
AD-A1 741 SINGLE CRYSTAL GOWN OF FIEUILECTRIC TUNGSTEN MNIZE I/ .
COMPOSITIONS FOR S.. U) ROCXKULL INTERNATIONAL THOUSAND
OAKS CA SCIENCE CENTER I R NURAGSO AR FEB S4

UNCLASSIFIED SCS346. IFR AFOSR-84-043S F/O 20/2 NL

lllilillll '
I Emmh hh



*36 1W25

ZI.

1.1 L1.8

MICROCOPY RESOLUTION TEST CHART
NATONAL OLJAEAQ OF STANDARD0- -63- A

-. ~w------------------- . R______



IFOSRTR- 84-0435 3.
SC5346.1IFR

SINGLE CRYSTAL GROWTH OF FERROELECTRIC
TUNGSTEN BRONZE COMPOSITIONS

FOR SAW APPLICATIONS

I

FINAL REPORT
FOR PERIOD 07(26(82 THROUGH 12/31/83

FEBRUARY 1984

Name of Cor' -tor: Rockwell International Corporation
Effective Date of Contract: July 26, 1982
Contract Expiration Date: December 31, 1983
Amount of Contract Dollars: $85,000
Contract Number: F49620-82-C-0078

Principal Investigator: Dr. R.R. Neurgaonkar
(805) 498-4545, Ext. 109

Sponsored by u :
Air Force Office of Scientific Research '.

Directorate of Electronic and Material Sciences JUN 1 1984
Building 410

Boiling AFB, DC 20332
A

£-" Research sponsored by the Air Force Office of Scientific Research (AFSC),
under Contract F49620-82-C-0078. The United States Government is
authorized to reproduce and distribute reprints for governmental purposes

Lj notwithstanding any copyright notation hereon.

w" The views end conclusions contained in this document are those of the
authors and should not be interpreted as necessarily representing the of-
f ciel policies or endorsements, either expressed or implied, of the Air Force
Office of Scientific Research or the U.S. Government.

Approved for public release; distribution unlimited

84 05 29 02,

_ A. .f



SICUR1ITV CLASSIPICATION OF Y1401 PAGE D - t1 t
REPORT DIOCUMENTATION PAGE

I& 1111PORT $sCURITV CLASSIPICATION 1. P1EsYRICTIv§ MARKINGS

Unclassified
241 SECURITY CLASSIPicATIoN AULITiy 3. OiSTRIBUTIONiAVAILAGILITY OP REPORT

2W OECLAS5IPICATIONIOOWNORIAOING NEODULE Approved for public release; distribution unlimited.

A. PERFO RUING ORGANIZATION RE6PORT ?4UMSERII S, MONITORING ORGANIZATION REPORT NUMBBERiS

G& MIAMI OF PER1PONIIING ORGANIZATION 411 OPPICE UYM9O6 7&. NAME OP MONITORING ORGANIZATION
Rockwell International 11Iouipuesoft <-/Sciene Center F0___ X_ VC j///

.cAG 622ES (City. Sas. end ZIP COO)I 71L A001RE111 (City. San dad ZIP QW
1049 Camino Dos Rios

Thousand Oaks, California 91360

8& NAMI OF 116104ING/0PON5ORING 41e1. OPPICE SYMBOL. .PooA N ~ytmm IOENTipicArfN NumeER
OAOANIZATION j f api~orobiej 1
Air Farce Office of Scientific Research Contract No. F496MO8J~7

et. LORESSCsty. itaft and ZIP Code) 10 soumcE OF PUINOISIG AI0S.
Building 410 PROGRAM PROJecT TASK WORK UNIT
Boiling AFI, DC 20332 ELEMEN0T NO. No. NO0. hO.

SIKYR t'WW~tOLCTRIC TUNGSTENG/L 1 ;o'~/

I3a TYPC OF REPORT Lag TIME COVERSD 14. OAT9 0P R9PORT (V,, Me- Day) S5. PAG% COUNT

Final Technical Report pmotoa 07/26/82 TO 12/31/83 FEBRUARY 19614 1 3

17 COSATI COOES I& SUGJECT TIERMS 'Conte-me .. ovlf~ mov.a ~ ~emus and Idntify Ci, bach number#
III L GROUP Su.OR. I

9. ABSTRACT (Contines an reverieso ctn'r nenYgd identify by bioa numnber)

~Ferrolectric tugtnbonesnl crystaeg K3L 2Nb5O 15, 84-~x y~yb~i

group 4mm WIspontaneous polarization pallel to *e 'c' axis. Room temperature dielectric and pie-
ZOelti mesrmn siaed that the k,15 and dil coeffilcients are significantly larger for these
bigger unit cell bronzes a compared to the smalle unitcl rne, e.g. SON. SKN, et. The results of
this study indicate that since fth piezoelectric properties of these crystals are better than SON, it is
expected that thete composition crystals should show better acoustical properties. As reported earlier, SBN

a crystals are known to possess; excellent acoustical properties and are useful for device application. Hence,
this opens up further now interest in this family of crystals for potential use in SAW device applications.

30.K OISTRIUBUTIONIAVAILASILITY OF ABSTRACT 21. ASITRACT SECURITY cLASIPICATioNo

LINCLASSIP1601LUNLIMIT90 M SAMS AS RPT. a OTIC USSRS 0 Unclaselfied

221L 'SAME OF RSPN ISNDIVIDUAL 23W TELEPHONE NUMIER1 22%. OPPICE SYMBOL
daeloode Arve. COO#

Col. Harry Winsor and Dr. Kevin Melloy 202-693-001

00FORM I473,3 APR ESITION OP I JAN 132IS OSSOLSTI. CRT UNCLASSIFIED THSAC

"L -A.

door,.



9D Rockwell International
Science Center

SC5346.1FR

TABLE OF CONTENTS

Page

1.0 INTRODUCTION ....................................................... 1

2.0 MATERIALS DEVELOPMENT .............................................. 3

2.1 Tungsten Bronze Family ........................................ 3
2.2 Bulk Single Crystal Growth of T.B. Family Crystals ............ 5

2.2.1 Growth Problems ........................................ 5
2.2.2 Growth of KLN Crystals ................................. 7
2.2.3 Growth of BSKNN Crystals ............................... 12
2.2.4 Growth of Pbl.xBaxNb20 6 Compositions ................... 14

3.0 FERROELECTRIC PROPERTIES OF TUNGSTEN BRONZE CRYSTALS ............... 18

3.1 Growth Habit and Structural Characteristics ................... 18
3.2 Ferroelectric Characteristics ................................. 19

3.2.1 Sample Preparation ..................................... 19
3.2.2 Dielectric Properties .................................. 20
3.2.3 Acoustical Characteristics ............................. 25

4.0 SUMMARY AND RECOMMENDATION ......................................... 27

5.0 PUBLICATIONS AND PRESENTATIONS ..................................... 30

5.1 Publications .................................................. 30
6.0 REFERENCES ......................................................... 31

I, -

AIR FeORCZ OFFcE O,1
WoOI L'S 0? S TETI 'IC R . 14j'$
his toc,: : .. .. .. . . .

&Pprovocl, .".. . . : ' rd i

i ~ ~~~~~~~Chief. Te la Io ,o Dvln/

t C5767A/bw

V a m p . ... ... . . . ...



0 % Rockwell International
Science Center

SC5346.1FR

LIST OF FIGURES

Figure Page

1 Crystal structures....................................... 4

2 Partial phase diagram of Li2O-K20-Nb2O5 system in the
region of the tungsten bronze .................................. 8

3 K3Li2Nb501 5 single crystal grown along the [:100]
direction, 6-7 mmn in diameter................................. 10

4 K3Li2Nb501 5 single crystal grown along the [100]
direction, 10-11 nmm in diameter ................................ 11

5 K3Li2Nb5 single crystal grown along the [001] direction,
3 mmn in diarnter .............................................. 11

6 Shows a typical 1 cm in diameter RSKNN crystal grown
a long the c-axis ............................................. 13

7 Phase diagram for ferroelectricity in the solid
sol uti on system Pbl-xBaxNb206 ... .. .. ... .. ... .. .. ... .. .. ... ... . 15

8 PbO-BaO-Nb205 . .. .. .. ... .. .. ... .. ... .. ... .. .. ... .. ... .. .. .. ... 16

9 Crystallographic features of small and large unit
cell T.B. crystals............................................ 19 I

10 Shapes and orientations of specimens ................... 20

11 Dielectric constant vs temperature for
Ba, 2Sr8,?K0 75 Nao 2 5Nb5Ol5 crystal, measured
along [:06I axis....................................... 22

12 Dielectric constant vs temperature for
B a1 2SrBKO,7 Nao2 5 Nb5015 crystal, measured

C5767A/bw

__________________________________



Rockwell International

Science Center

SC5346 .1FR

LIST OF TABLES

Table Page

1 Structured sequences and ferroelectric behavior
of the various tungsten bronze phases........................ 5

2 Czochralski growth data for tetragonal tungsten
bronze compositions ....................................... 6

3 Growth conditions for tungsten bronze K3 12Nb5O15single crystals........................................... 19

4 Properties of Pbi-xBaxNb2o6 and other bronze crystals .......... 16

5 Important piezoelectric properties of tungsten bronze
family crystals........................................... 21

6 Classification of tungsten bronze family..................... 24

7 Acoustical characteristics of the SBN:60 and SBN:50
single crystals........................................... 26

8 Applications of tungsten bronze crystals..................... 26

vI

t C5767A/bw



9D Rockwell International
Science Center

SC5346.1FR

1.0 INTRODUCTION

The present work on ferroelectric tungsten bronze crystals for the

acoustical surface wave project was initiated with the specific objective of

developing a superior material for SAW device studies. These SAW devices are

very important and are commonly used to solve problems in the technological

areas of bandpass filters, resonators, oscillators, and discriminators. All

of these devices are, however, limited in their performance by SAW materials

availability. A large number of ferroelectric crystals have been grown and
characterized, and many of these have properties that are extremely attractive

for SAW device applications. In particular, many of the ferroelectrics have
high surface acoustic wave velocity and possess temperature compensated orien-

tations. However, only a few ferroelectrics such as LiNbO3, LiTaO3, and

a-SiO 2 have found wide application in the acoustical area. Other ferroelec-

tric materials which exhibit much higher piezoelectric, elastic and acoustical
properties, as well as temperature compensated orientations (e.g., Pb2KNb5015 ,

Ba2NaNb5O15 ), have not been fully exploited on a practical basis because of

difficulties in growing large and good quality single crystals.

The present research and development work was undertaken with the

goal to identify and establish suitable tungsten bronze ferroelectric crystals
which possess high surface acoustic wave electromechanical coupling constants

(K2) with a sufficiently low temperature coefficient of SAW velocity. The

recent success at our laboratory in growing large single crystals of SBN:60,
SBN:50, BSKNN, KLN and PBN could represent a major breakthrough in new mater-

ials development for potential SAW device applications. We recently demon-

strated that both SBN:60 and SBN:50 composition crystals exhibit high SAW

electromechanical coupling constants, e.g., 180 x 10-4 and 230 x 10-4 , respec-

tively. These constants were measured for (001)-plates propagating along the

(100) direction. These values are smaller than the best known piezoelectric
Y-Z cut LiNbO3 crystal (480 x 10-4), but they are similar to the best known

piezoelectric tungsten bronze Pb2KNb5O15 crystal (188 x 10-4). Furthermore,
both orthorhombic Pb2KNbs015 and tetragonal SBN:60 and SBN:50 crystals exhibit

-1 C5767A/bw
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temperature compensated orientations, indicating that there is a possibility

of another tetragonal bronze crystal which may show suitable piezoelectric and

acoustical characteristics.

The results of the present investigations indicate that the bigger

unit cell tetragonal tungsten bronze crystals such as KLN, BSKNN and PBN show

better ferroelectric and piezoelectric properties (e.g., d1s, k15, k33, elas-

tic and other) as compared to the smaller unit cell bronze crystals such as

SBN:60 and SBN:50. Although the growth of the bigger unit cell bronze crys-

tals has been found to be difficult, the size of current crystals is suffi-

cient to conduct all of the necessary acoustical and piezoelectric character-

ization. The goals of the present work were as follows:

* Establish crystal chemistry control for different bronze

crystals to optimize the piezoelectric and acoustical

properties.

* Establish the Czochralski bulk crystal growth technique for

bigger unit cell bronze compositions, e.g., KLN, BSKNN and PBN.

0 Determine the piezoelectric, piezoelastic and acoustical

properties of these bronze compositions.

0 Based on these results, establish the optimum bronze composi-

tions with high electromechanical coupling constants (K2) and

sufficiently low temperature coefficient of SAW velocity.

fe
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2.0 MATERIALS DEVELOPMENT

2.1 Tungsten Bronze Family

The aim of the present research work has been to establish a suitable

class of tungsten bronze materials with good SAW electromechanical coupling

constants K2 and low temperature coefficient SAW velocities suitable for

further surface acoustic wave device development.

In seeking new materials which have high dielectric constants, high

coupling constants or possibly high electro-optic coefficients, it is impor-

tant to look for families which originate from high prototype symmetry with

the possibility for low temperature ferroelectric:ferroelastic phase transi-

tions. In this regard, the tungsten bronze structural family is potentially

important and hence it could be used as principal host material. The bronze

compositions can be represented by general formulae (A1)4(A2)2(B)10030 and

(A1)4(A2)2C4(B)1 0030, Al, A2 , C and B are 15-, 12-, 9- and 6-fold coordinated1

sites in the structure (Fig. 1). Table 1 shows the structural transition and

ferroic behavior of this family when different ions are substituted in the

various crystallographic positions. This family embraces some 120 or more

known compounds and various solid solution systems, and hence there is a good

possibility of obtaining suitable compositions of the desired properties.

Within this very extensive group, several members have high Curie

temperatures, and have high dielectric, piezoelectric, electro-optic and

pyroelectric coefficients.1-12 According to work by Neurgaonkar et al.,2 ,13

some of the bronze compositions such as SrlxBaxNb206 possess temperature-

compensated orientations and are potentially important for surface acoustic

JI' wave (SAW) device applications.

3
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Fig. 1
Crystal structures.
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The composition Sr0 61Ba0.3 Nb2O6 in particular shows an excellent SAW

coupling coefficient K2 o188 x 10- and a low temperature coefficient of SAW

velocity at room temperature.2  However, modelling studies under DARPA Con-

tract13 have shown that these qualities can be substantially improved by select-
ing other bronze compositions with higher Curie temperatures than SBN. In

paricuarthe compositions K30i20b5 15 (KLN), Pbl xBaxNb2P6 (PBN), andj ::;:rx~i:yNaybs0s (BSKNN), are similar to SBN but have much higher Curie tem-
peratures and better piezoelectric properties. The present work on the growth

and characterization of these materials is given in the following sections.

4
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Table I
The Structural Sequences and Ferroelectric Behavior of the

Various Tungsten Bronze Phases

No. of
Compound Transitions Transitions Sequences

K3 WbOi 3F2  None 4/rnm Parael ectri c/Parael as tic

4 mm 4/rnm
Sr2KMtv 015 One Ferroelectric
K3L02ftsOjs Parselectric/Paraelastic
Ba6T12Nb8O3O Ferroelastic

=4 4/rnm
Sr2Ko.sLio.bNb5Ojtb One Ferroelastic Pareelastic

Ferroel asti c Paraci asti c

mm2 4/rnm
PbAW5b015 One Ferroelectric Paraelastic

Ferroel asti c ParaeI asti c

w NMu 4/rnm
Sr2KTaOlb TWO Ferroelastic Paraelastic Paraelectric

Ferroelastic Ferroel astic Parael astic

mm2 rMu 4/rnm
PbII*7Ko* 56Nb,*gj- Two Ferroelectric Peaalectrlc Paraelectric

TaI51 Ferroel asti c Ferroel asti c Parael asti c
4mm m.2 4,m 4/rn '

WaNaSb5Oj5 Three Ferroelectric Ferroelectric Ferroelectric Paraelectric

Paraelastic Ferroelastic Ferroelastic Paraslastic

4mm mm2 4mm 4/rnm
842 14LIc 71- Three Antiferroelectric Ferroelectric Paraelectric Paraclectric

W5S.I5Ferroelastic * Ferroelastic Paraclastic Parslastic

2.2 Bulk Single Crystal Growth of T.B. Family Crystals

2.2.1 Growth Problems

The materials used for growth were specpure K CO3  iC 3  aC 3

BaaG 31 Srco 3  PbO, and Mb 20s. Table 2 summuarizes the comupositions of the

5
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Table 2

Czochralski Growth Data for Tetragonal Tungsten
Bronze Compositions

Growth Growth Growth Crystal
Composition Temperature Direction Habit Diameter Remarks

(6) (cm)

Sro 6 ao.4Nb206  1510 (001) Cylindrical -3.0 Crack-free and
excellent o-ity

Ba2 .xSrxlKi.yNayNbsOi5 1480 (001) Square -0.8 to 1.0 Crack-frv .d iood

quality

K3L12Nb50 6* 1050 (001) Square 0.3 to 0.5 Cracks

(100) Square 0.5 to 0.8 Crack-fi -sonable
quality

(110) Square 0.5 to 0.8 Crack-free, reasonable
quality

K3Lt2NbSxTax015  1000-1250 (001) Square 0.5 to 1.0 Reasonable quality
(110) with excellent

properties

PbO. 33 B. 70Nb1 .98706** -1350 (001) 0.8 to 1.0 Few cracks, but
excellent properties

*ifficult to grow
"*Grown at Penn State, difficult to grow.

individual crystals and their growth conditions. The starting materials were

weighed out according to stoichiometry and then ball-milled in acetone for 10-

15 hrs. The resulting slurry was air dried and then fired in a platinum dish

at 1000-13000C for 24 hrs. The growth furnace was R.F. induction heated and

the crystals were grown by the Czochralski technique. The crystal growth

procedure for the bronze crystals has been discussed in our earlier reports.

Since all of the compositions selected in this investigation are

typically solid solution systems, single crystal growth by the Czochralski

technique was found to be difficult, particularly for the K+- and N+ -

containing bronze compositions. The growth problems can be briefly summarized

as follows:

6
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1. Solid solution systems: difficult to determine the true

congruent melting composition, hence optical striation problems.

2. Container contamination, specifically when an iridium cricible

is used (inclusion of 1ro2 in grown crystals).

3. Cracking of crystals when cycling through the paraelectric/

ferroelectric phase transition temperature. This transition is

often accompanied by a structural transition.

4. Exchange of crystallographic sites, e.g., for 15- and 12-fold

coordinated sites under different growth conditions; hence

difficult to maintain reproducible results.

In spite of these difficulties, several bronze composition crystals,

e.g., KLN, BSKNN and PBN, have been successfully grown. Their growth problems

and ferroelectric properties are discussed in this report.

2.2.2 Growth of KLN Crystals

K3Li3Nb501 5 (KLN) is tetragonal at room temperature with a point

group 4 mm, and is typical of a completely filled tungsten bronze ferroelec-

tric structure. It is well known that filled tungsten bronze compounds have

high immunity to intense laser radiation damage and also exhibit interesting

ferroel ectri c properties.

The KLN solid solution exists on the ternary phase diagram K.0-Li2O-

Nb205 and, as shown in Fig. 2, this solid solution extends over a wide compo-

sitional range. The phase relation in this system has been studied by several

workers3 ,4 and, based on these investigations, it is clear that KLN single

crystals with varying K:Li:Nb ratios can be grown. ("KLN" is the generally

referred to name for the tungsten bronze solid solution within the composi-

tional range shown in Fig. 2.) The Curie tempertaure shifts from 5400 to 326*

7
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Fig. 2 Partial diagram of L12O-K20-Nb205 system in the region of the

tungsten bronze field.

as the Nb205 concentration changes from 0.50 to 0.55. Recently, Adachi et
al.' studied the single crystal growth of the composition K2.89 i1.55 b5.11015
and reported the successful growth of this composition (8-10 am in diameter).
These crystals showed excellent piezoelastic properties. Since this result
seemed to be promising for this work, the composition K2 .8g901.550b5.11015 was

8
C5767A/bw



SRockwell International

Science Center

SC5346.1FR

chosen, and single crystals have been grown by the Czochralski technique from

both iridium and platinum crucibles with successful results. For iridium

crucibles, argon pressure had to be used to prevent loss of iridium, and as-

grown crystals were found to be purple or coal black in color. However, the

color changed to deep yellow when the crystals were subsequently annealed in

oxygen above 8000 C. Very low oxygen pressure was directly used when the

platinum crucible was used as a container for crystal growth; crystals thus

obtained were pale yellow in color. Since the lattice mismatch between

Sr0 .60Bao. 4Nb206 (SBN) (a = 12.47A and c = 3.947A) and KLN bronze composi-

tions is minimal, SRN single crystals were used in the initial growth experi-

ments as seed material. After achieving reasonable size KLN crystals, the KLN

crystal itself was used as seed material in the subsequent experiments. This

proved to be very successful, and crack-free KLN single crystals as large as

5-10 mm in diameter and 30-40 mm long have been successfully grown along the

(100) direction (Table 3). Figures 3-5 show typical crystals grown along the

(100) and (001) directions. In the course of this study, it was clearly

observed that the rate of crystallization along the c-axis was much faster

than for any other direction; the crystals, however, cracked when grown along

the c-axis. This cracking problem was essentially eliminated when the

crystals were grown along the a-axis, and such crystals are of excellent

quality. Optimum growth conditions were found to be as follows:

Pulling Rate: 2-3 mm/hr

Rotation Rate: 20-30 rpm

Growth Direction Along the a-axis

Growth temperature: 10000C

The single crystal growth of KLN compositions has also been studied

and reported by various other workers 3" 2 and the results of this investiga-

tion are in close agreement with their findings. Although the KLN crystals

obtained in the present work have been sufficiently large to initiate char-

acterization studies, we have done considerable additional work on the

9
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Table 3

Growth Conditions for Tungsten Bronze K 3U12 05015 Single Crystals

Diameter Growthi Crystal Curie Dielectric Lattice Constant
composition of Direction Quality Temp Constant

Crystal (OCI K33  aA CA

K30i2 0 5015  8-9 mm (100) Excellent 408 105 12.585 4.015

K30i2 0 5015  10-11 -m (100) Few Cracks 408 105 12.585 4.015

K3 012 0 5015  2-4 mmI (001) Excellent 408 550 12.585 4.015

K30i2 0d5015  5-6 M (001) Cracked --- --- 127.585 4.015

K3L12N 5015  5-7 - (110) Excellent 408 --- 12.585 4.015

-WW Fig 3

direction, 6-7 nl in
diameter.

A~ I

10
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Fig. 4
K30 Nb 0~ singl e crystal

groJ ~o~jthe 100)
direction, 10-11 -i diameter.

Fig. 5
K3Li2Nb 7015 single crystal
grown a ong the (100l
direction, 3 mm i n
diameter.

C5767A/bw
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Czochralski growth technique in an attempt to obtain larger diameter, crack-free

crystals. Based on our on-going research work on tungsten bronze family single

crystals, it has been found that the growth of large-sized crystals depends

strongly on the ability to control the diameter of the crystal and the thermal

gradient in the crystal near the solid-liquid interface. However, in the case

of KLN, we have not been able to grow crystals of > 1 cm diameter without

considerable cracking.

2.2.3 Growth of BSKNN Crystals

Barium potassium niobate, Ba2KNb 5O15 , is a well known ferroelectric

tetragonal bronze composition and has been considered to be useful for high

frequency and electro-optic studies. However, this composition has received

very little attention since it melts incongruently. Our recent work on this

system shows that the addition of Sr2+ for Ba2+ and Na+ for K+ as

8a2 _xSrxKi-yNayNb5O15 (BSKNN) not only changes the congruency situation (compo-

sitions of interest are congruent melting), but also improves the dielectric, f
piezoelectric and electro-optic properties of this solid solution system. Al-

though BSKNN is not considered to be a completely filled tungsten bronze like

KLN, the 15- and 12-fold coordinated sites in this compositions are considered
to be filled.

Recently, we studied the phase equilibria relation for this solid

solution system and found that the compositions close to the

Ba1.2Sro.8KO.75Nao.25Nb5O15 region are congruent melting and appeared to be

suitable for the proposed research work. Although the growth of several dif-

ferent composition crystals from this system with varying x and y have been
planned, the work in this report is confined to the growth of

Ba1 .2SrO .8KO .75NaO .25Nb5 Oj5 (BSKNN) crystals.

Single crystals of BSKNN have been grown by the Czochralskl technique

from a platinum crucible. Although the lattice match between the bronze crys-

tals SBN and BSKNN is not close, SBN crystals were used initially as seed mater-

ial for the growth of BSKNN crystals. This proved to be successful in growing

small crystals of BSKNN which were then used as seed material in subsequent

12
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experiments to grow bigger and better quality crystals. BSKNN single crystals

as large as 0.7 to 1.1 cm in diameter and 3-4 cm long have now been grown.

Current growth parameters are as follows:

Pulling Rate: 6-8 mm/hr

Rotation Rate: 5 rpm

Growth Direction: Along the c-axis

Growth Temperature: 1480C

All of the Ba1 .2Sro.8Ko. 75Nao. 25Nb5015 crystals to date have been grown using a

platinum crucible with an oxygen atmosphere. The resulting crystals are opti-

cally transparent and essentially colorless in appearance.

Crystals grown along the c-axis are usually faceted, which is quite

exceptional for Czochralski-grown crystals. Figure 6 shows a typical crystal

grown along the c-axis. In the course of this study, it was clearly observed

that the rate of crystallization along the c-axis was greater than those along

other directions (100, 110, etc.).

3 4 6 7

Fig. 6 Shows a typical 1 cm in diameter BSKNN single crystal grown along
the C-axis.

13
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2.2.4 Growth of Pb 1 xBaxNb 206 Compositions

Compositions in the Pbl xBaxNb206 system belong to the tungsten bronze

family and exhibit both orthorhombic and tetragonal structures as a function of

Ba2 + concentration. Figure 7 shows the phase boundary conditions for these two

phases. It can be seen that the substitution of Ba2+ for Pb2+ first decreases

the orthorhombic distortion, and then induces a tetragonal structure at x =

0.37, with the polar axis along c-axis rather than along the orthorhombic b-

axis. The second phase is tetragonal both above and below the ferroelectric

Curie temperature, with a largely discontinuity in cell parameters at the Curie

temperature. The substitution of Ba2+ in PbNb206 also causes remarkable changes

in the ferroelectric properties, specifically at the morphotropic phase bound-

ary (x = 0.37). The dielectric, electro-optic, piezoelectric, electromechanical

and other ferroelectric properties are exceptionally large as one approaches

this morphotropic phase boundary (MPB) region, and this offers an excellent

opportunity to develop suitable materials from this system not only for SAW

applications, but for several other potential applications including optical

signal processing and pyroelectric thermal detectors.

Table 4 summarizes the ferroelectric structural properties for the

Pbl xBaxNb 2o6 system compositions. All of these compositions look promising;

however, compositions close to MPB region have been selected in this work to

study their SAW and optical properties. Although the compositions in this

system melt congruently, bulk single crystal growth is difficult for the

following reasons:

*Excessive loss of Pb2+ by evaporation, specifically for Pb2 + -

rich compositions.

. Cracking of crystals when cycling through the ferroelectric/

paraelectric phase transition. This transition is often -

accompanied by a structural transition.

Reduction of Pb2 + to metallic lead to form a Pb-Pt alloy when
inert or reducing conditions are used for growth.

14
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Fig. 7 Phase diagram for ferroelectricity in the solid solution
system PblxBaxNb2O6

•

Recently we developed the ternary phase diagram PbO-BaO-Nb2O5

(Fig. 8) and found that the stoichiometric compounds exhibit better properties

as compared to lead-rich or lead-deficient compositions. However, the

stoichiometric compounds were extremely difficult to prepare since control

over lead losses was a major problem. However, it was also found that these

lead losses were considerably suppressed when La3+ was added to these composi-

tions. In our IRD program, the hot pressing technique has been established

for La3+-doped and undoped compositions and found that these dense grain

oriented samples are very promising for several applications. Samples as

large as 1 to 2 In. in diameter have been hot-pressed successfully and these

samples have been used for ferroelectric characterization. The compositions -

of the hot-pressed samples are as follows:

0 Pbo.6Bao.4oNb206 , tetragonal (close to MBP condition)

* Pbo.6oBao.4Nb2O6 :La3 , La3+ *2, 4, 8 mole%.
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Table 4

Properties of Pbl-xBaxNb2O6 and Other Bronze Crystals

Melting Tc Dielectric
Composition Temperature Lattice Parameters Constants

(60 (*C) aAo bAo CAO ka kb k c

Pb0 30Ba0 70Nb2O6  1380 350 12.450 3.995 340 - 95

Pb0 27BaO. 73Nb2O6  1380 350 12.500 2.975 360 - 140

Pb0 48Ba0 52Nb206  1360 407 12.493 3.987 - - -

Pb0 60Ba0 40Nb206  1350 345 12.495 3.990 1600 - 200

Pb0 87Ba0 13Nb206* 1350 430 17.670 17.92 3.890 1200 225 1900

Ba2-xSrxKl yNayNbS015  1480 203 12.506 - 3.982 450 - 250

Sro.a 5B 0 b206  1520 125 12.483 - 3.956 - 500

*0rthorhombic bronze composition.
Nb2O5

P% 7 8a 3Nb20 BIt

Fig. 8 PbO-BaO-Nb205 .
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It was found that the fabrication of orthorhombic Pbl_xBaxNb206 was

more difficult since samples cracked while cycling through the orthorhombic/

tetragonal phase transition temperature. Because of these difficulties, the

work in the present research was confined to only the tetragonal Pbl.xBaxNb206

compositions.

At Penn State University (under DARPA Sponsorship), the growth of

these compositions has been attempted using the Czochralski technique to

develop small size crystals for SAW applications. Since the loss of Pb2+ is a

severe problem in this system, the work at present has concentrated on the

Ba2+ rich compositions, typically Pb0 .38a0 .7Nb206. The growth of 1 cm diam-

eter crystals has been possible, but the crystals have cracked somewhat when

cycling through the phase transition. However, crystals recovered in this

growth are sufficiently large to study their ferroelectric, acoustical and

electro-optic properties. Efforts are underway at Penn State as well as in

our own laboratory to establish te growth technique for this composition and

another important composition, Pbo.68ao.4Nb206. It is expected that the addi-!

tion of La3+ or other dopants might reduce Pb2+ losses in these compositions.

aelsThe lattice constants for these compositions, as given in Table 4,

are close to those for tetragonal BSKNN crystals; hence one would expect that

these crystals should grow square with four well-defined facets. Since the I
Czochralski technique has not yet been fully established for these composi-

tions, it is very difficult to state the growth habit for this particular

system. Over the last several years, we have grown a number of bronze

crystals and it has been shown that the existence of facets depends strongly

on the thermal gradient near the solid-liquid interface. Once this problem is

resolved for these compositions, it will be possible to establish the growth

habit and other characteristics in detail. The current growth results (hot-

pressing and crystal growth) are promising and we intend to continue this work

for future electro-optic and pyroelectric research. *T

z
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3.0 FERROELECTRIC PROPERTIES OF TUNGSTEN BRONZE CRYSTALS

Several techniques have been utilized to fully characterize the tung-

sten bronze single crystals and using such diverse techniques, it has been

possible to optimize materials characteristics and performance for a given

device application. The physical properties of these materials have now been

established as a function of growth parameters.

3.1 Growth Habit and Structural Characteristics

As discussed in an earlier section, several bronze composition crys-

tals, e.g., KLN, BSKNN, PBN have been grown successfully by the Czochralski

technique. The results of this study indicate that the growth of K+ and Na+-

conaining bronze crystals is difficult, and crystal size has been restricted

to approximately 1 cm in diameter and 2 cm long. The crystals grown are

fracture-free and are of good quality for SAW device studies. Although the

growth of 1 cm diameter crystals is possible in the present set-up, the tech-

nique is confined to small size crystals basically due to a lack of complete

understanding of these compositions. The phase diagram work on these systems

needs to be studied further in order to establish the true congruent melting

compositions in these systems. The crystals are usually colorless or pale

yellow. KLN and BSKNN crystals grown along the c-axis are square and exhibit

four well-defined facets (100). It is interesting to note that smaller crys-

tals such as Sri-xBaxNb2O6 (SBN) or Sr2KNbsO1 5 (SKN) have cylindrical growth
habits and exhibit 24 well-defined facets. Figure 9 shows the growth habit
for these smaller and biiger unit cell bronze crystals.

Structural analysis by the x-ray diffraction technique for ceramic

and single crystals reveals that both powder and crystal forms show a room

temperature tetragonal tungsten bronze structure and, according to the struc-

tural refinements, possess 4 mm point symmetry.

18
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Fig. 9 Crystallographic features of small and large unit cell
tungsten bronze crystals.

3.2 Ferroelectric Characteristics

3.2.1 Sample Preparation

Because of the large number of parameters needed to fully character-

ize the tetragonal (4 em) bronze crystals, which include two dielectric, three

piezoelectric and six elastic constants, several specimens with various shapes

and orientations were used in the present investigation. Figure 10 shows the

shapes and orientations of the crystals used for characterization. Prior to
all ferroelectric measurements, the crystals were poled by the field-cooling

method under a dc field of 5 to 10 kV/cu along the (001) direction. The
4temperature-time conditions for poling changes slightly when going from one

bronze crystal composition to another. However, in general the bronze crys-

tals were found to be relatively easy to pole as compared to perovskite

crystals such as BaT1O 3 and PbT1O3 .

"' 
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3

,, 001 bar
450 b ar ;

\ 2

4\ 000 plate

\ 110 bar100 6ar\

Fig. 10 Shapes and orientations of specimens.

The procedure for determining the elastic piezoelectric constants J
were similar to those described by Berlincourt and Jaffe in the case of BaT1O 3

utilizing the resonance-antiresonance transmission method. The dielectric

constants were measured on (001) and (100) plates at 1 kHz, 100 kHz and 1 MHz

using a Hewlett Packard 4270A automatic capacitance bridge. The spontaneous

polarization (Ps) as function of temperature was determined statically. An

electrically poled sample being equflibriated at some temperature T (T < Tc)

was thermally depoled by quenching in a 200*C silicone oil bath while the

charge was collected using an electrometer.

3.2.2 Dielectric Properties

Table 5 sumarizes the results of several measurements, Including

structural, dielectric, ferroelectric and electro-optic, for KLN, BSKNN, PBN

20
C5767A/bw

* - t

" -. .,*l* .
m P



O l Rockwell International
Science Center

SC5346.1FR

Table 5

Important Piezoelectric Properties of Tungsten Family Crystals

Proeerty PYKUb6 OS SOWeOIS Sro.G 40. 4 1b 2 06 13 Ltzl2bsOs IaZ_-SryK1 -yNWbS0 1 S Pb o . 3B%./ 7 b206
(PKN) (em) (SON) (KLN) 1ISKWN) (P9)

Electromechanical Coupling

Constant k3 3  --- 0.45 0.45 0.52 k33 " 0.47 k33 ' 0.52

k15 0.69 0.12 0.24 0.34 k15 * 0.28 kls - 0.25

k24  0.73 0.25 -.--- --- k31  - 0.15

Plezoelectric Constant d33 - 62 d 15 - 32 d33 1 130 d3 3 ' 57 d33 * 60 d33 - 60

(10
"12

Cl/W) dis. 470 24 45 dis- 31 d1  " 68 dis * 70 ds *-s

24 * 470 = -12

SAW-Electo ehanical 188 - 10-
4  

--- 180 x 10-
4  

.........

Coupling Constant (K
2 )

Temperature Coefficient of Y-cut,*24 ppm Close to Z-cut.-50 ppm . ........

SAW Velocity Z-cut.-30 ppm a-quartz (110).-18 ppm

Curie Temperature (C) 460 560 72 405 203 ---

Crystal Symmetry Ortho T.8. Ortho T.8. Tetra T.B. Tetra T.B. Tetra T.B. Tetra T.8.

Dielectric Constant 133 - 43 r33 * 880 £33 ' 100 £33 " 250 (33 " 95

6 23C Eli - 248 ,11 - 450 111 - 309 111 " 450 en - 340 I
Electro-optic Coefficient --- r 1 , 95 r33 - 420 "33- 80 r3 3 * 360
10-

12 
O/V r33 - 30 r13 = 

4
0 r,3 ' 10

r42 - 80 r52 -80

Pyroelectric Coefficient --- 420 860 --- 440 170

10
-12 

C/i '

and also for PKN, BNN and SBN crystals. The temperature dependence of the
dielectric constants C3 3 and ell (zero stress) and loss (tan8) were determined

from poled and unpoled plates for all of the crystals listed in Table 5.

Figures 11 and 12 show the temperature dependence of the dielectric constant

for BSKNN. These measurements were made from room temperature up to 600C

with nominal heating and cooling rates of 2-4°C/min. Both C 33, and to a

lesser extent ell, showed marked anomalies at the Curie transition at 2030C.

The general temperature behavior and large anisotropy of C 3 3 and CU are

typical of most tetragonal ferroelectric bronzes. However, the magnitude of

the dielectric constant at a given temperature is markedly different for each

composition, and seems to strongly depend on the size of the unit cell of the

21
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S10.000 Fig. 11
Dielectric constant vs
temperature for

g kHr BaO,?Sr0  5OTNa0 25Nbj01 5sing e crysta measure
along [001] axis.

10kHO

I MHR

0 S00 200 300 400 Soo 60W

I I I A;RDCU.1324

10 k~z

TIMP1RATUPIK.fCt.

Fig. 12 DMelectric constant vs temperature for BaO.2SrO.8K0 .75NaO.25Nb5O15
single crystal, measured along [100] axis.
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particular bronze crystal. For example, at room temperature c33 is large

while ell small for the smaller unit cell bronzes, e.g., Srl_xBaxNb2O6 (SBN)

and Sr2KNb5O15 (SKN), primarily as a result of the relatively low Curie

temperature for these bronzes. On the other hand, the situation is reversed

in the case of the bigger unit cell bronzes where i33 Is smaller than ell at

room temperature, as in the present case of BSKNN. The dielectric losses

(tan6) at room temperature over the frequency range of 100 Hz-i MHz are on the

order of 0.05 or less for the c-axis, and 0.01 or less for the a and b axes of

material which has not been poled. With poling, the c-axis losses and E33

decrease, whereas e and tan8 remain essentially unchanged for the a and b

axes.

The dielectric properties were further studied by cooling below room

temperature, and it was found that in case of bigger unit cell bronzes the

dielectric constant ell gradually increases with decreasing temperature, in-

dicating the existence of another ferroelectric-ferrolectric or ferroelectric- t
ferroelastic phase transition. This type of behavior has also been noted for

another bronze composition, Ba2 NaNb5O15, and other ferroelectric families in-

cluding perovskite (BaT1O 3, PZT, KTN, etc.), KDP, and others. Further work is

in progress on BSKNN, KLN and PBN crystals to establish the existence of a low

temperature transition and the ferroelectric properties below room

temperature.

The electromechanical coupling, piezoelectric, electro-optic and

pyroelectric coefficients for the bronze crystals are summarized in Table 5.

It can be seen that the piezoelectric coefficients are different for bigger

and smaller unit cell bronzes. For example, d15 is large while d3 3 is smaller

for the BSKNN, KLN and PBN compositions. On the other hand, the piezoelectric

d33 coefficient is large while d15 is smaller for smaller unit cell bronzes,

e.g., SBN and SKN. Similarly, although k15 Is smaller than k33 for all

bronzes, the value of this coefficient is generally larger for the bigger unit

cell bronzes. However, other properties such as the electro-optic and pyro-

electric coefficients are large for all bronzes and appear to be less affected

23
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when going from smaller to bigger unit cell bronze crystals. These results

are interesting, and further work is in progress to examine the correlation of

these characteristics with the piezoelectric and dielectric properties. At

the present time, PBN, BSKNN, SBN and PKN crystals appear to be more interest-

ing for SAW device studies and work should continue in that direction. Table

6 summarizes the classification of tungsten bronze crystals based on their

unit cell dimensions, growth habit and ferroelectric properties. It is

expected that this classification will be found useful for the selection of

proper bronze compositions for new device applications.

Table 6

Classification of Tungsten Bronze Family

T.B. Compositions with Smaller T.B. Compositions with Larger
Unit Cell Dimensions Unit Cell Dimensions

e.g., Srl .xBaxNb 206  e.g., ga6TI 2Nb8030 , SrgTl 2Nb8030 i

Sr2KNbsOis Ba2.xSrxKNb5015, etc.

Sr2 NaNb5O15

* Crystal habit is cylindrical with 9 Crystal habit square with 4 well-
24 well-defined facets defined facets

• High electro-optic and pyroelectric * High electro-optic coefficient

effects

. High delectric constant e Relatively low dielectric constant

e High piezoelectric d33 coefficient e High piezoelectric d15 coefficient,
but low di, but low d33

* Large crystals with excellent quality 9 Moderately large crystals are
are available (2-3.0 cm in diameter) available (- 1-1.5 cm)

* Low phase transition temperature * High phase transition temper-
(below 200C) ature (over 200C)

24
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3.2.3 Acoustical Characteristics

The acoustical properties of the tungsten bronze compositions are of

significant interest from the device point of view, and this work should

continue to establish suitable materials from this family. We believe that

the current bronze compositions based on the KLN, BSKNN and PBN systems will

satisfy current needs. Recently we successfully demonstrated the usefulness

of tungsten bronze SBN:60 and SBN:50 crystals for acoustical device studies.

Table 7 summarizes the acoustical characteristics for these crystals studied

under DARPA contract. The electromechanical coupling constants (K2) for the

(100), (110) and (001) orientations of SBN:60 and SBN:50 bulk crystals has

been established. These constants have been shown to be substantially larger

for the (001)-plate propagating along the (100) direction with a value of

230 x 10-4 . This value is smaller than the best known piezoelectric Y-Z cut

LiNbO3 crystal (480 x 10-4), but it is similar to the best known piezoelectric

tungsten bronze, Pb2KNb5Os15 (188 x 10-4). Measurements on (100) and (110)

plates propagating (001) directions show large coefficients, but they are

lower than for the (001) plate. The temperature coefficient of SAW velocity

for the three different cuts are also given in Table 7.

Both PKN and SBN crystals now appear to be important materials for

SAW device studies; however, PKN crystals are not available due to the extreme

difficulty in obtaining good quality crystals of sufficient size. PKN crys-

tals often crack (practically shatter) while cycling through the paraelectric/

ferroelectric phase transition temperature, thus rendering them useless for

any device studies. On the other hand, the growth of tetragonal tungsten

bronze crystals has been shown to be more feasible, and crystals such as

SBN:60, SBN:50, KLN, BSKNN and PBN of suitable size and quality have been

grown in this study and in other programs. The acoustical characteristics of

SBN:60 and SBN:50 crystals are generally comparable to those of PKN. It has

been shown that the physical properties of significance for SAW applications

are the electromechanical coupling and piezoelectric coefficients and the

dielectric constants. All of these properties have been shown to be better

25
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Table 7
Acoustical Characteristics of the SBN:60 and SBN:50 Single Crystals

SAW-Electromechanical Temp. Coef. of
Crystal Composition Coupling Constant SAW-Velocity SAW-Velocity, at

(K2) m/s Room Temperature

SBN:60-(001) Plate 180 x 10-4  3300 -50 to -140 ppm/*C
Propagating along the
[100] direction

SBN:60-(100) Plate 55 x 10.4  3193
Propagating along the
[0011 direction

SBN:60-(100) Plate 60 x 10-4  3173 -18 ppm

SBN:50-(0O1) Plate 230 x 10. 4  3270 -33 ppm/*C
Propagating along the
[1001 direction

SBN:50-(110) Plate 30 x 10- 4  3120 -17 ppm/*C
Propagating along the
[001] direction

for KLN, BSKNN and PBN, making these crystals potentially important for the

future acoustical work. It is expected that the continuation of present work

on these tungsten bronze crystals should result in the production of

interesting and suitable compositions for SAW and other device applications.

1h
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4.0 SUMMARY AND RECOMMENDATION

During the course of this investigation over the past three years, we

have successfully demonstrated the growth of good quality and crack-free

medium size tungsten bronze crystals of various compositions including KLN,

BSKNN, and PBN, by the Czochralski technique. Although further improvements

are necessary in the current growth technique, specifically for the PBN system

crystals, these crystals have created new interest in this family for various

applications which include SAW, electro-optic, pyroelectric, photorefractive

and millimeter wave, as summarized in Table 8.

Table 8

Applications of T.B. Crystals

Applications Key Characteristics* Device

SAW e Large d15, d33, k33,c33

* Temperature compensated

orientations

Thermal Detector e Large pyroelectric coef. 9 Vidicon and focal plane

(Pyroelectric) * Low dielectric loss (tanf) arrays

Optical e Large r33 , r52  9 Modulator and wave guides

(Electro-optic) * Photorefractive 9 Holographic storage and

sensitivity and speed optical signal processing

* Structure flexibility 9 SLM and filters

for doping

High Frequency o Large dn/dE * Millimeter wave shifter

e Low tan6 (0.03) * Optical modulators

o Complete transmission * Frequency doubler

*All of these characteristics are large and adjustable with device needs.
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The main objective of the present research has been to investigate

the SAW properties of these bronze crystals and examine their applicability

for device usage. The results of this study indicate that the piezoelectric

properties of the bigger unit cell bronzes are superior since d15, d33, k15,

k33, and the dielectric constants are quite different from the smaller unit

cell bronzes, with resultant lower acoustical losses. Although all of the

acoustical characteristics of the bigger unit cell bronzes are not yet known,

it is expected that crystals from the PBN system should prove to be important

for SAW device studies. As reported in earlier sections, both PKN and SBN are

also useful for SAW applications. However, it must be stated that in the case

of SBN crystals the ferroelectric phase transition temperature is quite low,

and this may be a problem for device applications. On the other hand, all of

the bigger unit cell bronzes have their phase temperature over 2000C, and can

therefore be easily processed. This is an unique advantage for these mate-

rials and appears to be important for any future device study considerations.

Furthermore, the excellent lattice match of these crystals to a number of !
other bronze compositions also make BSKNN and PBN potentially useful as sub-

strate materials for liquid phase epitaxial (LPE) growth of bronze composition
I thin films.

We are continuing our efforts in the growth and characterization of

large diameter, crack-free single crystals of PBN and BSKNN, and anticipate

that both of these bronze compositions will find interest in a number of

device applications as outlined in Table 8. It should be noted that the ap-

plication of these crystals is suggested based on the figures of merit in each

case. For future work, we offer the following recommendations:

Establish the phase relation work for the BSKNN and PBN systems

to establish true melting compositions. This will allow the

growth of better quality and larger size crystals.
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* Establish the low temperature ferroelectric properties of the

bigger unit cell bronzes, so that one can correlate the

significance of higher piezoelectric properties for these bronze

compositions.

* Establish the acoustical properties of these bronzes with

respect to low and high frequencies.

* Establish the electro-optic and pyroelectric properties of these
crystals with respect to temperature.

l
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