed polarisers. Then the 
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sample was further cooled to 58°C in the SmC* phase. At SmA - 
SmC* transition temperature HAG*) textural changes took place with 
the appearance of helical texture as shown in Fig. 2. At this stage, the 
extinction position changed by about 3° indicating a shift in the mo- 
lecular structure. We observed that the helix forms by the growth of 
stripes which propagate throughout the sample. We suppose that these 
stripes start from defects and then propagate throughout the cell. 

Fig. 2 Texture of the FLC 6430 mixture in SmC* phase at 58°C 
under crossed polarizers 

Threshold Voltage 

On applying square wave voltage to the planar cell, we did not 
notice any optical changes up to the threshold voltage. The helix unwind- 
ing threshold depends on field frequency e.g. at 30°C, Vth (15Hz) = 
1.9V, Vth (50Hz) = 2.4V, Vth (70Hz) = 2.7V, Vth (100Hz) = 4V and 
Vth (1kHz) = 12 V. At higher temperatures, the threshold voltage at 
these frequencies was lower. In thick sample cells, threshold voltage was 
more than in thin cells thereby indicating the influence of surface forces 
which also contribute to helix unwinding. (Here the threshold voltage has 
been taken as the minimum voltage required to unwind the helix of FLC 
mixture). Above threshold voltage, we noticed the nucleation of new 
defects. The number of these defect sites depends both on the frequency 
and amplitude of voltage applied e.g. at 50Hz 0.75 V/um,disclination 
loops appeared in the sample. The number of these defect sites was more 
at 2V/pm but at 8V/pm, we obtained a defect free texture which shows 
higher contrast.   Fig. 3 shows a uniform 'bookshelf texture of FLC 

switched off, it takes several hours and sometimes days until the helical 
structure reforms completely. This is believed to be memory effect in 
these materials reminiscent to the properties of ferroelectricity. 

Switching Responses 

The electro-optic responses of the FLC 6430 mixture subjected to 
a series of bipolar pulses with increasing amplitude is shown in Fig. 4. 
It is interesting to note the switching behaviour with deformed helix 
(Fig. 4a, <Vth) and at higher voltage (Fig. 4b, »Vth). We noted the 
asymmetric behaviour of the switching responses at 30°C which be- 
came symmetric at higher temperatures (48°C). This can be explained 
on the basis of the temperature dependence of the molecular tilt angle 8 
given by 

9 = Go (T - Tc*)ß 

Where Tc* is the TAC. temperature and ß is the critical exponent (ß = 
0.35) e.g. at room temperature, 9 = 27° which is larger than the opti- 
mum value (9 = 22.5°) for the director to switch on the cone of the 
helix giving rise to asymmetry where as at 48°C, 9 = 20° only which is 
well in the range of complete symmetric ferroelectric switching. We 
noted that the tilt angle in this FLC mixture was independent of the 
sample thickness. Switching responses indicated bistability in this mix- 
ture which is influenced by helix formation, monostability and align- 
ment quality. Because of short pitch, SBFLCDs are sufficiently 
bistable to allow for virtually infinite multiplexing rates and thus mak- 
ing these FLC mixtures most potential for fast bistable electro-optic 
liquid crystal display devices. 
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Fig. 3 Uniform 'bookshelf texture of the FLC 6430 mixture at 
50Hz and voltage amplitude 8V/um 

mixture. The clarity (defect free) in the texture is due to the fact that at 
higher voltage, we expect a strong interaction between the applied field 
and the molecular polarization. Thus the minimization of this interaction 
energy is the driving force for fast switching and re-orientation mecha- 
nisms giving rise to clear 'bookshelf structures at higher voltages 

It was interesting to note colour changes in the sample at ililfcicut 
applied voltages e.g. at 0.35 V/pm. sample appeared green, turns red at 
0.45V/pm and then pink at OX V/um . These colour changes were 
reproducible thereby indicating colour switching phenomena in these 
materials. The changes might be associated with the deformation in 
helical stripes and the flow induced by external electric fields giving 
rise to selective Bragg reflections. At higher voltages (> Vth) the helix 
unwinds  completely  (system gets polarized)  and when  field was 

Fig. 4 Oscillograms showing the electro-optic responses of 
FLC 6430. Switching of the deformed helix at (a) 30°C, 
(b) 48°C. 

Response Times 

A typical response time characteristics of FLC 6430 mixture as a 
function of applied voltage at different temperatures is shown in Fig. 5. 
Here, we define response time as the time required to switch the mate- 
rial from 10 - 90% of its transmission when a voltage pulse is applied 
to it for a short time (~ 5ms). It is observed that the response time 
decreases exponentially with increasing voltage and then saturates e.g. 
at 55°C, the response time decreased from 800 u, sec. at IV/p m to 40 p. 
sec at 8 V/urn and thereafter it saturates. Similarly at 30CC, response 
time decreases from 650 p. sec at 1.5 V/pm to 40 p. sec at 8 V/pm. But 
at lower electric field (<1.5 V/pm), the response time increases first. 
This initial increase in response times at lower voltages and low tem- 
peratures might be due to the hindered switching because of the pres- 
ence of disclination lines and defect inhomogeneities. The switching in 
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tiiese regions might be delayed due to tiny domain switching and the 
applied voltage might not be sufficient to switching it completely. At 
higher temperatures, this effect was not observed possibly due to the 

0.00 2.00 i».00        6.00        8.00       10.00 

Applied  Voltage (V/^m) 

12.00 

Fig. 5 Rise time as a function of applied voltage for FLC 6430 at 
different temperatures 

pre-transitional effects (near TAC») which mask the appearance of hin- 
drance mechanism (i.e. fewer disclinations or defects, reduced elastic 
constants, lower tilt or viscosity, changing pitch etc.) At the moment 
we do not have an exact explanation for this behaviour, however, this 
effect has been observed by other research groups as well in low molar 
mass FLCs. 

Fig. 6 Electro-optic   switching   at   50Hz,   0.4V/um   voltage 
amplitude. Field is not acting in the texture region 

Fig. 6 shows typical microphotograph of the switching in FLC 
6430 mixture at 33°C. A low frequency (50Hz) pulse at 0.4 V/um was 
sufficient to switch the material from highly defect texture state to a 
uniform defect free switched state. In the photograph two states have 
been shown separately before and after the switching. The area where 
the field has acted is an active region. 

CONCLUSIONS 

A detailed characterization of electro-optic behaviour of short 
pitch, high spontaneous polarization ferroelectric liquid crystal mixture 
was performed. Following conclusions have been drawn : 

1. 'bookshelf structures can be generated in planar cells at low 
frequencies without the shearing of smectic layers. This texture gave a 
contrast ratio of 80. Thus, the material can be exploited for high con- 
trast displays. 

2. the material shows very small values of the threshold voltage. 
At higher frequencies, the Vth is also higher. This is expected to be due 
to the electro hydrodynamic instabilities produced in the materials at 
high frequencies. 

3. The electro-optic responses demonstrate asymmetric and sym- 
metric behaviour at low and high temperatures respectively. This indi- 
cates the influence of tilt angle on the switching mechanism. More 
theoretical explanation is needed to understand this phenomena. 

4. This material shows sufficient bistability - an important param- 
eter for a working display. 

5. voltage dependence of response time shows fast switching at 
higher voltages. Response time of 40 u.sec. was achieved at 8 V/um. It 
is also due to the large spontaneous polarization of the molecules. This 
time can be further reduced under certain controlled conditions like 
proper cell thickness, nature of the alignment layer and other surface 
treatments. Efforts are on to reduce this time to a submicrosecond 
range. 

Thus we infer that the new SBFLCD device can be used as a fast 
electro-optic bistable device. FLC 6430 is an important material to be 
exploited for device applications in LCD technology. Electroclinic ef- 
fect near TAC* is °f great significance and needs to be investigated. 
We are also in the process of studying this phenomena. 
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Abstract 

Electro-optical characteristics of inorganic colloid 
particles dispersed in organic solvent are discussed as 
well as its potential applications related to Suspended 
Particle Displays (SPDs). 

Historical  background 

The study of electro-optical birefringence to determine 
the size and shape of clay particles can be dated back to 
the first part of this century [1,2]. In 1943, Donal and 
Langmuir [2] described using a particle suspension in 
an electric field as a light valve. In 1968, Marks [3] 
theorized the interaction of submicron dipoles 
(anisotropically shaped conductive particles) suspended 
in a dielectric medium in an electric field by analogy 
with large dipole antennae used in microwave 
technology. Since that time several investigations have 
been conducted with light valves, filters, windows, 
displays, etc. based on particle suspensions [3,4]. As 
one of the less well developed display technologies, 
Suspended Particle Displays have also attracted 
attention due to their potential as a flat panel display 
[4]. 

funeral dPscrintinn of the behaviors of 
anisotropic colloid particle suspensions under 
an ac electric field 

Suspensions of anisotropic colloidal particles in 
dielectric liquid exhibit large, reversible changes in 
electro-optical and rheological behavior when subjected 
to an external electric field [1-3,5]. The subject of the 

current study include electrorheological effect and 
electro-optical Kerr effect [1,5]. All of these studies 
are based on the interaction between electrically 
polarized particles and an applied electric field. The 
dipoles induced by the electric field may be caused by a 
number of factors including the ferroelectric nature of 
the particles, surface polarization of mobile charge 
groups, double layer polarization, and space charge 
polarization. Without an electric field, the particles 
randomly orient due to Brownian movement. In an 
electric field, the induced dipoles interact with the 
external field and in some cases also with each other to 
align the particles in the direction of the applied 
electric field. The chemical and physical principles 
leading to the orientation of the particles in an applied 
electric field have been the subject of a number of 
investigations. The exact solution can be difficult due 

to the complexity of the system and many-body 
interactions. According to the solution of classical 
electrodynamics [6] for the isolated sphere, the induced 
dipole moment, u., is 

u=o£ (1) 

a=e^ßa 

ß=(e1-e2)/(e2+2e1) 
where E is the applied electric field, £i and e2 are the 
dielectric constant of the dielectric medium and the 
particle, respectively, a is polarizability of suspended 
particles in dielectric medium, and a is particle radius. 
Although the solution for anisotropic shapes is more 
complicated, the general conclusions of this 
mathematical description still remain; the dipole 
moment will be enhanced by large difference in the 
dielectric constants between the particles and dielectric 
liquid. There are a number of factors which may also 
affect the alignment of the polarized particles such as 
the viscosity of the liquid, gravity, and thermal motion 
of the particles (i.e., Brownian motion). The final 
position of the suspended particles in a dielectric fluid 
will depend on a balance of these factors. 

Suspended    particle   display   and   prototype 
device construction 

Similar to Liquid Crystal Displays (LCDs), 
Suspended Particle Display (also called Rotatable 
Dipole Display) is a passive-type display. This means 
that an external light source is required for operation. 
The anisotropic colloidal particles, usually platelets or 
aciculate particles, act as dipoles in the presence of an 
ac electric field. Application of a high-frequency 
signal enables the particles to align in the direction of 
the applied field without electrophoretic motion of the 
particles in the direction of the electrode of opposite 
polarity. Since these particles are usually dichroic, the 
difference in the optical density between the random 
and aligned state can be quite large. Thus, the portion 
of the cell which is electrically activated will be 
colorless (transparent) while the inactivated portion 
will have the intrinsic color associated with the 
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materials. A prototype device is shown in Figure 1. 
Similar to LCDs, a typical SPDs device consists of a 
cell made by high quality glass with transparent electric 
conductive layer on the inside of the cell. A thin 
transparent dielectric layer is on the transparent 
electrodes to protect the transparent conducting 
electrodes from destruction due to electrolytic reaction. 
It also prevents the electrorheological affect and 
particle aggregation caused by the non-uniform electric 
field on the boundaries between activated and 
inactivated portions. Commercial graphite platelets 
were dispersed in isopropanol. The drive circuit is 
composed of a function generator and relay-type timer. 
Optical spectroscopy and a photo-cell were used to 
characterize the optical spectrum and rise and 
relaxation time of the device. 

VIEWING DIRECTION 

TRANSPARENT 
ELECTRODES 

RANDOMLY ALIGNED ALIGNED IN FIELD 

4M MMU AMPLIFIER 

FUNCTION 
GENERATOR 

IJGHT SOURCE 

Figure 1. The cross section of the prototype device. 

Electro-optical  characteristics  of the  prototype 
device 

A transmittance spectrum of graphite platelet 
suspension as a function of frequency of the applied ac 
voltage pulse is shown in Figure 2. The spectra were 
collected from 50 kHz to 5000 kHz pulse frequencies. 
The transmittances of the suspension increase as 
frequency increase and reach to a maximum response at 
500 kHz. This spectra could result from the influence 
of several factors. According to Marks [3], a critical 
frequency of ac pules, fc, exists at low frequency, 

fC = 1/2xf 
where xf was defined as a relaxation time factor 
defined as the characteristic time for an aligned 
suspension to randomize due to Brownian motion. If 
the frequency of the ac pulse is equal or less than fc, 
the particles in the suspension will oscillate between 
partial alignment and randomization. Thus, the 
transmittance of the suspension is low and fluctuates. If 
ions are present in the suspension, ion migration in the 
suspension may also be a factor which influences the 
transmittance  spectrum of the suspension at low 

frequencies. An ionic shielding layer will be set up 
near the induced charges at the end of each dipole. 
This shield the dipoles from the aligning field, The 
dipoles then start to randomly orient due to thermal 
impact and the transmittance decrease. Above 500 kHz, 
the transmittance of the suspension begin to decrease 
because the induced charges on the particles can not 
follow the changes of the high frequency field. 

400 500 600 

WAVELENGTH (nm) 

700 

Figure 2. Transmittance spectrum of graphite platelet 
suspension as a function of the electric field 
frequency (interelectrode separation: 100 [im, 
The applied voltage:30 volts peak-peak). 

Unlike liquid crystals there exist a threshold 
voltage, which in the present context is defined as the 
voltage corresponding to the transmission light 
reaching 10% its final value, the transmittance 
spectrum of graphite platelet suspension vs voltage 
(Figure 3) shows a logarithmic curve. Insight into the 
alignment process in our case may lead to the following 
consideration. When an ac electric field is applied, the 
induced dipoles will start to align in the direction of the 
field by overcoming the resistance from the viscosity of 
solvent and thermal motion.   The rate of rotation of 

these particles will depend on the relative amount of 
torque from induced dipole moments over that from 
the viscosity of solvent and thermal motion. Since 
dipole moments depend on the size of the particles, we 
conclude that diffuse changes in the transmittance vs 
voltage may be caused by the broad size distribution of 
the graphite particles. 
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1.05 
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Figure 3.Transmittance spectrum of graphite platelet 
suspension as a function of the applied voltage 
(interelectrode separation: 100 |im, field 
frequency: 500 kHz) 

The dynamic behavior of the cell is characterized 
by three constant: delay time xd, rise time Xr, and 
relaxation time xf (Figure 4). The delay time is 
defined as the time from the start of the pulse trains to 
the instant when the transmission of the light reaches 
10% of its final value. The rise time is defined as the 
time duration for the transmission to rise from 10 to 
90% of its final value. Similarly, the relaxation time is 
the time for the transmission to fall from 90 to 10% of 
its maximum value. These three factors depend upon 
the size, shape, moment of inertia of the particles, and 
upon the fluid viscosity, dielectric constant, and density 
of the liquid phase. It is believed that the main cause 
for the longer rise and relaxation time for this 
prototype light valve (Figure 4) may also result from 
the broad size distribution of the graphite particles as 

well as the relatively crude light cell and other 
electronic components used in the prototype light valve. 

500  1000  1500  2000  2500  3000  3500  4000 

TIME (ms) 

Figure 4. Rising and relaxation time of the graphite 
platelet suspension (interelectrode separation: 
100 (xm, pulse frequecy: 50kHz). 

Summary 

A new prototype device of Suspended Particle 
Displays has been fabricated by using graphite platelets 
dispersed in organic solvent. The characteristics of the 
prototype device are shown in the Table 1. 
Table 1. Characteristics Data 

Drive voltage 
Interelectrode Separation 
Response Frequency 
Rise Time 
Relaxation Time 
Viewing Angle  

10 - 35 V 
100 urn 
50 - 500 kHz 
220 ms 
250 ms 
Large  

As compared with LCDs and other passive displays, 
SPDs may offer several advantages such as simpler 
construction, better angle view, and lower cost. The 
problems remaining are more or less materials related 

(i.e., particle dispersion, low contrast, an inherent 
problem for passive type displays, and lower rise time 
due to the size of particles and broad size distributions). 
Thus, the future opportunities of SPDs strongly depend 
on the continued development of particle synthesis and 
dispersion.. New types of particles selected or 
synthesized will improve the device optical spectrum 
and increase contrast. Better understanding of the 
solution chemistry of the suspension will help to 
minimize particle settling and particle aggregation to 
enhance the response for input signal, and increase 
device lifetime. Based on our present level of 
understanding it is believed that Suspended Particle 
Displays provide an alternative flat panel display 
technology to conventional displays. 

References 

[1.] A.Kahn and D.R. Lewis, J. Chem. Phvs..801 
(1954) 

[2.] J. S. Donal, and D.B. Langmuir, Proceedings of the 
I.R.E. 208 (1943) 

[3.] A.M. Marks, Applied Optics. 8, 1397 (1969) 
[4.] R.L. Saxe, R.I. Thompson and M. Forlini, 

International Display Research Conference. 175 
(1982) 

[5.] C.F. Zukoski, Annu. Rev. Mater. Sei. 23, 45 
(1993). 

[6.] J.D Jackson, ClassicalElectrodynamics. Second 
Edition John Wiley & Sons, 151 (1975) 

793 



MICROSTRUCTURAL AND OPTICAL PROPERTIES OF POTASSIUM NIOBATE THIN FILMS 

Alice F. Chow, Daniel J. Lichtenwalner, Thomas M. Graettinger, 
James R. Busch*, Orlando Auciello**, and Angus I. Kingon 

North Carolina State University, Department of Materials Science and Engineering, Raleigh, NC 27695-7919 
*Battelle Memorial Institute, Columbus, OH 43201-2693 

**Also MCNC, Electronics Technology Division, Research Triangle Park, NC 27709-2889 

ABSTRACT 

A potassium niobate thin film waveguide is an ideal candidate for 
producing a compact blue laser source by second harmonic 
generation. However, good epitaxial quality films are difficult to 
produce and high optical losses are a continuing problem. A report is 
presented in this paper on the investigations of the microstructural and 
optical properties of KNDO3 thin films to better understand the origin 
of optical waveguide losses. Epitaxial, dense KNb03 thin films have 
been grown on MgO, MgAl204, and KTa03 substrates by ion-beam 
sputter deposition. X-ray diffraction, rocking curves, Rutherford 
backscattering spectroscopy, ion-channelling, field emission scanning 
electron microscopy, and atomic force microscopy were used to 
analyze the orientation, epitaxial quality, grain size, and surface 
roughness of the films. Optical properties including refractive index 
and optical scattering losses have been characterized by prism- 
coupling and an optical fiber loss measurement method. The 
dominant loss mechanism in these film waveguides is discussed. 
Green light by second harmonic generation has been produced in the 
transverse and waveguide modes in KNb03 films. 

INTRODUCTION 

A short wavelength laser source is necessary to increase the density of 
present optical recording systems. Green or blue light can be 
generated from an IR laser by second harmonic generation (SHG) 
using a nonlinear optical material. Several problems continue to 
hinder efficient frequency doubling. First, few materials posess high 
nonlinearity and can be easily phase-matched for the appropriate 
wavelengths. In addition, bulk crystals that have demonstrated SHG 
in the blue or green spectral region produce too little power. (At least 
5 mW of power is necessary for many practical applications.) [1] 

Potassium niobate posesses very high nonlinear constants and one of 
the highest figures of merit for producing SHG. [2] Also, KNb03 
thin films offer field confinement and thus, high conversion efficiency 
as well as ease of phase-matching by use of normal dispersion. 
Lithium niobate thin films have demonstrated SHG blue light. 
However, its bulk nonlinear optical properties are inferior to those of 
KNb03 and the second harmonic power produced was weak. [3] 
Ultimately, thin film waveguides will be desired for high power 
conversion. Nevertheless, high quality KNb03 thin films are difficult 
to grow due to potassium volatility at the growth temperature. A high 
degree of epitaxy and defect minimization are necessary for low 
waveguide losses. Thus, the origin of losses must be pinpointed, and 
microstructure and film processing must be synergistically controlled. 

We report the growth of KNb03 thin films with a high degree of 
epitaxy, and correlate film microstructures with optical properties. 
Films were grown by ion-beam sputter deposition. X-ray diffraction 
(XRD) and x-ray rocking curves were performed to analyze film 
orientation and grain tilt, respectively. Rutherford backscattering 
spectroscopy (RBS) revealed film composition information while 
RBS/channelling detected the grain tilt and misorientation of the 
films. Substrate and film surface roughnesses were determined by 
atomic force microscopy (AFM). Field emission scanning electron 
microscopy displayed the film surface morphology. Refractive 
indices were calculated from prism-coupling measurements and an 
optical fiber attachment allowed optical scattering losses to be 
measured. Highly epitaxial, dense KNb03 thin films have produced 
green light by SHG in the transverse and waveguide modes. 

ION-BEAM SPUTTER DEPOSITION 

Ion-beam sputter deposition was used to produce KNb03 thin films 
on MgO (100), MgAl204 (100), and KTa03 (100) substrates. A 
computer-controlled, sequential rotating target assembly consists of 
potassium Superoxide (KO2) and niobium targets that are alternately 
sputtered by an xenon ion beam. [4] Thus, composition is controlled 
by programming the ion beam dwell time on each target. Each layer 
deposited in one rotation of the targets is only 5-10 Ä to allow for 
interdiffusion to form a homogeneous film. The deposition rate is 
about 10 A/min. and film growth occurs at 650-700°C. Table 1 
summarizes the important sputter deposition parameters. 

Table 1. Ion-beam deposition parameters forKNb03 thin film 
growth. 

Beam energy 
Beam current 
Xe+ source gas pressure 
O2 gas pressure 
Deposition temperature 
Deposition rate 

800 eV 
15 mA 
l^xlO^torr 
2.5 x 10-4 torr 
650-700°C 
10Ä/min. 

MICROSTRUCTURAL PROPERTIES 

Orientation 

The d-spacings of the planes parallel to the sample surface can be 
detected through standard theta-two theta x-ray diffraction. KNb03 
films on all substrates under typical growth conditions show a single 
KNb03 (110) orientation with d-spacings in the range of 4.02-4.04Ä. 
This corresponds to one of the longer axes of the orthorhombic 
KNb03 cell. Films deposited at temperatures lower than 600°C often 
contain additional grain orientations such as the KNb03 (111). 

X-ray diffraction rocking curve analysis provides information about 
the grain tilt of the films. The samples were 'rocked' about the 
KNb03 [110]. Any misorientation of the film grains will result in 
detection of planes slightly off the two-theta bragg angle. Figure 1 
reveal FWHM values of 0.25, 0.30, and  0.84' on KTa03, 
MgAl2Ü4, and MgO, respectively. 

43 43.5 44 44.5 45 45.5 46 46.5     20      21 

28 (degrees) 28 (degrees) 28(degrees) 

Figure 1. X-ray diffraction rocking curves of KNb03 [110] on (a) 
KTa03, (b) MgAl204, and (c) MgO substrates. 

Composition and grain tilt 

Rutherford backscattering spectroscopy was used to analyze the 
composition and thickness of the films. KNb03 films are found to 
posess K to Nb ratios in the range of 0.60 to 0.90. The potassium 
deficiency does not seem to affect the bulk properties of the films. 
For instance, in XRD, only the KNb03 (110) orientation exists and 
near bulk refractive index values are measured (as discussed later) for 
all films despite the K deficiency. It is believed that Na atoms arising 
from impurities in the KO 2 targets compensate for the K deficiency. 
A KNb03 film was deposited on a beryllium substrate to allow 
sodium to be detected in the RBS spectrum without being obscured by 
the substrate peak. Sodium was found to exist throughout the 
thickness of the film. Thus, it is likely that Na substitution on the K 
sub-lattice preserves the integrity of the KNb03 unit cell and further, 
has the little influence on some film properties such as the refractive 
index. 

RBS/channeling measurements were performed by aligning the beam 
along the [110] film direction. The amount of scattering from the film 
would reveal the amount of film misorientation, defects, and other 
scattering centers. Channelling can only occur if films are of good 
epitaxial quality. In all cases the film was found to be aligned with 
the substrate in the perpendicular growth direction as the minimum 
film channeling direction corresponds to that of the substrate. 
KNb03 films on KTa03 and spinel substrates displayed the lowest 
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channeling yields with Xmin of only 7% and 9% for the Nb peak, 
respectively, while KNDO3 films on MgO showed a Xmjn of 18 %. 
A single crystal KTaC>3 substrate displayed a 3Cmjn of 3% which 
illustrates the high degree of epitaxy of these films. However, films 
on MgO posess significantly more grain tilt. These results seem to 
correlate with the XRD rocking curve data shown above. 

Surface morphology 

Field emission scanning electron microscopy was used to characterize 
the surface microstructure and grain size of the films. KNbO 3 films 
on MgO and spinel contained grains of 1000 to 1200 Ä in size as 
shown in Figure 2. Larger grain sizes of ~ 3000Ä and also 90° 
oriented domain structures were found for films on KTa03. 

M piifii *»l 
fc« l;-«i 

Figure 2. FESEM micrographs of KNb03 on (a) MgO, (b) 
MgAl204, and (c) KTa03 substrates 

MgO and spinel substrates were purchased from Advanced 
Composited Materials and Commercial Crystal Systems, respectively. 
Oak Ridge National Laboratories provided the KTa03 substrates. 

Surface roughness of both the films and substrates were analyzed by 
atomic force microscopy. Substrate surface roughness minimization 
is key for lowering optical scattering at the interfaces and for 
optimizing epitaxial film growth. Regions of 5 by 5 microns were 
scanned for all samples. MgO substrates displayed a root mean 
square (rms) roughness value of 23 Ä with maximum features of 196 
Ä in height. These periodic large structures are believed to be due to 
hydroxide formation on the MgO surface. Annealing of the MgO 
substrates for 14 hours at 1150°C resulted in an rms value of only 13 
Ä with maximum features of 95 Ä. Spinel substrates presented rms 
values of 14 Ä and large features of 270 Ä. Upon annealing both the 
rms and the maximum feature height increased appreciably. The 
rougher spinel surface can be attributed to either the nature of the 
more complex spinel structure where several different atomic surfaces 
are possible, or due to vendor preparation. KTa03 substrates 
exhibited the lowest surface roughness with an rms of 8 Ä and a 
maximum height of 56 Ä. The surface roughness of the KNb03 films 
were found to be low, with rms values varying from 13 to 37 Ä. 

OPTICAL PROPERTIES 

Refractive index 

The prism coupling technique was used to evaluate the refractive 
index of the thin films. [5] A He-Ne laser (6328 Ä) is focused on a 
rutile prism clamped to the sample. The beam can be either polarized 
in the TE (polarized in the plane of the film) or TM (polarized 
perpendicular to the film) mode. When the propagation constant of 
the He-Ne beam in the prism matches that of the film, the overlap of 
the light waves in the airgap between the prism and film allows the 
light to couple into the film/waveguide. The incident angles which 
produce coupling conditions are used to calculate the refractive index 
and thickness of the film. If two coupling angles (two waveguide 
modes) can be detected, both the thickness and refractive index can be 
calculated independently. Otherwise, one parameter must be known 
to calculate the other. Refractive indices measured for all films are 
2.21 and 2.28 in the TM (light polarized along KNDO3 [110]) and TE 
modes (light polarized in the film plane), respectively. The bulk 
refractive index of KNb03 [110] in the TM orientation is 2.222. The 
refractive indices of the TE modes of our films were measured in two 
orthogonal propagation directions, but no birefringence was 
measured, which indicates that 90° domain orientations exist on all 
substrates. Therefore, the bulk refractive index for the TE modes 
should reflect an average value between the indices of KNb03 [ T10] 
and [001], 2.222 and 2.329. Figure 3 displays the KNb03 film 
refractive indices as a function of composition. Consequently, the 
fact that the refractive indices fall so close to the bulk values suggest 
KNDO3 films are dense despite the potassium deficiency. 
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Figure 3. Refractive index of KNb03 (110) measured in the TE and 
TM modes versus composition 

Scattering losses 

Optical waveguide losses can be measured by analyzing the light 
streak observed in the film when coupling occurs. Longer light 
streaks suggest lower scattering losses. KNb03 films on MgO and 
spinel show higher losses for thick films (>1500 Ä) than thinner 
(-1000 Ä) films. Streak lengths of >8 mm can be observed for the 
latter cases as compared to only 2-3 mm for the thicker films. For our 
apparatus, losses can only be measured by those films with streak 
lengths of >5 mm. An optical fiber is mounted on a micrometer that 
allows movement along the length of the streak. The intensity of the 
light scattered at the surface of the streak is detected and quantified by 
a photodiode and connected to a nanovoltmeter. The losses can then 
be calculated by taking the slope of the 101og(I/Io) versus distance 
along the light streak where I = intensity of the measurement point 
and Io = initial intensity collected by the first point near the prism. 
Optical waveguide losses of-34 dB/cm were found for KNb03 films 
of-1100 Ä. While even higher losses of >50 dB/cm were detected 
for thicker (>1500 Ä) films . 

Second harmonic generation 

A Nd:YLF laser source with a wavelength of 1.053 urn with ~80psec, 
100 MHz pulses under mode-locked operation was used as the source 
beam for SHG measurements. A harmonic beam splitter transmits the 
fundamental wavelength to a razor blade beam block, and reflects the 
second harmonic through a tilted 532 nm bandpass filter onto a 
ground-glass screen. First, KNbO 3 samples of thicknesses    varying 
from 4600 to 6500 Ä were placed perpendicular to the beam direction. 
By visual inspection of the screen, strong green light was observed for 
four samples of KNbO 3 thin films on both MgO and KTa03 
substrates. Currents of only 28 to 30 A (at 30A, 275 watt/pulse was 
detected) were necessary to generate strong green light. Saturation of 
the signal seem to occur at 30 A. A KNbO 3 sample of -2400 A in 
thickness was then coupled with a 90° rutile prism. A 3-4 mm green 
light streak was seen in the TMo mode using currents of 31 to 33 A. 

DISCUSSION 

Three types of loss mechanisms exist: scattering, absorption, and 
radiation. [6] However, for dielectric thin films, the predominant 
contribution to losses are scattering losses. Scattering is subdivided 
into volume and surface scattering. Surface scattering losses are 
attributed to both light scattered from the film surface and the 
film/substrate interface. As the thickness of the film increases, the 
surface scattering losses decrease for a given coupling angle and 
arbitrary propagation length. As the mode number increases, the 
surface scattering will likewise increase, for the number of reflections 
within the waveguide increases duly. Therefore, properties that affect 
these losses are film and substrate roughness, and the particular mode 
or coupling angle. 

Volume losses originate from scattering due to imperfections such as 
point defects, dislocations, and grain boundaries, found in the bulk of 
the waveguide. Figure 4 illustrates the phenomenon of volume 
scattering. Our data shows that the optical waveguide losses increase 
as the thickness of the film increases in the case of KNb03 films on 
MgO and spinel. This indicates that volume scattering losses are 
indeed dominating. When the films are just above the thickness 
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criterion for waveguiding of the first mode, the majority of the field is 
propagating in the low loss single crystal substrate, and thus, low 
scattering losses are observed. As the film thickness increases, the 
amount of the optical field propagating in the film increases, and thus 
volume losses bcome a greater proportion of the total losses. 

4000 4000 

-1.2     -1     -0.8   -0.6   -0.4   -0.2 
Field strength (arbitrary units) 

-8000 
-1.2     -1     -0.8   -0.6   -0.4   -0.2     0 

Field strength (arbitrary units) 

Figure 4. Modal distribution versus distance at the TM=0 mode and 
wavelength 6328 A for a KNbO 3 waveguide on MgO 
substrate for film thickness (a) 1200 A and (b) 2000 A 

The x-ray diffraction rocking curve and RBS/channeling data show a 
correlation between lattice mismatch and grain tilt. KNb03 fums on 
spinel and KTa(>3, where a smaller lattice mismatch exists, exhibited 
less grain tilt as compared to films on MgO.   At the deposition 
temperature, the KNbO 3 film is cubic. Misfit dislocations form to 
accomodate the lattice mismatch which may result in 'tilts' and 'twists' 
of the grains. These lattice imperfections can be a significant 
contributor to bulk scattering. During cooling, the film first 
transforms to the tetragonal phase at ~435°C. It is during the second 
transformation to the orthorhombic structure (~225°C) where twin 
domains may form. The cubic symmetry of the substrates allows the 
in-plane orientations to be accomodated in any of the four equivalent 
90° directions. Light waves travelling in the film will therefore 
experience refractive index changes as they traverse the twin domains 
resulting in attenuation. The coarse and fine grain structure as seen in 
the FESEM micrographs gives additional evidence of the bulk 
scattering that is occurring in the films. 

SUMMARY 

Epitaxial dense KNbO 3 thin films have been grown on MgO, 
MgAl204, and KTa03 substrates by ion-beam sputter deposition. X- 
ray diffraction scans show a single KNb03 (110) orientation for all 
films. RBS revealed K to Nb ratios ranging from 0.60 to 0.90. The 
potassium deficiency of the KNb03 films can be explained by sodium 
incorporation from impurities found in the KO2 sputtering targets. 
AFM measurements reveal smooth films when grown on high quality 
substrate surfaces. Prism coupling measurements show films to 
possess near bulk TE and TM refractive indices of 2.28 and 2.21, 
respectively. The optical waveguide losses in the films can be 
attributed primarily to volume scattering, possibly originating from 
the coarse and fine grain structure and/or twins formed during 
structural transformations. KNbO 3 thin films have demonstrated 
SHG of green light from a Nd:YLF laser source in the transverse and 

waveguide modes with film thicknesses of 4600-6500 A and -2400 
A, respectively. The strong green light seen at low currents and small 
film thicknesses indicate the high nonlinearity of the KNb03 films, 
the high quality of these KNb03 thin films, and the potential for 
producing a blue laser source. 
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ABSTRACT 

Preparation of silica glasses doped with CdS and ZnS microcrystals is presented. The optical 
absorption spectra and the photoluminescence spectra show that the optical absorption edges and the 
photoluminescence peaks shift to the higher energy side with decreasing the size of the mircocrystals, 
which exhibit the quantum size effect. The third order optical susceptibilities are measured by degenerate 
four wave mixing (DFWM) method. The third order optical nonlinearity of the nanocomposites pre- 
pared   by the sol-gel process is largely   enhanced. 

1. INTRODUCTION 

Recently, nanometer-sized semiconductor 
microcrystals, metal particles, ferroelectric grains 
and dyes dispersed in a dielectric medium such 
as porous silica have been receiving a great deal 
of attention as 0-3 nanocomposites. Because of 
their large surface-volume ratio and three dimen- 
sional confinement of carriers, nanometer-sized 
particles posses hybrid electronic and optical 
behaviors that differ from both molecules and 
bulk, thus these nanocomposites are expected to 
show a large third-order nonlinearity and very fast 
response. These nanocomposites can be prepared 
by various methods of glass fabrication, such as: 
conventional melt-quenching technique, sput- 
tering, sol-gel process, and so on. Starting from 
1990, wet chemical synthesis of silica glasses 
doped with semiconductor microcrystallites has 
been explored to generate new or improved 
nanocomposites.'37I 

Since Jain and Lind (1983) first reported on 
the highly nonlinear optical properties of CdSSe 
doped silicate glasses that are commercially 
available as a cut-off filter, these semiconductor- 
doped glasses have attracted increasing attention 
as   nonlinear   optical   materials.I1'810!   Nonlinear 

behavior of semiconductor-doped glasses prepared 
by the sol-gel process make these materials as 
interesting class for optoelectronics. Takada et.al. 
reported 8wt% CdS doped gel derived glasses 
showed x(3) of 6.3x 10-7 esu under near resonant 
conditions, i.e. in the vicinity of 460nm.!|3i 
Nogami et.al. also reported that in forward 
degenerate four-wave mixing (FDFWM) experi- 
ment, the nonlinearity of 2% CdS doped glass 
was estimated to be 1.5 xlO"10 esu at 390 nm 
which corresponds to the band gap energy.I3' 

In this paper, we studied optical absorption 
and photoluminescence of the CdS and ZnS doped 
silica glasses, and the blue shift was investigated 
in relation to the quantum size effects of CdS and 
ZnS microcrystals. The third order optical 
susceptibilities of the CdS and ZnS doped glasses 
are measured by degenerate four-wave mixing 
(DFWM) method. The values of x(3) were m 

range 10-13 esu—1012 esu. Finally, the discussions 
and conclusions are given. 

2. QUANTUM SIZE EFFECTS 

2.1 Preparation and Characterization 
CdS and ZnS doped glasses were prepared 

by sol-gel process and in-situ growth techniques 
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with  CdO/Si02  and  ZnO/Si02  gel  glasses  re- 
acting with   H2S gas. 

From X-ray diffraction analysis, these crystals 
were cubic ZnS and hexagonal CdS respectively. 
The size of crystals was determined from 
broadening of the diffraction lines, using the 
Scherrer's formula. The mean diameter of the 
microcrystals were smaller than 10 nm. The 
Raman spectroscopy confirmed the formation 
of CdS and ZnS in these glasses. 

2.2 Quantum size effects'234-7! 
The absorption spectra of CdS/Si02 and 

ZnS/Si02 semiconductor-doped glasses were 
showed in Fig.l and Fig.2, respectively, under 
different preparation conditions, such as: micro- 
crystal contents, heat treatment times at reaction 
with H2S gas. Comparing with the band gaps of 
ZnS and CdS bulk crystals, absorption edges 
shift to a shorter wavelength (CdS--520 nm, ZnS- 
-350 nm) . The Blue shift of energy was found to 
decrease as the exposure time and temperature to 
H2S gas increase. 
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Fig.l Optical absorption spectra of CdS/SiO, 
Semiconductor-doped glasses 

(a) 0.5 hr (b) Ihr (c) 10 hr (d) 48 hr 

Fig.3 show the photoluminescence spectra of 
CdS/Si02 semiconductor-doped glasses with diffe- 
rent preparation conditions. The photolumines- 
cence peaks shift to a shorter wavelength with 
decreasing the crystal size. 
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Fig.2 Optical absorption spectra of ZnS/Si02 

Semiconductor-doped glasses 
(a) 0.5 wt% (b) 1 wt% (c) 7 wt% 

c 
3 

CO 

C 

440 500 

Wavelength (nm) 

Fig.3 Photoluminescence spectra of CdS/Si02 

Semiconductor-doped glasses 
(a)5hr   (b) 7 hr   (c) 48 hr 

Above blue shift phenomenon of optical 
absorption edge and photoluminescence peak 
indicates that the semiconductor-doped glasses 
prepared by the sol-gel process exhibit the 
quantum size effect. 

3. NONLINEAR OPTICAL PROPERTIES 

DFWM method is very popular to measure the 
third   order  optical   susceptibility   of nonlinear 
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optical materials.!3'10! A standard DFWM arran- 
gement is used in this work, it is shown 
schematically in Fig.4. The Q-switched frequency- 
doubled Nb:YAG laser operating at 532 nm was 
used as light source. Typical laser energy used 
was about 40 mJ in 15 ns pulse duration, pulse 
repetition rates are of 1-5 Hz. Main beam was 
polarized by means of a polarization rotator and 

SAMPLE 

Fig.4 DFWM experimental setup. 
BS1JBS2: Beam spliter; F: Filter; 
f: Focusing lens; D: Detector 

focused to 2 mm spot size with its beam waist at 
the sample by a lens of the focal length of 911 
mm. BS1 is a 30% beam splitter used to split off 
the weak beam from the main beam. 70% of laser 
output is transmitted though BS1; This power 
forms the forward pump. BS2 is a 45% beam 
splitter. Weak beam through mirror Ml and BS2 
generated the probe beam. The angle between 
pump beam and probe beam is about 2 degrees. 
The backward pump beam is the retroreflection of 
the forward beam from a mirror M2 immediately 
behind and in close contact with thin sample or 
sample cell to insure a maximum temporal overlap 
of the pulses within the nonlinear medium. All 
three input beams are linear polarized in the same 
direction. The conjugate signal beam generated by 
the mixing process propagates in the reverse 
direction of the probe beam. 

Probe beam is measured by a pyroelectric 
detector and the phase conjugate reflected beam is 
detected by a silicon photodiode. In other words, 
the reflectivity can be directly measured by an 
energy ratiometer (Laser Precision 7200). The 
purpose of doing this can reduce the influence of 
the laser power fluctuation. Furthermore, the 
measurement was made by taking an average of 
10-100 pulses. Attenuators were used to prevent 
saturation of the photodetector. Pump energy is 
varied   by the aperture. 

We have used the DFWM method at identical 
conditions to measure the nonlinearities of a 
carbon disulphide (CS2), which is usually used as 
standard reference nonlinear material. The value 
of x(3) for CS2 obtained from our experiment is 
(1.7 ± 0.2)xl0-'2 esu, which is well consistent 

with the reported value of 1.8x 10-12 esu.!'U2i 

4. RESULTS AND DISCUSSION 

After having taken absorption and reflectivity 
losses into account, We worked at sufficiently low 
energy fluence to avoid any photodarkeningi8! of 
the samples or any saturation. For the samples, we 
can get the third order nonlinear susceptibility 
X(3), which are shown in Table 1. The values of 

Table 1 x(3)  of CdS/Si02 and ZnS/Si02 

semiconductor-doped glasses 

Samples L (mm) RxlO4 X(3)xl012 

CdS/Si02-l 2.1 1.32 7.0 

CdS/Si02-2 2.0 0.0797 1.8 

CdS/Si02-3 1.9 0.0158 0.83 

CdS/Si02-4 2.2 0.0171 0.78 

ZnS/Si02-l 1.5 0.277 3.7 

ZnS/Si02-2 1.6 0.287 3.6 

ZnS/Si02-3 1.8 0.329 3.5 

X(3) for the nanocomposites were in range 10-,3~ 
10-'2 esu, while x(3) of the silica matrix was only 
about 10-'4 esu. Thus the third order optical 
nonlinearity of the porous silica matrix nano- 
composites prepared by the sol-gel process is 
largely enhanced. In other hand, although very 
high x(3) m me o^1" °f 10"7 esu have been 
observable for semiconductor-doped glasses near 
the absorption edge due to the absorptive resonant 
effect, the x(3) m the transparent region was even 
less than our results. 

5. CONCLUSIONS 

The nonlinear optical properties of both 
CdS/Si02 and ZnS/Si02 semiconductor-doped 
glasses were systematically studied using DFWM 
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method. The third order optical nonlinearity of 
the nanocomposites prepared by the sol-gel 
process is largely enhanced. The blue shifts of 
absorption edges and photoluminescence peaks 
exhibit the quantum size effect. Further resear- 
ches on this work are being under way. 
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Abstract-The influence of y-ray irradiation on the phase transition 
temperature in (NH2(c2H5)2>2CuC,4 W^5 was investigated. It has 
been ascertained that irradiation at room temperature leads to increase of 
transition temperature Tj. Contrary to this, irradiation just below T] is 
followed by decreasing of transition temperature. Observed effects are 
connected with breaking of H-bonds and with corresponding change of 
Cu2+ ion environment 

INTRODUCTION. 
The crystals of diethylammonium tetrachlorocuprate 

(NH2(c2H5)2>2CuC,4 (abbreviate^ DEA-CUCI4) are characterized by 
availability of thermochromic phase transition. At room temperature the 
crystal is bright green and changes discontinuously to bright yellow at the 
phase transition temperature. Several studies of DEA-CUCI4 have been 
published, including optical birefringence, spectroscopy [1,2], EPR, NMR 
and structural investigations at room temperature and in high-temperature 
phase [3]. At room temperature the compound crystallizes as green needle 
in the spase group P2,/n with a=7.362 A, b=15.025A, c=45.193A, 
jj=89.94°, and z =12. One asymmetric unit of the structure contains three 
tetrahedrally distorted square-planar CuCL}2- ions for a total of 12 isolated 
copper centers in the unusually large unit cell. All the DEA cations are 
involved in a strong, two-dimensional N-H...C1 hydrogen bonding net, 
parallel to the b-c plane, which stabilizes the copper coordination 
geometry close to square planar [3]. The phase transition temperature is 
affected by sample purity, particle size, previous history and even relative 
humidity, making it difficult to define a precise transition temperature. For 
crystals grown from ethanol solution the phase transition temperature 
was at Ti=323 K [3]. According to [1] the phase transition is followed by 
red shift of absorption bonds (d-d-transition for copper) averegery by 50 
nm due to the change of Cu ion environment from quadratic to 
tetrahedral. The coordination geometry in the latter case is associated with 
the existence of only weak cation-chloride hydrogen bonding. According 
to [3] the high-temperature phase is characterized by two 
crystallograpbically inequivalent anions. Both anions show similar 
flattened tetrahedral geometries and they are distinguishable by their 
substantially different amplitudes of apparent motion. In the whole the 
thermochromic phase transition in DEA-CUCI4 turn out to be surprisingly 
complex. Structurally, the crystal transforms between two monoclinic 
unit cells, with three independent CUCI42- anions in the low-temperature 

phase and two independent CuCL}2- ions in the high-temperature 
one.The phase transition is clearly first order in nature based on the lack 
of any crystallographic relationship between the two phases. No simple 
structural transformation pathway can be envisioned for converting one 
phase to the other. To better understanding of this transition nature it 
would be timely to investigate the influence of y-ray irradiation on the 
transition temperature and thermochromic properties. 

EXPERIMENTAL. 
The single crystals were grown at rom temperature from the aqueous 

solution of the amrnine hydrochloride and cupric chloride dihydrate taken 

in the stoichiometric ratio. Obtained samples possess the shape of needles 
and their orientation was performed similarly to [3]. The thermochromic 
phase transition was studied by absorption spectroscopy using SF-26 
spectrometer. For the temperature investigations the automatic system 
VRT was emploied. As a source of y-irradiation the Ra226 was used. 

RESULTS AND DISCUSSION. 
Absorption spectroscopy in visible region is the simplest and very 

informative method of study of phase transition in DEA-CUCI4, since this 
transition is followed by the sharp shift both of fundamental edge and 
absorption bands corresponding to the d-d-transition of Cu2"1" toward 
infrared side of spectrum. (Fig. 1.curves 1-4). Since the data concerning 
the spectral properties of DEA-CUCI4 were reported earlier let us consider 
in details the influence of y-ray irradiation on the temperature of phase 
transition. The measurement of absorption coefficient k at certain light 
wave length showed that phase transition in DEA-CuCL}   manifests 
considerable temperature hysteresis (AT 1=6 K). More precise value of 
the hysteresis was obtained at X=633.8 nm, since in this case the sides of 
hysteresis loop are practically parallel to the coordinate axes (Fig.2. 
curve 1), contrary to case when X=480nm, for exsample. 

Fig.l. Optical absorption spectra of DEA-CuCL} obtained at different 
temperatures.(l - 293 K, 2 - 310 K, 3 - 315 K, 4 - 320 K, 5 - 293 K, 
after irradiation.). 

The temperature of transition in the umrradiated sample was Tj=311 K 
(in heating run). Irradiation at room temperature leads to increasing of T j 
as well as to the deformation of corresponding hysteresis loop. 
(Fig2.curves 2-3). The dependence of transition temperature on the dose 
of irradiation is plotted in Fig.3. It is clearly seen that saturation of effect is 
observed at D=10 Roentgen. Irradiation at room temperature also 
manifests itself in strengthening of absorption band at X=595 
nm.(Fig.l.curve 5). This band is observed both in high and low 
temperature phases, but it is more pronounced in latter one. Annealing of 
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Fig.2. Hysteresis loops of optical absorption of DEA-C11CI4 at A=633,8 
run obtained under the influence of different doses of y-ray irradiation. 

the sample at T=318 K during 1 hour leads to the returning of transition 
temperature to the previous value. However the deformation of hysteresis 
loop partially remains. 

The shift of Tj value toward high temperatures after irradiation is 
rather noncharacteristic for ferroelectrics. Under such circumstances it 
would be very interesting to investigate whether the irradiation at more 
high temperatures leads to another results. Indeed, irradiation of the 
sample at 309 K initiates the phase transition at this temperature already 
through Is (Fig.4a. the power of irradiation 40 mr/hour). To trigger the 
phase transition at 308 K at the same power it is ncccssery near 3s 
(Fig.4b). Therefore when the irradiation is performed just below the 
transition temperature, its value is already lowered. In the same time the 
transition temperature in cooling run remains  unchanged  and the 
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Fig.3. The dependence of the shift of the 
the dose of irradiation. 
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Rg.4 Hysteresis loops of optical absorption of DEA-CuClj irradiated at 
309 K during ls(a) and at 308 K during 3s(b). Power of y-ray irradiation 
40 mRoentgens/hour. 

corresponding hysteresis of phase transition decreases. 
To explain such a situation it is necessary to consider the structural 

position of constituent ions in DEA-CUCI4 and special role of hydrogen 
bonds. In low temperature phase the crystal is characterized by existence 
of strong hydrogen bond network which stabilizes the CUCI42- ion m ^ 
geometry. The thermal motion of ions in the high temperature phase leads 
to weakening of H-bonds and to corresponding relax of three 
independent CuCI^- anions of the low-temperature phase toward the 
electrostatically favored tetrahedral geometry in the high temperature 
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phase . It is expediently to suppose that y-inadiation at room temperature 
causes, firstly, breaking of H-bonds, especially of the most weak ones. 
After the irradiation the relaxation process proceeds which particularly 
leads to the reconstruction of H-bond network. However in this case the 
formation of structure with strong hydrogen bonds characteristic for low 
temperature phase is predominating. Under such circumstances the 
possible nuclei of high-tcmpcrature phase with weak H-bonds arc 
supressed and transition temperatures increases. 

Such a model correlates with the possibility of existence of supercooled 
high temperature phase at room temperature during very long time (a few- 
weeks)[3]. 

Strengthening of absorption band at 595 nm corresponding to the 
planar coordination of Cvi2+ also confirms the conclusion drawn above. 

Irradiation just below the transition temperature also leads to breaking 
of H-bonds. However, together with increasing of thermal motions of ions 
this process triggers the phase transition at lower temperatures. 

The y-irradiation also causes the irreversible change of hysteresis 
loop, connected, obviously, with breaking of some bonds in 
dicthylammonium. These defects remain in the crystals whereas the 
network of H-bonds may be reconstructed after annealing and following 
cooling of the sample into low temperature phase. Remaining defects lead 
to the eroding of phase transition. The phase transition approaches to the 
transition of second order. By the way, such a situation is characteristic of 
the irradiated ferroclectrics. 

It must be noted that thermochromic phase transition in DEA-CuCLj 
may be shifted under the influence of irradiations by quanta of lower 
energy. Indeed, the irradiation of DEA-CUCI4 by powerful beam of 
ultraviolet light obtained using the deuterium lamp at the temperature just 
below the phase transition also leads to the lowering of transition 
temperature. However, the time of irradiation must be in a few orders 
larger then in the case of y-irradiation. 
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Abstract The purpose of this research is to obtain 
the sensitive element of infrared (IR) detector direct- 
ly by tape casting method. The green tapes of pyro- 
electric ceramic with the thickness of 100-160 (im 
were cast from the slurry composed of pyroelectric 
ceramic powder and an appropriate binder-solvent 
system. The influence of a special "Sandwich" sinter- 
ing process on the properties of the monolayer thin 
film pyroelectric ceramic were investigated. As a re- 
sult, smooth thin pyroelectric ceramic sheets with 
relative high density have been got. The dielectric 
and pyroelectric properties of samples made by tape 
casting were almost the same as those shaped by dry 
pressing process. The experiment proves that the 
tape casting method is a feasible process to make py- 
roelectric thin film ceramics . 

INTRODUCTION 

Pyroelectric ceramics have been widely used as sensi- 
tive elements for infrared detector. Generally, the 
thin ceramic sensitive elements with dimensions of 3 
X 5 X 0. 08mm3 are processed from pyroelectric ce- 
ramic block with complicated cutting and grinding 
machinery. The utilization ratio of the material is on- 
ly about 5% due to the waste caused by cutting and 
grinding process. If the sensitive elements can be 
prepared directly from pyroelectric ceramic film, the 
efficiency of manufacturing can be obviously in- 
creased and the cost can be greatly reduced. 
As well known, the tape casting is a basic process for 
production of commercial multilayer ceramic capaci- 
tors. D] This report presents the results of an attempt 
to prepare pyroelectric ceramic thin film by applica- 
tion of tape casting method. 

EXPERIMENT 

1. Preparation of green tape 

The flow chart of preparation process of the green 
tape of pyroelectric ceramic is shown in figure 1. 

Weighing! ~ [Mixing] — |Calcination   —  Milling 

Drying Slurry Preparation with Binder 

Deaeration| —|Tape Casting — Cutting 

Fig. 1    The flow chart of tape casting process 

The ceramic used in this experiment was composed of 
a strontium doped PbZr03-PbNbFe03-PbTi03 sys- 
tem, which is a newly developed pyroelectric ceramic 
with good performances.[2] The different green tapes 
with the thickness of lOOfxm and 200/xm were pre- 
pared. Respecting of high gravity of the ceramic ma- 
terial, an organic binder system with low portion of 
solvent was used for slurry preparation, which pro- 
vided better filming ability and avoided defects such 
as pine hole and cracks on the green tape. 

2. The sintering of monolayer ceramic film 

Before firing, the green tapes were cut into small 
pieces of 1. 5X1. 5 square millimeters. The burnout 
of organic substances was carried out at a slow rate 
of heating until the ceramic film possessed certain 
mechanical strength. In order to obtain flat ceramic 
film, a special "Sandwich" sintering method was de- 
signed. The green sheets were placed between an a- 
lumina pressing cover and an alumina substrate as 
shown in figure 2. 

Alumina pressing cover 

Mill TT —Sample 

Alumina substrate 

Fig. 2    Schematic illustration of "Sandwich" sintering 

After cleaned by ultrasonic, the ceramic films were 
electroded by vacuum deposited silver, and then po- 
larized in air under an electric field of 4kV/mm in 20 
minutes. The volume density was measured by water 
displacement, and the pyroelectric coefficient was 
measured by charge integral method. 

CH3416-5 0-7803-1847-1 /95/S4.00© 1995IEEE 804 



RESULTS AND DISCUSSION 

1. The influence of firing temperature 

For green tapes with the thickness of lOOfxm, the 
shrinkage and density depending on firing conditions 
are shown in table 1. 

Table 1    The Dependence of Thickness and 
Density on Firing Conditions 

Sinterng 
Temperature 
CO 

1120 1140 1160 1160 1160 1160 1180 

Holding Time 
(min) 

30 30 15 20 25 30 30 

Thickness 
(fim) 

62 56 54 54 56 56 60 

Density 
(g/cm3) 

7.16 7.27 7.23 7.43 7.53 7.37 6.97 

The proper sintering temperature was mainly deter- 
mined by thickness shrinkage extent of samples. In 
addition, it was confirmed by the measurement of 
volume density. 
In the firing process, because the samples directly 
contacted with alumina substrate and pressing cover, 
the atmosphere needed to be properly controlled. In 
the experiment certain amount of ceramic powder 
was used around the firing samples, which had been 
proved to be useful for preventing non-stoichiome- 
try. 
From the samples sintered by 1160"C/20min, 
1160"C/25min and 1160°C/30min, the dielectric and 
piezoelectric properties were measured. The results 
are presented as below. 

Table 2    Dielectric and Piezoelectric Properties 
of Ceramic Thin Film 

Sintering 
Condition 

1160'C 
30min 

1160'C 
25min 

1160-C 
20min 

Samples 1      2      3 1      2      3 1      2      3 

Before 
Poling 

e, 396 382 399 396 406 401 362 360 414 

tanS% 3. 4 2. 5 4. 3 1.6 1.1  1.2 6.1 1.4 2.2 

After 
Poling 

e. 296 277 282 313 317 318 317 294 320 

tanS% 1.2 2. 9 1.7 0. 9 0. 9 0. 9 2.8 1.4 1.3 

d33X10-"C/N 58~60 58~60 58~60 

electric coefficient of the ceramic thin film was mea- 
sured in the temperature range of 10 —74*C The val- 
ue of linear pyroelectric coefficient was 5. 0 X 10~4 

cm-2K-'. 
Several characteristics of the samples made by tape 
casting was compared with that by dry pressing for 
the same composition of ceramics in table 3. 

Table 3    Droperties Comparison of Samples 
Prepared by Tape Casting and Dry Pressing 

er tanS% P 
(lO-'Cm-'K") 

Density 
g/cm3 

Taple Casting 315 ~1 5.0 7.5 

Dry Pressing 
Pressureless 

Sintering 
310 1 5.1 7.6 

Dry Pressing 
Hot Pressing 

Sintering 
320 0.5 5.1 7.8 

2. The pyroelectric properties of ceramic thin film 

At twenty four hours after polarization, the pyro- 

While it is usually difficult for the thickness of ce- 
ramic film to be reduced under 80f*m by the dry 
pressing process, it is quite easy to obtain ceramic 
film with thcikness less than 60/^m by the tape cast- 
ing method. Although the dielectric loss of the sam- 
ples made by tape casting is slightly larger than that 
of samples made by dry pressing (Hot press 
sintering), the samples made by tape casting can still 
remain a high ratio of signal to noise because for a 
thinner sensitive element the signal responding volt- 
age is higher. Considering the convenience of pro- 
cess , tape casting is a promising way for preparation 
of pyroelectric thin film ceramic used for IR detector 
sensitive element. 
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Abstract — Dielectric, piezoelectric and pyroelectric 
properties of relaxor ferroelectrics in the 0. 65Pbi-xBax 
(Mgi/3Ta2/3)n3~0.35PbTi03 solid solution series have been 
investigated. The dielectric constant and loss of ceramic 
samples were determined. The piezoelectric d33 constant and 
electromechanical coupling factor were measured for various 
compositions in the Ba-doping PMT-PT ceramics. The 
pyroelectric coefficient and spontaneous polarization were 
measured by the static Byer-Roundy method as a function of 
temperature. The values of dielectric constant, electro- 
mechanical coupling factor and pyroelectric coefficient for 
Ba-doped PMT-PT are much larger compared to the values 
observed for the undoped PMT-PT ceramics. Ba-doping also 
shifted the Tc downward, approximately 6 °C/mol% additon of 
Ba. Further additions of Ba could be used to shift the Tc 
downward without significantly changing the dielectric 
behavior. 

INTRODUCTION 

Perovskite lead magnesium Tantalate, Pb(Mgi/3Ta2/3)03(PMT) 
was first synthesized by Bokov and Myl 'nikova. [u The relaxor 
dielectric maxima at 1 kHz occurs at -100 °C. However, with 
the addition of PbTi03(PT)(Tc = 490 "C), the compositions in 
the PMT-PT solid solution exhibit a morphotropic phase 
boundary between the rhombohedral and tetragonal phases at 
about 29 ~ 39 molse PT. m 

In previous work131 it was reported that the PMT-PT 
ceramics doped with lanthanum have higher dielectric and 
pyroelectric constants over those of the undoped PMT-PT 
compositions. The compositions 0.65PMT-0.35PT with 1 ~ 12 
mol5ü Ba-doping have been selected. The effect of Ba-doping 
of dielectric, piezoelectric, and pyroelectric properties of 
0. 65PMT-0. 35PT is discussed. 

EXPERIMENT PROCEDURE 

Ceramic samples(reagent grade powders) across the 
0. 65PMT-0.35PT-xBa series were prepared using the columbite 
precursor method. m The process basically involves the 
prereaction of MgO and Ta205 to form the columbite phase 
MgTa206 prior to reaction with PbC03, Ti02 and BaC03. Upon 
milling, the various powders were cold pressed to form 
disks, followed by sintering at 1250 °C for 4 hours in 
closed alumina crucibles, PbZr03 powder was added to help 
control Pb stoichiometry in the samples. 

The sintered samples were characterized by x-ray 
diffraction(XRD) to insure phase purity. The grain size was 
determined of fracture surfaces of the pellets using 
scanning electron microscopy(SEM). 

For the electrical measurement, opposite faces of the 
samples were coated with sputtered silver electrodes. 
Temperature dependence of the dielectric constant and loss 
were measured at various frequencies at the heating rate of 
4 °C/min by using an Impedance Analyzer(HP4192A). 
Piezoelectric properties were measured by the resonance- 
antiresonace method and Berlincourt da3 meter. The 
pyroelectric coefficient and spontaneous polarization were 
measured by the static Byer-Roundy method161 as the samples 
were heated at a rate of 4 "C/min through the phase 
transition. Prior to the piezoelectric and pyroelectric 
measurements each sample was poled by applying a DC field of 
20 kV/cm at room temperature for 30 min. 

RESULTS AND DISCUSSION 

Physical and Dielectric Properties 

Figure 1 shows the SEM fractographs of 0.65PMT-0.35PT- 
xBa ceramics fired at 850 °C and 1250 °C for 4 hours as a 
function of BaC03 content. It can be seen that the grain 
sizes were increased about 4.5 fm to 9 //m for PMT-PT and 
PMT-PT-0. OlBa system, respectively. But above 1 molse of 
additive the grain sizes decrease. The optimum amount of 
BaC03 added is about 1 molfc in this research. The resulted 
densities of the 0.65PMT-0.35PT-0.OlBa ceramics »ere greater 
than 95 %  of the theoretical value. 
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Figure 1. SEM micrographs 
of the fracture surfaces 
of the compositions of 
0. 65PMT-0. 35PT-xBa sintered 
at 1250°C/4hours. (a) x = 0 
(b) x = 0.01 (c) x = 0.02 

Figure 2 shows the XRD patterns of 0. 65PMT-0. 35PT-0.OlBa 
composition confirming the presence of the perovskite phase. 
The percentage of perovskite phase was determined by powder 
x-ray diffraction patterns of calcined and fired ceramics. 
For all the compositions the amount of perovskite phase is 
< 85 % for calcining temperature below 850 °C. Compositions 
with 1 mo\% Ba-doping sintered at 1250 °C showed 100 % 
perovskite phase(Fig.2). 

Figure 3 shows the typical plot of the temperature 
dependence of dielectric constant and dissipation factor at 
various frequencies(0.1 to 100 kHz) for composition 0.65PMT- 
0.35PT-0.01Ba. The K vs. T shows the typical relaxor 
behavior. Dielectric constant vs. temperature behavior at 1 
kHz is shown in Figure 4 for various compositions in the 
0.65PMT-0.35PT-xBa. The addition of BaC03 affects the 
dielectric properties of 0.65PMT-0.35PT ceramics. The 
dielectric constant at Tc increases with additions of Ba up 
to 5 mol% and then decreases with futher additions of 
Ba(Fig.4), but the temperature range of high-dielectric 
constant values become still broader. In small concentra- 
tions, substitutions modify the ferroelectric properties by 
controlling grain size and by broadening the Curie peak. 
Curie peak characteristics, therefore, may be affected by 
substantial chemical substitution or inhomogeneities which 
exist in the sintered materials. [7] It is found that the 
room-temperature dielectric constant increased by a factor 
of about 2 times for 9 molfc barium doping in the 0.65PMT- 
0.35PT-xBa as compared with that of the undoped composition 
as shown in Fig.4, which is associated with the decrease in 
Tc of the PMT-PT ceramics. It is also found that the 
Ba-doping shifts the phase transition temperature downward. 
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Figure 2. X-ray diffraction patterns 
of 0.65PMT-0.35PT-0.01Ba. 
(a) Calcined at 850 °C   for 4 hours. 
(b) Sintered at 1250 °C for 4 hours. 

0 0.02 

0.65PMT-0.35PT-xBa 

(5) 

( 3) 
(2) 

(1) 

(6)1 
1 

(7)A / 
"   (8M      \ 

(1)x=0 
(2) x=0.01 
(3) x=0.02 
(4) x=0.03 
(5)x=0.05_ 
(6) x=0.07 i4 /   W    W\  (7) x=0.O9 

\Jy jj 11(8) x=0.12 
g 
8: 

-50 0 50 100 150 

TEMPERATURE(°C) 

Figure 5. Pyroelectric coefficient of 
0.65PMT-0.35PT-xBa compositions at 
varying temperature. 
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Figure 3. Temperature dependence of 
dielectric constant and dissipation 
factor at various frequencies for 
0.65PMT-0.35PT-0.01Ba. 
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Figure 4. Dielectric constant of 
0.65PMT-0.35PT-xBa compositions at 
varying temperature. 
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Figure 6. Transition temperature and 
peak temperature of 0.65PMT-0.35PT-xBa 
compositions. 
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Figure 7. Piezoelectric constant d33 and 
electromechanical coupling factor Kp 
of 0.65PMT-0.35PT-xBa compositions at 
room temperature. 

The transition temperature with mole fraction of Ba in the 
0.65PMT-0.35PT-xBa is shown in Fig.6. The transition 
temperature decreased almost linearly as the amount of Ba in 
the composition increases, their rates of decrease are about 
6 °C/mols<\ These shift of the transition temperature by 
Ba-substitution for Pb may be related to the distribution of 
ions having different ionic radii in the same sublattice of 
a complex compound with perovskite structure [8J 

Pyroelectric and Piezoelectric Properties 

Fig. 5 shows the pyroelectric coefficient for various 
compositions in the 0.65PMT-0.35PT-xBa solid solutions as a 
function of temperature. Pyroelectric coefficient increases 
with increase of mo\% Ba. However, for x more than ~ 0.02, 
the pyroelectric coefficient decreased with x. Pyroelectric 
coefficient decreases with increase of mol^ Ba similar to 
that observed in dielectric constant vs. temperature. The 
peak temperature of pyroelectric coefficient with mole 
fraction of Ba in the 0.65PMT-0. 35PT-xBa is shown in Figure 
6. The peak temperature decreases almost linearly as the 
amount of Ba in the composition increases, their rates of 
decrease are about 6.5 "C/mol^. Figure 7 shows the 
piezoelectric constant d^ and electromechanical coupling 
factor KP of the composition 0.65PMT-0.35PT-xBa at room 
temperature as the mole fraction of Ba. The maximum 
piezoelectric d33 constant and electromechanical coupling 
factor Kp are observed at 7 mol?<; barium doping. The 
foregoing composition is in good agreement with those 
exhibiting maxima in spontaneous polarization. 

CONCLUSIONS 

The barium-modified 0.65PMT-0.35PT ceramics were found 
to promote densification and grain growth. The dielectric 
constant of 0.65PMT-0.35PT-xBa(x = 0.01 to 0.03) ceramics 

increases considerably with the substitution of Ba. The 
Curie temperature and peak temperature of pyroelectric 
coefficient decrease almost linearly with small change of Ba 
amount, their rates of decrease are about 6 T) and 6.5 °C 
/molsü addition of Ba, respectively. Pyroelectric coefficient 
increases with increase of m>\% Ba. However, for x more than 
~ 0.02, the pyroelectric coefficient decreases with x. The 
maximum piezoelectric d33 and electromechanical coupling 
factor Kp at room temperature are observed at 7 molse barium 
doping. 
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Abstract — Dielectric, piezoelectric and pyroelec- 
tric response of selected compositions from the solid 
solution system have been investigated as a function of 
PT and PZ content for composition near the morphotropic 
phase boundary (PMT-PT). The dielectric constant and 
loss of poled samples were determined. The piezo- 
electric d33 constant and electromechanical coupling 
factor were measured for various composition in the 
system. The pyroelectric coefficient and spontaneous 
polarization were measured by the static Byer-Roundy 
method as a function of temperature. The stability of 
the perovskite phase was studied as a function of 
sintering temperature. The transition temperature of 
the ceramics decreased gradually with the addition of 
PZ. 

INTRODUCTION 

Perovskite lead magnesium tantalate, Pb(Mgi/3Ta2/3)03 

(PMT) was first synthesized by Bokov and Myl'nikova. ul 

The relaxor dielectric maxima at 1 kHz occurs at -100 
t. However, with the addition of PbTi03 (PT)(Tc=490t), 
the compositions in the PMT-PT ceramics exhibit a 
morphotropic phase boundary between the rhombohedral 
and tetragonal phases at about 29—39 mol* PT. m In the 
case of the most of PMT-PT series the transition 
temperature is above the room temperature. With the 
addition of PbZr03 (PZ) (Tc=230t), the transition 
temperature can be suitably adjusted for the 
piezoelectric and pyroelectric applications. It was the 
objective of this work to explore the dielectric, 
piezoelectric and pyroelectric behavior for PMT-PT-PZ 
compositions. 

EXPERIMENTAL PROCEDURE 

The compositions selected for the present study were 
of the type 0.625PMT-(0.375-x)PT-xPZ with x varying 
between 0 and 0.35. The ceramics were prepared 
according to the usual sintering technique. Reagent- 
grade oxide powders of PbO, MgO, Ta205, Ti02 and Zr02 
were used as starting materials. The oxides mixed by 
ball milling for 15 h were calcined at 850t; for 4 h. 
The calcined powders were crushed and ball-milled and 
pellets %10n in diameter and about 2n in thickness 
were pressed using PVA binder. The pellets were then 
fired between 1200t; and 1325t: for 3 h in sealed 
alumina crucibles. The percentage of perovskite phase 
was determined by powder X-ray diffraction patterns of 
fired ceramics. 

The dielectric properties were measured with an 
Impedance Analyzer (HP 4192A), control unit and its 
interface. The dielectric constant and loss were 
measured as a function of temperature at various 
frequencies between 0.1 and 100 kHz at a temperature 
rate of 4t/min. The pyroelectric coefficient and 
spontaneous polarization were measured by the static 
Byer-Roundy method,131 again at a rate of 4t/min. 
Piezoelectric d33 constant and electromechanical 
coupling factor kp were measured by using Berlincourt piezo 

d33 meter and resonance-antiresonance method, respect- 
ively. Prior to piezoelectric and pyroelectric measure- 
ments the specimens were poled by applying a DC field 
of about 20 kV/cm at room temperature. 

RESULTS AND DISCUSSION 

Sintering and Perovskite Phase 

Several compositions in the 0.625PMT-(0.375-x)PT- 
xPZ system (with x=0.00 to 0.20) were sintered at 
different temperatures to study the effect of sintering 
conditions on the amount of perovskite phase. Figure 1 
shows the XRD patterns of 0.625PMT-0.325PT-0.05PZ 
ceramics confirming the presence of the perovskite 
phase. 

30       50       70 

TWO THETA DEGREES 
Figure  1.  X-ray diffraction patterns  for various 

sintering temperature (0.625PMT-0.325PT-0.05PZ). 

Figure 2 shows a plot of the percentage of perovskite 
phase in each composition as a function of sintering 
temperature. For all the compositions the amount of 
perovskite phase is <85* for sintering temperature 
below 1200t;. Compositions with 5 to 20 mol* of PZ, 
sintered at 1300t showed 100* perovskite phase. In all 
the compositions, a small fraction of pyrochlore phase 
was observed for sintering above 1300t. This behavior 
is probably due to the loss of PbO at high 
temperatures. 

Dielectric Properties 

Figure 3 shows typical plot of the dielectric 
constant and loss vs. temperature at various 
frequencies (0.1 to 100 kHz) for 0.625PMT-0.325PT-0.05 
PZ. The dielectric constant vs. temperature behavior at 
1 kHz is shown in Figure 4 for various compositions 
0.625PMT-(0.375-x)PT-xPZ (0. 00<x<0. 35). The dielectric 
constant at Tc increases with additions of PZ up to 5 
■ol* and then decreases with further additions of PZ 
(Figure 4). 
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Figure 2. Effect of sintering temper- 
ature on percentage of perovskite. 
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Figure 5. Transition and peak temperature 
as a function of PbZrOa in the 0.625PMT- 
(0.375-x)PT-xPZ system. 
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Figure 3. Dielectric constant and 
loss vs. tenperature for different 
frequencies. 
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Figure 6. Temperature dependence of 
pyroelectric coefficient in the 0.625 
PWT-(0.375-x)PT-xPZ system. 
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Figure 4. Temperature dependence of 
dielectric constant (1 kHz) in the 
0.625PMT-(0.375-x)PT-xPZ system. 
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Figure 7. Effect of sintering temper- 
ature on piezoelectric da constant and 
electromechanical coupling factor(kp). 

In the compositions 0.625PMT-(0.375-x)PT-xPZ. the 

variation of Tc with the mole fraction of PZ is shown 
in Figure 5. The Tc decreases with increasing PZ, 

their rates of decrease are about 2. öTl/mol*. 

Pyroelectric and Piezoelectric Properties 

Figure 6 shows the pyroelectric coefficient for 

various compositions in the 0.625PMT-(0.375-x)PT-xPZ 

as a function of temperature. Pyroelectric 

coefficient increases with mol* PZ. However, for x 

more than ~0.1, the pyroelectric coefficient 

decreased with x. The compositions 0.625PMT-(0.375- 

x)PT-xPZ (x= 0.15 to 0.20) have their Tc values near 
room temperature. The roon-temperature pyroelectric 

coefficient of 0.014 (C/m2K) is found at the 

composition x=15 mol* of PZ content. The peak 

temperature decreases almost linearly as the amount 

of PZ in the composition increases, their rates of 

decrease are about 3"C/mol* (Figure 5). 
Figure 7 shows the piezoelectric d33 and electro- 

mechanical coupling factor kp of the composition PMT- 

PT-xPZ as a function of sintering temperature. The 

optimum conditions for obtaining samples with 
improved piezoelectric properties occur at a 

sintering temperature of 1300T2. The maximum 

piezoelectric constant was observed at 5 mol* PZ 

content. 

CONCLUSIONS 

Compositions with 5 to 20 mol* of PZ, sintered at 

1300T; showed 100* perovskite phase.  The dielectric. 

pyroelectric and piezoelectric constant were found to 

improve with increasing sintering temperature up to 

1300"C. The maximum dielectric, pyroelectric and 
piezoelectric constant were observed at about 5 mol* 

PZ content. The Curie temperature and peak 
temperature of pyroelectric coefficient decrease 

almost linearly as the amount of PZ in the composition 

increases. 
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Abstract — Dielectric, piezoelectric and pyroelectric 

properties of 0. 65(Pbi.xSr„)(Mg1/3Ta2/3)03-0. 35PbTi03(0<x<0.12) 

solid solution near the morphotropic phase boundary ( PMT-PT) 

have been investigated. Dielectric constant and loss of 

poled ceramic samples were determined. The electromechanical 

coupling factor and piezoelectric dM constant were measured 

for various compositions in the ceramics. The pyroelectric 

coefficient and spontaneous polarization were measured by 

the static Byer-Roundy method as a function of temperature. 

The values of dielectric constant, piezoelectric d33 constant 

and pyroelectric coefficient for Sr-doped PMT-PT are larger 
compared to the values observed for undoped PMT-PT ceramics. 

Transition temperature is continuously shifted to lower 

temperature with increase of a small amount of SrC03. 

INTRODUCTION 

In 1961 Bokov and Myl'nikova reported the temperature 

dependence of the dielectric constant, dielectric loss and 

polarization of Pb(Mg1/3Ta2/3)03(PMT). 
U1 The main feature of 

dielectric properties of POT is a broad maximum of dielectric 

constant at the transition temperature. The relaxor 

dielectric maxima at 1 kHz occurs at -100 °C. However, with 

the addition of PbTi03(PT)(Tc = 490 °C), the compositions in 

the PMT-PT solid solution exhibit a morphotrophic phase 

boundary at about 29 ~ 39 mo ls< PT.[21 Previously, the effect 

the dielectric and pyroelectric of Laz03 additive 

properties of the system PMT-PT was studied."1 The effect of 

Sr-doping of dielectric, piezoelectric and pyroelectric 
properties of 0.65PMT-0.35PT ceramics is discussed in the 

present work. The compositions 0.65PMT-0.35PT with 1 ~ 12 
mole% Sr-doping have been selected, in accordance with the 
solid solution phase diagram.121 

EXPERIMENTAL PROCEDURE 

Ceramic samples were prepared by the conventional 
technique. Reagent-grade oxide powders of PbC03, Ti02, Ta205, 

MgO and SrC03 with purity better than 99.8 % were used as 

starting raw materials. The columbite precursor method by 

Swartz and Shrout141 for the synthesis of the various 

composition was used. The sintered samples were characterized 

by x-ray diffraction to insure phase purity. The grain size 

was determined on fracture surfaces of pellets using scanning 

electron microscopy(SEM). Opposite faces of the samples were 

coated with sputtered silver electrodes. 

Dielectric properties were measured with an Impedance 

Analyzer(HP4192A), control unit and it's interface. The 

dielectric constant and dissipation factor were measured as 
a function of temperature at various frequencies between 0.1 

and 100 kHz at a temperature rate of 4 °C/min. The 

pyroelectric coefficient and spontaneous polarization were 

measured by the static Byer-Roundy method151 as the samples 

were heated, again at a rate of 4 TC/min, through the phase 

transition region. Prior to the dielectric, pyroelectric and 

piezoelectric measurements the specimens were poled by 

applying a DC field of 20 kV/cm at room temperature. 
Piezoelectric d33 was measured by using Berlincourt d33 

meter. Electromechanical coupling factor Kp was measured by 

using resonance-antiresonence method. 

RESULTS AND DISCUSSION 

Grain Size and Density 

Modification of the 0.65PMT-0.35PT ceramics by the 

addition of strontium carbonate has marked beneficial effects 

on the basic properties of the ceramics. Fig.1 shows the XRD 

patterns of 0. 65PMT-0.35PT-0.02Sr composition confirming the 

presence of the perovskite phase. As determined by x-ray 

powder diffraction patterns, less than 1 % pyrochlore phase 
was detected for the various compositions. 

Typical SEM photomicrographs of the fracture surfaces 
are shown in Fig.2. It is clearly evident that Sr-doped 

ceramics have larger grain sizes than those of undoped 

ceramics. As observed, the grain sizes were increased about 

4.5 fm to 8 fm for PMT-PT and PMT-PT-0.02Sr ceramics, 

respectively. The resulted densities of the PMT-PT-xSr 

ceramics were greater than 92 % of the theoretical value. 

This behavior may be explained by the fact that small amount 

of Sr acted as a fluxing agent and promoted densification. 
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Figure 2. SEM micrographs of the fracture surfaces of the 
compositions of 0.65PMT-0.35PT-xSr sintered at 1250 °C 
/4hours. (a)x = 0, (b)x = 0.02. 

Dielectric Properties 

Fig.3 shows the typical plot of the dielectric constant 

and loss as a function of temperature and various 
frequencies for composition 0.65PMT-0.35PT-0. 02Sr. The K vs. 

T shows the typical relaxor behavior. The dielectric 

constant vs. temperature behavior at 1 kHz is shown in Fig.4 

for various compositions in the 0.65PMT-0. 35PT-xSr ceramics. 
The values of dielectric constant for Sr-doped PMT-PT are 

much larger compared to the values observed for the undoped 

PMT-PT ceramics, specifically, at 2 mol*; strontium doping. 

However, in the region x > 0.03, the dielectric constant 

decreases with x. 

The room-temperature dielectric constant of PMT-PT 

ceramics increases considerably with the substitution of 

strontium. The room-temperature dielectric constant of 19000 

was obtained by substituting 9 mol% Sr. With increasing 

substitution of Sr for Pb in the base composition, the Curie 

temperature decreases almost linearly with the amount of 

substituent, their rates of decrease are about 9 TC/mol?« 
(Fig.5). This shift of the Curie temperature by Sr- 

substitution for Pb may be related to the distribution of 

ions having different ionic radii in the same sublattice of 
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Figure 1. X-ray diffraction patterns of 
0.65BfT-0.35PT-0.02Sr. 
(a) Calcined at 850 TC for 4 hours. 
(b) Sintered at 1250 °C for 4 hours. 
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Figure 4. Dielectric constant of 
0.65PMT-0.35PT-xSr compositions at 

varying temperature. 
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Figure 5. Transition temperature and 
peak temperature of 0.65PMT-0. 35PT-xSr 
compositions. 
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Figure 6. Pyroelectric coefficient of 
0.65PMT-0.35PT-xSr compositions at 
varying temperature. 
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Figure 7. Piezoelectric constant d33 and 
electromechanical coupling factor KP 
of 0.65PMT-0.35PT-xSr compositions at 

room temperature. 

17] a complex compound with perovskite structure 

Pyroelectric and Piezoelectric Properties 

Fig. 6 shows the pyroelectric coefficients of 0.65PMT- 
0.35PT-xSr composition with partial replacement of Pb by Sr 

as a function of temperature. With increase of SrCÜ3 the 

peak temperature of PMT-PT-xSr ceramics can be suitably 
adjusted for the room-temperature pyroelectric applications. 
Pyroelectric coefficient increases with increase of mol* Sr 

similar to that observed in dielectric constant vs. 
temperature. However, for x more than ~ 0.03, the 

pyroelectric coefficient decreased with x. The peak 

temperature with mole fraction of Sr in the 0.65PMT-0.35PT- 

xSr is shown in Fig.5. The peak temperature decreases almost 
linearly as the amount of Sr in the composition increases, 

their rates of decrease are about 10 "C/mols«. 

Fig. 7 shows the room-temperature values of piezoelectric 

d33 and electromechanical coupling factor KP of the 

composition 0.65PMT-0.35PT-xSr as a function of mole fraction 

of Sr. The maximum piezoelectric d33 and electromechanical 

coupling factor KP are observed at 5 mol^ strontium doping. 

The foregoing composition is in good agreement with those 

exhibiting maxima in spontaneous polarization. 

CONCLUSIONS 

Substituting small amount of Sr for part of Pb in 

ceramics 0.65PMT-0.35PT-xSr promoted densification and 
grain growth. The room-temperature values of dielectric 

constant and pyroelectric coefficient of 0.65PMT-0.35PT-xSr 

ceramics increase considerably with the substitution of Sr. 

The transition temperature and peak temperature of 
pyroelectric coefficient decrease almost linearly with the 

amount of Sr, their rates of decrease are about 9 t and 10 
°C/molse, respectively. A piezoelectric d33 of 490 C/N and a 
electromechanical coupling factor KP of 0.42 were obtained 

by substituting 5 mol*; Sr. 
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Abstract— Theoretical relationship between the detectivity of small 
area IR detector with a capacitance compensated preamplifier and 
the parameters of pyroelectric materials was investigated. The series 
Sr doped pyroelectric ceramics based on PbZr03-PbNbFe03- 

PbTi03 system were manufactured. The pyroelectric coefficient 

ranges of above system are 4.4-7.2 xlO^Cm^K"1 and the 
permittivity ranges are 290-500. Above materials were used to make 
small area (<t>0.3mm) ER. detector. There is a very good agreement 
between measured and calculated D* values. The highest detectivity 
D* of small area IR detector with the thickness 0.035mm is 
3xl08cmHz1/2W_1, which shows that this type pyroelectric ceramics 
had a strong potential to be a good candidate in focal plane thermal 
imaging arrays application. 

INTRODUCTION 

Merits of ferroelectric materials used for pyroelectric IR detector 
are defined by many reviews in three respect ways:!1!!2! 

current figure of merit: Fj =p/c' ;voltage figure of merit: Fv=p/c'e; 

and detectivity figure of merit: FD=p/c'-(etan5)1/2. 

Where: c' is the volume specific heat capacity; p is the pyroelectric 
coefficient; E is the permittivity and tan5 is the dielectric loss of the 
material. 
For the current important pyroelectric materials, the merit sequence 

from high to low are listed below: 
F,:TGS single crystal>modified PZT>LiTa03 single crystal>PVDF 

polymer; 
Fv:TGS single crystal >LiTa03 single crystal>PVDF 

polymer>modified PZT; 
FD: TGS single crystal>LiTa03 single crystal>modified PZT>PVDF 

polymer . 
Fv and FD are mostly used for assessment and for selection of 

pyroelectric material in the case of single element IR detector. 
The ambient temperature operation of pyroelectric effect makes it 

more competitive with semiconductor devices in thermal imaging 
application. The recent development in hybrid compact of focal 
plane arrays and the silicon readout ICs can overcome the problems 
of thermal diffusion and signal confusion encounted in early 
pyroelectric vidicons.l3H4H5l The small sensitive area is the 
character of focal plane arrays comparing to the single element IR 
detector. So pyroelectric material with high permittivity is needed 
for matching the input capacitance of read out circuit. 

The modified PZT pyroelectric ceramics usually have the high 
permittivity, but the Fv and FD are relatively lower than that of 

pyroelectric crystal groups. In order to decrease the offset of Fv and 

FD from the high permittivity, We designed a special capacitance 

compensated preamplifier which can keep the total input capacitance 
much lower and used to the small area IR detector. So the 
detectivity of small area detector should be mainly proportional to 
the pyroelectric coefficient of material although the permittivity 
may be different. This would be very useful to make use of the 
pyroelectric ceramics with high pyroelectric coefficient and high 
permittivity. 

In this paper,  series Sr doped PZNFT (PbZr03-PbNbFe03- 

PbTi03) pyroelectric ceramics l6lwere manufactured and used to 

make <t> 0.3mm IR detector. A. great improvement of detectivity 
were reached both by increasing the pyroelectric coefficient of 
materials and by means of special capacitance compensated 
preamplifier. 

DETECTIVITY CALCULATIONS 

Theoretical calculation 

The voltage responsivity of a detector can be written as 
Rv=Rg-n-pco-TT/c't(l+o)2TT

2)1/2(l+c)2TE2)l/2 

Where :   r|-emittivity; Rg- input resistance of amplifier; 

T-j^c'-t-A/G-r^CT/G-pthermal time constant, 
G-p-heat conductance, 

1^=150ms in our calculation, 

A-surface area of electrode; t- element thickness 
co=27tf; f-incident power frequency 

TE=Rg(Cg+CA); Cg-element capacitance 
C^-amplifier capacitance 

In our experiment, a special capacitance compensated preamplifier 
was used and (Cg+C^) can be kept at a low value (C£+C^=0.7pf in 

our experiment) that leads the TE«ls. 
The noises included in the calculation are as follows: 

Thermal noise : VT=(4KTRg Af)1/2 / (l+co2TT
2)1/2 

Johnson noise : Vj=(4KTcoCE tan5Af)1/2 Rg/(1+©
2

TT
2
)
I/2 

voltage noise of preamplifier: V^=lxl0"^ V 

current     noise     of    preamplifier: 

Vr(2qIgssAf)l/2.Rg /(1+W2TT2)1/2 

AfMHz, Igss=lxl0-13A 
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Table 1   Properties of Sr doped PZNFT ceramics and LiTaC>3 crystal 
i 1 

Sr content P er 
tan8 c' Fl Fv FD 

mol lO^Cm^K'1 % 106Jm-3K"1 lO-^Cmr1 
m2C-l 10-5Pa-l/2 

PZNFT 0 4.2 250 0.5 2.5 1.68 0.075 5.05 

PZNFTSO 0.01 4.4 290 0.5 2.5 1.76 0.067 4.91 

PZNFTS1 0.03 5.1 320 0.5 2.5 2.04 0.072 5.42 

PZNFTS2 0.05 7.2 480 0.5 2.5 2.88 0.067 6.25 

LiTa03 2.3 47 0.3 3.2 0.71 0.172 6.43 

total noise:VN=(VT
2+Vj2+VA

2+VI
2) ^ 

specific detectivity: D*=A
1,

'
2
RV/VN 

Experiment measurement calculation 

The experiment measured values are given by: 

RV'=VS/ kw, VN'=Vml k- Af1/2, D*'=A1/2 RV'/VN' 

where : Vs-output signal voltage; VNE- output noise voltage; 
k-amplifier gain; w- incoming power density ; 

Af-measuring frequency bandwidth.(Af=l Hz) 

EXPERIMENTS AND RESULTS 

Preparation of material and detector 

The doping amounts of Sr on PZNFT are 0.01, 0.03 and 0.05 mol 
respectively. The ceramic powders were fabricated by ordinary 
processing procedure. Hot pressing sintering was used to sinter the 
sample. Sintering temperature was 1080 °C for 90 min and pressing 

pressure was 80kg/cm2. The sintered sample were cut and polished 
to regular slice. Both sides were coated with silver electrode. Poling 
conditions of the samples were: voltage-4KV/mm; silicon oil 
temperature- 120°C; time-lOmin. Pyroelectric coefficient was 
measured by charge integral method. Measuring frequency for 
permittivity and loss was 1kHz. The samples used to make detector 
were pre-poled before thickness reduction processing. 

Poled samples were mechanically polished to required thickness . 
Black Au and NiCr were evaporated on front surface and NiCr was 
evaporated on back surface. The diameter of the electrode is 
0.3mm. Sensitive element was suspended to the fixing pixel . 
Conducting silver paste was used to fix the conducting wire to 
preamplifier. 

Properties of materials and detectors 

The properties of Sr doped PZNFT ceramics are listed in table 1. 
the properties of LiTa03 single crystal are also listed in table 1 for 

comparision. 

Different sintering conditions were used to sinter the PZNFTS2 
samples. The properties difference are shown in table2. 

Table   2      Properties   dependence   of PZNFTS2   on   Sintering 
conditions 

Sintering conditions P Sr tan8 d33 

lO^Cm^K-1 % 10"12C/N 

pressureless sintering 8.8 500 1.8 58 

hot-pressing sintering 
high temperature annealed 
after hot-pressing sintering 

7.2 

5.8 

480 

430 

0.5 

0.8 

65 

72 

The pyroelectric coefficient is strongly dependent on the sintering 
conditions, which may result from the lead evaporation during 
sintering procedure. 
The measured and calculated properties of detector are listed in 

table3. The properties of LiTa03 single crystal detector of same size 

are also listed in table 3 for comparision. 

Table 3 Properties of small area IR detector made of PZNFTS1,2 and LiTa03 

materials t 
mm 

Absorbing 
Coating 

Measured Values 
Rv'               D*' 

(500,10)            (500, 10,1) 

VAV           108cmHz1/2W-1 

Calculated values 
Rv                D* 

(500,10)           (500,10,1) 

VAV         lOScmHz^W"1 

PZNFTS2 0.073 Black Au 23600 1.7 26000                  1.9 

0.035 Black Au 41600 3.0 61000                  3.5 

PZNFTS1 0.028 NiCr 30500 2.0 37000                 2.5 

0.011 Black Au 102700 5.9 123000                 6.9 

LiTa03 0.028 NiCr 0.9Rv 0.8D* 9800                  0.77 

  0.011 Black Au 0.9Rv 0.8D* 32700                 2.5 
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DISCUSSION 

The ratio of theoretical calculation D* to measured D* is larger 
than 80%, that confirms both the capacitance compensating and 
increasing pyroelectric coefficient of materials are two effective 
ways to get high detectivity in small area IR detector. The results 
also show that the thickness reduction of poled samples by 
mechnical polishing does not obviously affect the sample's 
pyroelectric effect. This will make it easier to prepare large area and 
high density focal plane arrays. 

The D* values of PZNFTS materials are much higher than that of 
LiTa03 single crystal, although the FD merit of the former is lower 
than that of the latter. The enhancement of D* will expand the 
ceramic single element detector's application range , in which the 
application of ceramic is limited by low sensitivity, the ceramic 
materials have a lot of advantages such as the possibility of chemical 
variation in wide ranges, versatile shaping and the low-cost 
production. Especially in the application of focal plane arrays, 
ceramic material will combine the optimization of quality and 
production. So the major candidate for thermal imaging application 
is the ceramics. The applicable property of tiny point element of 

focal plane is at least lxl08cmHz1/,2W_1. In our experiment , we 

got 3xl08cmHz1/2W-1 from PZNFTS2 ceramics at the thickness 
0.035mm, near the technical acceptable thickness 0.03 mm for focal 
plane . When PZNFTS2 are used to make focal plane arrays, the 
necessary substrate will increase the heat dissipation and thus 
decrease the detectivity. Usually only one third property would be 
kept from empricism when substrate is used. So the PZNFTS2 
material is hopeful to satisfy the minium requirement for thermal 
imaging application. 

From the trends established in our experiment, it is possible to 
further enhance the detectivity of small area IR detector, one way is 
to use the pyroelectric material such as La doped PZT, whose 
pyroelectric coefficient is even higher than that of PZNFTS2 
ceramics; Another way is to use the dielectric operation mode 
suggested by watton.l3! In both cases , the pyroelectric coefficient 

can reach the range of 15-20 xlO"4 Cm^K"1 . 

[3]    R.   Watton   and   MA.   Todd,   "Ferroelectric   Ceramics   for 
Infrared Detection", ELECTROCERAMICS , British Ceramic 
Proceedings ,No.41, pp.205-217, 1989. 

[4]   R.W.  Whatmore,  " Pyroelectric Ceramics and Devices for 
Thermal Infrared Red Detection and imaging", Ferroelectrics, 
Vol.118, pp.241-259, 1991. 

[5]   ME. Lines and A.M. Glass, Principles and Applications of 
Ferroelectrics  and  Related     Materials,     ch.16  p.573-578, 
Oxford University Press, 1977. 

[6]   P.C.   Osbond   and   R.W.   Whatmore,    "Improvements   to 
Pyroelectric Ceramics Via  Strontium Doping  of the Lead 
Zirconate-Lead Iron Niobium-Lead Titanate",. Ferroelectrics, 
Vol.118, pp.93-101,1991. 

Ü]   E.H.   Putley,   "The  Applications  of Pyroelectric  Devices", 
Ferroelectrics, Vol.33, PP.207-216,1981. 

SUMMARY 

The detectivity of small area IR detector can be enhanced by 
capacitance compensated preamplifier. When the capacitance 
compensated preamplifier was used in the small area IR detector, 
pyroelectric ceramics with higher pyroelectric coefficient will 
produce higher detectivity although the figure of merit of different 
ceramics may be similar. PZNFTS2 ceramics is a good candidate for 
focal plane arrays thermal imaging. 
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Pyroelectric Ceramics with Low Resistivity 
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Abstract— According to the requirement of pyroelectric ceramics 
used for commercial IR detector without FET gate resistor , 
PbZr03-PbMnSb03-PbTi03 pyroelectric ceramics with high figure 

of merit and low resistivity were studied. The resistivity p of above 
system can be adjusted in the range of 0.8-5x10' 'Qcm by further 
Mn doping. The signal to noise ratio of the detector without gate 
resistor made by this ceramics can reach the same level of the 
detector with FET gate resistor The large size ceramic blocks with 
good mechanical processing property can be manufactured by 
pressureless sintering. 

INTRODUCTION 

A single element ER. detector compacted in T05 case usually 
consists of four parts: sensitive element, optical filter, FET and FET 

gate resistor.!1] The idea of eliminating the FET gate resistor by 
adjusting the sensitive element resistance has been proposed for a 
long time. The condition is that the resistivity p of pyroelectric 
ceramics is in the desired range. The input resistance of current 
FET is about lxl0nfl. The resistivity p of pyroelectric ceramics is 
usually larger than lxl012Qcm. The element resistance for standard 
sensitive size (1x2x0.08mm) is equal to 0.4(cm-')p. In order to 
eliminate the FET gate resistor and keep good match with FET, it is 
necessary to decrease the resistivity of pyroelectric ceramics and 
keep a high figure of merit of pyroelectric ceramics at the same time. 
The required resistivity for above application is in the range of 1- 
3x10' 'Qcm, and the minium voltage figure of merit Fv=p/c's should 

be0.07m2C-'. 
Where : p is the pyroelectric coefficient ; c' is the specific heat 

capacity; s is the permittivity. 
U30g doping is an effective way to decrease the resistivity of PZT 

ceramics. t2l l3l l4l But there are still problems when this system 
used for single element detector without gate resistor(l) 
temperature stability of detector is not good; (2) the radiative 
property of l^Og raw material is not proper for mass production.I51 

The basic composition of pyroelectric ceramics for commercial 
single element IR detector is PbZr03-PbNbFe03-PbTi03 (PZNFT). 

But the resistivity of this system is larger than lxl012Qcm and hot- 
pressing sintering is needed to get high density and good mechanical 
processing property, which increase the cost and needs complicated 
equipments 

In  this  paper,  We   studied  the  PbZr03-PbMnSb03-PbTi03 

(PMSZT) system ceramics ,which was used as piezoelectric filter 
ceramicsJ6l High figure of merit was got and the resistivity can be 
adjusted in the range of 0.8-5xl0nQcm by further Mn doping. The 
single element IR detector without gate resistor made of PMSZT 
can reach the high signal to noise ratio. Large ceramic 
blocks(36x36xl8mm) with good mechanical processing property 
were produced by pressureless sintering. 

EXPERIMENTS AND RESULTS 

The basic composition is APb(Mni/3Sb2/3)03-B(PbZr03)- 

C(PbTi03>. The ranges of AB,C coefficient are: A=0.03-0.15; 

3=0.75-0.95; C=0.05-0.20. First we got the composition range with 

the relative permittivity 8r below 300 shown in table 1. we choosed 

PMSZT-2 as the middle experiment composition because the 
resistivity of which is relatively low and the Fi_h phase transition 

temperature is relatively high. And then we added dopants Fe203, 

Cr2Ü3 and MnC03 to adjust resistivity. The resistivity can be 

changed in the range of O.S-SxloHficm. We fixed one composition 
PMSZTA with the resistivity 2xlOuficm. The property can be 
repeated in mass production. The properties of which and the 
comparision with other pyroelectric ceramics are listed in table 2. 

The ceramic powders were prepared by ordinary processing 
procedure. The samples were sintered by pressureless sintering. The 
pyroelectric coefficient was measured by charge integral method. 

Table 1 Dielectric properties of PMSZT system 

Samples P Er P Fl-h Tc 

lO^Cm^K"1 10nricm °c °C 

PMSZT-1 2.38 280 >10 78.5 210 
PMSZT-2 3.14 210 5-8 71 194 
PMSZT-3 3.58 280 >10 63 170 
PMSZT-4 4.88 265 >10 50 153 

Table 2 Pyroelectric properties of PMSZTA and 
comparision with other ceramics 

Samples P Er P tanS Fv=p/c's 

lO^Cm^K"1 10Hncm % n.2c-' 

PMSZTA 3.8 205 2-2.5 0.3 0.083 
PZNFT 4.2 250 >10 0.5 0.075 
Japan low p 3.5 190 1-3 0.5 0.083 
Japan high p 4.0 330 >10 0.5 0.054 

The single element IR detectors without FET gate resistor were 
made by PMSZTA material . The properties of detector are shown 
in table 3. 
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Table 3 Detector properties made by different ceramics 

No gate resistor 
PMSZTA    Japan low p 

With gate resistor 
PZNFT high p 

Signal (V) 
Noise (mV) 
S/N 

3.6-4.0              4.0 
80-85                80 
45-50                50 

3.5-3.7 
70-75 
47-52 

[5] 

[6] 
[7] 

R. B.Liu,   "Study on Pyroelectric Ceramics and Composite" 
PhD Thesis, Shanghai Institute of Ceramics, Chinese Academy 
of Sciences, 1991. 
British Patent, No. 1179170 

A.J. Moulson and J.M. Herbert, Electroceramics, New York, 
Chapman and Hall, ch.6,pp.276-281,1990. 

DISCUSSION 

The sensitive area size is different for diffrent applications. From 
the single element IR detector 2mm2 to the forcal plane arrays 
0.01mm2. So for the moment FET input resistance , We need the 
resistivity of materials changing in the range 109Qcm to lO'Tlcm. 

In our experiment, pressureless sintering were successfully used to 
sinter large blocks of ceramics . The dielectric loss and mechanical 
processing property can reach the same level of hot-pressing 
sintered PZNFT ceramics. This would be very helpful for mass 
production. 

Decreasing of resistivity by Mn doping in PbZr03-PbMnSb03- 

PbTiC«3 system is resulted from the aliovalent substituents.f7! Lower 

charge Mn3+ ions replacing the ZH+ and Ti4+ sites would provide 
more holes in p-type conductive PZT ceramics, which increases the 
total conductivity of the ceramics. This is only a simple and direct 
explanation. A detail study would be carried out in the following 
work. 

SUMMARY 

Extra Mn doping PbZr03-PbMnSb03-PbTiC>3 system is a very 

good pyroelectric ceramics used for production of single element IR 
detector without FET gate resistor by following reasons: (1) They 
possess high figure of merit and the required low resistivity; (2) High 
quality large size ceramic block can be produced by pressureless 
sintering 
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ABSTRACT 

TGS-gelatin films have been grown by evaporation of water from 
a gelatin gel containing a solution of TGS. When this material absorbs 
water from the atmosphere, it forms a ferroelectric TGS subsystem and 
a nonferroelectric but highly polarizable dipole subsystem of water 
absorbed in the intermolecular spaces of gelatin molecules. Moist films 
have pyroelectric coefficients about four times higher than dried ones. 
The dielectric properties also change showing the major role played by 
the orientational polarizability of the water molecules. 

INTRODUCTION 

Some recent studies have shown a dramatic effect of moisture 
on the pyroelectric properties of bone [1,2]. In physiologically moist 
bone, the pyroelectric coefficient increased linearly with a bias electric 
field. A bias field of about 2 kV cm"1 was sufficient to induce a 
pyroelectric coefficient about an order of magnitude greater than that 
observed in ferroelectric ceramics. When the bone was dried with an 
attendant weight loss of about 10%, the pyroelectric coefficient 
decreased by about six orders of magnitude. The interpretation was 
based on the large dipole moment of water. The water in the moist 
bone is weakly bonded to collagen molecules. It was believed that the 
water molecules were oriented by the bias electric field creating a high 
spontaneous polarization. The temperature dependence of this 
spontaneous polarization caused the large pyroelectric effect. This 
interpretation was confirmed by the frequency dependencies of the 
dielectric permittivity and loss tangent which showed an orientational 
relaxation. 

In order to better understand the influence of electric fields on 
bound water, a material was developed in which the fields were 
produced by the spontaneous polarization of a ferroelectric component 
rather than exclusively by external bias fields. Because it was also 
necessary that the material could absorb water in its bulk, a composite 
was designed. A composite incorporating triglycine sulfate (TGS) and 
gelatin could create a material which would both possess ferroelectric 
properties and absorb water into the intermolecular spaces of the 
gelatin molecules. TGS is one of the most thoroughly studied 
ferroelectrics [3, 4]. Gelatin is a biological polymer extracted from 
bone or other animal tissues [5]. Gelatin is soluble in hot water and at 
room temperature, forms a soft gel. After it is dried, it becomes a 
flexible and durable transparent film. 

Damjanovic er al. have studied composites of triglycerol and 
gelatin [6-8]. The pyroelectric properties of TGS in polyvinylidene 
fluoride (PVF2) composites were studied by Wang ef al. [9] and 
conductivity in the same composites by Amin ef al.  [10]. 

EXPERIMENTS 

For the preparation of the TGS-gelatin film, a solution of 15 g of 
deionized water, 0.227 g of sulfuric acid and 0.523 g of glycine was 
heated to 50-60cC and 0.75 g of Sigma 300 Bloom gelatin was added. 
The weights of the components were selected in order to produce a 1:1 
ratio of TGS to gelatin in the final film. The solution was poured into 
Petri dishes and gelation occurred. The gel in the dishes was dried 
either in air or in a vacuum chamber, giving different results. Drying in 
air occurred slowly taking about two days, whereas vacuum drying 
required only about two hours. The air-dried films had the form of a 
number of 2 to 3-mm wide concentric rings which alternately contained 
or did not contain TGS crystallites. These surrounded a central round 
region with a diameter of about 1 to 2 cm which did not contain TGS 
crystallites. The vacuum-dried films had a central round region with a 

diameter about half of that of the Petri dishes surrounded by a single 
annular ring. Both regions contained about 46% TGS, as determined by 
a chemical sulfur analysis. TGS crystallites were observed in the 
annular region by means of optical microscopy and x-ray diffraction 
analysis. No crystallites could be observed in the central region, 
leading to the conclusion that the TGS there was probably in an 
amorphous form. The structure of the crystallites was dendritic. 

Crystallization in the pattern of concentric rings resembles the 
phenomenon of Liesegang Rings in gel systems in which chemical 
reactions take place [11, 12]. It is been shown that the conditions 
necessary for the formation of Liesegang Rings are the diffusion of the 
solution components and supersaturation of the solution with the 
reaction product [13]. There is no chemical reaction in the system 
described here; however, the evaporation of water causing 
supersaturation of the TGS is analogous to the production of a 
supersaturated chemical product. Supersaturation of TGS was 
evidenced by the dendritic form of the crystallites. 

The process for the formation of the rings is as follows. The 
bottoms of the plastic Petri dishes were not planar, but were convex 
upwards. This caused nonuniformity in the thickness of the solution 
layers. The minimal thickness of the layers was usually in the center, 
with thicker outer portions. As the water evaporated, the thin portions 
were enriched with TGS and gelatin components more rapidly than were 
the thick parts, leading to concentration gradients and diffusion. This 
system is more complicated than the classical Liesegang one because 
of the drying of the film and the precipitation of the gelatin. An 
explanation for the absence of TGS crystallites in the central region is 
that the rate of precipitation of the gelatin exceeded that of the 
nucleation and growth of TGS crystallites, because of the rapidly 
decreasing water concentration. This was confirmed by the fact that the 
thin central regions were much larger in the films which weredried more 
rapidly in vacuum. 

Samples with thicknesses of approximately 50 f/m were cut from 
the annular region of the vacuum-dried films. The dendritic structure of 
the TGS crystallites is shown in the transmission optical micrographs in 
Figure 1. The films were stored in air with a 40% relative humidity for 
a number of hours. During this time, moisture from the atmosphere was 
absorbed. Silver paint electrodes were applied to both surfaces of the 
films and black ink was deposited on the electrodes to increase the 
optical absorptivity. 

We measured pyroelectric hysteresis loops (i.e., dependence of 
pyroelectric coefficient on bias electric field), dielectric permittivity, loss 
tangent, current-voltage characteristics and the time dependency of the 
pyroelectric coefficient during the hydration of dried films. The 
pyroelectric coefficient was determined using the dynamic Chynoweth 
method [14]. The samples were heated witha 35-mW He-Ne laser 
beam which was attenuated with a 10% transparency neutral filter. The 
beam was modulated with a light chopper at 5 Hz. The real (in phase 
with the laser illumination) and imaginary (in quadrature with the laser 
illumination) components of the current were recorded and the 
pyroelectric coefficients were calculated. The measured current is 
called an alternating current (AC) in this paper rather than a pyroelectric 
current. The reason is that, although the real part results from 
pyroelectricity, the imaginary part does not necessarily do so. A 
detailed description of the experimental equipment and techniques are 
presented in Khutorsky and Lang [2]. 

The experimental measurements were made either in vacuum 
(dry samples) or in air at 40% relative humidity (moist samples). The 
moist samples contained less than 1% moisture (the sensitivity of the 
balance did not permit a more exact determination). The bias field 
dependencies of the real and imaginary components of the AC and the 
calculated pyroelectric coefficient for moist samples are shown in Fig. 
2. The behavior of the real and the imaginary components are 
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1. Transmission optical micrographs,   (upper) annular area with 
dendritic crystallites, (lower) central area with no crystallites. 

substantially different. The real component is a true pyroelectric 
hysteresis loop which is very similar in character to a ferroelectric 
hysteresis loop. The inverted orientation of this loop compared to 
conventional ones is due to the fact that the pyroelectric coefficient is 
negative in materials in which the spontaneous polarization decreases 
with increasing temperature. The magnitude of the pyroelectric 
coefficient at zero bias is about three times lower than that of pure TGS 
and about five times higher than that of PVF2 [4]. The imaginary 
component of the current does not resemble a hysteresis loop. It was 
previously shown that the imaginary component can arise from two 
sources [1, 2]. Nonuniformity of the polarization distribution through 
the thickness of the film can produce an imaginary component of the 
current at zero bias field [15, 16]. Another source for an imaginary 
component is the temperature modulation of the conduction current 
[2]. This component increases with increase of either conductivity or 
bias field, and it can also produce a small alternating current of 
opposite sign after the bias field is turned off. The large magnitude of 
the imaginary component and the low frequency of thermal modulation 
suggest that the source of the imaginary component is the modulation 
of the conduction current. 

Moist films were dried in vacuum at either ambient temperature 
or at 70°C. The AC's reached stable saturation values after 50 hours at 
ambient conditions or one hour at elevated temperatures, and the 
weight loss of the film was less than 1%. The bias field dependence of 
the real and imaginary components and the calculated pyroelectric 
coefficient for dried films are shown in Fig. 3. The coercive field of the 
real component has increased and the magnitude of the pyroelectric 
coefficient has decreased about four to five times compared to the 
moist films. The imaginary component is now an order of magnitude 
lower than the real component and 50 times lower than in the moist 
samples. Both components resemble ferroelectric hysteresis loops. In 
this case, the conduction current is sufficiently small that its 
temperature modulation does not produce an alternating current. Thus 
the imaginary component results from nonuniformity in the polarization 
distribution. 

The conductivity of the samples is strongly dependent upon the 
moisture content as shown by the current-voltage characteristics in Fig. 
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Bias electric field dependence of real and imaginary 
components of the AC in moist films and the pyroelectric 
coefficient calculated for the real component. Imaginary 
component is due to modulation of conduction current and not 
pyroelectricity. Laser modulation frequency was 5 Hz. Sample 
thickness was 55 jum. 
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4. The conductivity of the moist sample is about two orders of 
magnitude higher than that of the dry sample. The current varies 
linearly with voltage for the dry sample and as the 1.5 power of voltage 
for the moist sample. The same dependencies were observed for dry 
and moist bone [1, 2]. 

A small DC exists in the samples in the absence of a bias 
electric field. The current was in the range of 0.1-0.2 nA for the case 
illustrated in Figure 4. When the moisture 
content of the sample is increased, the currents are initially higher and 
then decrease slowly with time. These currents are probably discharge 
currents related to electrochemical phenomena because the samples 
have metallic electrodes and are virtually solid electrolytes containing 
moisture and dissolved ions. 

Dried samples rehydrate when stored in moist air. Figure 5 
shows the AC and pyroelectric coefficient as functions of exposure time 
to air with a 40% relative humidity. The components reached saturation 
levels after about 10 to 15 hours and then a small decrease occurred. 

DISCUSSION 

The annular region of the TGS-gelatin film is a composite consisting of 
a polymeric gelatin matrix with TGS crystallites located in empty spaces 
of the matrix. As the film is cooled during its formation, very long 
gelatin molecules form a gel containing a dilute TGS solution. As the 
water is evaporated, the solution reaches saturation and crystallization 
of TGS occurs. If the process occurs slowly in air, both gelatin and TGS 
precipitate separately and two phases are formed. When the films are 
dried rapidly in vacuum, there is insufficient time for separation of two 
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phases and a homogeneous, but probably non-equilibrium, film is 
formed. 

The long gelatin molecules absorb water which is bonded 
weakly to the gelatin. The spontaneous polarization of the ferroelectric 
TGS forms an internal electric field in the bulk of the film. This field 
creates additional polarization by orienting the large dipole moments of 
the water molecules. This mechanism differs from that observed in 
bone where an external bias field was necessary for the water molecule 
orientation [1,2]. Thus absorption of the water in the bulk film leads 
to the development of two polar subsystems, a ferroelectric TGS system 
and a polarizable water system. Their interaction results in the 
substantial increase in polarization and pyroelectric coefficient, and the 
pyroelectric hysteresis loops shown above. 

The dielectric measurements confirmed the model of 
orientational mobility of the water molecules. Figure 6 shows the 
frequency dependencies of the dielectric permittivity and loss tangent 
of moist and dry films. The behavior strongly resembles that of bone 
[1, 2]. The permittivity of the dry films is almost independent of 
frequency suggesting that non-orientational polarizability forms the 
major contribution to the dielectric properties. The moist samples have 
similar high frequency behavior but their permittivities increase by a 
factor of three as the frequency is lowered. The loss tangents show 
similar behavior. The frequency dependencies of the moist samples 
have a Debye-type dispersion with a saturation of the dielectric constant 
below 5 Hz 117], This corresponds to a relaxation time of about 0.01 
s. Thus the dielectric behavior results from high rotational mobility of 
the water molecules and a high viscosity opposing their orientation. 

In summary, composite TGS-gelatin films have been grown that 
are able to absorb water in their bulk. The materials consist of two 
subsystems: a ferroelectric TGS one and a highly polarizable 
nonferroelectric system comprised of water absorbed in intermolecular 
spaces of gelatin. The interaction of these two subsystems in moist 
films results in a substantial increase in spontaneous polarization and 
pyroelectric coefficient, and a decrease in coercive field relative to the 
dry films. 
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Abstract - Micro-probe Raman spectroscopy is used for 

studying positional inhomogeneity in alanine-doped TGS 

crystals. 20 data points are measured along the c- and a-axes 

in b-plane. Several known Raman peaks are observed 

unchanged, but most other peaks are found to be changed 

remarkably. The major difference in spectra are found to be 

related to S04 vibrations. The vibrational frequencies are 

found to be lowered near the seed position. The most unstable 

spectra are detected in the vicinity of the seed region. 

INTRODUCTION 

Micro-probe Raman spectroscopy (MPRS) has been used for 

the purpose of property investigation of very narrow, 

localized regions. In micro-probe Raman scattering, since the 

incident beam diameter can be controlled to less than 2-3 jam, 

localized distributions of vibrational modes, which depend on 

local inhomogeneities, can be studied. This method has 

successfully been applied to the diamond and other materials 

thin film for studying the local chemistry of the deposited 

materials. Many crystals grown from the solution method may 

have positional inhomogeneities. These inhomogeneities give 

rise to different and inconsistent electrical and optical 

properties measurements. This situation is more severe for 

some specifically doped crystals. We have applied MPR- 

spectroscopy to study positional inhomogeneity in crystals 

grown from the 20% alanine and valine-doped TGS solutions. 

Pure TGS has the disadvantages of easily depoling (since Tc 

» 49°C) and room temperature aging. Alanine doping has 

been   employed   to   reduce   the   depoling   and   the   room 

temperature aging. Doped crystals most likely have greater 

positional inhomogeneity than those of the pure ones. Raman 

studies of pure TGS have been reported1"6 but there is not 

much data available for the doped TGS crystals. This may be 

because the actual incorporated amounts were less than 0.01 

mole% and may be positionally inhomogeneous. It was 

doubtful whether the effects of such a small incorporated 

amount were detectable. In this paper we report the 

preliminary result of Raman study on the 20% alanine and 

valine-doped TGS single crystals. 

EXPERIMENT 

Alanine and valine-doped TGS single crystals were grown 

from the solution by a slow cooling method, starting from the 

temperature below the transition temperature (Tc). A plate 

perpendicular to the b-axis and nearest to the seed was cut 

FIGURE 1. Selected data points for the inhomogeneity study 

of alanine doped TGS b-plate prepared from the crystal 

section 1cm away from seed position. 

(A-H: c-axis direction, I-S: a-axis direction) 
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from the grown crystal. Wet cloth polishing was performed in 

order to get good optical quality surfaces. Total of twenty 

data points were measured: eight points along the c-direction 

and twelve points along the a-direction in 2mm increments in 

alanine-doped TGS and similar but smaller data points in 

valine -doped TGS. (see Fig.l). Ar-ion laser radiation(5145Ä) 

entered the microscope and reflected downward by the beam- 

splitter to the sample, mounted on a X-Y stage. Focussing is 

controlled by varying the focal length of the objective, and 

monitored using a CCD camera The reflected beam passes 

through the beam-splitter and double monochromator to the 

photodetector. Full scan range from 30cm"1 to 3400cm"1 with 

resolution of 0.5 cm"1 was used for recording the spectra. All 

experiments were conducted at room temperature. Non- 

polarized Raman spectra were investigated because interest 

was confined in the study of inhomogeneity only. Polarized 

Raman studies and temperature dependency are currently 

under investigation. A Lorenzian curve fitting method, based 

on the uncoupled harmonic oscillator model, was followed to 

analyze the coupled spectra. 

RESULTS AND DISCUSSION 

Raman modes are very sensitive to the perfection of the 

crystal under study. If there are defects or structural 

mismatches within the crystal, they should be observable in 

the Raman spectra. In alanine-doped TGS, glycine (I) 

molecules replaced, causing a structural mismatch.  These 

imperfections may cause line broadening or shifts in 

vibrational peak frequencies (see Fig.2.). Figure.2 shows the 

most unstable Raman spectra observed among the 20 selected 

measuring points (see Fig.l. for positions). Most of the peaks 

could not be analyzed due to unstable spectra shapes, 

although the crystal has good shape. Pure TGS has no Raman 

active modes between 1800cm'1 and 2800 cm"1' 4, but the 

spectra of alanine-doped TGS show activity in this range. 

The observed peaks do not correspond to pure alanine7. In the 

case of point E, all observed vibrations showed abnormal 

behavior. Point P has a more stable spectra than point at M, 

implying the structure may be more deformed in that region. 

Despite this imperfection effect, symmetric and asymmetric 

CH2 vibration and N-H stretching modes at 2900 and 3200 

cm"1 are still observed. It is difficult to assign the asymmetric 

TGS:20% alanine 
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FIGURE 3. Raman spectra of alanine-doped TGS from the 

good quality area of the crystal(point I). 
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FIGURE  2.   Raman   spectra  recorded  from  the   selected 

measurement points. 
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NH3 deformation vibration at 1600-1700 cm"1 for all three 

measurement positions. The Raman spetra of a non-deformed 

region (point I) is presented in Fig.3. As expected, there is no 

peak between 1800cm"1 and 2800 cm"1, but there are several 

differences between pure and alanine-doped TGS. First, no 

external librational peaks of S04 alone were detected at 170 

and 205 cm"1, except at the edge of the sample plate(eg, point 

I,S,H and A), but with very weak intensity, although the 

glycium/S04 vibration below 200cm"1 is still observable. 

Second, the C-C bending (deformation) mode located around 

330 cm"1 was split into two frequencies ( 325 and 340 cm"1 ) 

through all measuring points, but the spectrum appears 

strongly coupled and asymmetrical. The splitting tendency is 

stronger along a-axis than that of c-axis. Galustian et al. and 

Taurel et al.2 did not observe this splitting, but Krishnan et 

al.1 have observed it. The major differences were found in the 

vibrational modes related to S04 groups. Third, the S04-v3 

modes at 1092 and 1164 cm"1 were not observed in alanine- 

doped TGS crystal. Fourth, the frequency of internal S04
2" 

modes located at 450 and 463 cm"1 shifts to lower 

frequencies, and of the COO' rocking (or bending) mode at 

500cm"1 is observable, depending on measurement positions, 

as shown in Fig.4. Variation of internal S04 mode at 450cm" 

for all points is presented in Fig. 5. The minimum frequency 

was observed around the seed position along both a and c- 

TGS:20% alanine RoomTempTl 
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FIGURE 5. Vibrational modes, 450 and 463 cm" variations of 

the internal S04
2". 
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FIGURE 6. Raman spectra of external translational and 

librational glycium/S04 modes in alanine-doped TGS at 

different positions( see text for mark positions). 

NJx 

FIGURE  7. N-H  stretching vibrational mode  3140  cm" 

variations as a function of positions. 

axes, implying the alanine concentration was highest in center 

of the crystal. This was also confirmed by investigation of 

external translational and librational modes of glycine alone 

(see Fig.6). The most distinct difference is that there are no 

external glycine translational and librational modes at 170 

cm'1 in alanine-doped TGS, although the external 

translational and librational modes of glycinum/S04, located 

below 120 cm'1 are clearly evident. The 170 cm"1 vibration is 

not detected near the seed, but does appear towards the outer 

part of the crystal. This can be explained as follows:   as the 
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crystal is growing from the TGS seed, pure TGS is more 

easily incorporated than alanine, so the alanine concentration 

in solution increases, but the crystal grow faster(© as a result 

the total surface area also increases, or © may be as the 

temperature decreased and the crystal increased the size, the 

diffusion and incorporation of alanine in the crystal decreased 

also) than the rate of increase of alanine concentration in the 

solution, so the real effective alanine concentration inside the 

crystal is lower at the end of the growth than it is at the 

beginning. Finally, there are small shifts in symmetric and 

asymmetric CH2 stretching modes located between 2950-3100 

cm" , but a great variation of N-H stretching mode depending 

on measurement positions, as shown in Fig. 7. In this figure, 

point M ( highest measured frequency along the a-axis ) had 

the most unstable spectra. This tendency is similar in behavior 

to the one observed for S04 vibration in Fig.5, namely, it has 

a minimum vibrational frequency around the seed position. 

Another attempt was done in the case of 20 mole% of valine 

doped TGS crystal as the same way like alanine doped ( see 

Fig. 8). Valine is the same crural molecule but has a bigger 

molecule than alanine. Therefore there should be different 

effect in Raman spectra. As expected, we can get a couple of 

different spectra throughout the whole measured range, but 

especially we could not observed the librational glycine 

modes located at 58 and 72 cm"1 although we observed in the 

case of alanine-doped TGS. 

18000 , TGS: 20% Valine f V11-B G1 

125 

Raman Shift (cm" 

FIGURE 8. Raman spetra of valine 20% doped TGS 

depending on the positions and showing the depression of 

librational glycine modes below 100cm" . 

CONCLUSION 

In a previous report8, determination of the actual alanine and 

valine contents was unsuccessfully attempted using high 

performance liquid chromatography (HPLC) method. 

However electrical measurements (i.e. P-E hysteresis or 

dielectric constants) show variation in incorporated alanine 

and valine content within the crystal. Therefore, we tried to 

confirm this observation using Raman spectroscopy. In this 

experiment, the effects of alanine and valine on the Raman 

spectra of TGS was observed. The external S04 vibrations 

modes at 170 and 205 cm"1, S04 - vi vibration at 1009 cm'1 

and NH3 rocking mode at 1164 cm"1 were not detected 

because of the compositional variation in alaine doped TGS. 

In valine doped TGS, librational glycine modes at 58 and 72 

cm'1 were highly depressed, and it can be implied that bigger 

molecule can play a more severe damage in internal vibration. 

Increased crystalline imperfection was found towards the seed 

point, and the crystal edges have the higher vibrational 

frequencies than the inside. 
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Abstract - TGS was grown by a slow cooling technique from 

several kinds of dopants (10 and 20 mole% alanine, 10% 

alanine + LiV03, 10% and 20% valine) doped aqueous 

solution. Temperature dependent pyroelectric coefficient and 

spontaneous polarization were measured : to study the 

variation of transition temperature, pmax at Tc and room 

temperature pyroelectric coefficient depending on the dopants 

and to calculate the figure of merit (p/K) with dielectric 

constant (K) measurement. Furthermore, several pieces were 

selected to investigated the positional inhomogeneities of the 

same sample. We could not obtain a high figure of merit (p/K) 

in valine doped TGS case because of low temperature 

dielectric relaxation around -10°C, although valine doped 

TGS has three times higher pyroelectric coefficient (p = 

1.671 |iC/cm2K) at transition temperature (Tc). 

INTRODUCTION 

The ferroelectric triglycine sulphate (NHzCHjCOOH^HzSC^ 

(TGS) was initially discovered by Mattias, Miller and 

Remeila [1] in 1956. Subsequently, TGS single crystals were 

thoroughly investigated, characterized[2-4] and utilized 

successfully in pyroelectric detectors[5] and other devices[6- 

7]. To optimize its performance for practical applications, 

numerous attempts have been made to prevent depolarization 

due to its low Curie temperature (Tc = 49.5 °C). To achieve 

this goal, a variety of inorganic dopants have been widely 

investigated [8-9]. Organic dopants have also been widely 

investigated[3-4, 10-11]. Partial substitution of glycine with 

the simple aliphatic amino acid L-alanine, includes high 

internal bias fields in LATGS, increasing the spontaneous 

polarization (Ps), transition temperature (Tc) and pyroelectric 

coefficient (p), and decreasing the room temperature dielectric 

constant. These changes are desirable for pyroelectric 

detectors; however, LATGS crystals possess strong strains, 

and can easily crack during both crystal growth and 

subsequent processing. For crack prevention and property 

enhancement, two general methods have been utilized for 

development of pyroelectric and infrared detectors. One is 

utilization of multiple doping; the second method is to find 

new organic dopants with desirable pyroelectric and 

mechanical characteristics. In this paper, we are going to 

present a recent trial for another kind of dopant ~ valine : it 

has a same chiral molecule like an alanine but has a bigger 

molecule, so it is harder to incorporate into the glycine (I) site 

than alanine. 

EXPERIMENT 

10 and 20 mole% alanine, 10% alanine + LiV03, 10 and 20% 

valine doped TGS single crystals were grown by the slow 

cooling method in water solution. All these crystals were 

grown below transition temperature. 10% alanine doped and 

10% alanine + LiV03 doped crystal has a good quality 

without any kind of visible cracks. It is very difficult to grow 

the 20% alanine doped crystal bigger than 3 cm in diameter or 

without any defects, but the crystal can possess a high internal 

bias field. 10% and 20% valine doped TGS crystal was also 

grown. An interesting point is that in the case of valine doping 

in both percentages, we can grow very high quality of a single 

crystal without any kind of defect. For determination of the 

CH3416-5 0-7803-1847-l/95/$4.00©1995IEEE 825 



actual concentration of dopants in crystals, High Pressure 

Liquid Chromatography (HPLC) (Model 420 Amino Acid 

Analyzer/Applied Biosystem, USA) was used. (The HPLC 

measurements were performed courtesy of The Biotechnology 

Institute at The Pennsylvania State University.) Several 

sample plates were prepared from the same crystal, but along 

different parts of b-axis in order to investigate the 

mhomogeneities of  crystal. Before measurement, wet-cloth 

TGS .Alanine Senes 

<f 
O     0003 

Temperature(°C) 

FIGURE 1. Pyroelectric coefficient vs. temperature of 

different amount of alanine contents. (L10%: alanine 10%, 

10% LiVCK: 10% alanine + 10% LiV03 and TJH, T2H. 

T3H: 20% alanine doped but different positions in same 

crystal) 

TGS:Alanine Series 

30 40 50 

Temperature(°C) 

FIGURE 2. Spontaneous polarization vs temperature for 

alanine doped TGS crystals. Tl, T2 and T3 indicate the 

distance from the seed position along b-axis in 1 cm apart, 

respectively (see text for more information). 

polishing was done to make very smooth surface for 

electrodes. Pyroelectric measurements were performed based 

on the Byer-Roundy method during heating and cooling runs. 

RESULTS AND DISCUSSION 

Pyroelectric coefficient vs. temperature curve for alanine 

series is shown in Fig. 1. 10% alanine + 10% LiV03 doped 

TGS (designated as LI sample) has the lowest pyroelectric 

peak (p=0.24 uC/cm2K) at transition temperature. 10% and 

20% alanine doped TGS have peak temperatures at 49.4°C, 

but 48.5°C in LI sample. T3 sample has the highest 

pyroelectric coefficient (p=74.51 nC/cm2K) at room 

temperature. T2 is the nearest position from seed ; from the 

outside of the seed in 20% alanine doped TGS, Tl and T3 are 

opposite of each other. 10% alanine doped and LI samples do 

not have any kinds of inhomogeneity at different positions, 

but the 20% alanine doped TGS has a big inhomogeneity (Tl, 

T2 and T3 samples). Therefore, the nearer position from the 

seed has a more unstable state than the outside positions. For 

the 10% alanine doped case, there was not that kind of 

instability. This means that a small amount of impurity does 

not make any kind of inhomogeneity inside the crystal. 

Spontaneous polarizations of alanine series were calculated 

from the pyroelectric coefficient. The result is in Fig.2. As 

expected from the shape of the pyroelectric coefficient, the LI 

sample has the smallest polarization (Ps=1.80 nC/cm2) at 

room temperature. A gradual decrease of Ps beyond the 

pyroelectric maxima indicates that it possesses the internal 

bias field (Eb), although the exact value can be measured by 

P-E hysteresis measurement. A quite different situation was 

observed in valine doped TGS crystal, as shown in Fig.3. 

Alanine doped TGS showed very diffusive characteristics in 

dielectric and pyroelectric data, but valine doped TGS showed 

a very sharp transition in both measurements. U's indicates 

10% valine and V's for 20% valine at every different 

positions. U3a and U3b are on the upper and lower section of 

the same b-plate, and U6 is opposite of the U3's. V5 is the 

nearer position from the seed than V9. 10% valine has a 

higher p  (=1.03   uC/cm2K) at Tc  and  lower p  (=20.03 
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TGS20%Valina 

TGS10%V»lin« 

-U3l 
-U3b 

Temperature(0C) 

FIGURE 3. Pyroelectric coefficient vs. temperature of 10% 

valine doped TGS. U's indicates 10% valine and see text for 

more  information.  It is  clearly  seen that the  positional 

inhomogeneity was big in 10% valine doped TGS. 

TGS 10* Valuta 

0 030 

0 025- 

Q  0 020 

c 
5  0 015 

«J  0 010- 
o 

0 005 

0000 

3 ■ • 

^_^ ,__ 

20  25  30  35  40  45  50  55  60  65  70 

Temperature(°C) 

FIGURE 4. Spontaneous polarization vs temperature for 10% 

valine doped TGS. Inhomogeneity is well profound along c- 

direction (U3a and U3b) 

nC/cm2K) at room temperature than alanine. 20% valine 

doped TGS has roughly two times higher values than 10% 

valine, but still less than that of 20% alanine doped TGS. 

Because we tried just 20% of valine only, it is hard to have an 

exact comparison between alanine and valine. So far, it is 

clear that alanine has a higher internal bias field and higher 

pyroelectric coefficient than valine[12] -- this is the direct 

proof of being a good pyroelectric detector candidate, but it is 

very difficult to grow high quality and large crystal. Valine 

doped crystal can be easily grown without any kind of visible 

crack or defect, although it has a relatively small internal bias 

field (see Fig.4 -- very small tail beyond Tc) up to 20 mole%. 

0.01S- 

< 
0.010. 

DOOS- 

■4 

0 000-  V— 
49 4fl 47 

T«rp 

111   I I I I I   '   '   ' 
2025303540 45 505580 

TemperatureCC) 

FIGURE 5. Pyroelectric coefficient vs. temperature of 20% 

valine doped TGS. V's for 20% valine doped TGS. Peak 

values are different but have same temperatures. 
TGS:20% Valine 

Tempera ture(°C) 

FIGURE 6. Spontaneous polarization vs temperature for 20% 

valine doped TGS. 

Pyroelectric signals are stable in 20% valine doped TGS 

(Fig.5 & 6) and have peaks at same temperatures in different 

pieces (V5 and V9). The highest pyroelectric coefficient of 

valine doped TGS at room temperature is 44.02 nC/cm2K. 

Valine doped TGS has a very small Eb indicating that the ratio 

of doping is very small. One more interesting thing is that 

valine doped TGS has a big anomaly in dielectric constant 

around -10°C, as shown in Fig.7. Because of this big 

anomaly, dielectric constant (K) at room temperature is too 

high and can not get a high figure of merit (p/K), although we 

can get a reasonable amount of pyroelectric coefficient. This 

anomaly decreases as the oscillating frequency increases and 

can not be observed at 100 kHz, which means that it is not 

related to the phase transition but a relaxational mechanism. 
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TGS: 20% valine 
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Figure 7. Low temperature dielectric constant measurement 

showing relaxational behavior at -10°C. The effect of this 

relaxation   goes   up   to   room   temperature   causing   high 

dielectric constant at room temperature. 
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FIGURE 8. Figure of merit (p/K) for various kinds doped TGS. 

Valine doped TGS has a small p/K, but very flat throughout 

the ferroelectric phase that means a very stable state. 

The resulting figure of merit for various kinds doped TGS is 

shown in Fig.8. At this moment, it is not clear what kind of 

mechanism is included to generate this relaxation. After 

measuring the dielectric spectra in frequency domain, it will 

be more clearly understandable, and this procedure is now in 

progress. 

CONCLUSION 

Pyroelectric coefficient measurements were done in several 

kinds of dopants doped TGS single crystals. Alanine can 

generate the largest internal bias field but it is hard to grow 

good quality and large sizeof the crystal. Valine has been 

used to test the effect of glycine (I) substitution effect instead 

of alanine. Valine has a bigger molecule than alanine, so it is 

difficult to incorporate into a crystal. The experimental results 

also show this expectation, but valine has two different and 

interesting properties. First, 10% valine has a very small 

internal bias field indicating a small real substitution. And 

also has a very sharp phase transition in both dielectric and 

pyroelectric measurement. For the 20% valine case, Eb is 

increased, but a good quality of crystal without any defect is 

still obtained. Second, there was big relaxation phenomena 

around -10°C, which is causing the increase of room 

temperature dielectric constant. We could not observe this 

relaxation in alanine doped TGS, but every valine doped TGS 

has this relaxation and this study is in progress. 
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