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Preface

Ferroic materials have found application in both sensing and actuating devices
such as detectors, high-and low-frequency transducers, capacitors, optical
modulators, shutters, and photorestrictive and electrostrictive devices. The
application areas of ferroics in single-crystal, bulk ceramics, thin-film, and
composite forms have been expanding quite rapidly in recent years. As a result,
new materials design and fabrication techniques are needed to satisfy the new
emerging applications of these “smart” materials and structures.

With the drive of new national and international initiatives in the areas of
advanced materials and technology, smart structures and systems,
environmental beneficiation programs, etc,, it is highly desirable to review and
project the direction in materials design, preparation, and sensing properties.
The decision of the American Ceramic Society to organize the first PAC RIM
meeting, held in Honolulu, HI, November 7-10, 1993, gave an opportunity to
review these topics in depth by bringing together leading researchers and device
engineers from universities, national laboratories, and industry.

This volume is a collection of selected papers from three closely related
symposia on ferroelectric thin films, materials for intelligent/smart systems and
adaptive structures, and processing of thin films. The papers have been
organized into three broad categories: Thin Films: Preparation and
Characteristics, Design and Properties of Materials, and Sensor Characteristics.
All the papers were reviewed through a peer review process. We, the editors,
acknowledge and appreciate the contributions of the speakers, session chairs,
manuscript reviewers, and Society officials for making this endeavor a successful
one.

A.S. Bhalla
K.M. Nair
LK. Lloyd

H. Yanagida

D.A. Payne

X
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PREPARATION AND EVALUATION Of FERROELECTRIC THIN FILMS

Toshio Cgawa
Shizuoka Institute of Science and Technology
2200-2, Toyosawa, Fukuroi, Shizuoka, Japan

Abstract

The stoichiometry of film compositions prepared by RF magne-~
tron sputtering and laser ablation is discussed. Control of the
cr ystal orientation of the films was determined from the relation
between the films and substrates. In addition, a new bottom
electrode material in place of platinum was developed for use with
ferroelectric thin films. The ferroelectric properties and fatigue
behavior of the films were evaluated with the new electrodes.

INTRODUCTION

Most of the development of ferroelectric thin films has focused
on films with good ferroelectric properties. Basically three key
issues involved 1in getting these properties have been
investigated. The first issue is film preparation and the second
issue is film evaluation. On film preparation, we must control the
stoichiometry of film compositions and the crystal orientation of
the films. Moreover, we must apply a bottom electrode to the films
to allow evaluation of ferroelectric properties. The third issue is
the substrate. Since films are deposited on substrates, the effect
of substrates on fiim properties is significant.

EXPERIMENTAL

We investigated the film preparation dependence of film
composition. Ferroelectric films were prepared by two methods,
namely, by RF magnetron sputtering and ArfF excimer laser
ablation. We used sintered ceramic targets as the film materials.
In the RF sputtering, two kinds of La modified PbTiO: ceramic
targets were used. One was a high Curie point(Tc=430°C) material
and the other was a low Tc(320°C) material. The tetragonality

To the extent authorized unde: the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or r?ublicatiun of this publication or any part thereof, without
the express written consent of The American Ceramic Scciety or fee paid to the Copyright Clearance Center, is prohibited.
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(c/a) of the targets were 1.048 and 1.032 respectively''.
Pb(Zru, 52Tiu.4a)03(TC=330 °C ) with 1wt¥% Nb-O- films were
prepared by laser ablation®’ . In the case of sputtering we
analyzed the sputtering plasma by optical emission spectroscopy
(OES) to control film composition - ='.

For film evaluation, we used a nickel(Ni) alloy as a bottom
electrode” "' for the films to measure D-E hysteresis loops and
switching characteristics®’.

Finally, the effect of substrate on the crystal orientation of the
films was studied'~’. Single—crystal MgO, sapphire, quartz glass
and surface oxidized 3i wafers were used as substrates.

RESULTS AND DISCUSSION

Stoichiometry of Film Compositions
RF Magnetron Sputtering

A schematic picture of the sputtering equipment is shown in
Fig. 1. The equipment has a relatively large spacing of 100mm
between substrate and target' ‘’. The substrate was not located
directly over the target. Therefore, the film on the substrate was
not bombarded with spattering particles. When we used this
equipment, the film composition was kept the same as the target.
The relations between sputtering conditions and film properties
are shown in Fig. 2'“’. When the PbTi0s films with the high Curie
point were deposited on r-plane sapphire at 600°C, yellow and
transparent PbTi0O= films were produced at lower content of O=
gas. Further, the crystal orientations of the fiilms were controlled
by the gas pressure and Ar/O: gas ratio.

0/100 ——T v T T T
Y --- yellow, B - black
: r T --- transparent
Heater | = O opaque *
| s | ]
= |= S
“ c =] | |= = ” H v-0 Y=0 1
Il o) @ ]
PbTiO,
Substrate c - Y-T
E (&)
3 = ]
Target s0mm <
e | L3818 ooy (1007 (bony :
‘—‘—-6——7 Ti02, (1017010 Ti0: 180 {1
¥ 100/0 —
I 0 10 20 30 40

Gas pressure(x10-3Torr)

Fig. 1 Schematic picture of ) .
the sputtering squipment. Fig. 2 The effect of sputtqnng
conditions on film properties.
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RF sputtering plasma spectra were measured by OES to analyze
the deposition processes. The plasma spectra of PbTi0s ceramics,
Ti metal and Pb metal are shown in Fig. 3°'. We monitor peak
intensities of Pb 406nm, Ar 750nm and OH 306nm. Figure 4 shows
the dependence of the peak intensities on substrate temperature
(Ts). Above 520°C, the intensity of Pb increases with increasing
Ts. We believe this increase in Pb intensity was due to PbO
vaporization from the deposited fiim.

QOH/Pb intensity (V}

750
[ PbTiO; ceramics
"
1
(1=
af Ti matal
3%
2k 396
8 —
Pb metal 406
6 -
4L
2 —A_ﬂ\m_/\ . —da
0 . —_—a AA A AA,& L —A
200 300 400 500 600 700 800
Wave length (nm)
Fig. 3 RF sputtering plasma
18- 5 OH 308nm 135 spectra of PbTi0a ceramics,
« Ar 750nm Ti metal and Pb metal meas—
« Pb 408nm ured by OES.
b
.-N\ H,y*//
'4 Nra T {30 s
VAR
. ]
\"*N-....,_,_ )«ﬁ“"‘”{ %
ost et 5 125
ﬂ”bv“.u”ﬁb L ’
o 0% 00,0807
.
P
;,.,—"
0 N . X et aay 20 Fig. 4 The dependence of the
] 100 200 300 400 500 600 700
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Laser Ablation

Figure 5 shows a schematic picture of the laser ablation
equipment®’. The ArfF excimer laser of 193nm wavelength was led
to the ceramic target. The substrate was heated up by an
infrared lamp. The ablation gas was pure O= at 0.1 to 1 Torr.
These values are 10 to 100 times larger than those in sputtering.
wWe studied the dependence of film composition on laser
fluence(Fig. 6). A lack of PbO was observed in a smail laser
fluence'’. We believe the film deposition resulted from thermal
vaporization rather than ablation in this range. Therefore, the
film had a different composition than the ceramic target. At a
higher laser fluence of 6J/cm?-shot, the film compositions were
the same as the target at Ts of 300 to 600°C as shown in Fig. 7.
Laser ablation was suitable for oxide film preparation because the
higher O= gas pressure in ablation suppressed the vaporization
of PbO from the deposited film at a Ts of 600°C.

We compared the compositions and phase assemblages of films
prepared by sputtering and by laser ablation(Fig. 8)'*. The
substrate temperature had a great influence on the deposited
phases for both the methods. In the case of sputtering, film
compositions were affected by the substrate temperature and gas
pressure. Even though sputtered particles are the same as the
target composition and reach the substrate, PbO vaporization
occurs from the deposited film because of Jower gas pressures.

15— T T T T
Mirror Mitror Ts=550"C
" Manipulator P/ (TisZr)
Quartz |,

oo e Lo rof- & ; t

o
Lens k] ¢
Laser —

K Target](PZT 2
beam Substrate petiet) 5
1 <

Ti/ (TieZr)

14
Be: i Quartz
am splitter windfow

Quatz —L

2 —¥
JExhaust
05| o .
o
Mirror \ § ?
2l 1

Infrared tamp (Heater}

Fig. 5 Schematic picture of
the laser ablation equipment.

window
wa':‘ Water
out
— 0 * | 1 1 I\ i 1l .
buik 3 5 7 9

taser fluence (/e - shot)

Fig. 6 Laser fluence dependence of
PZT film compositions. Dashed hines
show the target composition.

Ferroic Materials




Atomic ratio

LI R S T T T
Po/ (Tiv2r) (:I)
4
ol 3 r s 7
3 ¢ ) i =
T
Tv (Tis2r)
0.5~ o 3 o o o
$
ainsseid seO
0 L:\k L i i TR L
bulk 300 400 500 600

A:lLaser ablation, S:RF sputtering
== great influence, — small influence
Fig. 7 Substrate temperature dependence = little influence

of PZT film compositions. Dashed lines show
the target composition.

Substrate temperature ("C)

Fig. 8 Comparison between RF magnetron
sputtering and laser ablation in preparation.

Cr ystal Orientation of Films

We studied the effect of substrates on crystal orientations in
the films'®’. The ceramic target of PbTiOs with c¢/a of 1.032 was
sputtered on single~crystal MgO at Ts=600°C. Atthough Ar/0O= gas
ratio and gas pressure were varied, the films on MgO preferred to
orient in the direction of c-axis(c—axis 1to substrate plane). In
the case of quartz glass substrates, the films had an a-axis
orientation(c~axis // to substrate plane) below gas pressures of 1
mTorr(Fig. 9). Finally, in the case of sapphire substrates, we
could get (111) and (101) orientations. The RHEED patterns of
PbTiOs film surfaces with c-axis, a-axis, and (111)-direction
orientations are shown in Fig. 10. Epitaxial films were fabricated
on single-crystal MgO, and nhearly epitaxial films on sapphire
(r&c). In the case of a film surface on quartz glass, however, a
ring pattern was observed.

We tried to explain the effect of substrates on crystal
orientations of the films by the mechanical stress added to the
films. The stress was caused by the difference in the thermal
expansion coefficients between the films and substrates.

Ferroic Materials




X-ray intensity (a. u.)

v b g da g a b ey )

40 4% 50 55 60
2 6(deg.)

o

(100)

g

Fig. 10 RHEED patterns of crystal oriented
il lows a1,y PDTiOa fiims: c-axis oriented film on Mg0O(a),

0 B 0 EC] 6 50 55 80 a-axis oriented film on quartz glass(b),
2 6(deg.) (111)-direction oriented films on r-plane

Fig. @ X-ray diffraction patterns of PbTio,  SePPhire(c) and c-plane sapphire(d).
(c/a=1.048) filmg on quartz glass. Ar/0-=90/10

Vol.X; sputtering gas pressure, (a) 8.8x10°°

Torr, (b) 9.2x10"2Torr, (¢) 1.3x1072Torr.

Figure 11 shows the thermal expansion characteristics of the
substrates and PbTiOsz ceramics. The thermal expansion
coefficient of MgO is larger than the ones of sapphire and PbTiO=
ceramics. On the other hand, quartz glass hardly expands at room
temperature to 800°C. From the thermal expansion characteristics
the films deposited on MgO suffered a horizontal compressive
stress along the plane of the film when the films were cooled from
600°C to room temperature. A tensile stress, however, acted on the
films on quartz glass(Fig. 12). We believe these mechanical
: stresses transformed the crystallized films into c-axis and a-axis
oriented films at the Curie points. The crystal orientation of
PbTiOz films must be aligned in the c—axis direction for the films
to possess high remanent polarizations. We Tlooked for new
H substrates with a large thermal expansion coefficient.
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Fig. 11 Thermal expansion characteristics of

various substrates and PbTi0» ceramics.

Y

Fig. 12 The effect of mechanical stresses on
crystal orientations during cooling through
a film’s Curie point,

We found glass ceramics composed mainly of a —quartz or
cristobalite in place of MgO as shown in Fig. 13. When PbTi0= films
were deposited on these glass ceramic substrates, the fiims were
strongly oriented in the c-axis direction(Fig. 14).

120 T T T T T
- MO

~~— Glass ceramics I (2 —Quartz)

" —-= Gless ceramicsll ( « —Quartz)
—-=-=~Glass ceramicsi ( a - Cristobalits)

2 2 2
T T

Expansion dL/L (X10-%)
8
T

2!)L

Glass ceramics 1 (+;a—Quartz)

X-ray intensity (a. u.)

0 N D T i
0 200 400 600
Temperature (°C)

Fig. 13 Thermal expansion characteristics of
glass ceramic substrates.
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Fig. 14 X-ray diffraction patterns of PbTi0Oa
(c/a=1.048) film on glass ceramics I (a), and
the substrate(b). Diffraction lines from the
substrate are shown by *'s.




. Electrode for Ferroelectric Thin Films

Ni Alloy Electrode

we tested the metal electrodes deposited on a substrate for

their resistance to oxidation and reactivity with PbO at a Ts of

600°C and a sputtering gas pressure of 3 to 20mTorr in the
f presence of 10 volumeX¥ O:= gas(Tabie 1)° . We determined the
' degree of oxidation and reactivity with PbO on the electrodes
from the surface color and shape deformation of the electrodes,
and by the PbTiO= film color and the electric resistance of the
films on the electrodes. They all reacted easily with PbO except
for Pt and the Ni alloy. The special Ni alloy possesses excellent
thermal stability and oxidation-resisting properties compared to
inconel 601.

Figure 15 shows a fracture surface of the PbTiOs film on the Ni
alloy electrode with a substrate of MgO. We found no evidence of a
reaction layer between the Ni alloy electrode and the PbTi0x film.
A 20nm-thick layer was found between the PbTiO- film and the Ni
alloy electrode by TEM(Fig. 16).

|

Table 1 Evaluation of the use of high melting point metals
as bottom electrodes with ferroelectric thin films.

Metal Melting Oxidation Reactivity with
point at 600°C PbO at 600°C
{(°C) {3-20mTorr) (3-20mTorr)

: ) Ta 2996 Tow high

' Ti 1668 Tow high
Pt 1769 stable Tow
Ni alloy 1365 Tow Tow

Fig. 16 TEM photo of the fracture surface
of PbTiO= film on Ni aTloy electrode.

Fig. 15 Fracture surface of PbTi0s film on
MgO with Ni aTloy electrode(bar=1um).

10 Ferroic Materials




The SAM depth profile(Fig. 17) showed that a thin layer of
alumina below 20nm existed on the alloy electrode. The important
points of this ¥igure are that aluminium in the alloy bulk was
precipitated on the surface of the alloy electrode and oxidized
into a thin layer of alumina'“'. This layer prevents PbO from
diffusing into tne alloy electrode. Figure 18 shows a schematic
drawing of the layer structure. The structure fabricated as
follows. After sputtering the Ni alloy target on a substrate in
pure Ar gas at Ts of 400°C, the PbTiO: film was prepared in 10
volumeX® of O= gas at 600°C. In the beginning of this process, the
surface of the alloy electrode was oxidized and a dense alumina
film was produced on the surface of the alloy electrode. The
alumina thin layer gives good thermal stability, oxidation-
resistance, PbO reaction-resistance and also a high breakdown
strength.

100

PLYiOy ! Ni alloy MgO
b - 3200M — e 180NM > Substrate =

Top electrode Pin hole

Bottom electrode

ARSI

\

T e

Fig. 18 Schematic drawing of the layer
structure: substrate/ bottom electrode/
PbTi0a fiim/ top electrode.

Relative concentration (atomic %)

Sputtering time (min.)

Fig. 17 SAM depth profile of the fracture
surface on PbTi0a film/ Ni alloy electrode/
MgO substrate.

Film Properties on Ni Alloy Electrode

We studied the crystal orientation of the sputtered Ni alloy
films. The orientation of Ni alloy films was in a (200) orientation on
MgO and a (111) orientation on sapphire. PbTiOs films showed a
tendency to orient in the (111) direction on the alloy electrodes
as shown in Fig. 19, altthough Ni alloy films were oriented
differently on different kinds of substrates. We believe this
phenomenon was probably due to a grain growth orientation.

Figure 20 shows the Ts dependence of the film compositions on
the Ni alloy and Pt electrcdes. We could get a stoichiometric film
compositions on the Ni alloy electrode, while a notable lack of PbO
was observed on the Pt electrode.
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we confirmed the alumina layer on the Ni alloy electrode makes it
easier to produce a perovskite phase”’.

*

Ni (200)

1.5 T 1 T 1 I
O Poi{Zr+T1) on Ni adoy
@ TIHZr+T) on N alloy

A Pbi2rsTh on Pt
A N)ZsTon Pt

PbTIOs (111)

25 30 35

8 -
Atomic ratio

on sapphire

0
480 500 520 540 560 580 600

Substrate temperature ('C)

PLTIOs (111)
Ni (111)

R R . Fig. 20 Substrate temperature dependence
40 45 50 55 60 of the PZT film composit}‘o_ns. Dashed lines
26 (deg.) show the tar get composition.

20 25 30 35

Fig. 19 Crystal orientations of PbTiOa
films on Ni alloy electrodes. Diffraction
Tines from the substrates are shown by
*'s,

Ferroelectric Properties of Films
Hysteresis L.oops

The hysteresis loops of the PbTi0= films on various kinds of
substrates by sputtering are shown in Fig. 21. A loop of the
PbTiO= bulk ceramics was also shown here. We could divide
hysteresis loops into two groups. One is the loops of the films on
MgO and on Si with MgO film, the other is the loop of the film on
sapphire. The same two groups of hysteresis loops were obtained
on the PZT films by laser ablation(Fig. 22). We believe the
dependence of hysteresis loops on substrates was due to the
crystallinity of the deposited films. When we develop FRAM
devices, the applied voltage of the films should be below 5V.
Therefore, we investigated thinner PZT films to reduce the
apptied voltage. Figure 23 shows the applied voltage dependence
of remanent polarizations(Pr’s) for PZT films with various
thicknesses. The 0.15 u m-thick films showed Pr=15 u C/cm* even
at an applied voltage of 5V.
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Fig. 21 D-E hysteresis loops of PbTiOs
fiims prepared by sputtering on various
substrates and PbTi0> bulk ceramics.
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Fig. 23 Applied voltage dependence of Pr
for PZT films with various thicknesses.

Fatigue Behavior
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Fig. 22 D-E hysteresis loops of PZT
fiims prepared by laser ablation.
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Fig. 24 Fatigue behavior for PZT films
composed of Au top electrode/ PZT film/
Ni alloy bottom electrode/ surface
oxidized Si(100) substrate structure.

We measured fatigue behavior by applying a bipolar pulse
sequence( + 10V pulse height) to the PZT films on Si with Ni alloy
electrodes; the film area was 0.002 cm® (Fig. 24). From this figure,
a decrease in switched charge(Qsw) is observed around 10°
cycles. This value is almost the same as that of a sputtered PZT

film on Pt electrode'®’.
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SUMMARY

Ferroelectric thin films with a stoichiometric composition were
obtained by laser ablation. While the films prepared by RF
magnetron sputtering were PbO deficient, the crystal orientation
of the films were sensitively affected by the gas pressure and
Ar/0O- gas ratio. We found the crystal orientations of the films
could be controlled by the difference of thermal expansion
coefficients between films and substrates. The new Ni alloy
electrodes were suitable as bottom electrodes for ferroelectric
thin films. We could get good ferroelectric properties utilizing the
Ni alloy electrodes.
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Abstract

Using a multiple cathode RF sputtering apparatus with four
targets, (Pb,La)Ti0; thin films are prepared on platinum and
ruthenium oxide lower electrodes based on the sputterng conditions
of PbTi0s thin films. The ferroelectric properties are measured
with D-E hysteresis loops, dielectric properties and voltage-
current chatacteristics. The thickness dependences of dielectric
permittivity were measured with the depth profile and the surface
analysis using a XPS. The shape changes of D-E loops of ferro-
electric ceramics and thin films are also reviewed with discussion
of the effects of lower fatigue substrates, internal stresses,
internal bias field, surface layer effects, the interface behavior
and others

1. INTRODUCTION

Compared to BaTi0s;, PbTi0; is a ferroelectric material with a
higher Curie point, (500 T vs 120 ¥) and a larger tetragonality of
c/a (1.06 vs 1.01). PbTi0; ceramics are very difficult to sinter
because of their large tetragonality. When La is doped into the
PbTi0s, the tetragonality, the Curie point and the internal stress
induced at the Cub-Tet phase transition decrease. In this paper,
(Pb, La)TiOs thin films are prepared using a multiple cathode RF
magnetron sputtering apparatus and the ferroelectric properties
are measured and discussed in comparison with bulk ceramic
properties.

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or republication of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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2. EXPERIMENTAL

The apparatus used in this experiment is a four target cathode
RF sputtering (ANELVA, SPC-350) as shown in Fig.l. Sputtering
targets are 3 inch disks of Pb0(99.99%). La(99.9%) and Ti(99.99%)
metals. Compared to a sputtering apparatus using a single compound
target, multiple cathode sputtering can easily control the
sputtering rate of each target in a larger input power region

The chemical composition of sputtered thin films were charac-
terized using a Inductively coupled plasma spectroscopy(ICP,
SHIMAZU, ICPS-5000). an electron probe microanalysis (EPMA, SHIMAZU,
EPMA-CI) and a X-ray photoemission spectroscopy (XPS, RIGAKU, X-
7000). The crystallinitty was analyzed by a XRD, A depth profile
was examined using the XP3. Film thickness
was measured using a surface profilometer.

For electrical measurements, Au thin films were deposited at
room temperature as the upper electrode with a diameter of 0.9 mm.
The dielectric properties were measured at 100 kHz using an
impedance analyzer (YHP 4192A) at room temperature. D-E loops
wre measured with a Sawyer Tower circuit. The voltage vs current
was measured using an electrometer (Advantest TR8652)

2 Input power for Ti target SOOW
| on Si02/Si
10}
Qg}
g
£6 -
534» )
2 1

00 40 & 120 160 200
Input power for Pblarget (W)

Fig. 1 Fig. 2
Four target cathode R-F Sputtered Pb/Ti ratio
magnetron sputtering apparatus determined by ICP as a function

of the input power for Pb target
at room temperature under
constant conditions
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3 PREPARATION OF PbTi0; THIN FILMS

Adachi et al ‘!’ investigated the phasc diagram of sputtered
PbTi0s films as a function of substrate temperature. The results
indicate that below 500 T, it is amorphous, above 500 ¥, it is
crystalline pyrochlore and above 600 °C. it is crystalline
perovskite. Maiwa et al. investigated ‘>’ the crystalline structure
of PbTi0; thin iilms using the multiple cathode sputtering.

Figure 2 is the sputtered Pb/Ti ratio determined by ICP as a
function of the input power for the Pb target at room temperature
under a constant input power condition for the Ti target of 500 ¥
on asubstrate of Si0:;(1 pm)/Si. From these results, if we wish get
a thinfilm with an incident ratio of Pb/Ti = 6.1, the input power
for the Pb target should be 120 ¥.

Figure 3 shows the X-ray diffraction patterns of PbTi0; thin
films deposited on various substrates at an incident Pb/Ti ratio
of 6.1 at a constant substrate temperature of 620 T. Substrates
are Si(100), Pt/Ti/Si0,/Si, Si0:/Si, c-sapphire(0001), M¥g0(100),
SrTi0;(100). Crystalline perovskite can be observed except on Si
(100.

Figure 4 shows the crys*alline g 3
structures of deposited thin films i
on several substrates at a substrate
temperature range of 420-620 ¥ as a

Si

function of the incident Pb/Ti ratio e B PUTifSi021Si
The black circle indicates the 88 ¢ 158
crystalline perovskite region. It
is noticed that perovskite PbTi0; _ Siousi
films can be formed at substrate ﬁ | %
temperature of 460-500 T on Si —
substrate without a buffer layer. §§c_s”pmw
To clarify the nature of the li

interface between Si and thin films,
XPS depth profiles of thin films

deposited on Si (a) at incident Pb/Ti 8 é@ﬂ

ratio of 1.2 at 500 T and (b) at g s

an incident Pb/Ti ratio of 6.1 at o0 TR 40 50 60

620 ¢ were measured using the XPS, CuKa 26 (cegree)

as shown in Fig. 5. Their thickness Fig. 3

was about 10 nm. The etching time X-ray diffraction patterns of

corresponds to the distance from the FoTi0s thin files deposited on
various substrates at a incident

thin film surface on Si substrate Pb/Ti ratio of 6.1 at a constant
toward the bulk, substrate temperature of 620 t.
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In both samples. the peaks are observed with lower binding
energy relative to that of the main Si peak after 900 seconds of
etching time. These peaks, from their binding energy, correspond
to a metallic Si species, indicating that the substrate Si was
exposed as a result of Ar ion etching.

In sample (a), Si photoemission spectra were not observed from
the film surface, while the atomic percent of Si was about 20 % on
the film surface in sample (b). Furthermore, Si photoemission
spectra were also observed at the surface of the thin films (180
non thick) deposited on Si under the same conditions as sample (b).

~620t ¥ a a ) ) v [ [ L]

|

E . a o a . a a

2500 4 © si ws b Si02/Si

ﬁ' . .

420t @ o

~620] v' 'v' ’ ; fo . ° . T . .
e

E’ v . . . oo o . .
B500; e o PUTUSONS | [=* © MO
. . 1

gt.zo» v o

02 % 6 8 1012 0 2 4 6 8 10 12
Incident Pbl/Ti ratio Incident Pb/Ti tatio

:paravskite, A :perovskite and pyrochlore. D:pyrochlore.
:perovskite, pyrochlore. PbTiaOr and TiOa.

:poorly crystallized perovskite or amorphous,

:porovskite and unknown phase

O+ <0

Fig. 4 Crystalline structures of deposited thin files on several
substrates at a substrate temperature range of 420-620 ¥
as a function of the incident Pb/Ti ratio.
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o
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s} 4
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Fig. 5 XPS depth profiles of PbTi0y thin films deposited on Si
substrate. The etching time corresponds to the distance
from the thin film surface on Si substrate
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Silicon diffusion from the Si substrate and the chemical
reaction with the thin films takes place with the formation of an
amorphous phase which prevents the formation of the perovskite
phase. Therefore, to suppress the reaction of the thin films with
Si, deposition at a lower substrate temperature is critical to
obtain perovskite PbTiO; on Si in situ.

4 REPARATION OF (Pb,La)TiOs; THIN FILMS AND FERROELECTRIC
PROPERTIES

Figure 6 shows X-ray diffraction patterns of (Pb,La)Ti0s thin
films deposited on Si, Mg0, Pt/Mg0, Pt/Si0./Si, Ru0,/Ru/Mg0, Ru0,/
Ru/Si0,/Si at a substrate temperature of 540 T under RF input
power conditions of of 55 W for Pb0, 450 ¥ for Ti and 70 W for the
La target, respectively. La content was estimated to be about 20 %

by ICP. The sputtering gas ratio of Ar/0, was 1:1. Compared to
the XRD patterns of PbTi0; of Fig. 3, a decrease of tetragenality
was observed.

Typical ferroelectric D-E hysteresis loops are shown in Fig. 7.
Figure 7(a) is the D-E loop of a 270 nm (Pb,La)Ti0; thin film

©01)
to1)

. on Hg0
B §
on Rulz/Ru/¥g0
‘ . \A on Ptik0 ‘

f on Ru0z/Ru/Si0/Si
on PL/Si0H/Si

1 1 o] L 1 L S L )
10 20 30 40 S0 60 10 20 30 40 SO 60
Cu Ka 26 {degree) Cu Ka 28 (degree)
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)
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Moy
(200)
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-

Fig. 6 X-ray diffraction paterns of (Pb, La)Ti0s thin films
deposited on various substrates at a temperature of 540 T.
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on a Pt/Mg0 substrate. It is noticed that this loop is somewhat
asymmetric. Figure 7(b) is the loop of a 270 nm thin film on a Pt/
Si0,/Si substrate and Fig. 7(c) is the loop of a 270 nm film on a
Ru0,/Ru/Si0,/Si. These results indicate that the samples are ferro
electric films with a Curie point above room temperature. The
decrease of the tetragonality has the advantage of the elimination
of internal stress caused by the Cub-Tet phase transition.

Table 1 illustrates the dielectric permittivity, ¢., loss
tangent, tan 4§, coercive field, E., and remanent polarization, P.,
of a 270 nm-thick (Pb,La)Ti0; thin films deposited on various
substrates. Among the samples, the highest ¢, of 226 was obtained
for the film on a Pt/Si0,/Si. The highest P. was obtained on a Pt/
Mg0, which attributed to the best crystallinity. The lower ¢. of
films on a Pt/Mg0 may be due to the difference of the film
orientation on substrate compared to the films on Pt/Si0,/Si.

Figure 8 shows the leakage current-applied voltage charac-
teristic of a 270 nm thick (Pb,La)Ti0; thin film deposited on a
Pt/Mg0 substrate. As can be seen, the V-I relation has a non Ohmic
saturation region. In BaTi0; ceramics, the V-I relation has a
saturation region below the Curie point and it shows an ohmic
relation in the paraelectric state above the Curie point ®.

Fig. 7 Typical ferroelectric D-E hysteresis loops of 270 nm
(Pb, La)Ti0y thin film on (a) Pt/Mg0 substrate
(b) Pt/Si0y/Si, and (c) Ru0s/Ru/Si0./Si
X: 185 k¥V/ca/div, Y : 15.7 pC/ca?/div.

Table 1. Electrical Properties of 270nm Thick (Pb,La)T10s Thin Films

Substrate Pt/Si02/SI Ru0z2/Ru/S102/S1 Pt/Mg0 RuOz2/Ru/Mg0

orlentation (SRR D] random (00}1) (001)

€ (100KH2) 226 132 189 159
tan & 0.04 0.08 0.05 0.05

Ec(kV/em) 92.5 82.5 111 -

Pr( i C/cm?) 12.6 10.2 18.8 -
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The ferroelectric I-V behaviors of both ferroelectrci ceramics

and thin filmsare are very similar.

Also, it is noticed that an asymmetric V-I curves are observed
when a dc electric field is applied plus or minus on the top of
electrode of thin film based on the electrode of the surface of
substrate.

5  THICKNESS DEPENDENCES

Figure 9 shows the dielectric permittivity as a function of
the film thickness of (Pb,La)Ti0; thin film. As can be seen, the
permittivity decreases with decreasing of film thickness and
especially, in a small thickness region of 130 nm. This result
suggests that an importance of the surface effect of ferroelectric
particles and ferroelectric thin film.

Depth profile by the XPS of the (Pb,La)Ti0; thin films
deposited on Ru0;/Ru/S0,(1000 nm)/Si substrate is shown in Fig. 10.
As can be seen, each element concentration at the interface
between the films and substrate is almost clear and the inter-
diffusion of elements or the formation of reaction layers seems to
be verry small. A lead enrichment near the surface region is obser
ved, which may be attributed to oxygen-chemisorbed lead.

-4
0T 2700m  on PUMEO
— Positive
< -=- Negative
5 * 300}
Z16% 5
I g on Pt/Si02/Si
$ Saturation -~ .--" - 3 200l
5 R
gto 2
E “ 100}
- o
Lower electrode L% . ()8,2>
Substrate Joos g
107] 0.;_,__l‘l_
i 2§ 4% 1000 2000
° 1 Voltcf;e (V3) 4 5 Film thickness (nm)
Fle. 8 Lied vol Fig. 9
L ivtic of 2T0 na . Dielectric peraittivity as a
(Pb, La)TiOs thin film deposited f:',‘“m" of the thin film
Pt/Mg0 substrate thickness of (Pb,La)Ti0s thin
o ) film.
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The surface analysis was also made using the XPS for (Pb,La)
Ti0s thin film deposited on Pt/Si0,/Si substrate is shown in
Fig. 11. It is noticed in this figure that a small thickness region
less than 2nm,

1£006
La3d 01s Tizp Ru3d Pbdf Sizp
(. A «®
= — =
———— 34
" 32
—_———
_Q‘—_—N ———
———————— ——t2e
= =22
—_———— _—_-M == ze F
S cic
s e N T a2 -g
— = — ¥
N~ e =i
ce  §)-
: Ee
— e =2 €
o6 SA2S34 474 461 296 284 153 143 114 106 ©
Binding Energy (eV) 36 seo

Fig. 10 XPS depth profiles for (Pb, La)Ti0s thin film deposited on
Ru0,/Ru/$i0,/Si substrate
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Fig. 11 Surface analysis for (Pb,La)Ti0s thin fila deposited on
Pt/810,/Si substrate
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a Pb deficiency is obserbed. Pb deficiency in perovskite lattice
might bring a oxygen vacancy as expressed in the form of Pb,-«
Ti0s-.. The oxygen vacancy seems to be a origin of the non-
ferroelectric semiconductor and it may be induce the thickness
dependenceof the thin films

Figure 12 is a X-ray diffraction patterns of PbTi0s; thin films
when the deposited thickness were changed ‘5>. As can been seen,
the tetragonality is decreased with decreasing of the film
thickness and the crystal structure of the 10 nm thick thin film
is almost cubic. This result strongly supports that the existence
of Kaenzig's surface layer with a non-ferroelectric with cubic
structure ‘¥,

pasmwsi

Ferro.

m

Kdnzig
Non Ferro.

Ferro.

0 20 30
CuKa 20 (degree)

Fig. 12 X-ray diffraction patterns of PbTi0y thin films as a
function of film thickness

6 FATIGUE AND INTERNAL STRESSES

Using a micro-indentation technology for transparent pore
free PLZT ceramics, Yamamoto et al investigated '®’ the field
induced anisotropic internal stress and they revealed that after
dc field appplication, a tensile internal stress is induced in the
direction of dc applied field and a compressive internal stress is
induced in the direction perpendicular to the applied field. The
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anisotropic internal stress was calculated from the anrisotropic
crack lengths. )

As far as the isotropic internal stresses induced at the Cub-
Tet phase transition at the Curie point after firing or heat
treatment for electroding, the anisotropic internal stress
mentioned before and the aging effects of ferroelectric ceramics
and the aging effects were reviewed by Okazaki 7.

The isotropic internal stress of pore free (Pb,-., La,)Ti0s
decreaes with increasing x and with decreasing the tetragonality,
c/a and the Curie point, T.. The internal stress of the sample of
x > 0.3 and the T. of beloew room temperature is zero. This fact
strongly suggest that the internal stress is induced by Cub-Tet
phase transition through the Curie point.

A less fatigue is also important for a less residual internal
stress thin ferroelectric film. For this purpose, RuQ;(70nm)/Ru(70
nm)/Si0,(1000nm)/Si and Ru0,/Ru/Mg0 substrates were prepared. The
idea is to eliminate the lattice mismatch between the thin film
and the substrate. The Ru0, has lattice constants of a = 0. 4500 nm
and ¢ = 0.3107 nm, and the /2a = (.6364 nm and 1.5 a = 0. 6320 nm.
and the 1.5 x 2¢ = 0.9321 nm and 2/3 = 0. 9373 nm.

Since 1953, Okazaki proposed ®’ a Space Charge Nodel in
BaTi0s; ceramics and the related phenomena were reviewed with two
kinds ofthe internal bias fields, E; and E-; ¥, 1In 1982,
Takahashi ascertained ‘®> the space charge internal field, E., in
PZT ceramics with various dopants and revealed the linear relation
between the internal bias field and mechanical quality factor, Q..

Ichinose et al '® first found the space charge (E;)
stabilized effect for Pb(Ni, Te).-PbZr0;-PbTi0; ceramic ignitors.
The E: in the same direction to the remanent polarization
generates during the aging process after poling and it stabilizes
the piezoelectric properties against mechanical compression 'V

Okazaki et al investigated ‘'?> the space charge stabilized
effects against static mechanical compression and repeated
mechanical fatigue tests for the piezoelectric PZT ignitors.
Samples with the E: have a higher static mechanical strength and
a longer repeated mechanical compression life.

It is noticed that the static mechanical compression strength
of high-Q. PZT is higher about three times compared to that of
Low-Qm PZT. Why is it so much different about three times ? The
difference of the E: of about three times between the high-Q. and
low-Q» PZT corresponds to the difference of about three times in
mechanical compression modulus. This suggest the importance of
the space-charge stabilized effect on electromechanical strength.

Okazaki et al investigated '¥®> the loop shape changes of PZT
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ceramics at various electrical conditions. When an ac electric
field is applied for a long time to ferroelectric ceramics, the P,
of the normal poled ceramics decreases with ac applying time. This
corresponds to the decrease of the Ei;, In the ceramic samples with
the E,, the coercive field, E. increases with ac applying time.
The electrical fatigue patterns belong to "increasing E. type”.
Yamamoto reported the similar result in PZT thin filas‘'?.

In the case of non poled ferroelectric ceramics of Q= = 0, the
remanent polarization, P. decreases and the coercive field, E.
does not changes at about constant value with ac applying tiume.
The electrical fatigue pattern belong to "constant E. type”
Amanuma reported ' a similar result in PZT thin films

As far as the origin of the Ei, space charge diffusion model
is proposed for ferroelectric ceramics '® U7 948 This model
may be used to explain the very complicated behaviors of ferro-
electric thin films combined with the internal stresses, the
intenal bias fields, the interface behaviors and others.

T  CONCLUSION

(Pb, La)Ti0s thin films were preparared using a four target
chathode RF sputtering apparatus and the ferroelectric properties
were measured with microstructure analysis. The thickness
dependences, the fatigue and internal stresses and the shape
changes of D-E loops were also discussed in the comparison to
ferroelectric ceramics.

8  SUMNARY

The ferroelectric properties of thin films are very
complicated because of the surface layer effects, the interface
between substrates and thin films, the internal bias field effects
and others. The developments of substrates with less fatigue and
small mismuch of lattice constants. The asymmetric polarization
revarsal should be also solved for the practical applications.
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ABSTRACT

Large area growths of PZT thin films were performed by a 6-8 inch
single wafer type MOCVD system, using Pb(DPM), (solid),
(C,H,),Pb[OCH,C(CH,),] (liquid), Zr(0-t-C,H,), (liquid), Ti(0-i-C,H.),
(liquid) and O,. When Pb(DPM), was used, highly uniform PZT films with
a variation in film thickness of {ess than +5% were grown on 6 and 8 inch Si
wafers. However, the reproducibility of the film composition and electrical
properties was quite poor. On the other hand, when
(C,H,),Pb{OCH,C(CH,),] was used, the reproducibility of the film compo-
sition was quite good. Uniform films with a variation in the Pb, Zr and Ti
components of less than *1.5% and in the film thickness, refractive index
and dielectric constant of less than +5% were successfully obtained on a 6

inch Si wafer.

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property

of The American Ceramic Society. Any duplication, reproduction, or republicafion of this gublication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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1. INTRODUCTION

In the past several years, interest in the use of ferroelectric thin films,
such as PbTiO,, Pb(Zr,ti)0,[PZT], (Pb,La)(Zr,Ti)O,[PLZT], SrTiO,,
BaTiO, and (Ba,Sr)TiO,, for memory device applications including high
density dynamic random access memory (DRAM) and nonvolatile memory
has increased greatly. Many thin film techniques, such s evaporation,
sputtering, laser ablation, chemical vapor deposition (CVD), metalorganic
chemical vapor deposition (MOCVD), metallorganic decomposition (MOD)
and sol-gel methods, have been reported to obtain a variety of ferroelectric
thin films as mentioned above. Among these techniques, in the past several
years the MOCVD technique has been attracting much attention due to the
recent development of new source materials, the high controllability of the
film composition and crystalline structure, a high growth rate and good step
coverage. Furthermore, the MOCVD technique provides the possibility for
scaling up the process from the laboratory to commercial based production.
Therefore, these practicalities provide the impetus for the development of
the large scale film growth technique for ferroelectrics [1-5].

In this paper, we describe the development of a 6-8 inch single wafer
type MOCVD system and the properties of PZT thin films obtained using
this system.

2.EXPERIMENTAL PROCEDURE

An MOCVD system was developed for commercial-based produc~
tion. Figure 1 shows the MOCVD system used in our experiments. This
system consisted of a gas supply system, a reaction chamber and a evacua-
tion system. The gas supply system had five temperature controlled ovens
for controlling the temperature of the source precursor vessels. The gas flow
rates were precisely controlled using mass flow controllers (MFC). The
reactor chamber was a vertical type and a 6-8 inch wafer could be loaded.
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Fig.1. Schematic diagram of the MOCVD system.

In the evacuation system, a mechanical booster pump (M.B.P.) and rotary
pump (R.P.) were used. The exhaust gas was decomposed in a furnace and
released to the air.

In our experiments, Pb(DPM), (lead bisdipivaloymethan ; Nippon
Sanso Co. or Tri Chemical Lab. Ltd., purity : 99.9%),
(C,H,),Pb[OCH,C(CH,),] (triethyl 2,2 dimethyl propoxy lead [TEDMPL)] ;
Tri Chemical Lab. Ltd., purity : 99.99%), Z1(O~t-C H,), (zirconium tetra-
tirtiarybutoxide ; Tri Chemical Lab. Ltd., purity : 99.9999%), Ti(O-i-
C,H,), (titanium tetraisopropoxide ; Tri Chemical Lab., purity : 99.9999%)
and O, (purity : 99.995%) were used as source materials. The carrier gas
used was Ar (purity : 99.9999%). Pb(DPM), was the solid source. Other
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metalorganic sources were liquid. In particular, TEDMPL was used for the
first time. The substrates used were Si(100) and Pt(111)/Si0,/Si(100).

The film composition was analyzed using Electron Probe Micro
Analysis (EPMA). The film thickness and refractive index were measured
by the ellipsometric method.

3.RESULTS AND DISCUSSION

In the first set of experiments, Pb(DPM), was used as a Pb source
material. When PZT films were prepared on a 6 inch wafer using the fun-
nel-shaped nozzle, the uniformity of film thickness and film composition
were very poor, although the films were deposited over the entire substrate.
Even if the érowth parameters such as the gas flow rates and reaction pres—
sures were changed, an improvement in this uniformity was not observed.
However, when a nozzle with a diameter of 20 cm perforated with small
holes was used, highly uniform crystalline films with a variation in film
thickness of less than +5% were success fully obtained on 6 and 8 inch
wafers [4,5).

From these experimental aspects, it was found that there were some
problems. Firstly, the reproducibility of the film composition and electrical
properties was quite poor. Figure 2 shows the variation of the Pb compo-
nent in the films and the deposition rate in each experiment, in which film
deposition was carried out for 3 hours at a substrate temperature of 590°C
and at a reaction pressure of 5Torr. in each growth run. The Pb composition
in the films decreased each time the experiment was performed. The
change in the Pb content, V,,, which was defined as (maximum Pb content
- minimum Pb content)/(average Pb content), was 63.6% when the Pb
source temperature was 125°C. These changes in the Pb content and depo-
sition rate were caused by an instability in the supplying Pb source, because
the Pb source used was a solid which had a low vapor pressure and there—
fore stabilizatior: of the Pb supply over a long period was difficult compared
with using a bubbling method with a liquid source. When the Pb source
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Fig.2. Variations of the Pb content in the films and deposition rate with
each performance of the experiment when a solid Pb source temper—
ature was 125°C.
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Fig.3. Variations of the Pb content in the films and deposition rate with
each performance of the experiment when a solid Pb source temper-—
ature was 140°C,
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temperature was set at 140°C - which was higher than its melting point
(around 130°C) - an improvement in the reproducibility was observed and
V,, was 11.8% as shown in Fig.3. However it was difficult to keep the
temperature of all lines from the vessels containing the Pb source to the
reaction chamber at a high temperature. Secondly, the growth rate was
quite siow due to the low vapor pressure of the Pb solid source.

Therefore, in the second set of experiments we used TEDMPL as a
new liquid Pb source. The films obtained were also crystalline. In the first
stage, as with the first set of experiments, we observed the variation of the
Pb content and the deposition rate of the films with each performance of the
experiment. The Pb source was kept at 60°C and film deposition was car-
ried out for 1 hour at a substrate temperature of 590°C, and at a reaction
pressure of STorr. in each growth run. The result obtained is shown in

100 [Po:(Zr+T1)=80-270scem 1100
& |PM@eTiossic100) =
= Pb SOURCE : 60°C 80 E
= 80 £

o
Z -
i 0
2 %0 M 60 <
i < Vro=8 % é
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< 2 20 g
£ . (C2Hs5)3PbOCH2C(CH3)3| &

#1 #2 #3 #4 #5
EXPERIMENT NUMBER

Fig.4. Variations of the Pb content in the films and deposition rate with
each performance of the experiment when a liquid Pb source temper~
ature was 60°C.

32 Ferroic Materials




- ——tn - — e .

Fig.4. A dramatic improvement was seen in the variation of the Pb content
and the deposition rate, compared with the results when using a Po(DPM),
source. V, was a mere 8% as shown in Fig.4.

The uniformity of the film composition, film thickness, refractive
index and dielectric constant was also investigated. Uniform films with a
variation in the Pb, Zr and Ti components of less than +1.5% were success—~
fully obtained on a 6 inch Si wafer, as shown in Fig.5. As well, the same
films showed a narrow variation in the film thickness and refractive index
of less than +5% as shown in Fig.6. Figure 7 shows a variation in the rela~
tive dielectric constants of the film. The average value of the dielectric
constants of the films (250nm in thickness) was around 400, and a variation
in the dielectric constants of around +5% was obtained. The obtained films
had tand of 0.03-0.07 and resistivities of 10°~10"'Q-cm, respectively.
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Fig.5. Variations in the Pb, Zr and Ti contents for a PZT film on a 6 inch

Si wafer.
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D-E hysteresis loops were also observed. The remanent polarizations
(P) and coercive fields (E ) were 5.4-9.3uC/cm? and 87-107kV/cm, re-

spectively.
4. CONCLUSIONS

A 6-8 inch single wafer type MOCVD system for growing ferroelec~-
tric thin films was developed. Large area growths of PZT thin films were
performed by this MOCVD system, using Pb(DPM), (solid), Zr(O-t-
CHy), (liquid), Ti(0~i-C,H,), (liquid) and O,. (C,H,),PbIOCH,C(CH,),]
(TEDMPL) was also used as a new liquid Pb source. When a solid
Pb(DPM), source was used, highly uniform PZT films with a variation in
film thickness of less than +5% were successfully grown on 6 and 8 inch
wafers. However, the reproducibility of the film composition, in particular
the Pb content, and the electrical properties was poor. On the other hand,
when a liquid Pb source (TEDMPL) was used, the reproducibility of the
film composition with each performance of the experiment was quite good
and the variation of the Pb content, Vi, Was 8%. The PZT films obtained
on a 6 inch wafer showed variations in the Pb, Zr and Ti components of
less than +1.5%. Variations in the film thickness, refractive index and
dielectric constant of less than 5% were also successfully achieved.
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SPUTTER DEPOSITION OF FERROELECTRIC PbTiO; THIN
FILMS ON MgO(100) SUBSTRATES.

Sangsub Kim, Youngmin Kang, and Sunggi Baik
Department of Materials Science and Engineering, Pohang University of
Science and Technology, P. O. Box 125, Pohang, 790-600, Korea

ABSTRACT

Effects of surface structures of MgO(100) single crystal substrates on
the growth of PbTiO, thin films have been analyzed. The film on the
cleaved substrate was not uniform and its crystallinity was inferior to
those on polished or annealed substrates due to the presence of large
cleavage steps. Whereas, better epitaxiality was found on the
annealed substrate than on the polished substrate.. Favorable effects
of thermal annealing after polishing has been explained based on
damage relieving mechanisms, surface step rearrangement, and
surface flatness by thermal annealing.

1. INTRODUCTION

MgO(100) single crystals have been widely used as a substrate for the
preparation of ferroelectric thin films including PbTiO,', PZT? and
PLZT® mainly due to good lattice matching, similar crystal symmetry
and low chemical reactivity. Such ferroelectric thin films have been
receiving great interests for several applications in nonvolatile
memories, infrared detectors, optoelectronic devices, etc. It is

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, raraoducﬁon, or republication of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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advantageous to grow highly epitaxial ferroelectric thin films for
such applications.

A number of techniques have been employed for the film
preparation. Depending on the techniques various deposition
parameters have to be monitored and controlled in order to obtain
highly epitaxial thin films. In case of sputter deposition, the
important controlling parameters are substrate temperature, input
power, gas pressure, gas composition, etc. However, the crystallinity
and properties of thin films may be significantly affected by the
surface conditions of substrates. Careful selections and preparation
of substrates often determine the quality of films.

Three types of MgO(100) single crystal substrates(cleaved, polished
and annealed) have been used for the studies of thin film formation
and epitaxial growth. The cleaved MgO(100) substrates seems to be
cleaner and less defective than any other types of substrates. Many
studies have been carried out on the deposition of metailiic thin films,
especially, on the early stages of metallic film formation on the
cleaved MgO(100) substrate* . However, few works have been
performed on the growth of ferroelctric thin films.

Ferroelectic thin films have been grown usually on the mechanically
polished substrates'. In spite of possible presence of disorder at the
surface after polishing, highly epitaxial ferroelectric thin films have
occasionally been prepared on the substrate. Nevertheless, it must be
taken into consideration that the polished surface is atomically rough
and contains structural disorders.

Recently, it has been reported that thermally annealed substrates are
beneficial for the epitaxial growth of various oxide thin films.
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Moeckly et al.® reported that the thermal annealing of MgO
substrates at 1100 - 1200°C for 12 - 24 h in air or oxygen atmosphere
were highly effective for producing epitaxial, c-axis oriented
YBa,Cu,0,, films with good superconductive properties. Awaii et al.”
reported that the good superconductivity could be obtained in a ultra-
thin YBa,Cu,O,, film prepared on annealed MgO(100) substrates.
Similar results have been reported in other systems®’. However, it is
still unclear how the surface conditions of substrates are changed by
thermal annealing treatments, and why annealed substrates are more
favorable for the preparation of epitaxial thin films.

We have been analyzing the surface and near-surface regions of
MgO(100) substrates prepared by cleaving, polishing, and annealing.
In this paper, the difference in surface structures of each substrates
are reviewed. Ferroelectric PbTiO, thin films have been prepared on
the substrates by RF magnetron sputtering. Attempts have been
made to correlate between the substrate surface structures and the
crystallinity and microstructures of thin films.

2. EXPERIMENTAL

Samples of approximately 10 x 10 x 1 mm® were prepared by
cleaving along (100) planes of MgO single crystals. The surfaces were
polished mechanically using successively finer grades of diamond
paste down to 0.25 um. Some samples were annealed within a tube
furnace made of high purity alumina (McDaniel Refractory Co.) at
1200°C for 12 h in air. The as-polished and annealed samples were
cleaned ultrasonically in trichloroethylene, acetone, and methyl
alcohol for 10 min each, successively, followed by boiling in methyl
alcohol for 10 min.
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PbTiO, thin films have been prepared by RF magnetron sputtering.
Sputtering conditions to achieve highly c-axis oriented epitaxial
PbTiO, thin films have been optimized previously'. Table 1.
summarizes the sputtering conditions used in this study.

Table 1. Summary of sputtering conditions.

Target PbTiO, powder with 5 wt% excess PbO

Gas composition Ar/O, =100/0
Gas pressure 1.2 x 107 torr
RF power density 2W/cm?
Substrate temperature 600°C
Substrate to target distance 70 mm

The nanometer-scale surface structures of the substrates have been
studied by an atomic force microscopy(AFM). Surface morphology of
the films have been studied by a scanning electron microscopy(SEM).
The crystallinity of the films has been studied by X-ray rocking curve
measurements and Rutherford backscattering spectrometry (RBS)
combined with channeling experiments. Microstructures of the films
including domain structures and epitaxial relationships have been
studied by cross-sectional transmission electron microscopy.

3. SURFACE STUDIES OF MgO(100) SUBSTRATES
3.1. RBS and Channeling"'

It is reasonable to expect that the degree of damage in the surface
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region of substrates is dependent on the preparation procedures. We
have studied damages in the surface and near-surface regions of
MgO substrates using Rutherford backscattering spectrometry (RBS)
combined with channeling technique that can measure easily the
crystal quality of the upper regions of single crystalline samples.

The cleaved MgO(100) surface showed nearly ideal bulk truncation
without any significant lateral ionic displacement. Subsequent
mechanical polishing introduced extensive structural damage in the
surface and near-surface region. The thickness of the damaged layer
after polishing with 0.25 pm diamond paste was estimated to be in
the order of 3000 A. Such damage was found to be removed
effectively after thermal annealing (1200°C, 12 h in air). However, the
annealing treatment enhanced surface enrichment of impurities that
might be originated from internal or external sources.

3.2. Surface Sensitive X-Ray Scattering'* *

Surface steps play an important role in the nucleation stage offering
preferred nucleation sites. They often control the initial stages of film
growth, and significantly influence the microstructure of the film.
Thus, it is essential to characterize in an atomic-scale the surface step
structures including step height, step spacing and terrace area in
order to understand the film growth mechanism properly. We have
studied comparatively atomic-scale step structures of MgO
substrates using a surface sensitive X-ray scattering technique.

The cleaved surface have been found to contain 2- and 3-atomic-spacing
steps with nearly equal populatiun. The average terrace sizes were
estimated to be 105 x 79 A? and 200 x 157 A? for 2- and 3-atomic-
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spacing steps, respectively. The surface prepared by final polishing
before X-ray measurement using 0.25-um diamond paste contained
various steps with step heights of 1.67-, 2-, 3-, and 5-atomic-spacing.
The results of fine scans showed that the average terrace sizes were
97 X 4 A? and 110 X 7 A? for 2- and 3-atomic-spacing steps,
respectively. On the other hand, the annealed surface contained the
steps with step heights of 2- and 3-atomic-spacing and their
populations decreased. In addition, their terrace sizes were increased
significantly and their average sizes were estimated to be 110 X 7 A’
and 334 X 10 A? for 2- and 3-atomic-spacing steps, respectively. Such
step rearrangements of the annealed surface seem to be beneficial for
the preparation of epitaxial thin films.

3.3. Atomic Force Microscopy (AFM)

Fig. 1(A) shows an AFM scan on the cleaved MgO(100) surface. The
large cleavage steps are clearly seen. The step heights are about 200 -
500 A, and their distances are about 5000 A. Individual terraces are
not entirely flat, but show a hill-and-valley structures with an
average hill-to-hill distance of 500 A. The finer step structures within
the terraces have been described in the above section.

The surface structure have been modified significantly by mechanical
polishing as shown in Fig. 1(B). The large cleavage steps have been
disappeared. Preferentially oriented string-like structures are
dominant. The average distance between each string is about 50 A.
Even though its amplitude has been decreased drastically, the hill-
and-vally structure is persistent. On the other hand, as shown in Fig.
1(C), for annealed substrate, string-like structures are also evident.
However, the undulation has been disappeared; the surface flatness
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Fig. 2. Scanning electron micrograph of the PbTiO, thin films on
cleaved (A), polished (B), and annealed (C) MgO(100) substrates.
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has been improved greatly in comparison with the polished surface.

4. PbTiO, THIN FILMS
4.1 Thin Films Morphology

Fig. 2 shows SEM micrographs of PbTiO, thin films grown by RF
magnetron sputtering on cleaved(A), polished(B) and annealed(C)
substrates. As shos. -1 in Fig. 2(A), the PbTiO, thin film on the cleaved
substrate is composed of fine crystallites of about 800 A. The line
indicated by an arrow in the figure reveals a cleavage step. Also not
shown in the figure, the film was very non-uniform, that is, some
parts of the substrate were not deposited with the film. It is
interesting to note that the cleaved surface was not desirable for the
preparation of smooth PbTiO, thin films even though the surface
seems to be relatively free from defects except cleavage steps. On the
other hand, the morphology of PbTiO, thin films on polished and
annealed substrates was much smoother. As shown in Fig. 2(B), the
surface of the film on the polished substrate is featureless except a
few grain boundaries. The film on annealed substrate, as shown in
Fig.2(C), is perfectly flat and mirror-like.

4.2 Crystallinity of Thin Films

The crystallographic orientation of the PbTiO, thin films have been
determined by X-ray diffraction. 826 scans were performed
perpendicular to the surface plane of the PbTiO, thin films. The
results are shown in Fig. 3, which reveai or ly perovskite PbTiO,
peaks due to the reflections from the PbTiO, (00l) and (h00) planes.
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Fig. 3. X-ray 0 - 20 diffraction patterns from the PbTiO, thin films on
cleaved , polished , and annealed MgO(100) substrates.
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Fig. 4. X-ray rocking curves of the (001) reflections from the PbTiO,
thin films on cleaved , polished , and annealed MgO(100) substrates.
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Note that the peak intensities of the film on the cleaved substrate are
significantly lower. The intensity ratio of the (001) peak of the film
on the cleaved substrate to the (001) peak on the polished substrate is
1:2.9, and that with respect to (001) peak on the annealed substrate is
1:3.1. The results suggest that the net volume of the thin film exposed
to the X-ray beam was relatively small since the film has been grown
non-uniformly on the cleaved substrate.

The crystalline quality of the PbTiO, thin films has been
characterized by RBS combined with channeling measurement. The
minimum backscattering yields in the {100] direction were measured
using the lead signal and amounted to approximately 96%, 74% and
69% for cleaved, polished and annealed substrates, respectively. It
indicates that the crystallinity of the film on the cleaved substrate
was the worst, and those on the annealed substrate was better than
that on the polished substrate. The results are consistent with the
X-ray measurements. However, taking into account that single
crystals or perfectly matched epitaxial thin films exhibit typically 2-
4% minimum yield in RBS channeling experiments, it is reasonable to
conclude that all the films contain a high density of scattering
defects. The nature of scattering defects could be found in the cross-
sectional TEM studies, and will be discussed in the next section.

Fig. 4 shows the results of X-ray rocking curve measurements which
give informations on the crystalline perfection of the films. The half-
peak widths of the rocking curves of (001) peaks of the films were
determined to be 1.75° 1.71°, and 1.64° for the films on cleaved,
polished and annealed substrates, respectively. But they are still
much larger than a typical single cyrstalline value, 0.3°.
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4.3 Microstructure Analysis by TEM

Cross-sectional TEM experiments have been performed in order to
investigate the microstructure of the films. Since the PbTiO, thin
films on the cleaved MgO(100) substrates have been found to be
non-uniform, TEM specimens only for the films on the polished and
annealed substrates have been prepared and studied comparatively.

A cross-sectional TEM micrograph of the PbTiO, thin film prepared
on the polished MgO(100) substrate is shown in Fig. 5(A). There is
no evidence of a second-phase interfacial layer between the substrate
and the film. It also reveals that the film is unform, dense, and very
smooth on the surface. It also shows columnar grains extending
across the entire film. Randomly oriented grains are often observed
in the PbTiO,-MgO interface region. The most significant
microstructural feature is the presence of 90°-domains with width
about 140 A, as indicated by arrows in the figure. Such domains are
always oriented about 45° to the interface. These characteristics are
expected for the 90°-domain structure of simple perovskite
ferroelectrics of tetragonal symmetry, for which 90°~-domain walls are
coincident with (101) planes. Selected area diffraction(SAD) patterns
were taken as a {001] zone axis. The epitaxial relationship deduced
from the patterns is PbTiO,{100} // MgO(100) and PbTiO,<100> //
MgOI100}, indicating no evidence of in-plane rotaion between the
film and the substrate. In spite of the small tetragonality(c/a = 1.06)
of the PbTiO, thin film, we could distinguish the spots from c- and
a-domains as indicated by an arrow in Fig. 5(B), the SAD pattern. The
corresponding reciprocal lattice is shown in Fig. 5(C).

Fig. 6 shows a TEM micrograph of the PbTiO, thin film prepared on
the annealed MgO(100) substrate. No evidence of grain boundaries
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Fig. 5. (A) Cross-sectional transmission electron micrograph of the
PbTiO, thin film grown on the polished MgO(100) substrate, (B)
selected area diffraction pattern, and (C) the corresponding

reciprocal lattice space.
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or any other defects can be found except 90°-domains. The high
density of 90°-domains may explain the results showing relatively
high RBS channeling yields. The most striking difference in
comparison with the film on the polished substrate is that the film on
the annealed substrate shows no evidence of columnar structures. It
is thus reasonable to conclude that the film on the annealed substrate
is less defective and structurally more homogeneous.

Bom

Fig. 6. Cross-sectional transmission electron micrograph of the
PbTiO, thin film grown on the polished MgO(100) substrate.

1 5. DISCUSSION

It is interesting to observe that the PbTiO, thin film on the cleaved
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substrate was not uniform and its crystallinity was relatively poor,
even though the surface is considered to be relatively clean and less
structurally defective. Moreover, the surface and near-surface region
of the cleaved surface remain highly ordered without any significant
displacive defects as confirmed by RBS and channeling studies'. The
cleaved surface contained step structures of 2- and 3-atomic-spacing
steps between large cleavage steps™. Such fine step structures were
also found on the polished and annealed surface, although their
average terrace sizes were different”. The only remarkable difference
between the cleaved surface and the polished or the annealed
surfaces is presence of large cleavage steps on the cleaved surface as
shown in Fig. 1(A). Except large cleavage steps, the surface must be
ideal for growth of thin films. It is reasonable to consider that the
surface containing large cleavage steps is particularly unfavorable for
epitaxial film growth.

It has been also confirmed that the annealed MgO(100) substrate
were more favorable for growth of superior crystalline PbTiO, thin
films than the polished substrate. The beneficial effect of mechanical
polishing is to remove large cleavage steps improving surface
flatness. However, it disturbs finer step structures. The annealing
treatment seems to rearrange the steps on the surface as well as to
remove structural defects such as dislocations on and near the
surface that had been created by mechanical polishing. It also
improves the surface flatness further. In order to amplify the effect of
surface steps on the film growth, a vicinal MgO(100) substrate
inclined abut 5.5° with respect to MgO(100) has been tested'. We
observed that (1) the film has grown epitaxially along MgO(100)
crystallographic plane and (2) slight misorientation(~1°) has been
induced between PbTiO,(001) and MgO(100). Hence, the presence of
steps on the surface tends to it the film slightly and possibly induce
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low angle grain boundaries. The observation is consistent with the
TEM observations shown in Fig. 5 and 6, which confirms that the
film on the polished subatrate contains high populations of low angle
boundaries giving a columnar structure. Removal of surface steps
seems to be a key factor for the preparation of defect free epitaxial
PbTiO, thin films.

6. SUMMARY

The microstructure and crystallinity of ferroelectric PbTiO, thin films
on cleaved, polished and annealed MgO(100) substrates have been
studied comparatively. Highly c-axis oriented films could be
obtained with all these types of substrates, however, in case of the
cleaved substrate the film was not uniform and its crystallinity was
poorest presumably due to the presence of large cleavage steps. The
structural perfection of the film on the annealed substrate was better
than that on the polished substrate. The beneficial effect of annealing
treatment after mechanical polishing is primarily due to the
reduction in surface step population as well as the rearrangement of
steps and secondary due to the removal of defects on and near the
surface. Surface steps tend to induce misorientation between the
substrate and the film introducing low angle boundaries. Key
consideration to prepare defect-free single crystalline PbTiO, films on
MgO(100) substrate is to remove finer surface steps of 2- to 3- atomic
heights.
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DEPOSITION AND DIELECTRIC PROPERTY OF ION-BEAM ASSISTED
BISMUTH TITANATE FILM

M. Azimi and P.K. Ghosh

Department of Electrical and Computer Engineering
Syracuse University,
Syracuse, NY 13244

ABSTRACT

Thin films of bismuth titanate (Bi,Ti;0,,) have been prepared on different
substrates by ion-beam sputtering technique. These films were deposited using a
Bi(bismuth)-rich Bi,Ti,0,, ceramic target. Films were deposited with substrate
temperatures ranging from 320°C to 550°C. We observed that the dielectric
behavior of the deposited films strongly depends on the deposition parameters
(such as the substrate temperature, sputter gas mixture, etc.). Results, also,
indicate that films deposited at substrate temperature of about 450°C have
dielectric property comparable to that of single crystal bismuth titanate.

INTRODUCTION

The interest in bismuth titanate thin films are directed towards exploiting
several phenomena such as dielectric properties, polarization hysteresis and
electro-optical properties of this material [1]. Bi,Ti;0,, is a member of a large
family of bismuth oxide layer structure terroelectrics which exhibits switchable
spontaneous polarization. Its electrical and electro-optical properties have been
used for several applications {2, 3].

Various preparation techniques [4-9], including rf sputtering, have been
used for the Bi,Ti,0,, thin film preparation. In general it has been shown that
Bi,Ti,0,, target with excess Bi, over a temperature range of 400-700°C, can
generate stoichiometric thin films. High deposition temperature or high post
annealing temperature has been one of the major barriers for successful integration
of these methods with integrated circuit technology. Recently laser ablation
deposition technique has been employed for deposition of bismuth titanate at about

To the extent authorized under the laws of the United States of America, alt copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, uction, or x?ublimtion of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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500°C, but this technique also has its drawbacks like presence of particulates and
unevenness of the deposited films {10, 11].

EXPERIMENTAL

Bismuth titanate thin films were prepared by a Kaufman type ion-gun
sputtering system. A schematic diagram of the sputtering system is shown in Fig.
1. In this study Bi,Ti,0,, films were prepared using a 0.8 Bi Ti,0,,+0.2 Bi,;0,,
ceramic target with different sputtering gas mixtures. The excess Bi in target
material was used to compensate for the volatile Bi during deposition. Films were
deposited on various substrates at different substrate temperatures.

Samples were mounted on a substrate holder made of stainless steel and
the system was pumped down to an initial background pressure of 107 torr. A
pair of coil heaters was used for substrate heating. A thermocouple is mounted
on the substrate holder for temperature measurement. A mixture of argon and
oxygen is used as the sputtering gas. Sputter deposition was done at a chamber
pressure of 10 torr.

The dielectric properties of these films have been our main focus of study.
Measurements were done using a computer controlled oven in conjunction with
LCR meters. In this study the dielectric measurements have been carried out in
electric field less han 500 V/cm.

RESULTS AND DISCUSSION

We have investigated the effects of three deposition parameters on bismuth
titanate films. These parameters are: substrate temperature, substrate type and the
percentage of oxygen in the sputtering gas mixture.

Thin films of bismuth titanate were deposited at 320°C, 400°C, 450°C,
500°C, and 550°C on metallized alumina substrates, silicon wafers and ITO coated
glass. Our measurements show that films deposited at temperatures between
400°C and 500°C have the highest dielectric constant and lowest loss factor at 1
kHz (fig. 2). This result is in agreement with the previous studies on bismuth
titanate thin film prepared by rf sputtering technique [9]. Fig. 3 shows the
variation of dielectric constant and the loss factor of bismuth titanate film on
silicon substrate, as a function of temperature at different frequency. Heating and
cooling cycles curves are reproducible. To observe the effect of oxygen, bismuth
titanate thin films were prepared with three different percentages of oxygen in the
sputtering gas mixture. Measurements show that films deposited using the gas
mixture (0,=40%; Ar=60%) have the higher dielectric constant and, in general,
lower loss factor than films deposited using other gas mixture (0,=25%; Ar=75%)
(fig. 4). At first, from these resuits, it appears that higher oxygen content in the
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sputtering gas mixture results in better stoichiometric films. To examine this
behavior we deposited bismuth titanate thin films using a gas mixture with higher
oxygen content (0,=60%; Ar=40%). Results show that films have lower dielectric
constant and higher loss factor (fig. 5). Several mechanisms could be responsible
for these later results. One major reason could be the oxidation of substrate
material when oxygen content is high in the sputtering environment. In addition,
high energy reactive oxygen atoms in the sputtering gas can change the
composition of the target material during sputtering. This compositional change
in the target material can result in a non-stoichiometric film. Also, oxygen atoms
have much less sputtering yield than the argon atoms resulting in a non-uniform
sputtering rate.

Finally, as shown in fig. 6 and 7, we observe that films deposited on ITO
coated glass at temperatures above 500°C have the high dielectric constant and
low loss factor compared to the films on silicon and metallized alumina. At
higher temperature degradation of dielectric property of films on silicon and
metallized alumina could be the result of the interaction of the .ubstrate material
with the film.

CONCLUSION

The dependence of the dielectric property of bismuth titanate thin films on
deposition parameters has been examined. These films were deposited with the
Ton-beam sputtering technique. The effect of various deposition parameters like
the deposition temperature, gas composition, and the substrate temperature were
investigated. Our results show that to achieve high dielectric constant and low
loss factor, a substrate temperature of about 450° was required. Increase in
oxygen content of the sputtering gas demonstrated an increase in the film quality
but too much oxygen results in lower dielectric constant and higher loss factor.
The effect of the substrate material was also quite noticeable. At higher
deposition temperature films on ITO coated glass show better dielectric properties.
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DIELECTRIC PROPERTIES of (Ba,Sr)TiOs FILMS by RF SPUTTERING
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ABSTRACT

The dielectric properties of (Ba,Sr)TiOBST) thin films prepared by RF sputtering
method, were investigated. Polycrystalline film structure and grain size were es. mated
by transmission electron microscopy (TEM) and Xray diffraction. The dielectric
constant of BST films depends on their grain size rather than thickness of the film. A
broad maximum in the temperature dependence of the dielectric constant of the films
was observed, and Curie temperature was not clear. No hysteresis was observed in a
D-E curve of the film at 77K.

INTRODUCTION

Recently, ferroelectric thin films have attracted much attention as a key material for
dynamic random access memories(DRAMs), in addition to nonvolatile memories or the
other applications. (Ba,Sr)TiO¥BST) films were investigated as a first candidate for
DRAM capacitor, 1)2)3) because the films have high dielectric constant and no fatigue
by ferroelectric domain switching at device operating temperatures, in the case of
selected Ba/Sr compositions.

Miyasaka et. al.1) reported that dielectnic constant of BST films is several hundreds,
which is very small in comparison with that of bulk ceramics, and it decreases as the
thickness of the films decreases. The decrense of dielectric constant was also observed
in ferroelectric thin films such as PZT“),and PbTiO») and in paraelectric thin films
such as SrTi05.6)7) On the other hand, decrease of dielectric constant with
decreasing grain size was reported in BST films prepared by sol-gel method8) and by
RF sputtering.z)

These phenomena in thin films are often discussed in relation to size effects in
ferroelectrics. Decrease of dielectric constant with grain size was found in BaTiOs fine
particle 9)10) and ceramics.! 1) The Curie temperature of fine grained BaTiOs ceramics
is shifted at several degrees from that of large grained BaTiOs ceramics. Ishikawal2)
reported that the Curie temperature obtained by Raman shift of soft mode of PbTiO;
powder, is shifted to a lower temperature with decreasing powder size. Uchino!3)
reported that the Cubic-tetragonal transition temperature of fine particle of BaTiO» is
also shifted to a lower temperature with decreasing size.

Dielectric properties and ferroelectricity in thin films are not well known yet. In a

! To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the praperty
of The American Ceramic Society. Any duplication, moducﬁon, or republication of this &ublication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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previous papcr,z) we reported that dielectric constant and Curie temperature supposed
from temperature dependence of dielectric constant, are affected by grain size on
(Bao.6sSro.35)TiOs films prepared by sputtering method. In the present work, dielectric
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properties of (Bao.7sSro25)TiOs thin films are studied, and ferroelectricity in BST films
is discussed.

EXPERIMENTAL

BST films were deposited on PYSiO2/Si or PUTV/SiO2/Si substrate by RF sputtering.
Pt is used as an electrode, and Ti layer is used as adhesion layer for Pt on SiO2. A Pt
top electrode with a diameter of 1mm was deposited on BST films for electrical
measurement as shown in Fig.1. Sputtering conditions are shown in Table 1. The
sputtering target for BST films had a composition of (Bao7s8ro25)TiOs, and was
purchased from Mitsubishi Materials Corp. The film structure was investigated by
transmission electron microscopy and Xray diffraction. The grain size was calculated
from FWHM of the Perovskite (110) X-ray diffraction peak using SrTiOs powder as a
standard bulk material, because its profile of the peak was clear in every case.
Capacitance of the sample was measured at a frequency of 1kHz with a Hewlett-
Packard 4194A impedance analyzer. The hysteresis loop was tested by Sawyer-Tower
circuit where the dielectric loss was canceled by series resistors.

mpedance

Tablel. Sputtering conditions of the BST films
analyzer

Substrate temperature 480-750 C .

RF power 100 W :gﬂ""m

Gas pressure 1.0Pa BST film

Ar flow rate 9 scem Botiom platinum

electrode

O: flow rate 1 sccm N - .

Target-substrate distance 70 mm Q\b\v\\\\ \Thermal sf‘“’" oxide

Deposition rate 2.0nm/min Silicon
Fig.1 Sample configuration for electrical
measurement

RESULTS AND DISCUSSION

Fig.2 shows a typical Xray diffraction(XRD) pattern for a sample wafer. The wafer
has a BST/PY/SiO2/Si configuration, and all peaks are ascribed to these layers. The Pt
film is considered to be perfectly oriented in the (111) direction. Peak intensities of the
BST film are changed with film deposition temperature. Fig.3 shows the relationship

between diffraction peak intensities of the 90nm thick film and deposition temperature.

Peak intensities of the film are weak in case of low deposition temperature, and strong
in case of high deposition temperature, above 650 C. Grains oriented in the (111)
directions are predominant in the BST film deposited at 750°C. Fig.4 shows a dark field
TEM image of the film deposited at 750°C . Bright regions indicate grains oriented

(111) direction parallel to the film surface normal. The film contains columnar grains.

Fig.5 shows a dark field TEM image of the film deposited at 600 T . This film
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Fig.2 Typical XRD pattern of BST film. Fig.3 XRD peak intensities of BST films.

consists of small granular grains. Amorphous regions were not found in the film. These
figures show how the grain structure of the BST film is changed with deposition
temperature for RF sputtering. The increase of XRD peak intensities in Fig.3 is caused
by the change of the grain structure. The gradual increase of the intensities suggests
that the films deposited at 660°C has a mixed structure with columnar and granular

grains.

Z0nm, 20nm,
Fig.3 Dark field TEM image of BST film Fig.5 Dark field TEM image of BST film
deposited at 750C. deposited at 600C.

Fig.6 shows the dielectric constant of the BST films with 90nm thickness. The
dielectric constant of the film is changed with film deposition temperature. the
dielectric constant of granular grained films deposited below 620°C is almost the same.
The dielectric constant of columnar grained film increases as the deposition
temperature increase. The dielectric constant depends on the grain structure, and this
can not be explained by the thickness dependence of dielectric constant. Fig.7 shows
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Fig.6 Dielectric constant of BST films with Fig.7 Dielectric constant vs. grain size
various deposition temperature. calculated by Scherrer's formula

the dielectric constant dependence on grain size estimated by Scherrer’s formula:
D=0.92/(B cos8) (1),

where A is the Xray wavelength, B is the FWHM of the Xray diffraction peak, and 6 is
the diffraction angle. It is considered from Xray diffraction geometry that the grain size
estimated by the formula coincides with the grain size in the direction parallel to the
film thickness. Correlation between dielectric constant and grain size is good in films
with comparatively small dielectric constants (below 400). On the other hand,
correlation is not good in the films with dielectric constant of more than 500. The films
with a high dielectric constant have a columnar structure. Grain size estimated by the
formula is crystallite size in the grain, if single-crystal grain has a little tilt or other
defects in it. The presence of such defects is indicated by the partial (111) electron-
beam diffraction of one of the columnar grains in the dark field TEM image of Fig.4.
Grain size for the granular structures coincided with that estimated by the formula in
several TEM evaluations of the films.

In a columnar structured film, thickness is equal to the grain size in the direction
parallel to the thickness, and the decrease of dielectric constant with thickness can be
observed. The decrease with thickness does not hold in a granular structured film
prepared by sol-gel method or low temperature deposition in RF sputtering. We have
already reportedz) that column width, that is the grain size in the direction
perpendicular to the thickness, is almost same in the films with different thickness and
dielectric constant. Thickness dependence was also observed in epitaxiaily grown thin
films. Therefore, it is considered that dielectric constant directly depends on grain size
in the direction thickness.

Fig.8 shows the temperature dependence of dielectric constant of the BST films.

The grain size of the films is shown in the figure. The dielectric constant of BST
ceramics varies 1000 to 10000 and has sharp maximum in the temperature range in
Fig.8. The Curie temperature of each BST composition is shown in the figure. A broad
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maximum and small temperature variation of the dielectric constant of the films in
Fig.8 show they are different from bulk ceramics. Fig.9 shows D-E curve for a 320nm
thick film with columnar grains at 77K. Hysteresis was not observed in the D-E curves
for any films, in the temperature range between room temperature and 77K. That is
over 200K lower than Curie temperature of ceramics. In previous work, we supposed
that the temperature(Tmax) where dielectric constant is maximum, is the Cure
temperature, and discussed Tmax dependence on grain size. From the hysteresis
measurement, Tmax is not the Curie temperature. Relaxor ferroelectrics have similar
behavior such as a broad maximum of the dielectric constant and a slim hysteresis loop
just below the Curie temperature, although Relaxor ferroelectrics have bona-fide
dielectric hysteresis at the lower temperature. The present phenomenon observed in our
BST films is different from the relaxor ferroelectrics, and ferroelectricity of the BST
films seems to vanish.

A thin layer with low dielectric constant, or a depression layer below an electrode,
was proposed to explain the origin of the thickness dependence in ferroelectric thin
films. Shifts of Tmax, suppression in temperature variation of the dielectric constant,
and the absence of a hysteresis loop, can not be explained by such layer.
Ferroelectricity is a cooperative phenomenon and it is thought that a certain size of
cooperative region is necessary for the appearance of ferroelectricity. It is interesting
that PZT films have hysteresis, and BST or BaTiOs does not for almost the same size
films. It may suggest that size of cooperative region is different in both compounds.

CONCLUSIONS
The dielectric properties of BST films prepared by RF sputtering method were
investigated. The film structure changed from a granular to a columnar as the
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deposition temperature increased. The diclectric constant of the BST films depends on
its grain size rather than thickness of the film. A broad maximum in the temperature
dependence of the dielectric constant of the films was observed. No hysteresis was
observed in the D-E curve of the film at 77K, over 200K under Curnie temperature.
Ferroelectricity of the film seems to vanish. High dielectric constant with no
polarization in BST films is a suitable property for DRAM capacitor matenal.
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PREPARATION OF A METALORGANIC DEPOSITION PRECURSOR
FOR BARIUM TITANATE

Allen W. Apblett*, Galina D. Georgieva, and Isobel Raygoza-Maceda
Tulane University, Department of Chemistry, 6823 St. Charles Avenue,
New Orleans, LA 70118

ABSTRACT

A new, facile preparative route for BaTiO(Ox)2 has been developed
(Ox=oxalate). This involves passing a solution of K;TiO(Ox)2 through
an ion-exchange resin to convert it to the proteo-derivative,
H2TiO(Ox)2. Treatment of the latter with BaCl; results in precipitation
of BaTiO(Ox); with a ratio of barium:titanium of 1:1.009. Finally,
reaction of BaTiO(Ox), with refluxing methoxyacetic acid produces an
alcoho! and chlorocarbon soluble ceramic precursor that may be used
to preg:are thin films of barium titanate by metalorganic deposition

INTRODUCTION

Metalorganic deposition (MOD) [1] is a non-vacuum, solution-based
method of depositing thin films. A suitable metalorganic precursor
dissolved in solution is coated on a substrate by spin-coating, screen
printing, or spray- or dip-coating. The soft metalorganic film is then
pyrolyzed in air, oxygen, nitrogen or other suitable atmosphere to
convert the precursors to their constituent elements, oxides, or other
compounds. Shrinkage generally occurs only in the vertical dimension
so conformal coverage of a substrate may be realized. Metal
carboxylates are often used as precursors for ceramic oxides since they
tend to be air-stable, soluble in organic solvents, and decompose readily
to the metal oxides. MOD processes for the generation of many oxide-
based materials have already been developed: e.g. BaTiOj3 [2], ITO (3],
SnOx [4], YBa2Cu307 [5] and ZrO; [6]. Methodology has also been
developed to achieve epitaxial growth of dense, polycrystalline,
zirconia thin films [7]. The usual carboxylate residue used is a long
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slightly-branched alkyl chain (e.g. 2-ethylhexanoate or neodecanote)
that confers the necessary solubility in organic solvents. The synthesis
of thin-films by liquid phase processing is definitely a convenient
method for their preparation [8]. These methods have the possible
advantages of : low-temperature processing temperatures as compared
to powder processing techniques; homogeneous ceramic products; the
ability to prepare composite materials and/or complex shapes; and
control over the stoichiometry of the elements.

Barium titanate has been synthesized previously using a variety
of metalorganic precursors [9] . These include routes based solely on
metal alkoxides [9, 10] or metal carboxylates {e.g. the Pechini (or citrate)
process [11] } and mixed carboxylate/alkoxide precursors [9, 12]. An
example of a very successful precursor for barium titanate that is used
widely by industry is BaTiO(Ox)2 (Ox=oxalate, C2042-) [13]. If prepared
carefully, this material comes very close to the stoichiometry of one
barium to one titanium required for BaTiO3. Unfortunately, the
synthesis of pure BaTiO(Ox)2 depends critically on the reaction
conditions and it is quite insoluble rendering it useless for preparing
BaTiO3 thin-films. Reported herein is an improved synthesis of
BaTiO(Ox)2 and its conversion to BaTiO(O2CR)4 (HO2R)?2, {R=
CH2OMe} a MOD precursor that is a viscous liquid that has high
solubility in water and a variety of organic solvents such as methanol,
ethanol, methylene chloride, and chloroform. It is also slightly soluble
in acetone and tetrahydrofuran.

EXPERIMENTAL

All metal salts and carboxylic acids were commercial products and
were used as supplied. CHClz was distilled from P,Os while water
was deionized and distilled before use. The ion exchange resin used
was amberlite CG-120 and it was thoroughly washed with hot water,
10% HCl, and distilled water before use.Thermogravimetric analyses
were obtained on a Seiko SSC 5200 TGA/DTA instrument under an air
atmosphere. Barium and titanium content of the precursors vrere
determined by X-ray fluorescence analysis on a Siemens SRS 200 XRF
spectrometer. Morphology and composition of thin-films were
determined on an Amray 1700 scanning electron microscope equipped
with a Tracor Northern 5500 energy dispersive spectrometer. Carbon
and hydrogen analyses were performed by National Chemical
Consulting, Inc.
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Preparation of BaTiO(Ox)2(H20)4

A solution of K2TiO(Ox)2(H20); (3.54g, 10 mmol) in 150 ml of distilled
water was passed through a proton-charged cation exchange column
(20 g of resin). The effluent from the column was found to be very
acidic (pH=2) and it was drained directly into a solution of BaCl; ( 2.44g,
10 mmol) in 100 ml of water. Immediate reaction occurred to yield a
voluminous white precipitate. This was isolated by filtration, washed
with water (50 ml) and dried in the air. The yield was 3.63g (81%). XRF
analysis indicated a ratio of barium to titanium of 1:1.009.

Preparation of BaTiO(G.“_CH;0Me)4 (HO2,CH;0Me);

A mixture of BaTiOOx)a(H20)4 (1.26g, 2.8 mmol) and 20 ml of
methoxyacetic acid were heated at reflux (ca. 202°C). The
BaTiO(Ox)2(H20)4 dissolved gradually to give a pale yellow solution
over a period of twenty hours. Removal of the excess acid in vacuo
yielded a slightly-sticky pale yellow semi-solid ( 2.05 g, 99 %). Upon
standing in humid air for several weeks, the compound forms a
monohydrate, BaTiO(O2CCH20Me)y (HO2CH20Me)2(H?0). Elemental
analysis: Calculated; C 28.61%, H 4.54 Found; C 28.42%, H 4.57%.

RESULTS AND DISCUSSION

The synthesis of BaTiO(Ox)2 by use of an ion exchange column is a very
rapid, facile, and highly-repreducible process. While one should, in
principle, be able to precipitate BaTiO(Ox); by the direct reaction of
solutions of K2TiO(Ox); and barium salts, we have found in practice
that the precipitate thus obtained is heavily contaminated with
potassium and the barium content is low. By replacing the potassium
cations with protons using a cation exchange column, this
complication is removed and nearly stoichiometric BaTiO(Ox)2(H20)4
may be obtained (the Ba:Ti ratio is reproducibly 1:1.009).

While previous work on MOD has mainly concentrated on the use of
long alkyl chains to solubilize the metal complexes [1], this practice is
detrimental to the overall ceramic yield. This in turn leads to much
larger shrinkage upon pyrolysis. The strategy adopted here is to use a
methoxy group on the carboxylic residue to provide the necessary
solubility characteristics. This may be due in part to favorable
interactions of the methoxy group with solvent molecules and to the
ability of the oxygen atom to chelate to the metal species. The
substitution of methoxyacetic acid residues for oxalate is very straight-
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forward since the the latter is thermally-unstable above 180°C. Thus
BaTiO(O,CCH;0Me)4 (HO,CH,0Me); is obtained by heating
BaTiO(Ox)2(H20) in an excess of methoxyacetic acid. This material is
very soluble in organic solvents, especially chlorocarbons. Pyrolysis at
7000C produces crystalline BaTiO3 in 31.6 weight-percent ceramic yield.
The extra equivalents of coordinated acid play an important role
in stabilizing the compound and attempts to remove them result in
decomposition to an insoluble material. Clear evidence for the
coordinated acid is provided by both infrared and proton NMR
spectroscopy. The former shows a very broad absorption at 3200 cm-1
due to the hydroxyl stretch of the carboxylic acid. The 1TH NMR
spectrum shows a broad resonance at 7.66 ppm which may also be
assigned to this moiety. As well, three equal intensity methylene
resonances are observed at 4.6, 4.1, and 4.0 ppm. The latter signal is
very close to that of the free acid but its assignment to the coordinated
acid is tenuous at best. The other two resonances could be assigned to
carboxylate anions associated with either barium or titanium but,
again, there is no convincing evidence this is true. It should also be

noted that the three methoxy resonances are not resolved (8=3.4 ppm).

Prolonged exposure of BaTiO(O2CCH20Me)4 (HO2CH,0OMe); to
humid air results in absorption of water to form a monohydrate which
has much more limited solubility. Therefore, the compound should be
stored in a dessicator.

Dilute solutions of the MOD precursor were prepared by dissolving
0.25g of it in 10 ml of methylene chloride. Glass slides and n-type silicon
wafers were dip-coated in this solution (alternatively, films of the precursor
could be spin-coated from methanol solutions) and then heated to 700°C in 2
muffle furnace using a ramp-rate of 5°C per minute. In this manner, coherex
thin films of BaTiO3 were obtained that exhibited the typical rainbow patterr
of interference fringes. Scanning electron microscopy showed the films to be
featureless and smooth.

In conclusion, the process outlined provides a convenient route { r the

preparation of barium titanate thin-films. We are currently applying this
method to the preparation of other titanate materials .
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SYNTHESIS AND CHARACTERIZATION OF GROUP IV METAL
ADAMANTANOL ALKOXIDES AS POTENTIAL PZT PRECURSORS.

Timothy J. Boyle*, Aaron T. Pearson, and Robert W. Schwartz
Sandia National Laboratories, Advanced Materials Laboratory, 1001 University
Blvd. S.E., Albuquerque, NM 87106

ABSTRACT

The size and morphology of adamantanol (AdamO-H) make it an interesting
ligand to investigate as a possible starting reagent for the generation of lead
zirconate titanate (PZT) thin films. It was believed that hydrolysis, due to
ambient humidity, would be reduced as the steric bulk around the metal center
was increased. Group IV (Ti, Zr) metal alkoxides were reacted, in sundry
stoichiometries, with adamantanol and the resulting compounds were used for
film generation. Surprisingly, most of these compounds crystallized when their
solutions were spin-cast deposited onto silicon substrates. The one exception was
the (AdamO)Zr(OCHMe»)3 compound, which apparently gelled. Ellipsometric
data obtained on this film showed that typical densification occurred.

INTRODUCTION

Commercially available alkoxide and acetate reagents such as Ti(OCHMe>)a,
Z1r(O(CH3)3Me)4*HO(CH3)3Me, and Pb(O2CMe),*3H0 have been used to form
complex ceramic precursors. Solution deposition of these metallo-organic
carboxylates and alkoxide precursors, generally called the "sol-gel process”, has
been shown to be advantageous in generating high quality ferroelectric lead
zirconate titanate (PZT) thin films.!-3 These films are of technological interest for
such diverse uses as nonvolatile memories, optical storage media, and decoupling
capacitors.2 However, control of the film densification and crystallization is
required to prepare films with optimized dielectric, ferroelectric and electrooptic
properties for these various applications. Therefore, development of an
understanding of the relationships between chemical precursors, solution
processing, film fabrication conditions, and film properties is essential for
successful thin film device production,

One way to generate property-controlled PZT films is to utilize well
characterized starting materials with the desired properties internalized. Once
these novel precursors are obtained, their effects on film densification and
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crystallization behavior can be studied. Subsequent modifications can then be
undertaken so that property-optimized films for specific applications can be
produced. Typically, metal alkyl alkoxide precursors have been used to produce
PZT films, since they possess the following desirable characteristics: the organic
fraction (carbon and hydrogen atoms) can be easily removed at relatively low

temperatures, the compounds are stable over time (both in the solid and solution
state), they are easily obtained or synthesized, and soluble in standard organic
solvents.5 Therefore, any new compounds that are to be synthesized should
possess similar characteristics to the standard starting reagents. Our approach to
this problem has been to use alkyl alkoxides ligands with different sizes and
shapes. It is essential to determine the structure of these new compounds both in
the solid and solution state to determine the effect these changes have on the films
generated.
Of the large variety of alkoxide ligands available we chose to concentrate on
adamantan-1-ol [1-hydroxy adamantane or 1-hydroxy tricyclo 3,3,1,13,17.decane
OH = AdamO-H, (vide portus)], for isolation of these new
precursors. AdamO-H was chosen since it is a large,
= AdamO-H Sterically hindering alkyl alkoxide that allows for the
flexibility of judiciously adding bulk around the metal
center. This ligand was used in hopes of selectively
reducing hydrolysis susceptibility of these metallo-
organic precursors. The methods for synthesizing these compounds and their
corresponding thin film and material characteristics are reported.

EXPERIMENTAL SECTION

All compounds [(AdamO)M, (AdamO);M(OCHMe>),
(AdamO)>M(OCHMe3)s, (AdamO)M(OCHMe3z)3; M = Ti, Zr] were synthesized
using standard Schlenk and glove box techniques and following the general
synthetic pathway previously reported.®.7 All solvents were dried and freshly
distilled from sodium benzophenone ketyl.8 Adamantan-1-ol (Aldrich%2) and
Zr(OCHMe,)4*HOCHMe; (Alfadb) were used as received. Ti(OCHMe3)4
(Aldrich%3) was vacuum distilled before use.

To identify the reaction products, !H and !3C NMR spectra for each
compound were obtained on a 250 MHz Bruker NMR spectrometer. The
compounds were referenced against the residual impurity in C¢Dg (CIL9C). Also,
TGA/DTA studies were undertaken using an STA 1500 Pl Thermal Sciences
TGA/DTA (version V4.30). All samples were loaded in air and run under UHP
oxygen or argon. Sample size ranged from 8 - 15 mg.

Thin films were deposited by syringe (0.15M solutions of freshly prepared
starting materials dissolved in dried toluene) onto a silicon wafer (17mm X
17mm, freshly cleaned with MeOH and dried). These wafers were spun at 1500
rpm in air for 10 secs. or until gelation occurred. The changes in film thickness
and refractive index at room temperature as a function of drying time were
measured by eliipsometry (Gaertner L116-C). A topological surface picture
(1000 X) was then obtained by optical microscopy. From the same solution, two

80 Ferroic Materials




RO

P ——

more films were generated under identical conditions. Film thickness and
refractive index were obtained on these films and they were then fired under
different circumjacent gases (O3 or Ar). These films were heated at 10°C per min
to 550°C and then fired at this temperature for 10 min. Thickness and refractive
index data were once again obtained to determine densification. A
photomicrograph (1000 X) was also acquired to record any visual alterations in
the surface microstructure.

RESULTS AND DISCUSSION
Synthesis

We decided to initially synthesize the metallo-organic precursors
independently, after which the mixed metal compounds would then be
investigated. This was done since the chemical identity of the products of any
binary or ternary alkoxide system consisting of Pb, Zr, and/or Ti would be more
difficult to characterize than the single component systems. The initial studies
therefore focused on production of titanium and zirconium adamantanoxy
derivatives. Formation of the lead alkoxides was initially omitted due to two
reasons: (1) lead alkoxides have a tendency to polymerize and thereby produce
poorly soluble compounds; !0 and (2) the carcinogenic nature of metallo-organic
lead compounds predicated postponing preparation of this precursor till the other
reactions had been optimized.

A series of reactions with varying stoichiometries (n = 1, 2, 3, 4) was
undertaken (Eq. 1) to generate a systematic series of increasing sterically bulky
metal alkoxides. The procedure followed for synthesis of these compounds was a

slight modification of a published procedure for formation of (AdamO),4Ti.6.7
OH

MOR), + n _THF _ (Adam-0),M(OR),, Egq.1
M=Ti, Zr
OR = OCHMe;
n=12234

The metal alkoxide was dissolved in THF, adamantanol was slowly added, and if
required, the mixture was heated until a clear solution resulted. The reaction
mixture was allowed to cool with continued stirring for 12 hours. The solvent
was then partially removed by rotary evaporation until crystalline material was
observed. After warming to redissolve any precipitate, the concentrated solution
was then allowed to sit at ambient temperature. When » is equal to one (Eq. 1)
and M = Ti, the product (AdamO)Ti(OCHMe3)3 is isolated as a clear oil. When n
is greater than or equal to two and M = Ti or Zr, white solids or colorless crystals
of the following empirical formula are isolated: (AdamO)4.,M(O-i-Pr),. All the
compounds isolated could be redissolved in ambient or hot toluene at 0.2M
concentration or less.
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Solution State

IH and 13C NMR spectra of the isolated compounds indicated that the
desired alcoholysis reactions, shown in Eq. 1, had taken place cleanly. In the
NMR spectra, as n is increased (Eq. 1) there is an increase in resonances
associated with the adamantanoxy ligands, coupled with a decrease of iso-
propoxide resonances. This is clearly shown in the 13C NMR spectra of the
titanium compounds as the reaction stoichiometry (n) was increased from 1 to 4
(see Figure 1). Based on the integration of the peaks, in the 'H NMR spectrum,
stoichiometric substitution was again proven to have occurred. When M = Ti and
n = 4, there appears to be a small impurity. This was identified by 1H NMR
spectroscopy as (AdamQ)3Ti(O-i-Pr), the 1:3 derivative. It was also observed that
with increased ligand substitution there was a significant decrease in solubility.
This may be due to decreased solvation as a result of increased steric bulk around
the metal center. The 1H NMR spectra of titanium compounds are quite sharp;
however, the zirconium adducts tend to exhibit broader peaks that would indicate
some fluctionality in the solution state structure. Since the majority of these
compounds precipitate out of solution at slightly reduced temperatures, variable
temperature NMR studies, which could have helped elucidate any dynamic
behavior and therefore structural information, were not be undertaken. Currently,
molecular weight studies are under way to determine the nuclearity of these
compounds in solution.

Solid State

Pyrolysis. A series of TGA/DTA experiments on the (AdamQ),M(OCHMe3)4.,,
(M= Ti, Zr) compounds were run under two ambient gases (O and Ar, figure 2
shows M = Zr, n = 1, 4 spectra). It is clearly evident in the TGA that as the
adamantanoxy ligation increases, the weight loss steps associated with this ligand
systematically increase. This is coupled with a uniform decrease in the iso-
propoxide steps. When correlated with the NMR data, this information further
details that systematic substitution of adamantanoxides for iso-propoxides has
occurred. The TGA/DTA spectra change dramatically based on the choice of
circumjacent gas used. In the TGA, the orderly exchange of adamantanoxide for
iso-propoxide ligands is clearly observed for both set of powders under argon;
however, under oxygen, due to a large exotherm (recoalescence peak) in the DTA,
a retracing is observed in the TGA spectrum.

In the DTA, under argon, all the titanium powders loose their organic
fractions with small endothermic events (occurring around 425°C); however,
under an atmosphere of Op, there appears in the DTA, an unusually large
exothermic event around 300°C, associated with a relatively small weight loss in
the TGA. The zirconium powders also show this behavior. Under an argon
atmosphere, for all the zirconium powders, two small endothermic events
occurring around 100 and 200°C in the DTA can be observed. Under O3,
however, large exothermic events are recorded in the DTA around 300°C.
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Structure. X-ray crystallographic studies of the solid state structures of selected
(AdamO),M(OR)4, (M = Ti, Zr; R = CHMe;) compounds are under
investigation. Drawings in Figure 3 show the basic substitution processes
undergone in Eq. 1 to produce the theoretical (AdamO),M(OR)4., products.

;)CHMO: Me, HC%
Onl
. il M
OCHMe, OCHMe,
"(AdamO)M(OCHMe,)," "(AdamO),M(OCHMe,),"

M=Ti,Zr

< §

“(AdamO);M(OCHMe;)" (AdunO)M”

Figure 3, Substitution pattern of adamantanoxy for ise-propoxide ligands.

There are only two reports of transition metal adamantanoxide structures in the
literature, (AdamO)4Mo(NHMe3)¢ and [(AdamO)Zn(CH,SiMe3)l4!l. At this
time, we assume the higher substituted titanium and zirconium compounds (n = 3
or 4) are mononuclear as reported for the molybdenum complex. This assumption
is based on Wilkinson's adamantanoxide work,5 literature reports on monomeric
titanium compounds which posses large aryl alkoxide coligands,!2 and simple
molecular models that indicate a large steric interaction between adamantanoxy
ligands occurs if the nuclearity is greater than one.

The lower substituted titanium compounds are probably oligomeric based on
previous structural information found in the literature for titanium alkyl
alkoxides.!3 Furthermore, titanium has a tendency to coordinately saturate its
binding sphere,13-15 unless a large number of sterically hindering ligands are
used.!2 Therefore, the probability is that the central core consists of inter-linked
titanium iso-propoxide moiety that is protected by an outer sphere of
adamantanoxy ligands. This type of arrangement would not allow for attack by
ambient humidity.

The reason the lower substituted zirconium complexes gel during deposition
may also be deduced from the structure of
zirconium iso-propoxide. This compound is
known to be the dimeric compound

HTR or [Zr(OCHMe3)4*HOCHMe) ;.16
RO~ e O g In Eq. 1 with n = 1, a simple substitution
o~ TR OR could occur to form the empirical compound
OR  HOR "(AdamO)Zr(OCHMe>)3" without disruption

“(AdamO)Zr(OR);" R =CHMe, of the dimer (vide portus). Therefore, this

84 Ferroic Materials




— ey -

S e

compound would retain the easily exchanged free alcohols associated with the
starting material and therefore would still be susceptible to hydrolysis.

Film Data

The films deposited from these metal alkoxides do not produce either
physical or chemical gels during spinning but tend to form crystalline clusters.
This was observed by both optical microscopy and the varied ellipsometry data
obtained. For a solution droplet deposited onto a glass substrate, actual crystal
growth can be observed as the solvent evaporates. The non-uniformity of these
films, caused by the isolated crystalline environments, does not make these films
amenable to detailed ellipsometric investigations of densification. We believe
that the introduction of the adamantanoxy ligand has effectively suppressed
hydrolysis. The lack of any gelation (physical or chemical) is quite surprising and
may be explained by the structural aspects of these precursors (vide supra).
Furthermore, the fired films showed little change in the topological features,
except for the appearance of macroscopic porosity in the crystalline regions of the
films. Figure 4 is the spin cast deposited film of 0.15M (AdamO)Ti(OCHMe3)3
in toluene that was then fired to 550°C under an atmosphere of argon. This figure
illustrates the crystalline characteristics associated with these types of compounds.
The dark clusters are crystalline material; whereas, the light colored background is
the silicon substrate.

The mono-adamantanoxy substituted zirconium compound,
(AdamO)Zr(OCHMe3)3, appears to gel during spin casting, which is probably
related to the structure of this compound (vide supra). The films generated at
room temperature look uniform when compared to the other precursor films
(Figure 5). The film has small variations in thickness. The darker areas are
slightly thinner than the lighter areas. Ellipsometry data on this film indicates that
approximately 30% consolidation occurs at room temperature. This is
comparable to zirconia thin films prepared from acetyl acetone or acetic acid

modified zirconium n-propoxide sols.17 The fired films appear granular in nature,
with significant interconnected porosity.

gure 4. Film of 0.15M (Adam0)2Ti(OCHMe3);3 in
toluene, spin-cast deposited on a silicon wafer and
then heat treated under argon.

Figure 5. Film of 0.15M (AdamO)Zr(OCHMe3)s in
toluene spin-cast deposited on a silicon wafer.
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CONCLUSIONS

It has been demonstrated that the systematic replacement of OCHMe> ligands
with AdamO ligands for titanium and zirconium alkoxides is easily accomplished.
The systematic substitution is clearly observed in the TGA/DTA as well as the 'H
and !13C NMR data. Single crystal X-ray crystallography as well as molecular
weight studies are underway to determine the extent of oligomerization of a
number of these compounds. All the titanium adamantanoxy precursors
crystallize during spin deposition instead of gelling, indicating significantly
reduced reactivity with ambient humidity. The less substituted zirconium
adamantanoxy complexes appear to demonstrate more of the classical gelation
characteristics during spin casting. Structural information should elucidate the
reasons for the observed properties of these compounds.

The higher substituted titanium and zirconium complexes are postulated to be
monomeric and the steric bulk inhibits hydrolysis, as predicted. It is assumed that
the lower adamantanoxy substituted titanium compounds are more oligomeric in
nature with the adamantanoxy ligands surrounding and protecting the central core.
This would account for the reduced hydrolysis observed for the titanium
compounds. We also believe that the zirconium compounds are not as clustered
as the titanium compounds and are therefore more susceptible to hydrolysis.

We have demonstrated that ligand substitution can have a large impact on the
resulting characteristics of the thin films. Optimization of this technique should
lead to novel routes for generation of property controlled thin films.
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PROCESSED WITH A LEAD OXIDE COVER COATING
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Champaign, Urbana, IL 61801

ABSTRACT

Improved dielectric and ferroelectric properties are reported for the
sol-gel preparation of lead-based perovskite-structure thin layers by a
novel processing technique. The method uses a PbO cover coat to avoid
the formation of additional phases on the surface. The deleterious effect
of a "pyrochlore-type” phase, which is not present when a PbO cover coat
is used, is attributed to PbO loss from the surface during thermat
processing. Examples are given for PZT and PLZT thin layers integrated
on Si with and without a PbO cover coat. Crystailization temperatures
and times were reduced for the attainment of single-phase perovskite
material. The dielectric, ferroelectric, and piezoelectric properties were
always found to be superior for coated structures.

INTRODUCTION

Lead-containing ferroelectric thin iayers have potential
applications in non-volatile memory elements,'2 infrared sensors,?
microactuators,® and electro-optic devices5: —if they can be prepared in
the perovskite structure. Materials of interest include, lead titanate
(PbTiOg, i.e., PT), lead zirconate titanate (Pb(Zr,Ti)O3, i.e., PZT) and
lanthanum (La)-modified PZT (i.e., PLZT). The coexistence of additional
phases has, however, restricted many applications. Ishida et al. reported
a cubic (i.e., non-ferroelectric) pyrochlore structure to be more stable than
perovskite for sputtered materials at lower processing temperatures and

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reg)lgdudion, or republication of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.

Ferroic Materials 89




under Pb-deficient conditions.” In sol-gel processing, the formation of a
second phase on the surface has been a serious problem for ferroelectric
properties. Several reports identified perovskite “rosette™-like grains in a
fine-grain pyrochlore surface structure.® Analysis indicated the
pyrochlore to be richer in Zr and more deficient in Pb than the perovskite
structure.? Pb-based perovskite layers crystallize from either the
amorphous state or transform from the aforementioned pyrochlore
structure, depending upon the thermal processing conditions.
Crystallization is reported to proceed at a lower temperature for Ti-rich
PZT compositions and therefore at higher temperatures for Zr-rich PZT
coatings.'® Higher processing temperatures can lead to an additional
Pb-deficient Pb(Ti,Zr)307 phase and interfacial reactions with silicon-
based substrates.?!! It is especially difficult to obtain single phase
perovskite material for Zr-rich PLZT compositions since LapZr2O7 is 2
stable pyrochlore phase.?

Perovskite phase develcpment in sol-gel derived thin layers has
also been reported to depend upon solution chemistry.'®'4 Lakeman
and Payne noted that solutions prepared without a final stage vacuum
distillation gave rosette structures, whereas properly prepared solutions
(i.e., without ester present) yielded a fine-grain perovskite structure.!3
Aging of properly processed solutions could also lead to pyrochlore
formation.'S Similarly, Schwartz et al. prepared two types of solutions
with acetic acid as a solvent, and found that the solution with the higher
ester content formed thin layers with the greater pyrochiore content on
the surface.'® In both cases, ester formation in the precursor solutions
was shown to be detrimental to the formation of single phase perovskite
material. Tuttle et al. proposed that phase separation occurred as
hydrolysis and condensation reactions proceeded to form the gel.'®

In addition to careful control of solution chemistry, three
processing techniques have been proposed to reduce the pyrochlore
problem for the lead-based ferroelectric thin layers:

(i) Additions of excess Pb in solution.
(ii) Seeding tor perovskite crystallization.
(iii) Rapid thermal processing (RTP).

It is well known that excess PbO is added to powders in
conventional processing to compensate for lead-loss on heat
treatment.'7:'® This technique is also used in sputtering methods at
reduced pressures.'® In sol-gel processing, it is claimed that excess PbO
leads to crystallization of dense perovskite microstructures at reduced
temperatures.?° Tuttle et al. reported an optimum amount of 5 mo!% PbO
content for PZT (53/47) thin layers,® while Francis and Payne found that
15 mol% gave the best properties for lead magnesium niobate (PMN)-
based compositions.2! Crystallization at reduced temperati:res was also
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promoted through the use of seeded layers. Swartz et al. deposited
PLZT precursor solutions on a PT interlayer and obtained perovskite
PLZT.22 Hirano et al. reported on the preparation of perovskite PMN-PT
layers over a seeded PZT base layer.23 In addition, RTP has been used
to maximize the perovskite content by avoiding extended time in the
temperature range in which the pyrochlore phase is stable.24 This kinetic
approach has been used successfully for a variety of compositions and
substrate materials. RTP aiso has a role of minimizing both PbO loss due
to evaporation, and interdiffusion between the substrate and the layer.25

it is also well known that for conventional mixed-oxide powder
processing of lead-based ceramics, the atmosphere containing PbO
vapor around the part during firing has a significant effect on defect
structure, density, microstructure development, and therefore
properties.26:27 PZT ceramics are usually sintered in O2 atmospheres
with powders containing PbO + PbZrO3 to prevent Pb and O loss during
firing.28 However, no study has been reported for the use of an
"atmosphere powder" technique?® for lead-based thin layers. The vapor
pressures of Pb and PbO are not significant at the lower temperatures
(e.g., 650 °C) used for the processing of sol-gel derived thin layers,2?
compared with the higher temperatures (e.g., 1300 °C) used for the
conventional firing of bulk ceramics. The surface area to volume ratio is,
however, significantly greater for thin layer-structures, typically 103 to 104
times greater than for bulk ceramics. Furthermore, in sol-gel processing,
the firing atmosphere may be different from conventional processing due
to pyrolysis of residual organic species.

In this paper, we mimic the "atmosphere powder" technique and
develop a novel method to prevent lead (Pb) loss in the preparation of
lead-based thin layers. Initial results have been reported elsewhere for
PLZT thin layers.2® We now report additional information, including data
for PZT. The novel method leads to complete crystallization of the
perovskite structure without any additional phases on the surface of thin
layer ferroelectrics.

EXPERIMENTAL PROCEDURE

Figure 1 illustrates the processing cycle for sol-ge! derived PZT
and PLZT thin layers. Precursor solutions for PZT and PLZT were
prepared from lead acetate Pb(CH3COQ)2, lanthanum isopropoxide
La(0-iC3H7)a, zirconium n-propoxide Zr(O-CzH7)a, titanium isopropoxide
Ti(O-iC3H7)4, and 2-methoxyethanol CH3OC2H4OH. The process was a
modification of Budd's original method.3® Compositions chosen were
close to morphotropic boundaries; PZT 53/47 and, PLZT 7.5-8/70/30 and
8/65/35. An additional batch of a PbO containing "coating solution” was
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Fig. 1 Processing route for sol-gel derived PZT and PLZT thin layers

prepared separately, in a manner similar to the way the solution was
prepared for PZT and PLZT. That is, anhydrous lead acetate was
dissolved in 2-methoxyethano! and refluxed, followed by distillation and
dilution to 1M.

Partially-hydrolyzed PZT and PLZT solutions were deposited on
Pt/Ti/SiO2/Si substrates by spin-casting at 3000 rpm. After each layer
was deposited, the specimen was dried at 150 °C for 15 seconds and
pyrolyzed at 300 °C for 1 minute. After 5to 10 depositions, the multilayer
was crystallized at 500 to 700 °C for 1 to 30 min in air in an electrically
heated box furnace. The PbO precursor solution was deposited before
(i.e., under coat) and/or after (i.e., cover coat) the spin-casting of PZT or
PLZT. A typical thickness for a fired layer was 0.3 to 0.4 um.
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Crystallization behavior was examined after heat treatment by X-ray
diffraction (XRD, Rigaku D/Max IllA), and microstructures were determined
by scanning electron microscopy (SEM, Hitachi S800) and transmission
electron microscopy (TEM, Philips EM420). Gold electrodes were sputter-
deposited through a shadow mask and dielectric and ferroelectric
properties were measured on an impedance analyzer (HP4192A) and a
Sawyer-Tower bridge at room temperature. The piezoelectric response
behavior was determined as a function of DC electric field at an AC
oscillation level of 1 V, by interferrometric measurements.?! The
instrumental details and experimental method are described elsewhere.3?

RESULTS AND DISCUSSION

PbO remained as particles on the surface of the layers which had
been heat treated at 650 °C (or below) for 5 min, or at 700 °C for 1 min.
By heating at 650°C for 30 min or at 700 °C for 5 min, the PbO particles
disappeared from the surface. Figure 2 gives XRD data for specimens
heat treated at 500 to 650 °C for 5 min with and without a PbO cover coat.
There was little difference in the XRD patterns for specimens heated
below 600 °C, i.e., for (111) perovskite and (222) pyrochlore. The
diffraction peak for pyrochlore was broad, reflecting the nanocrystalline
nature of the phase. Above 625 °C, however, there was a significant
difference between specimens which had been prepared with and
without a top PbO layer. PbO-covered PLZT layers gave no evidence of
a pyrochlore phase when heat treated above 625 °C. On the other hand,
specimens without a PbO cover coat retained the pyrochlore phase at
higher temperatures (e.g., 650 °C). Although XRD data for uncovered
PLZT layers heated at 700 °C for 5 min hardly detected a trace of
pyrochlore, the nanocrystalline nature was clearly revealed by SEM, as
indicated in Fig. 3b. In addition, an uncovered PLZT layer seeded with a
PbO base layer also had a nanocrystalline surtace layer (< 20 nm). By
comparison, the grain size for a PbO-covered PLZT layer was somewhat
greater, between 0.1 and 0.2 um (Fig. 3a). Figure 4 gives a TEM
photomicrograph for an uncovered PLZT layer in cross section, which
indicates that the layer was comprised of columnar perovskite grains at
the base and with nanocrystalline grains at the top surface. Lattice
spacings for the surface layer, as determined by selected area electron
diffraction (SAED) in the TEM, were similar to spacings previously
reported for an oxygen-deficient pyrochlore phase, PbaTi2Og.2% The
EDAX analysis indicated the surface layer was Zr-rich, and relatively Pb-
and Ti-deficient, in agreement with the results of Tuttle et al.?
Nanocrystalline surface layers were not observed on any of the PbO-
covered PLZT layers heat treated above 625 °C. Single phase
perovskite material was always formed without any additional phases on
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Fig. 2 XRD data for PLZT 6/65/35 thin layers heat treated at 500 to 650 °C
for 5 min (a) and (b) without a PbO-precursor cover coat.
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0.5 pm

Fig. 3 SEM Photomicrographs of PLZT 7.5/70/30 thin layers fired at
700 °C for 5 min (a) with and (b) without a PbO-precursor cover
coat, and (¢) with a PbO-precursor undercoat.
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Fig. 4 TEM photomicrograph for the cross section of uncovered PLZT thin
layer heat treated at 700 °C for 30 min, with EDAX data for (a) fine-
grain "pyrochlore-type" layer and (b) columnar perovskite grain.
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the surface. A reduced time for complete crystallization was also
observed for perovskite PLZT thin layers.?? Similar behavior was seen
for PZT thin layers. Figure 5 illustrates the difference in microstructures
for layers heat-treated at 700 °C for 30 min with and without a PbO cover
coat. It is evident that without a PbO-precursor coating, a nanocrystalline
structure was formed on the surface, and EDAX analysis in the TEM
indicated again this was an off-stoichiometric (Zr-rich and Pb-deficient)
pyrochlore-type phase. In contrast, a dense, larger-grain microstructure
was obtained for thin layers fired with a PbO cover coating.

Residual PbO particles on the surface of thin layers could be
removed physically (by rubbing gently) or chemically (by dissolving in

Fig. 5 SEM photomicrographs of PZT 53/47 thin layers heat treated at
700 C for 30 min (a) with and (b) without a PbO-precursor cover
coat.
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acetic acid). Figure 6 gives the dielectric properties as a function of
frequency for PLZT 7.5/70/30 which was heat treated at 700 °C for 5 min.

PbO-covered layers had the highest value of dielectric constant (K = 615)
and lowest loss (tand = 1.3 %) compared with uncovered layers (K = 239,
tand = 5.2 %) when measured at 1 kHz, 50 mV ac and 25°C. The
deposition of an under coat had no effect on properties for un-covered
PLZT layers. K values are given in Figure 7 for PbO-covered PLZT
8/65/35 layers prepared under different conditions. For example, after
heat treatment at 650 °C for 1 min, single phase perovskite material was
formed with a K value of 575. The maximum value for K was 714 after
heat treatment at 700 °C for 5 min. The standard deviation for average K
values was 2.0 to 2.5 %, which indicated good structural and
compositional control for the improved processing of PLZT layers. Figure
8 gives the dielectric properties for PZT thin layers heat treated at 700 °C
for 1 min. PbO-covered layers had higher values of dielectric constant (K
= 818) and lower loss (tand = 0.9 %) than uncovered layers (K = 433,
tand = 2.4 %).
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Fig. 6 Frequency dependence of dielectric constant and tangent 8 for
PLZT 7.5/70/30 thin layers heat treated at 700 °C for 5 min.
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Figure 9 illustrates the ferroelectric properties. PbO-covered PLZT
exhibited slim-loop behavior with polarization saturation, whereas
uncovered layers were lossy. Figure 10 compares P-E hysteresis loops
of the two types of PZT thin layers. Layers prepared without a PbO-cover
coat had lossy characteristics with average values of Py ~ 9.4 uC/cm2, E¢
~ 104 kV/cm. For PbO-coated layers, the loops saturated, had higher
values of remanent polarization, and with lower coercive fields. The
average values for coated layers were Pg ~ 28 uC/cm2, P, ~ 14.7 uC/cm?2,
and E¢ ~ 76 kV/cm,

Finally, Figure 11 indicates the piezoelectric properties for PZT
thin layers prepared by the two methods as a function of applied bias at 1
kHz. Higher values of daz coefficients (180 pC/N) were measured for
PbO coated layers, which are close to values that have been measured
for bulk ceramics (223 pC/N).28 Asymmetry in the strain-field 'butterfly’
loops was observed in both types of iayers. It may be attributed to
interfacial substrate effects and differences in physical constraints
between the top and bottom surfaces of the thin-layers.34
It is clear that the deposition of a PbO cover ccat over a PZT and PLZT-
precursor thin layer has a beneficial effect on perovskite phase
development on heat-treatment. Elimination of a Pb-deficient pyrochlore-
type phase on the top surface leads to a significant improvement in
dielectric and ferroelectric properties and consistency. However,

30 [T T T T T LA B e s

o PbO cover
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o PbO base

20

10 |
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o
:

i 0.3 um, 100 Hz, 25 °C ]
S T N { At 1 ]

-30
.400 -300 -200 -100 © 100 200 300 400
Electric field (kV/cm)

Fig. 9 Ferroelectric hysteresis for PLZT 7.5/70/30 thin layers heat treated
at 700 oC for 5 min.
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700 °C for 1 min.
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deposition of a PbO-base layer did not give any improvement in either
the microstructure or the dielectric propenties for the PLZT layers. These
results suggest that Pb loss into the atmosphere is the major contributing
factor to the formation of undesirable surface phases, rather than reaction
of PbO with the base electrode materials. This novel method could be
applicable to other lead-containing materials such as PMN and lead
scandium tantalate (PST) which have a strong tendency to form a
pyrochlore-type phase at higher processing temperatures. Furthermore,
the method may be extended to other systems containing volatile species
(e.g., KNbOg3, LiTaOg3, NaNbOsg, etc.,) to prevent alkali loss during firing of
thin layers.

CONCLUSION

The results demonstrate that pyrochlore formation on the surface
of PZT and PLZT thin layers is attributable to evaporative loss of PbO,
and that an additional deposition of a PbO cover coat effectively prevents
this problem and anhances complete crystallization of the perovskite
structure. Any remaining PbO particles on the surface can readily be
removed after firing and do not degrade dielectric properties. Thin layers
processed with a PbO cover coat reproducibly form uniform
microstructures of single phase perovskite material with improved
dielectric, ferroelectric and piezoelectric properties when compared with
uncoated fayers. This novel method can be applied to other Pb-
containing systems and extended to materials which contain other
volatile species.
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METAL ALKOXIDE DERIVED ORIENTED AND EPITAXIAL
FERROELECTRIC THIN FILMS

Keiichi Nashimoto
Materials Research Laboratory, Fuji Xerox Co., Ltd.
1600 Takematsu, Minamiashigara, Kanagawa, 250-1, Japan

ABSTRACT

Ferroelectric thin films including LiNbO3, LiTaO3, KNbO3, and PZT
were prepared by a process utilizing non-hydrolyzed metal methoxy-
ethoxide precursors, spin coaling, and rapid thermal annealing.
Epitaxial and dense LiNbO3 and LiTaOg3 films without any misoriented
planes on sapphire (110) and (001) substrates were obtained with the
present process. The LiNbOg started to crystallize at 400°C and the
refractive indices of LINbO3 annealed over 600°C were close to those of
bulk single crystals. Rocking curve full widths at half maximum
(FWHM) for (110) of epitaxial LiNbO3 and LiTaOg films on sapphire
(110) less than 0.4° were observed. Epitaxial or highly oriented KNbO3
and PZT thin films with rocking curve FWHM:s for (100) of 2.5° and 1.5°,
respectively, were successfully grown on MgO (100) substrates.

INTRODUCTION

Ferroelectric thin films have been prepared by a number of processes
for fabricating non-volatile memories, opto-electronic devices, and
surface acoustic wave devices. Among these applications, opto-electronic
waveguide devices, such as, acousto-optic deflectors, electro-optic
switches, and frequency doublers, require diffused ferroelectric single
crystal wafers or epitaxial ferroelectric thin films, The single crystal

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, uction, or r?ublication of this &ublication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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wafers or epitaxial thin films are essential because of low optical
propagation loss, due to the absence of high angle grain boundaries, and
their near single crystal properties, due to their oriented domain
structures. For the optical waveguide structures, LINbO3 single crystals
usually serve as the substrates into which the diffused optical
waveguides are fabricated. However, thin film waveguide devices are
desirable because the single crystal devices are expensive, quite
complicated, and incompatible with integration to semiconductor lasers.

Current major epitaxial growth processes are vapor phase processes
which are generally costly and complicated for the preparation of
stoichiometric epitaxial ferroelectric thin films. Epitaxial ferroelectric
thin films produced by these vapor phase processes include LiNbO3 on
sapphire by rf-sputtering [1], Pb1.xLax(Zr1 yTiy)1x403 on sapphire by
rf-magnetron sputtering [2], KNbO3 on MgO by ion beam sputtering [3],
BaTiO3 on MgO encapsulated GaAs by pulsed laser deposition [4], and
PbTiOg3 on SrTiO3 by MOCVD [5], for instance. These thin films were
prepared through manipulation of target composition and/or precise
control of deposition conditions in order to obtain stoichiometric
ferroelectric thin films.

As a thin film process, the sol-gel process is advantageous in reducing
processing cost, stoichiometric composition control, and large area
fabrication, although it has been primarily used as a process to prepare
polycrystalline ferroelectric thin films. Partlow and Greggi observed a
partial homoepitaxy when they prepared LiNbO3 thin films on LiNbO3
single crystals by the sol-gel process using hydrolyzed metal ethoxides
[6]. Afterwards, LiNbO3 thin films with preferred orientation on
sapphire substratcs were prepared from partially hydrolyzed metal
ethoxides [7].

With respect to the growth of single crystal epitaxial ferroelectric
thin films by the sol-gel process, Nashimoto et al. reported the solid state
heteroepitaxial crystallization of LiNbO3 thin films with single
orientations on sapphire substrates from non-hydrolyzed metal ethoxide
precursors [8-11]. The in-plane epitaxial crystallography and
microstructure of the LiNbO3 were also identified by pole-figure
measurement and high resolution transmission electron microscopy.
Examples of chemically derived oriented or epitaxial ferroelectric thin
films, such as LiNbOg, LiTaO3, PbTiO3, PZT, Pb{(Nb,Zr,Ti)03, SrTiOs,
and Pb(Mg1/3Nbg/3)03, are listed in Table 1.
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In this paper, the critical effects of precursor chemistry and
annealing conditions on the orientation and quality of sol-gel derived (or
metal alkoxide derived) epitaxial or oriented ferroelectric thin films of
LiNbOg3, LiTaO3, KNbO3, and PZT are described.

Tablel. Chemically derived oriented and epitaxial thin films.

Thin films Year  Reference
Partially homoepitaxial LiNbO3 1987 [6]
Oriented LiNbOg3 on sapphire 1988 [71
Oriented PbTiO3 on MgO 1989 [12]
Oriented PZT on SrTiO3 1989 (13]
Oriented Pb(Mg;/3Nbg/3)03 on MgO 1989 [14]
Epitaxial LiNbO3 on sapphire 1990 [8,9]
Epitaxial Pb(Nb,Zr,Ti)O3 on sapphire 1992 [15]
Homoepitaxial SrTiO3 1992 [16]
Epitaxial LiTaO3 on sapphire 1993 {171
EXPERIMENTAL

0.6 M ethanol based precursor solutions for LiNbO3 thin films were
prepared from stoichiometric metal ethoxides in absolute ethanol as
reported before [9]. The crystal structure of the double lithium niobium
ethoxide was reported [18]. Methoxyethanol based precursors for
LiNDbOj3, LiTaO3, and KNbO3 were also prepared from ethoxides with
stoichiometric composition using alcohol exchange reactions in 2-
methoxyethanol in a dry nitrogen atmosphere, in order to examine the
effect of chemical modification on the quality of derived films [17]. The
methoxyethanol based LiNbO3 thin film process is illustrated in Figure
1. To form 0.6 M metal methoxyethoxide solutions, equal molar amounts
of each ethoxide were dissolved in absolute 2-methoxyethanol. The
solutions were stirred and distilled for 2 hours. Within one hour, the
boiling point of the solutions increased to 125°C indicating progress of
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the alcohol exchange reaction. The distillation was followed by refluxing
for 22 hours for complete alcohol exchange reaction and complexing. The
formation of metal methoxyethoxides was confirmed by 1H NMR
spectroscopy of dried precursors.

Pb(Zrg 52Tip.48)03 thin films were prepared from methoxyethanol
based precursors. The stoichiometric methoxyethanol based precursors
were prepared from lead acetate, zirconium iso-propoxide and titanium
iso-propoxide, as starting materials. Through distillation and refluxing
of these materials in 2-methoxyethanol under dry nitrogen, polymeric
methoxyethoxide complexes were synthesized. By modifying the
distillation and refluxing procedure reported by Budd et al. [19], residual
lead acetate, identified by 1H NMR, was reduced to less than 10%.

Y

Spin-Coating (2000 rpm)

Figurel.  Sol-gel processing for epitaxial LiNbOg3 thin films.
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Optically polished single crystal substrates were cleaned in organic
solvents, etched, and rinsed in deionized water. The cleaned substrates
were ethanol spin-dried followed by spin-coating with the prepared
precursors at 2000 rpm in a dry nitrogen environment. The coated
substrates were heated in oxygen at 300°C for 2 min in order to oxidize
and pyrolyze the coated films. The derived amorphous films were
further heated for crystallization at a specified temperature by a
conventional annealing (10°C/min) or by a rapid thermal annealing
(RTA, 10°C/sec). The thickness of crystallized films were around 100 nm.

Texture and quality of the films were analyzed by §-24 x-ray
diffraction (XRD), and XRD pole figures or XRD phi scans, with Cu Ka
radiation. Their morphology and structure were observed by
transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and atomic force microscopy (AFM). Refractive indices and
thickness of them were measured by ellipsometry with a He-Ne laser.

RESULTS AND DISCUSSION

LiNbOg Thin Films

Previous experiments [8-11] revealed a change in orientation of
LiNbO3 from epitaxial to random with an increase in amount of water
added to hydrolyze metal ethoxide precursors as summarized in Table IT.
All LiNbOg thin films, prepared from non-prehydrolyzed ethoxide and
methoxyethoxide precursors, crystallized epitaxially on sapphire (110)
and (001) substrates at temperature over 400°C. XRD patterns of
LiNbOg3 prepared from a methoxyethoxide solution and crystallized on
sapphire (110) and (001) substrates at 450°C by an RTA process are
shown in Fig. 2. XRD patterns of these thin films indicated no Li-
deficient phase and single orientation of LiNbO3 (110) // sapphire (110)
or LiNbOj3 (001) / sapphire (001). XRD pole figures for the (012) plane of
these LiNbOj3 thin films showed symmetric spot patterns with the same
rotation angles as those of the (012) plane of sapphire substrates. The
results indicate in-plane orientations of LiNbO3 [001] // sapphire [001]
for LiNbO3 (110) // sapphire (110) and LiNbO3 (100] // sapphire [100] for
LiNbO3 (001) / sapphire (001). Fig. 3 shows a typical pole figure for the
(012) plane of LiNbO3 on sapphire (001) crystallized at 700°C.
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Table II. Effect of hydrolysis on orientation of LiINbOj3 thin films on
sapphire (110) and (001) prepared from LiNb(OC2Hjs)g.

3 mol H20/Li 1 mol HyO/Li 0 mol H20O/Li

Annealing
Temp.CC) (130 01 (1100 (©01)  (110)  (001)
400 R R 0 0 E E
500 R R o o E E
600 R R 0] 0] E E
700 R R R 0 E E
R =Random, O =Oriented, E =Epitaxial
S <
e}
=

Al;03 (006)

(a)

Intensity (arb. units)
LiNbO3 (006)

Al,03

_ -

| - 1 P 1
20 30 40 50 60 70
20 (deg)

Figure2. XRD patterns of LiNbO3 thin films prepared from
LiNb(OC2H40OCH3)¢ at 450°C, on sapphire (a) (110) and (b) (001).
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Figure3. Typical XRD pole figure for (012) plane of LiNbO3 thin film
crystallized on sapphire (001) at 700°C.

As reported before [9-11], epitaxial LiNbOj3 thin films prepared from
an ethanol based precursor and annealed at 400°C looked dense and
smooth, although they had micro porosity of 10 nm in diameter when
they were observed by TEM. Pores of up to 100 nm in diameter were
observable by SEM when these epitaxial LiNbO3 thin films were
annealed at 700°C, although they still showed better quality than
oriented or polycrystalline LiNbO3 thin films in terms of density and
refractive index. Fig. 4(a) is a SEM image of an epitaxial LiNbOg3 thin
film prepared on sapphire (110) from an ethanol based precursor and
annealed at 700°C. In contrast, epitaxial LiNbOg3 thin films prepared on
sapphire (110) from a methoxyethanol based precursor and annealed at
700°C were fully transparent and denser than the above LiNbOg3 as
shown in Fig. 4(b). In addition to the precursor chemistry, the rapid
heating rate, as fast as 10°C/sec, reduced the number and size of pores.
The effect of heating rate on the porosity of LiNbO3 thin films is in
agreement with the report by Eichorst and Payne when they prepared
polycrystalline LiNbOj3 on silicon [20].
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(a) (b)

Figure4. SEM of epitaxial LiNbOg3 prepared from (a) LiNb(OC2Hs)e
and (b) LiINb(OC2H4OCH3)g, on sapphire (110) at 700°C.

XRD data and refractive indices of epitaxial LiNbO3 thin films
prepared on sapphire substrates are summarized in Table III. As
suggested by the SEM of LiNbO3 thin films, porous LiNbO3 prepared
from the ethanol based precursor showed lower refractive indices than
dense LiNbO3 prepared from the methoxyethanol based precursor. RTA
processed LiNbO3 had relatively higher refractive indices than LiNbO3
annealed at a conventional slow heating rate of 10°C/min. The slightly
higher refractive indices of the RTA processed LiNbO3 than single
crystal values may be caused by residual stress in LINbO3. In contrast,
RTA processed LiNbO3 had relatively large XRD rocking curve full
width at half maxima (FWHM) compared with those of LiNbO3 annealed
at a slow heating rate. LiNbOg thin films on sapphire (110) derived from
the methoxyethanol based precursors and annealed at 700°C with RTA
had rocking curve FWHMs for (110) less than 0.4°. LiNbOj3 grown on
sapphire (001) showed larger rocking curve FWHMs than those of
LiNbOg3 on sapphire (110). RTA processed LiNbO3 derived from the
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methoxyethanol based precursor started to crystallize epitaxially at
400°C, as mentioned above, and showed almost similar refractive indices
above 600°C. These LiNbO3 thin films were epitaxial, even with the
short annealing time of 1 min at 700°C, although these LiNbO3 required
more than 5 min for the densification to show high refractive indices
close to single crystal values.

TableIII. XRD data and refractive indices of LiNbO3 thin films
crystallized on sapphire at 700°C for 30 min.

Rocking curve

Precursor Orientation He;g;asge;';a te iﬁgolg)ﬁ();é;)l?)) R;:;:itge
LiNb(OC2Hs)e (110) 0.17 0.17 2.175
LiNb(OC,H4OCH3)¢  (110) 0.17 0.22 2.270
LiNb(OC2Hp)e (110) 10 0.50 2.183
LiNb(OC;H4OCH3)s  (110) 10 0.39 2.294
LiNb(OC2H40CHg)¢  (001) 10 1.57 2.264

1) On sapphire (110)=0.072 deg, 2) Bulk LiNbO3=2.201~2.289

In differential scanning calorimetry (DSC) of dried precursors shown
in Fig. 5, the peak of the exotherm around 270°C, due to oxidation and
pyrolysis of organic groups of the ethanol based precursor, was very
sharp (1.94X103 J/s'mol), while that of the methoxyethanol based
precursor was mild (0.83X103 J/s'mol). This fact suggests that the
formation of pores could be affected by the formation of gases during the
oxidation and pyrolysis of organic groups, and could be suppressed by the
chemical modification of the precursors as examined in the present
study.
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Figure 5. DSC curves of (a) dried LINb(OC2oHj)g powder
and (b) dried LiNb(OC2H4OCH3)g powder in O2.

LiTaOg and KNbO3 Thin Films

With the present process using methoxyethanol based precursors and
RTA, transparent and epitaxial LiTaOg3 thin films were successfully
crystallized on sapphire (110) and (001) at 700°C [17]. No misoriented
planes were observed in XRD patterns. In-plane orientations identified
by XRD phi scans were LiTaO3 [001] // sapphire [001] for LiTaO3 (110)
on sapphire (110), and LiTaO3 [100] // sapphire [100] for LiTaO3 (001) on
sapphire (001). Rocking curve FWHMs of LiTaO3 thin films on sapphire
(110) and (001) were 0.34° for (110) plane and 1.12° for (006) plane,
respectively. The films looked smooth and crack-free when they were
observed by SEM. LiTaOg3 thin films, which have higher melting
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temperature by about 400°C than LiNbOg3, showed relatively lower
refractive indices than that of single crystal LiTaO3 (n,=2.176,
ne=2.180) as compared with LiNbOg3 thin films. Refractive indices of
epitaxial LiTaOg thin films on sapphire (110) and (001) were 2.098 and
1.982, respectively. Highly oriented KNbO3 thin films using
methoxyethanol based precursors and RTA were also obtained on MgO
(100) at 700°C as shown in Fig. 6. Rocking curve FWHM of KNbO3 (100)
were 2.5°.

MgO (200)

KNbOs3 (100)
KNbO3 (200)

Intensity (arb. units)

! -
60 80

,_

(.
li)z )
-2 KNDO3 (221)

20

8

26 (deg)

Figure 6. XRD pattern of KNbOj3 thin film crystallized on
MgO (100) at 700°C.

PZT Thin Films

Pb(Zro.52Tig.48)03 (PZT) thin films prepared from a non-
prehydrolyzed methoxyethoxides and crystallized by RTA process had
(001) or (100) orientation to SrTiO3 (100) and MgO (100) substrates as
shown in XRD patterns of Fig. 7. XRD patterns and phi scans of these
thin films indicated epitaxial orientations of PZT (100) // SrTiO3 (100)
with PZT [001]) // SrTiO3 [001] and PZT (100) // MgO (100) with PZT [001]
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// MgO [001). PZT thin films prepared on sapphire(001) showed major
(111) and minor (110) reflections in XRD patterns, The preferred (111)
orientation may result from the similar oxygen packing symmetry
between the sapphire (001) ((0001)) plane and the PZT (111) plane. The
PZT thin films on SrTiO3(100) started to crystallize epitaxially even at
425°C. The perovskite phase PZT thin films on MgO (100) were observed
after 575°C heat treatment.

SrTiO3 (100)
StTiO3 (200)

e

Intensity (arb. units)
—
—

PZT (001)

L Mg0(200)
PZT (002)

(b)
1 1
50 60
26 (deq)

l PZT (003)

-

20 30

H
o
~
o

Figure 7. XRD patterns of PZT thin films crystallized at
650°C, on (a) SrTiO3 (100) and (b) MgO (100).

XRD data and refractive indices for epitaxial PZT thin films
crystallized at 650°C are summarized in Table IV. PZT prepared from
partially hydrolyzed precursors showed larger XRD rocking curve
FWHMs and weaker peak intensities than those of PZT films prepared
from non-hydrolyzed precursors, although PZT films prepared from
partially hydrolyzed precursors still had single orientation unlike the
previous LiNbOg thin films. PZT prepared on SrTiO3 (100) showed quite
smaller XRD rocking curve FWHM (0.10° for (100) plane) than PZT
prepared on MgO (100). PZT prepared from partially hydrolyzed
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precursors also showed relatively lower refractive indices than PZT
prepared from non-hydrolyzed precursors. PZT on MgO (100) started to
crystallize epitaxially at 575°C, as mentioned above, and PZT films were
epitaxial even with a short annealing time of 1 min at 650°C.

TableIV. XRD data and refractive indices of PZT thin films
crystallized at 650°C.

Intensity FWH c}l‘:'rve Refractive

H20 (mo/Pb) Substrate  Orientation (k cps) (100) (deg) 2 index

1+HNOzl  MgO(100) (100) 40 2.75 2.595
1+NHOHD MgO (100) (100) 40 2.65 2.635
0 MgO (100) (100) 120 148 2.641
0 SrTiOz(100)  (100) 455 0.10 2.631
0 Al03(0001)  (111)+a10) 5 - 2531

1) Partial hydrolysis, 2) Resolution on sapphire(110)=0.072 deg

Fig. 8 is a SEM image of an epitaxial PZT thin film prepared on
SrTiO3(100) and annealed at 650°C. The epitaxial PZT thin film showed
no obvious contrast, such as, grains, pores, and cracks from SEM
observation. Observation by AFM presented surface roughness of PZT
smaller than 10 nm. The quite flat surface of the PZT is promising for
optical waveguide applications. In addition to the surface morphology of
the PZT, the combination of PZT thin films with substrates of lower
refractive indices is a crucial issue since this combination reduces the
required thickness of PZT for optical waveguiding. The refractive index
of SrTiO3 is 2.399, that of MgO is 1.735, and that of PZT thin film on
MgO observed in this study was around 2.64. According to our
theoretical calculation, using these refractive indices, the critical
thickness of PZT on SrTiO3 is 400 nm, whereas, that of PZT on MgO is
190 nm for TE{ mode prism coupling. Actually, Wood et al. observed
only TEo mode optical coupling in a sol-gel derived PZT on SrTiO3 of 280
nm in thickness, although refractive indices of their PZT were relatively
smaller than the values in the present study [21].
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Figure8. SEM of epitaxial PZT on SrTiO3(100) crystallized at 650°C.

CONCLUSIONS

The metal alkoxide based chemical solution process seems to be an
attractive approach for preparing a variety of epitaxial and oriented
ferroelectric thin films. Precursor chemistry and annealing condition
were identified as critical points to obtain high quality epitaxial and
oriented ferroelectric thin films. The process of utilizing chemical
modification of non-hydrolyzed metal alkoxide precursors and rapid
thermal annealing improved the quality of epitaxial LiNbOg thin films.
Rocking curve FWHMs for (110) plane were less than 0.4° and refractive
indices were similar to single crystal values for epitaxial LiNbO3
crystallized on sapphire (110) at 700°C. The present process also gave
crack free epitaxial or oriented LiTaO3, KNbOg3, and PZT thin films.
Non-hydrolyzed precursors gave epitaxial PZT with better quality than
partially hydrolyzed precursors. Rocking curve FWHMs for (100) plane
were as small as 0.10° for PZT (100) on SrTiOg (100) and 1.48° for PZT
(100) on MgO (100). The demonstrated structure of PZT on MgO is one of
promising structures for optical waveguides in practice.
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Sol-gel-derived ferroelectric thin films can offer particular promise for
various microelectronic applications, including FRAM, DRAM elements, thin-
film capacitors and pyroelectric IR sensors. In this article, recent progress in
the sol-gel processing of two typical ferroelectric thin-film systems is briefly
reviewed. These are lead zirconate titanate (PZT) solid solution and
Pb(Mg,,Nb,,,)O,-based relaxor ferroelectrics. Several examples of the sol
chemistry-structures/ferroelectric properties relationships are illustrated using
various recent data, including results from the authors’ laboratory.

1. Introduction

Materials scientists and engineers pursue new processing methods for
the preparation of materials for specific requirements. It has recently been
evidenced that sol-gel processing methods have been extensively utilized in
preparing the precursor materials for the development of sophisticated and
advanced electronic devices [1, 2]. The sol-gel process is particularly
beneficial to manufacturing miniaturized components where accurate control
of microchemistry is required.

Recently, sol-gel-derived thin films are receiving increased attention
for their electrical and optical properties. Among such films, those of
ferroelectric ceramics appear to offer particular promise for various
microelectronic applications, including ferroelectric random access memories
(FRAM), dynamic random access memory (DRAM) elements, optical
waveguide devices, thin-film capacitors, and pyroelectric sensors[1, 3]. In
view of these applications, this article briefly reviews some of the recent
developments in the fabrication of ferroelectric thin films by the sol-gel
process. The present discussion will be restricted to two typical Pb-based
ferroelectric systems. They are, Pb(Zr,Ti)O, (referred to as PZT) solid
solution, and Pb(Mg,,Nb,)O,-based relaxor ferroelectrics. At the end of the
review, we will present recent data from our laboratory and discuss briefly on
the processing of PbMg, ,Nb,,,0,-PbZn,,Nb,,O, (referred to as PMN-PZN)
pseudobinary thin film. is system is a promising candidate for the
development of IR sensing elements that utilize dielectric bolometer (DB)

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, rzroducﬁon, or republication of this &ublication or any part thereof, without
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mode[4].

2. PZT-based thin films

Recently, sol-gel-derived PZT has been widely used to form thin-film
ferroelectrics for nonvolatile memories, electrooptic components, SAW
devices and pyroelectric detectors{1]. The first sol-gel PZT thin film was
prepared by Fukushima and his co-workers in 1984[5]. They used a solution
of lead ethylhexanoate, zirconium acetylacetonate, and titanium butoxide in a
butanol solution. The film (PbZr,,Ti,,0,) was deposited on fused silica and
platinum plates. Only the films deposited on Pt substrates showed a hysteresis
loop. A spontaneous polarization of 35.65 pC/cm?, remanent polarization of
30.56 uC/cm? and a coercive field of 45 kV/cm were measured.

In 1985 D. A. Payne and his co-workers at the University of Illinois
published a paper on sol-gel PbTiO,, PbZrO,, PZT, and PLZT[6]. Their
process consisted of using lead acetate and both zirconium and titanium
alkoxides (n-propoxide and isopropoxide) in a methoxyethanol base. 0.2 ~
0.7 molar solutions were spin-cast onto substrates of silicon and fused silica.
Perovskite PZT was obtained only after annealing at temperatures greater than
500 °C, but not until a thicker layer had been put down. An addition of water
to the precursor solution helped reduce the problem associated with
microcracking of films thicker than 0.1 pm. In a later paper by the same
authors, PZT (53/47) was spun onto Pt substrates and fired in air for 10
minutes at 650 °C[7]. They reported a coercive field of 40 kV/cm and a
remanent polarization of 36 pC/cm’.

Several papers on sol-gel PZT have been published by J. D.
Mackenzie and his co-workers at UCLA[8, 9]. Sol- gel PZT was prepared
using lead 2-ethylhexanoate, titanium isopropoxide, and zirconium n-propoxide.
PZT thin films were applied to various substrates using a multiple dip coating
process. The study on the ferroelectric hysteresis loop of the films using
metal-ferroelectric- semlconductor configuration yielded a remanent
polarization of 2.2 uC/cm’ and a coercive field of 7.5 kV/cm. The observed
low remanent polarization and high coercive field of the PZT film compared
to the bulk PZT was attributed to the small grain size[9]. Asymmetric
hysteresis loops were observed. The mechanism associated with this
asymmetry was attributed to the space charge compensating the contact
potential difference at the interface of ferroelectric-semiconductor (PZT-Si)[9].

More recently, PZT thin films on Pt-coated Si were prepared by a
modified sol-gel process using acetylacetonate as the lead source[10]. The
metal (Pb) chelate complex with B-diketone seemed to be more stable towards
hydrolysis than the widely used lead acetate hydrate precursor.

Sol-gel-derived PZT films typically have microstructures consisting of
micrometer-sized perovskite ‘rosettes’ (single-crystalline radial arm emanating
from a central nucleation site), surrounded by fine grained (< 200 A)
pyrochlore phase, especially in films with high Zt/Ti ratios{11, 12]. No such
crystallites are observed in sputtered films. Sol-gel PZT films generally
exhibit a finer perovskite grain size excluding rosettes. Such finely grained
microstructures, coupled with better control of stoichiometry and enhanced
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homogeneity, are responsible for superior dielectric behavior compared with
sputtered films[13].

The degree of preferred orientation and its direction are important in
determining the final film properties since the spontaneous polarization is
directed along the direction of the preferred orientation. Thus, considerable
efforts have been directed towards tailoring the orientation of PZT films to
optimize ferroelectric properties. It is easier to obtain epitaxial effects with
tetragonal PZT films than rhombohedral films. (111) oriented, tetragonal-rich
PZT 40/60 films have been reported on (111) oriented Pt[14], whereas
rhombohedral-rich PZT 60/40 films on (111) Pt did not exhibit preferred
orientation[15]. More recently, Tuttle et al.[16] have fabricated highly
oriented pseudocubic (100) PZT 40/60 thin films on both insulating (100)
MgO and (lOO) Pt-coated conducting MgO substrates with (100) : (111)
intensity ratios of 1000 : 1. It was shown that highly sOOI) oriented PZT
40/60 ﬁlms had higher ramanem polarization (61 pC/cm” compared to 0.41
pC/cm? ) and lower relative dielectric permittivity (368 compared to 466) than
PZT 40/60 films that were randomly oriented[16]. However, it was reported
that the magnitude of the coercive field was not affected by the degree of
preferred orientation{11].

3. PMN-based relaxor thin films

Relaxor ferroelectrics undergo a diffused phase transition (DPT) and
have a broad Curie maximum rather than the sharp and distinct T, of normal
ferroelectrics. This effect arises from the distribution of the short~range
ordered, chemically inhomogeneous microregions[17]. Each microregion
(Kanzig) has its own T,. Lattice and cation disorder is known to be
responsible for the compositional heterogeneity. Among the relaxor
ferroelectrics, PMN is most widely studied. Its high peak value of relative
permittivity of > 15,000 near room temperature make it one of the most
attractive materials for multilayer capacitors and electrostrictive actuators.

PMN thin films were prepared from alkoxide-based solutions by sol-
gel methods[18, 19, 20). In the all-alkoxide route[18, 19}, pure perovskite
phase was formed at 800 °C on single crystal MgO. However, a small amount
of pyrochlore phase remained on PtSi wafer. Oriented films could be
prepared on PvSi, with high initial heating rates (~ 1x10° °C/h) favoring
(100) over (111) perovskite orientations{19].

In the 2-methoxyethanol route[20] for the preparation of PMN sol, the
lead alkoxide precursor was first synthesized by the reflux-distillation of lead
acetate hydrate in 2-methoxyethanol. The lead alkoxide precursor was
subsequently combined with the presynthesized Mg-Nb double alkoxide
solution. The mixed precursor solution was then reacted at ~ 130 °C to form
the Pb-Mg-Nb triple alkoxide solution. For the PMN film prepared by the
2- methoxyethanol route, (100) oriented films were obtained by fast-firing at
800 °C for 5 min[20). However, small amounts of pyrochlore phase (~ 5 %)
were observed. The relative dielectric permittivity of the thin film was
estimated to be 1,000 to 1,250 at room temperature, which is considerably less
than the value for bulk polycrystalline PMN at room temperature. The
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presence of residual pyrochlore as well as other factors such as grain size,
stress and interfacial effects seem to be responsible for the observed low
dielectric permittivity.

The peak dielectric permittivity of PMN occurs approximately at - 15
°C. It can be shifted to higher temperature by the formation of a solid solution
with the normal perovskite ferroelectrics, PbTiO, (PT). The addition of PT
also increases the spontaneous polarization, P,[21]. PMN-PT thin films were
prepared by spin casting partially hydrolyzed alkoxide-based solutions (in the
2-methoxyethanol route) on Pv/Si substrates[21, 22]. Rapid heat treatment
after each solution deposition step was found to be the most effective method
for the stabilization of perovskite phase[22]. The highest relative
permittivities (¢, > 2,000 with tand < 0.03) were obtained for thin layers
having the composition 0.9PMN-0.1PT[22]. The maximum value of 2,200 is
one of the highest reported ¢, of any sol-gel-derived ferroelectric thin film.

4. PMN-PZN pseudobinary system

Lead zinc niobate, PbZn,,Nb,,0O, (abbreviated as PZN hereafter), is
also a relaxor type ferroelectric material with a maximum ¢, around 140 °C.
The single crystal of perovskite PZN (prepared by the nonequilibrium flux
method) exhibits anomalously large relative dielectric permittivity, together
with excellent electrostrictive and optical properties[23]). Therefore, the
addition of ~ 20 mol% PZN to PMN is expected to adjust the Curie
temperature for e, to room temperature without deteriorating dielectric and
electrostrictive properties of PMN provided that the perovskite phase is
stabilized in the resulting solid solution. Examination of dielectric properties
of 0.85PMN-0.15PZN pseudobinary system (high e,, large(de/dT), low tan,
and T, < T, ,....) suggests that the PMN-PZN thin film can be used for the
fabrication of the DB (dielectric bolometer) mode IR sensing device. Itis also
a possible candidate for DRAM and capacitor applications.

The preparation of microchemically homogeneous perovskite PMN-
PZN (abbreviated as PMZN) thin film is difficult since one of the metal
alkoxides tends to precipitate preferentially due to their mutually different
hydrolysis/condensation rates, in addition to the thermodynamic instability of
perovskite PZN[24]. Therefore, we have prepared a stable multiple precursor
sol which eliminates the problems associated with the differential rates of
hydrolysis. A schematic flow diagram for the preparation of PMZN (0.85PMN-
0.15PZN) thin films is shown in Fig. 1.

The XRD patterns of PMZN bulk gel and thin film deposited on Pt-
coated MgO (100) type planes are shown in Fig. 2. The bulk gel heat-treated
at 900 °C shows a small amount of remnant pyrochlore phase. On the other
hand, perovskite phase was fully stabilized in the thin layer. A strong
preferential orientation of (100) type planes of the perovskite phase was
observed in the PMZN thin film deposited on (111) plane of Pt (Fig. 2). As
shown in Fig. 3, a full densification of the PMZN thin film was achieved
within 10 min at 950 °C (rapid heat-treatment). The microstructure of the thin
film is characterized by uniformly sized perovskite grains, with the average
grain size slightly less than 0.5 pm.
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Aging the PMZN sol significantly affected the orientation of
perovskite grains in the thin film on MgO substrate. This was attributed to
changes in the gel structure which was evolved from aged solutions. As
shown in Fig. 4 (a), the Pb-Mg-Zn-Nb multiple sol undergoes a transition in
the rheological behavior from pseudoplastic to thixotropic after 40 days of
aging. The extent of preferential orientation of (100) type planes was
significantly reduced for the PMZN thin film prepared from the thixotropic
sol, as indicated in Fig. 4 (b). The result indicates that the change in the
network structure induced by the aging of the sol influences the orientation of
perovskite grains after thin-film formation.

5. Conclusions

Sol-gel-derived ferroelectric thin films generally exhibit superior
electrical properties in many aspects compared with physically deposited
films. In PZT-based films, sol-gel process is advantageous in terms of
improved microchemical homogeneity, ease of fabrication, and the ability to
obtain films with small perovskite-grain sizes and uniform microstructures.
On the other hand, thin films of PMN-based relaxor ferroelectrics generally
exhibit inferior electrical properties compared with those of bulk ceramics.
The main cause of this observation seems to be related with the well-known
difficulty in the stabilization of perovskite phase.

PMN-PZN pseudobinary thin films were fabricated by spin casting
partially hydrolyzed quadruple alkoxides-based solution on platinized MgO
substrates. The perovskite phase was successfully stabilized by rapid heat
treatment above 900 °C. A strong preferential orientation of (100) type planes
of the perovskite phase was observed. It was also observed that aging the sol
significantly influenced the orientation of perovskite grains after thin-film
formation.

(a) (b)
0.1
oo 8 days aging
0.08r (200
- 40 days aging o
é 0.06 } - L
> G .
é ool g 49 days aging t
2 MgO(200)
002 8 days aging \
N (i !
0
10 20 30 40 30 20 30 0 50
Shear rate (S™) 26

Fig. 4. (a) Viscosity versus shear rate for two PMZN sols aged for 8 and 40 days,
showing a transition in rheological behavior. (b) XRD patterns of PMZN thin
films derived from the sols aged for 8 and 40 days.
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DECREASE OF DEFECTS OF SOL-GEL DERIVED PbTiO, THIN FIi.M AND ITS
GRAIN SIZE EFFECT ON FERROELECTRIC PROPERTIES

K. Saegusa and Y. Suzuki.
Sumitomo Chemical Co., Tsukuba, Ibaraki 300-32, Japan

ABSTRACT

A model was proposed tha the pore interconnection within thin films during firing is
responsible to the shorts of the films. According to this model, shorts can be significantly
decreased by the suppression of the pore growth. This could be achieved by optimizing
the hydrolysis condition of the coating sclution and the rapid thermal annealing (RTA)
of the film. The effect of the grain size on the dielectric properties was investigated.
Grain size less than 50 nm showed to cause a decrease of the dielectric constant of
PbTiO, thin film.

INTRODUCTION

Sol-gel derived thin films'? are often found to have defects that cause shorts, which make
various applications difficult. One of the solutions is to suppress the growth and the
interconnection of pores. The final sintered film is known to be affected by the gel
structure of the precursor.  When the particles and pores in a gel are very fine, there is
a significant grain growth because of the high surface energy of fine particles leaving
larger pores. We can expect that the larger particles in a precursor gel will result in finer
grains (pores) in the sintered body. In the firing process, RTA is known to give smaller
grain size than the conventional firing. We tried to avoid shors utilizing the both
methods. The effect of the preparation condition of the spinning solution (pH and water
to alkoxide ratio), and that of the heating condition on the microstructure and the
occurrence of shorts of the t™in film was examined.

Another object of this paper is to understand the grain size e¢ffect on the electrical
properties. Ferroeleciric materials are known to have the grain size effects. Finer grains
than a certain critical size would not show ferroelectricity. There are many papers that
reported the grain size effect in ferroelectric systems.*> The absence of ferroelectric
domains in grains smaller than 0.5 pm and a minimum domain width of 0.07 pm for
~0.5-pm grains are also reported®. The critical particle size of BaTiO; as 0.12p and that
of PbTiO, at 400°C as 0.02p is reported ™®. There is another paper that reports the critical

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Saciety. Any duptlication, rzn:dudion, or republication of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright géaram;e Center, is prohibited.
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size of PbTiO, as 0.005 uym’. One of the authors also reported the grain size effect in
the Pb,Ba, TiO, system'. But there are still a disagreement on critical crystallite size
partly because there are not sufficient number of experimental data.

EXPERIMENT
Sample preparation

One mole of lead acetate trihydrate was dissolved in methoxyethanol and heated and
distilied at 125 °C for the dehydration and the reaction with the alcohol. One mole of
titanium tetraisopropoxide was added to the solution and heated at 120 °C to form the
lead titanium alkoxide complex. Then 1.1 to 1.5 mole of water dissolved in
methoxyethanol with catalyst ( either 0.1 mole of nitric acid or 0.1 mole of ammonia )
was added to the solution to do the partially hydrolysis. The concentration of the solution
was adjusted to 1 M by the reduced pressure distillation. The solution were spin-coated
on PYTi/Si0,/Si substrate, baked at 300°C and fired at S00-900°C at different ramp rates
from 10°C/min to 600°C/min. The powders were prepared by calcining the gel which
was obtained by drying the solution at 130°C for the XRD and B.E.T. measurements.

Characterization

Dielectric constant and tand were measured by precision LCR meter (HP-4275A). The
remanent polarization and the coercive field was measured using the Sawyer Tower
circuit. The crystallinity was evaluated by XRD measurement. The microstructure of the
thin film were observed by SEM. The crystallization behavior was observed by XRD and
DTA-TGA. The grain size was determined by either SEM or B.E.T. specific surface area
measurement under the assumption that each primary particle was essentially a crystallite
so that we could regard the calculated particle size from the BET measurement as the
crystallite size. In the B.E.T. method, a powder was prepared from the stock solution by
being dried and fired under the same heating condition of the film. The particle size was
calculated on the basis of PbTiO, density of 7.96 g/cm®. In the SEM method, the grain
size was determined by averaging 10-20 grains which could be observed by SEM photos
of thin films. Shorts were evaluated by the number of Unshorted electrodes out of 40
clectrodes in most of the samples.

RESULTS AND DISCUSSIONS
Measurement and control of particle size

The results of the surface area measurement of PbTiO, calcined at a different
temperature are shown in Table 3; corresponding spherical particle sizes calculated from
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these were very small (in the range
0.06-1.4um).

The effect of the firing temperature is
| apparently critical: the higher the firing

temperature used, the larger the particles
became. This tendency became prominent
at 900°C.

Figure 2 shows scanning electron
Figure 1 Model of shorts through the micrographs of PbTiO, thin films fired at
association of pores. 650°C processed with a different catalysts.

The grain size closely agree with the
particle diameter obtained from the BET analysis.
Figure 4 shows X-ray diffraction (XRD) patterns obtained from a thin film fired at
temperatures in the 600-800°C range. A firing temperature of 600°C was high enough to
crystallize the sampie.

Model of shorts

We made a model in which the shoits occur through the interconnection of micro-pores
in thin films in the sintering (Fig. 1.). When we define Nh as number of through holes
per electrode, P as porosity, | as thickness of the thin film, r as the radius of pores, S as
the geometrical area of the electrode, K as a coordination number by which how many
pores in the next layer are adjacent to the pore under consideration, and k as an adjusting
parameter for the number of the layers (I/r) because the pores do not necessarily touch
each other by a point contact, then we get

Nh=S*r 2 *(KP) *""/Kn.

This model seems to describe the behavior of the shorts as a function of the firing
temperature as shown in Fig. 2 a-b. It is obvious that Nh is strongly dependent on the
change of 1 and r. For example, when $=0.3*0.3mm?, 1=400nm, P=0.05, k=1, K=3, and
r=60nm, then Nh=34. But when r=20nm leaving other parameters the same value, Nh
=3*10". When we want to avoid the shorts, the pore size must be kept as small as
possible, and the film thickness as high as possible.

We tried to achieve the small pore size in two different methods. One is to control the
precursor gel structure. When the particle size in a precursor gel is very small, particles
tend to agglomerate, sinter and form coarse structure because of the extreme high surface
energy of fine particles. We tried to control precursor gel structure through the hydrolysis
condition ( water to alkoxide ratio (Rw) and the pH of the catalyst ). It is clear that the
thin film that had the finest grains was the one obtained at the highest Rw in ammonia
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(a)

(b)
Figure 2 FE-SEMs of PbTiO, thin films fired at 650°C obtained
under different hydrolysis conditions with NH; catalyst; (a) Rw=1.2,
(b) Rw=1.5.

cawlysi(Fig.  2).
When Rw> 1.5 in
ammonia solution,
the casting
solution was
unstable and
easily gelled
before use. In
case of the acidic
solution, the
highest Rw was
1.3. The other
method to keep
the pore size
small is to use
RTA technique.
It is well known

that the sintered film fired by RTA technique has finer grain size than the conventionally
sintered one. The heating rate of 600°C/min decreased the pore size significantly
compared with those fired under 10°C heating rate, thus reducing the shorts( Fig. 3).

Crystal phase, grain size, and their effect on the dielectric properties

The PbTiO, phase was not observed at
500 °C but observed at 600°C and the
XRD peaks became sharper and more
intense at a higher sintering
temperature as shown in Figure 4.
The grain size of PbTiO, was from
50nm at S00°C to 160 nm at 800°C at
normal sintering condition.  The
smaller grain size was obtained at the
same firing temperature when the
RTA technique was employed.

The dielectric properties obtained are;
€=149, tand=19%, Pr=1.1 pC/cm?® and
Ec=50kV/cm when fired at 600°C and
£=198, tand=4.8%, Pr=7.4 pC/cm” and
Ec=89kV/cm at 700°C. The dielectric
constant was plotted against the grain
size of PT thin films (Fig. 5). There
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seemed to be the change
when the grain size is less
than 50 nm. The thin film
that has the grain size
smaller than 40nm showed
relatively high dielectric
constant.

We can express the
difference of the free
energy of the tetragonal
and the cubic state as
follows;

AGOT =G°lm.,T'G°cubic,T

AG°; of PbTIO, is 4543
Jmol®.  AG°,.. the
excess surface energy
which causes the cubic
phase more stable than the
tetragonal phase, can be
expressed as follows where
Ay is an excess surface
energy per unit area, d; a
diameter of particle and n;
the number of particles ,
then,

AG® e =AY - 1 - TdY/4.

5 90000 3
300 ussdiv
Pre1.07 u Cem2
Ec=30.1kV/em
¢ =149
and =0.19
600C

————an L A~ b s . e

eyt it e

390060 s ’—'
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Pr=1.07 « C/cm2
Ec=52.5kV/em
¢« =144
1an & =0.27
700C

-

Lounts
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Pru2.66 4 C/em2
Ec=30.1kV/em
€ =163
tan § =0.056
800C

Figure 4 XRD Patterns and Electrical Properties of PbTiO,
Thin Films Fired at 600, 700, 800 °C.

This Ay can be estimated by putting AG°; equal to AG®,,,. and assuming critical
crystallite size, d. The suggested critical crystallite size, d,, obtained by this work is
0.04 pm at 298K and the corresponding Ay of PbTiO; to be 3.8 J/m? which is much
higher than Ay of 0.2-0.4 J/m? obtained in the earlier work.” This difference of the
surface energy seemes to imply the existence of a stress in the thin film caused by the
difference of the thermal expansion between the thin film and the substrate,

CONCLUSION

1. The higher the firing temperature, the larger the resultant particles.
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2. High Rw with ammonia as a catalyst
in a partial hydrolysis step of the coating
solution was effective to keep the grain
small and reduce the shorts.
3. RTA technique was also effective to
reduce the shorts.
4, A model which consists of pores
interconnecting each other and creating a
through hole in a film matrix seemed to
be suitable to describe the short circuits
possibility.
5. The critical crystallite size that shows
the ferroelectric behavior was smaller than 0 :
50nm in the PbTiO, thin film system. 20 40 60 80 100 120
Grain Size (nm)
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200 ' >ﬁf -
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PROCESSING AND CHARACTERISTICS OF SPIN-CAST
FERROELECTRIC Bi,Ti;0;, THIN FILMS

Relva C. Buchanan and Peir-Yung Chu, Department of Materials Science and
Engineering, University of Cincinnati, Cincinnati, OH 45221-0012

Bi;Ti30,; thin films were successfully prepared on Si(100) substrates from
solution precursors by spin-coating. The precursor solution consisted of a
mixture of bismuth nitrate and titanium sec-butoxide, in stoichiometric ratio,
dissolved in a carboxylic acid/amine solvent system. Most organics in the
precursors were removed by 350 °C and crystallization occurred below 500 °C.
A mechanism for molecular complex formation in the mixed
alkoxide/carboxylate system is proposed. Heating rate, temperature, and film
thickness showed significant effects on film (00l) preferred orientation and grain
growth. To limit film/substrate interfacial reactions, heat treatment was carried
out at or below 850 °C. Measured remanent polarization in fired BiyTiz01;
varied between 8-20 pC/cm? with a coercive field of 100-180 kV/cm,
depending on processing temperature.

I. INTRODUCTION

Much interest exists in the use of ferroelectric thin films for memory and
microelectronics device applications. High quality ferroelectric films, prepared
on Si substrates are needed for integration with current device technologies.
Most such thin films are prepared by rf-sputtering, laser ablation, chemical
vapor deposition, and recently by solution deposition.

Alkoxides (sol-gel) have been successfully used as precursors for
ferroelectric thin film fabrication [1,2], since a network structure can be
developed in the solution stage and leads to film formation after heat treatment.
When two metal alkoxides are involved in the processing, a double alkoxide
molecular structure has been shown to exist in the solution [3]. This improves
homogeneity and reduces the crystallization temperature. Due to the hydrolysis
and polycondensation reactions within the alkoxide system, however, solution

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, uction, or r?ublicaﬁon of this publication or any part thereof, without

the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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properties, especially viscosity, change with time, which can result in variability
in coating applications.

Carboxylates, on the other hand, do not normally exhibit hydrolysis and
polycondensation reactions at room temperature, leading to very stable solution
properties [4,5]. In this work, mixed carboxylate/alkoxide precursors were
used for preparing ferroelectric (BigTi;Oy,) and oxide thin films. Precursor
solutions were tailored so that a molecular complex structure can be formed
and at the same time solution properties remained stable for a long shelf-life.

The symmetry of Bi;Ti;O), is monoclinic point group m [6]. It is,
however, usually indexed as a pseudo-orthorhombic phase with a=5.4489, b=
5.4100, and c= 32.815. Early work on single crystal Bi;Ti;O}, [6,7] showed
the spontaneous polarization has components along both the a and ¢ directions.
The smatler component (~4 C/cm?) lies along the ¢ direction and the larger
component (~50 uC/cm2) along the a direction. Strong dielectric dispersion
and dielectric relaxation maxima were observed at low frequencies (<100 Hz)
and higher temperatures (>100 °C), attributed to the space charge generated by
the inhomogeneity in the conductivity. The Curie temperature was reported at
675 °C, but was highly dependent on the impurity level in the crystal [8].
Bismuth tizanate also exhibits interesting optical switching properties since the
orientation of the optical irdicatrix can be controlled by an appropriate field. It
can be, therefore, potentially used for electro-optical device applications.

Bismuth titanate films have mostly been prepared by rf-spuitering with Bi-
rich targets [9]. In order to prevent the formation of pyrochlore and other
impurity phases, accurate control of the target composition and substrate
temperature is required. Thin films are deposited on various single crystal
substrates, including MgO, spinel (MgAl,0,), TiO,, and sapphire. Cracks and
the presence of twins and multi-domains have been reported due to lattice
mismatch. More recently, BisTi;O;, films were prepared by pulsed excimer
laser deposition on Si and Pt/Si substrates at temperatures as low as 500 °C
{10]. The films showed a saturation polarization of 28 uC/cm? and a coercive
force of 200 kV/cm,

II. EXPERIMENTAL

Bismuth nitrate (Bi(INO3);3-5H,0) and titanium sec-butoxide (Ti(OC4Hg)4)
were used for preparing BiyTi;O;, solutions. The precursors, in the desired
stoichiometric ratio, were dissolved in carboxylic acid/amine mixed solvent.
The solutions were then filtered with a 0.22-pm filter paper and diluted to 60-
80% with xylene or alcohol [11].
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The films were deposited onto Si(100) or Pt/Si(100) substrates by spin-
coating at 3500-4000 rpm and were dried at 400-450 °C. This process was
repeated several times to increase wet film thickness up to 1.5 uym. Final heat
treatments were conducted at 500-850 °C for 2-20 min. The films were either
fired with a heating rate of 10-20 °C/min or directly introduced into a furnace at
a desired temperature (heating rate >100 °C/min). Fired film thickness was
typically about 0.5 um, except for property measurement, 1.4-pm thick films
were used.

Thermal pyrolysis and crystallization of the precursor solutions was studied
with thermogravimetric/differential thermal analysis (TG/DTA).  Phase
development and film orientation in the films was characterized with X-ray
diffractometry (XRD). Scanning electron microscopy (SEM) was used to
monitor the microstructural evolution during heat treatment and film/substrate
interfacial reactions were investigated with secondary ion mass spectroscopy
(SIMS). The ferroelectric properties of the films were measured with a
Sawyer-Tower circuit with sputtered Au films as top electrodes.

III. RESULTS AND DISCUSSIONS

When mixed carboxylate/alkoxide precursors are used for preparing
coating solutions, molecular clusters, based on FT-IR and NMR studies {11],
can be formed. The formation of a molecular complex improves solution
homogeneity and it functions as a building block for nucleation and
crystallization upon heat treatment. When other salts (instead of carboxylates)
are dissolved in carboxylic acid with alkoxides, due to ligand exchange, the
metal ion also has a tendency to bond to the carb-.~ylate ion forming a
carboxylate salt. Solutions prepared by mixed carboxylate/alkoxide precursors
are stable with a long shelf-life (> 1 year) under ambient atmosphere. Figure 1
shows possible molecular complex formation in calcium carboxylate and
titanium alkoxide precursor system.

R
|
/c\
o o R 0% ow
R—C.(: }/‘\C—R + “—(0—‘!—“)4% R—Cé)x )“(
X,/ \o'/ 4 0" N .0 ‘om
(\‘é'/
R=CH, L

Figure 1. Molecular complex formation in the mixed calcium carboxylate and titanium
atkoxide precursor.
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Figure 2 shows thermal analysis data for the bismuth titanate solution.
Most organics are removed below 350 °C (Figure 2a) and the crystallization
temperature is below 500 °C (Figure 2b). Since films fired for only a short time
exhibited sharp, well-defined XRD peaks, rapid crystallization and grain growth
are indicated for this system.
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Figure 2. (a) Thermogravimetric analysis of BisTi30)7 precursor solution (b) Differential
thermal analysis of solution-derived BigTi3017 powders.

Figure 3 shows the grain growth with processing temperature. The
maximum grain size increased from less than 0.1 um at 550 °C to ~1 um at 900
°C with 10 min soak time. The grain size distribution also increased at higher
temperatures. The films were crack-free and very smooth. Based on surface
profilometer measurement, the average roughness was 1.8 nm and the
maximum step height was 8.3 nm within a 400-ptm trace distance.
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Figure 3. Grain growth with heat treatment Figure 4. (a,b) Heating rate effect on film
in BigTi3013 thin films. orientation.
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Heat treatment significantly affected film orientation. When the film was
directly introduced into the furnace at 850 °C/10 min, a strong (00l) preferred
orientation was observed, as indicated in Figure 4a. However, films fired at 10-
20 °C/min to 850 °C showed no preferred orientation (Figure 4b). With rapid
heating, less nuclei would be generated from the precursor solution and
preferred orientation or epitaxial growth is expected to be higher. With a
greater thickness, although still highly oriented, lower degree of preferred
orientation was observed in the rapidly heated films (Figure 5).

Thin films deposited on Pt/Si substrates generally had a lower degree of
preferred orientation.  Figure 6 shows the temperature effect on film
orientation. Below 800 °C, little orientation was detected on Pt/Si substrate.
Above 800 °C, sharp increase on the (001) preferred orientation was observed,
which is likely related with liquid phase formation in the system at this
temperature. Since Si diffusion becomes significant above 850 °C, based on
SIMS analysis, higher firing temperatures degrade film properties.
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Figure 5. Thickness effect on film orientation.
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temperature on film orientation.

Figure 7 (a to d) shows the microstructure of Bi;Ti;0), films deposited on
Pt/Si and Si substrates. The grains exhibit spherical morphology at 700 °C,
gradually acquiring an elongated shape at higher temperatures. Higher film
porosity was also observed for the films deposited on Pt/Si.

Measured ferroelectric properties for the Bi;Ti;O;, films are presented in
Figures 8 (a&b). The BiyTi30; films, ~1.4 um thick, were deposited onto
Pt/Si(100) substrates and spu.tered Au was used as top electrodes. All the
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measurements were performed perpendicular to the film surface. Figure 8(a)
shows the remanent polarization increases from 8 to 20 uC/cm? with firing
temperature up to 800 °C and then decreases at higher temperatures. The large
remanent polarizations indicated the films were randomly oriented, apparently
due to a large thickness. The coercive field shows a maximum value (180
kV/cm) at 750 °C and then drops to 100 kV/cm at 850 °C. These numbers are
comparable with the films prepared by pulsed laser deposition technique [10].

Figure 7. SEM micrograph showing microstructure of BigTiz0;; films (a) on PVSi(100), at
700 °C/2 min, (b) on P/Si(100), at 850 °C/10 min, (c) and (d) on Si(100), at 850 °C/10 min.
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1IV. SUMMARY

Smooth, crack-free BiyTi30, thin films were successfully deposited on Si
substrates from solution precursors by spin-coating. Most organics were
removed below 350 °C in the BisTi;O(, system and a crystalline phase
developed below 500 °C with fast grain growth. The films showed strong (001)
preferred orientation depending on heating rate, temperature, and film
thickness. Film properties degraded somewhat at temperatures above 850 °C,
due to Si diffusion. Depending on processing conditions, BiyTi30), films
exhibited a remanent polarization of 8-20 uC/cm?2 and a coercive field between
100-180 kV/cm. Experimental results indicated that solution deposition to be
very competitive with other techniques.
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DENSIFICATION AND CRYSTALLIZATION OF ZIRCONIA THIN
FILMS PREPARED BY SOL-GEL PROCESSING

R. W. Schwartz, J. A. Voigt, C. D. Buchheit and T. ]. Boyle
Sandia National Laboratories

The Advanced Materials Laboratory

Albuquerque, NM 87185-5800

ABSTRACT

We have investigated the effects of precursor nature and heat-
treatment schedule on the densification and crystallization behavior of
sol-gel derived zirconia thin films. Precursor solutions were prepared
from n-propanol, zirconium (IV) n-propoxide, and either acetic acid, or
2,4-pentanedione (acac) and water additions. By controlling the ligand
type and ligand-to-metal ratio, we were able to prepare films which
displayed significant differences in densification behavior. We
attribute the dissimilarity in densification to variations in the nature of
the as-deposited films, as influenced by ligand type and concentration.
While the acac-derived film was a physical gel, (i.e., a physical
aggregation of the oligomeric species), the acetic acid-derived film,
which exhibited less consolidation, was a chemical gel that could not be
redissolved in the parent solvent. Films prepared with large
acac/metal ratios and small water additions exhibited minimal
crosslinking at 25°C, displayed the greatest consolidation (~ 86%
shrinkage) and the highest refractive index (n = 2.071) when heat-
treated. These results indicate the importance that M-O-M bonds
(crosslinks) formed at low temperature can have on densification
behavior. We also report on the effects of heat-treatment schedules and
ramp rates on densification behavior. All of the films of the present
study crystallized into the cubic phase, at temperatures ranging from
~ 400°C to greater than 700°C, depending on the heating rate.

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, rzrgducﬁon, or republication of this gublication or any part thereof, without
the express v.ritten consent of The American Ceramic Society o fee paid to the Copyright Clearance Center, is prohibited.
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INTRODUCTION

Sol-gel derived ceramic thin films are under investigation for a
variety of different applications. Multicomponent systems, such as
lead zirconate titanate (PZT), are being studied for uses ranging from
decoupling capacitors! to optical storage discs,2 while single component
systems are being investigated for use as porous?® and dense
membranes.4 The successful development of ceramic thin films for
many of these applications requires that the as-deposited amorphous
film be transformed into the desired crystalline phase, and for certain
applications, completely densified.

In the preparation of ceramic thin films by sol-gel processing,
effects of solution chemistry variations (i.e., differences in precursor
type, reaction conditions, solution aging, etc.) on material properties
have been noted by many authors 5-8 Unfortunately, to dat:, the
pathways .y which these effects are manifested are poorly understood.
While thin films with properties acceptable for several of the
applications discussed above have been prepared, a true understanding
of the ability to use controlled solution chemistry variations to
influence final ceramic properties has yet to be realized. For example,
for the fabrication of electronic ceramic thin films, it would be desirable
to utilize precursors that produce films which display a tendency
toward consolidation, rather than low temperature crystallization. By
selecting appropriate precursors, it should be possible to completely
densify the thin film prior to the onset of crystallization, producing
films with minimal porosity. Since pores can act as light scattering
centers, the ability to completely densify the film could lead to the
fabrication of non-porous crystalline films suitable for optical storage
devices. Alternatively, for the fabrication of porous membranes,
chemical precursors and/or fabrication conditions which result in
residual porosity should be employed. One strategy for inducing
porosity is to use precursors which undergo hydrolysis during
deposition.? A second approach is to prepare films which tend to
crystallize at low temperatures during firing. This leads to crystalline
inclusions within the film which can significantly hinder shrinkage,
even when present in small quantities.10

In the present study, we have attempted to develop an
understanding of the pathways by which solution chemistry variations
impact ceramic thin film properties. The technical approach we
employed was to generate known differences in oligomeric precursor
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structure, and then relate these structural variations to observed
differences in film densification and crystallization behavior. Our
precursors were synthesized by reacting metal alkoxide compounds
with different chelating ligands. We also studied the effects of varying
the chelating ligand/metal ratio.11-14 We have selected zirconia as a
model system for this investigation for a variety of reasons. First, in
doped form, it is being studied for use as a dense oxygen separation
membrane;4 and second, it is an end-member of the technologically
significant electronic material, lead zirconate titanate.

EXPERIMENTAL

Zirconium (IV) n-propoxideen-propanol® was used as the
starting compound for synthesis of the 0.4 M n-propanol solutions of
the present study. Two chelating ligands, acetic acid" and 2,4-
pentanedione$ (acac; CH3COCHCOCH3) were used to generate
different oligomeric solution species which were used for film
fabrication.

The acetic acid based solution was prepared by reacting neat
zirconium (IV) n-propoxidee®n-propanol with purified acetic acidl® in a
molar ratio of 1:1.5, in a glove box. The reaction mixture was then
removed from the glove box, and after approximately five minutes,
sufficient dry n-propanol$ was added to yield a 0.4 M (zirconium)
solution. The solution was allowed to age for three days at 25°C under
argon prior to use in film fabrication. This precursor system will be
referred to as the HOAc system.

The acac-based precursor solutions were prepared by reacting
zirconium (IV) n-propoxidee®n-propanol with an n-propanol solution
containing the acac ligand. After allowing thirty minutes for the
chelation reaction, a solution of water in n-propanol of equal volume
was added to the zirconium-acac reaction mixture. Solutions were
stirred during both phases of the preparation. Final solution
concentration was 0.25 M or 0.4 M in zirconium. To generate different
oligomers, solutions with two different r (moles acac/mole Zr) and
h (moles HoO/mole Zr) ratios were employed.16 For the first solution,

* Aldrich Chemical Company; Milwaukee, WI
§ Fisher Scientific, Pittsburgh, PA
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acac and water additions were used so that r = 2.0, h = 0.5; and for the
second solution, r = 0.5, h = 4.0. These solutions will henceforth be
referred to as acac-H and acac-L, respectively, for high and low
acac/metal ratios. The acac-H solution was aged for 4 days prior to use
while the acac-L solution was aged for one day prior to use. Longer
aging times for this solution resulted in gelation. As for the HOAc
precursor, reactions and aging were again carried out at room
temperature under an argon atmosphere. Further details of the
preparation procedures are given in Reference 17. Solution viscosities,
as a function of concentration, were measured at 30.0°C using a
Koehler K-23300 kinematic viscosity bath and calibrated Size 1
Ubbelodhe viscometer tubes.

A similar acac-based solution chemistry was used to prepare
films for low temperature pyrolysis heat-treatment studies. For these
studies, zirconium (IV) n-butoxide®n-butanol” was used as the starting
compound and n-butanol$ was used as the solvent. Identical reaction
procedures to those discussed above were used. Reactant ratios were:
r =05, h = 2.0. Solutions were aged 2 days prior to use.

Films were fabricated onto siliccn wafers by spin-casting at 3000
rpm, unless otherwise noted. Continuous uniform films were
prepared for each of the precursor solutions. As deposited, film
thicknesses ranged from ~2200 A to ~3200 A, depending on the
precursor solution. Fired film thicknesses ranged from ~450 A to
~550A. Gelation times of the depositing films (i.e., the time required
for stabilization of the interference colors during spinning) varied from
5 to 6 seconds. Ellipsometry (Gaertner L116-C; A = 6328 A) was used to
monitor changes in film thickness and refractive index as a function of
time, or heat-treatment conditions. Measured psi and delta values
were converted to thickness and refractive index values using Gaertner
GC4A software for single layer non-absorbing films. Typically,
refractive indices and thicknesses of three different films were
measured and then averaged. In general, ellipsometry measurements
were very reproducible from sample to sample.

Redissolution experiments were conducted to determine the
nature of the gel that was formed during deposition. These
experiments consisted of spinning a film under standard conditions,
waiting for ten seconds, and then immersing the film in n-propanol
(the parent solvent) to determine film solubility. Redissolution was
also evaluated after the film was dried for 18 hours at 25°C; and after
heat-treatment at 200°C for 5 minutes. The ability to redissolve a film
was taken as an indication that primarily a physical aggregation process
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had occurred during gelation.18 Alternatively, when as-deposited fiims
did not redissolve, it was assumed that extensive chemical gelation
(i.e., the formation of M-O-M bonds between the oligomers) had
occurred during deposition.18

Three different firing strategies were used for heat-treatment of
the films. Low temperature isothermal consolidation was studied by
placing the films on a hot plate held at the desired temperature, and
measuring the changes in thickness and refractive index for different
heat-treatment times. The effects of ramp rate on shrinkage and
densification at higher temperatures were determined by heating the
films to 700°C at three different rates: 5°C/min, 50°C/min and
~ 100°C/min (i.e., simply inserting the film into the furnace at T). A
hold time of ten minutes was employed. Finally, an AET Addax
RMV-04 rapid thermal processing (RTP) furnace was used to heat films
to various temperatures at 300°C/min and 3000°C/min. Once the
desired temperature was attained, samples were rapidly quenched to
< 150°C. This last procedure allowed for determination of the non-
isothermal shrinkage and crystallization behavior of the films.1?

RESULTS AND DISCUSSION

Solution Characteristics and Precursor Nature

From the dependence of solution viscosity on concentration,
kinematic viscosity measurements may be used to determine the
relative extent of oligomer interaction.20 We have measured the
viscosities of the three precursor systems at concentrations ranging
from 0.05 M to 0.4 M, and the results are shown in Figure 1. The acac-L
solution showed a strong dependence of viscosity on concentration,
indicating that as concentration was increased, this precursor system
exhibited a much stronger interaction between solution oligomeric
species than the other two systems. This result implies that the
oligomers formed in this process are either larger, or more ramified (or
both), than the oligomers generated in the other two chemical
systems.21 Based on the known reactions of acac and water with
alkoxide compounds, this result is expected.1® For small additions of
acac, the alkoxy ligands of the starting compound that are not replaced
by acac are free to react with the water added in the subsequent reaction
step. Hydrolysis and condensation occur, leading to M-O-M bond
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formation. Under these reaction conditions, i.e., small acac/metal and
large water/metal ratios, the extensive hydrolysis and condensation
reactions of the remaining alkoxy groups lead to the generation of
comparatively large oligomeric species, as has previously been
determined by small angle X-ray scattering.13, 14, 16
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Figure 1. Kinematic viscosity measurements as a function of
concentration for the three precursor systems of the present study. Test
conditions: 30.0 £ 0.1 °C.

In contrast, the acac-H precursor solution displayed only a minor
dependence of viscosity on solution concentration, indicating the
presence of relatively non-interacting species. Again, this is an
expected result. With large acac additions, the original alkoxide
compounds become highly chelated. Since the acac ligand is stable
toward hydrolysis, the number of remaining (alkoxy) ligands available
for subsequent hydrolysis and condensation reactions is greatly
reduced. Therefore, there are fewer reaction sites for M-O-M bond
formation, and smaller oligomeric species are produced.13, 14, 16

From the minimal dependence of viscosity on concentration,
kinematic viscosity measurements of the oligomers formed from the
HOAc system imply that these species are also relatively non-
interacting.
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Nature of the As-Deposited Film

To investigate the effects of precursor nature on the
characteristics of the deposited films, the solubilities of selected films in
the parent solvent were characterized. These experiments were
conducted to determine whether a chemical or physical gel was formed
during deposition. Results are presented in Table I. Films prepared
from both acac systems formed only physical gels. This indicates that
primarily a physical aggregation process was responsible for gelation,
rather than extensive crosslinking between oligomers. This may be
due to the stability of the acac ligand to hydrolysis,2? the relative extent
of alkoxy replacement by acac, and/or to the role that acac plays in
sterically limiting the accessibility to any remaining alkoxy ligands. In
contrast, it was not possible to redissolve the film formed from the
HOACc precursor, implying that true chemical gelation, or M-O-M bond
formation via hydrolysis and condensation between the oligomeric
solution species, had occurred during deposition. Evidently, either the
acetate ligands are less stable toward hydrolysis during deposition,22 or
the accessibility of remaining alkoxy (or hydroxy) ligands is not as
diminished as for the acac-based precursors. Results for films prepared

Table 1.
Results of redissolution experiments for acac and acetic acid derived
thin films.
Q)
acac-H 25 10 sec. Dissolved Physical
acac-H 25 18 hrs. Partially Dissolved Intermediate
acac-H 200 5 min. Insoluble Chemical
acac-L 25 10 sec. Dissolved Physical
acac-L 25 18 hrs. Insoluble Chemical
acac-L 200 5 min. Insoluble Chemical
HOAc 25 10 sec. Insoluble Chemical
HOAc 25 18 hrs. Insoluble Chemical
HOACc 200 5 min. Insoluble Chemical
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from precursor solutions synthesized with alkoxide compounds
modified by sterically large ligands (1-adamantanol) seem to indicate
that the accessibility of remaining alkoxy ligands to ambient moisture
initiated hydrolysis and condensation is very important in defining the
nature of the as-deposited film.23 These results indicate the
importance that ligand type can have in defining precursor reactivity,
and consequently, the nature of the as-deposited film.

With extended hold times at room temperature, the dissolution
behavior of the acac-derived films changes; the acac-L film no longer
dissolves and the acac-H film only partially dissolves. This change in
dissolution behavior indicates that the films are transforming to
chemical gels through continued condensation reactions. With heat-
treatment at 200°C, it becomes no longer possible to dissolve any of the
films. We believe this is an indication of still more extensive
condensation reactions. As discussed below, the extent of chemical
crosslinking between oligomeric species in the as-deposited films is key
in defining film densification behavior.

Film Shrinkage and Densification Behavior

Our initial investigations of film shrinkage (consolidation) and
densification focused on the effects of precursor nature on room
temperature consolidation following deposition. Results presented in
Figure 2 illustrate the variation in normalized film thickness as a
function of time after t;. Consolidation at room temperature is most
likely due to the capillary contraction associated with removal of
residual solvent,24 and continued condensation reactions.24 We feel
that the change in dissolution behavior of the films with long hold
times at 25°C provides strong evidence for the occurrence of continued
condensation reactions.

It is evident that while all of the films exhibit significant
shrinkage at room temperature, the film prepared from the acac-H
precursor consolidates to the greatest extent. After three hours, its
thickness has decreased by about 40%, compared to approximately 25%
for the acac-L and HOAc-based films. We feel that the greater
shrinkage of the acac-H film is due to the initial absence of M-O-M
bonds between oligomeric clusters, as discussed above. Since the
interaction of the oligomers in this film may best be described as
occurring via a simple physical aggregation process, the oligomers are
less constraineu to rearrange during drying at 25°C, resulting in
extensive film consolidation. As the redissolution data indicate,
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however, M-O-M bond formation does occur with time. On the other
hand, the HOAc derived film is already chemically crosslinked
immediately after deposition. Because of this, the oligomers are less
free to rearrange through capillary contraction, and the film
consolidates less at this temperature.

Normalized Thickness (d(t)/d(tg)

A .
B Boga oA
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Figure 2. Effect of precursor type on room temperature consolidation
of sol-gel derived zirconia thin films.

Based on this explanation, we might expect the acac-L film,
which also displays little crosslinking in the as-deposited state, to
behave more like the acac-H film than the HOAc film. The observed
behavior may be due to the greater tendency of this system to exhibit
more extensive condensation reactions at 25°C than the acac-H system,
thus inhibiting densification. An indication of this tendency may be
noted in Table I, where after 18 hours at room temperature, the acac-H
film still partially dissolved, while the acac-L film did not dissolve.
Refractive indices for the films at this point of the fabrication process
ranged from 1.55 to 1.58.

To obtain information regarding the importance of the processes
which can contribute to densification and/or consolidation, i.e.,
capillary contraction, continued condensation reactions, structural
relaxation and crystallization,24 we have studied the isothermal
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consolidation of the thin films at three different temperatures. Figure
3 shows typical results for film consolidation at 25°C, 200°C, and 400°C,
for the acetic acid derived films. The films were heat-treated by placing
on a hot plate held at the desired temperature. As expected, as the heat-
treatment temperature is increased and more of the physical processes
described above become active, consolidation of the film increases. For
this precursor, at 400°C, the film thickness has decreased to
approximately 20% of its thickness at tg.
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Figure 3. Effect of heat-treatment temperature on the consolidation of
acetic acid derived zirconia thin films. Heat-treatments at 200 and
400°C were performed by placing the sample onto a hot plate pre-set at
the desired temperature. A: consolidation at 25°C; B: relative
consolidation between 25 and 200°C; C: relative consolidation between
200 and 400°C.

To further analyze the contributions of the various physical
processes to overall consolidation, we have calculated the relative
consolidation which occurred after heat-treatment for two hours in
three different temperature regimes, as shown by the arrows in Figure
3. Results of this analysis are presented in Figure 4 for the three
different precursor systems. It can be seen that significant
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consolidation occurs at very low temperatures for each of the three
precursors. Since it is expected that the only active processes at low
temperature (25°C) would be capillary contraction and continued
condensation reactions,24 we may state that these two processes
contribute significantly to the overall consolidation of the thin films.
In the temperature regime from 25 to 200°C, still greater shrinkage
(~40-50%) occurs. We again believe that the primary active mechanism
in this regime is continued condensation, although potentially,
structural relaxation may also play a role. Between 200 and 400°C, we
would expect still further condensation reactions, as organic pyrolysis is
completed, as well as structural relaxation. Also, by 400°C, all of the
films crystallized into the cubic zirconia phase, as determined by X-ray
diffraction experiments. Thus, crystallization also contributes to
consolidation in this temperature regime. While we have yet to
determine whether organic pyrolysis is completed prior to the onset of
crystallization, we plan to evaluate this by using TGA and FT-IR
reflectance spectroscopy to study organic pyrolysis, as well as hot stage
X-ray diffraction, to determine crystallization onset.

0.5
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0.3

0.2

0.1

Relative Consolidation (Ad/d(tg))

25°C 25 -200°C 200 - 400°C
Temperature Regime

Figure 4. Relative consolidation of the zirconia thin films in three
different temperature regimes: 25°C; 25 to 200°C; and 200 to 400°C (see
arrows in Figure 3).
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The variation in “total” film shrinkage for the three precursors
as a function of temperature is further illustrated in Figure 5. As
observed for room temperature consolidation, the film prepared from
the acac-H precursor exhibited the greatest total shrinkage,
consolidating to ~14% of its original thickness. Again, we attribute the
greater consolidation of this film, which persists to high process
temperatures, to the physical gel nature of the as-deposited film and
the initial absence of chemical crosslinks between oligomers.
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Figure 5. Effects of precursor nature and heat-treatment temperature
on the “cumulative” shrinkage of zirconia thin films. Data at 200 and
400°C is for samples heat-treated on a hot plate held at the appropriate
temperature.  Shrinkage measured after two hours at each
temperature.

The observed differences in film consolidation were paralleled
by variations in film density (refractive index) for films heat-treated to
700°C at ~ 100°C/min. The acac-H precursor yielded the film with the
highest refractive index, 1.948. The film prepared from the acac-L
precursor solution displayed a refractive index of 1.897 and the HOAc
derived film displayed a refractive index of 1.908. Since all of the films
of the present study crystallized in the same phase, cubic zirconia, we
can use refractive index as an indicator of material density. The
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refractive index value for the acac-H film corresponds to a density of
~88%, as determined from the Lorentz-Lorentz equation,25 assuming a
refractive index of 2.150 for theoretically dense cubic zirconia.26.27
Using this same approach, the acac-L and the HOAc derived films are
~85% dense. Higher film densities were obtained for both acac and
acetic acid precursors by utilizing the faster heating rates accessible with
the AET Addax furnace (see below).

While crystallization of the films into the non-stable cubic phase
may at first seem surprising, similar behavior has been noted
previously for other sol-gel derived materials.28 Typical X-ray
diffraction patterns for films heated to 700°C are shown in Figure 6. As
mentioned, all of the films, regardless of the chemical precursor
system, crystallized in the cubic phase. There were, however, minor
differences in the crystallite sizes of the films prepared from the
different precursors. The acac-H precursor system yielded a grain size
of ~1304A, while the HOAc derived films exhibited a grain size of only
~100A, as determined by X-ray line broadening analysis using the
Scherrer equation. For the conventionally fired materials, all of the
films were highly microstrained, as determined by line broadening
analysis using the Gauss squared technique. We observed no apparent
effects of heating rate, or low temperature pyrolysis hold, on the
crystalline nature of the films fired to 700°C using a tube furnace.
Films prepared by rapid thermal processing with the AET Addax
furnace displayed delayed crystallization onsets, as expected.29 For
example, when using a heating rate of 3000°C/min, the acac-H film
crystallized at ~700°C, compared with ~400°C for isothermal heat-
treatment.

Effect of Ramp Rate and Heat-Treatment Conditions on Densification

As a final area of investigation, we have studied the effects of
low temperature pyrolysis holds and ramp rates on film densification.
Results for the effects of ramp rate are shown in Figure 7. As expected,
greater consolidation and higher refractive indices (i.e., higher
densities) are obtained for higher heating rates. This result is believed
to arise from the retention of a lower viscosity structure to higher
temperatures as condensation reactions are delayed because of kinetic
considerations.30 Because the lower viscosity structure is retained,
greater consolidation and densification occurs prior to the onset of
crystallization.
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Figure 6. X-ray diffraction patterns for acac-H and HOAc derived

zirconia thin films heated to 700°C at 5°C/min. No pyrolysis heat-
treatment; heat-treatment initiated two minutes after deposition.

The effect of heating rate on densification is most significant for
the acac-H film. This film should be most amenable to densification
due to the comparative absence of chemical crosslinks at room
temperature. By simply inserting this film into the furnace at
temperature, a film with density of ~88% was obtained. Films prepared
from the other precursor systems also displayed higher densities for
faster heating rates, although, as seen in this figure, the effect was not
as pronounced as for the acac-H precursor.

We have also investigated the effects of faster ramp rates on the
densification behavior of the acac-H and the HOAc derived films using
the AET furnace. At a heating rate of 300°C/min, films prepared from
both precursors exhibited higher densities than those prepared by
conventional firing strategies. Using this higher ramp rate to heat the
films to 700°C, it was possible to prepare an HOAc derived film with a
refractive index of 1.943 (p ~88%) and an acac-H film with an index of
2.064 (p ~95%). The greater densification of the films at the faster
heating rates is again attributable to retention of the high free energy,
low viscosity material structure to higher process temperatures.30 The
highest density obtained was for an acac-H film heated to 800°C at
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3000°C/min. Under these conditions, we were able to prepare a film
with a refractive index of 2.071 (p ~96% of theoretical). Higher density
acetic acid derived films were also produced at the higher heating rates,
but for similar heat-treatment conditions the densities of these films
were always lower than those of the acac-H derived films. The highest
density HOAc-based film, prepared by firing to 700°C at 3000°C/min,
was ~89% dense.
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Figure 7. Effect of ramp rate on the refractive index and relative
density of sol-gel derived zirconia thin films. Lower ramp rates (5, 50
and ~ 100°C) were obtained by firing in a tube furnace; highest ramp
rate (300°C/min, 5°C/sec) obtained by firing with AET Addax RTP
furnace.

The use of low temperature pyrolysis holds also affected the
densification behavior of zirconium (IV) n-butoxide, acac-based films.
Prior to ramping the films to 700°C for crystallization, these films were
subjected to low temperature holds for pyrolysis of organic species. In
Figure 8 it may be seen that, in general, as the pyrolysis temperature is
increased, the refractive index of the film decreases. The magnitude of
the variation is also significant, with film densities decreasing by about
3 to 5%, for the higher temperature pyrolysis heat-treatments. As the
pyrolysis temperature is increased, it is expected that more
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condensation reactions would take place as organic pyrolysis is more
extensive. As these reactions occur to greater and greater extents,
subsequent densification with heat-treatment to higher temperatures is
inhibited, as is evident in the data.
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Figure 8. Effect of spinning speed and low temperature pyrolysis heat-
treatment on the refractive index of zirconia thin films fired at 700°C
for 10 minutes, using a ramp rate of ~ 100°C/min.

CONCLUSIONS

Zirconia thin films were prepared from three different chemical
precursor systems. The general nature of the films, as well as the film
consolidation and densification behavior, were highly dependent on
the ligand used to modify the alkoxide starting compound, and on the
modifying ligand/metal ratio. Films prepared from precursors using
more hydrolytically stable chelating agents or high chelate/metal ratios
densified to the greatest extent. This presumably occurs because the
gelled film that was formed was more the result of a simple physical
aggregation of oligomeric species, rather than chemical crosslinking.
Because of this characteristic, these films were able to consolidate to a
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greater extent; not only at room temperature, but also as the heat-
treatment temperature was increased.

Films prepared from precursors which underwent more
extensive chemical crosslinking during deposition, i.e., the HOAc-
based sols, consolidated to a lesser extent, presumably because of ihe
existence of the M-O-M bonds between the oligomeric clusters. The
results of low temperature pyrolysis experiments would alsc seem to
support this conclusion. Films prepared with higher temperature
pyrolysis holds, i.e., conditions expected to lead to more extensive
condensation reactions and M-O-M crosslink formation, densified to a
lesser extent on subsequent heating.

Heating rate also impacted densification behavior and
crystallization temperature. As heating rate was increased, higher
density films were obtained. Very rapid heating rates, attained using
the rapid thermal processor, produced films of the highest density,
~96%. All of the films prepared from the three precursors crystailized
into the cubic phase, at temperatures as low as 400°C.
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ABSTRACT

TEM and X-ray diffraction studies of PZT, PLZT, lead titanate and
bismuth titanate ferroelectric thin films and YBa,Cu;0,,(YBCO),
Bi;Sr,CaCu,0g(BSCCO) and LaysSr,sCoO5(LSCO) electrically conductive
oxide thin films, that are sequentially deposited by pulsed laser ablation, show
that these films may be de_osited epitaxially onto LaAlO,(LAO) or Si
substrates. The conductive oxides are promising candidates for use as
electrodes in place of metal electrodes in integrated ferroelectric device
applications. The oxide electrodes are more chemically compatible with the
ferroelectric films. High resolution electron microscopy has been used to
investigate the interface between the ferroelectric and metal oxide thin films
and no reaction was detected. Epitaxial growth is possible due to the similar
crystal structures and the small lattice mismatch. The lattice mismatch that
is present causes the domains in the ferroelectric films to be preferentially
oriented and in the case of lead titanate, the film is single domain. These films
may also have potential applications in integrated optical devices.

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or re(rublication of this gublication or any part thereof, without
the express written consent of The American Ceramic &dety or fee paid to the Copyright Clearance Center, is prohibited.
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INTRODUCTION

Pulsed laser ablation is a tcchnique which lias been successfully used
to grow thin films of high T¢ superconducting oxides.! This technique has been
recently extended to growth of high quality ferroelectric thin films which are
being investigated for applications such as electro-optic devices, nonvolatile
RAMs etc.? These ferroelectric films are being grown as part of an
electrode/ferroelectric/electrode/substrate heterostructure. Initial work has
been done on growing these heterostructures on oxide substrates such as
LaAlO;, MgO and SrTiO; with the ultimate aim of trying to integrate these
heterostructures on Si substrates for potential integrated device applications.
The electrodes which have been used are YBCO and LSCO which are
perovskite-type oxides exhibiting metallic behavior at room temperature. The
advantage here is the close lattice matching between the substrate, electrode
and the ferroelectric which can result in the growth of an epitaxial
ferroelectric film on a single crystal substrate. Also, the similar chemistry (all
the components of the heterostructure are oxide perovskites) between the
different components of the heterostructure reduces the chances of interfacial
reaction between the ferroelectric film and the electrode which results in
degradation of dielectric properties when metal electrodes are used.

EXPERIMENTAL PROCEDURE

All the films were deposited by laser ablation. A 248-nm KrF pulsed
excimer laser was directed at a rotating, sintered polycrystalline target of the
required material and the resulting plume was caught on a heated substrate.
The targets are mounted on a four-target rotating carousel, thus enabling in
situ deposition of the multi-layered structure. The thicknesses of the layers
were controlled by controlling the number of laser pulses. Film deposition
rates were between 0.5 and 1A/s. The yttria stabilized zirconia(YSZ) layers on
Si were deposited at Xerox. The other films were deposited at Belicore.

Cross-sectional and planar samples of the material were prepared by
standard techniques.? 3 mm discs were cut with an ultrasonic disc cutter. The

samples were mechanically polished to 100 um, dimpled to 20 um followed by
argon ion milling at 3 kV to obtain electron transparency. Conventional TEM

work was carried out on a Philips 420 transmission electron microscope at 120
kV and high resolution on a Akashi 002B transmission electron microscope at
200 kV.
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RESULTS AND DISCUSSION

Initial work was done on bismuth titanate (BT) ferroelectric films. BT
has been shown to be suitable for memory and electro-optic switching
applications.* Figure 1 shows a TEM micrograph of the heterostructure. Film
growth is epitaxial as confirmed by the selected area ditfraction pattern shown
in the inset. The lattice parameters for PrBa,Cu,0,,(PBCO) are 3.87 A, 3.93
A and 11.71 A. BT is also orthorhombic with lattice parameters of 5.41 A,
5.43 A and 32.82 A. This provides a suitable lattice match for epitaxial growth
along a [001] oriented substrate such as LaAlO; which has a pseudo-cubic
lattice constant of 3.78 A. The crystallographic relationship between the three
layers in this case is [100];,a0 |} [100]ppco || [110]ay. Figure 2 shows a high
resolution image of the interface between the PBCO and the BT ferroelectric
film. The imerface is seen to have a high density of structural defects.

Next, a PT/YBCO/LAO heterostructure was investigated. Lead titanate
is a perovskite-type ferroelectric with a Curie-point of 490°C anc a relatively
large tetragonal distortion (c/a ratio ~1.064).5 Its large spontaneous
polarization (P,=75uC/cm?) and small dielectric constant (¢,~100)¢ along the
c-axis make it an excellent candidate for applications such as infrared
detectors and piezoelectric transducers. Highly c-axis oriented PbTiO, thin
films on MgO single crystals and on epitaxial Pt films have been obtained.” T.
Imai et al. have attempted at depositing PbTiO; thin films on Si wafers and
Pt sheets by laser ablation.® However, they could not achieve c-axis oriented
growth due to the polycrystalline nature of the substrate.

Figure 3 shows an X-ray diffractometer scan for the heterostructure.
Only the (00/) peaks can be seen with a complete absence of the (100) peaks
which indicates that the film is c-axis oriented or epitaxial. No 90° domains
can be seen in bright field and dark field images of the sample. Dark field
images from a planar sample taken under a multi-beam condition do not show
the presence of 180° domains. Cross-sectional TEM showed a single domain
film. This is attributed to the compressive stresses induced in the film by the
lattice mismatch between PT and the underlying YBCO and LAO substrate
which can be relieved by a c-axis orientation which occurs due to the large
tetragonal distortion of PT®.

Another system which has shown considerable promise is the
lanthanum-modified lead zirconate titanate (PLZT) perovskite system. PLZT
films have been fabricated by various techniques such as sol-gel processing!?
and rf-planar magnetron sputtering.!'It has also been shown that the fatigue
and retention characteristics of ferroelectric lead zirconate titanate(PZT) thin
films grown with YBCO thin film top and bottom electrodes are far superior
to those obtained with conventional platinum top electrodes.!? Also, in the
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case of the PZT and PLZT ferroelectric thin films, since the smaller a-axis
lattice parameter has a better lattice match with the underlying YBCO film
than the c-axis lattice parameter ( due to the relatively large c/a ratio of
PLZT), a preferential c-axis orientation of the ferroelectric tilm is expected
and can improve ferroelectric properties. Here the PLZT composition we
have looked at is Pbgolagi(Zry;Tigs)asrsOs(PLZT) grown with YBa,Cu;0,.
{YBCO) as the bottom electrode. These PLZT/YBCO heterostructures have
also been grown on a [001] single crystal LaAlO, substrate. The lattice
parameters of tetragonal PLZT are a=3.90A and c¢=4.06A while those of
orthorhombic YBCO are a=3.82A, b=3.89A, and c=11.68A. LAO has
rhombohedral symmetry with a=3.78A and a=90.83°. Figure 4 shows an X-
ray diffractometer scan for the heterostructure. The absence of peaks other
than from the (/00), (0/0) and (00/) families of planes implies that the films
are highly textured. The absence of any (100)p zr peak and the very strong
(001)p,zr peak imply that the ferroelectric film is c-axis oriented. Figure 5
shows a high resolution micrograph ot the PLZT/YBCO interface region
viewed along the [100] zone axis of the PLZT. The epitaxy and c-axis
orientation in PLZT is maintained across 90° domains in b-axis YBCO.
Most earlier investigations of such heterostructures have used the high-
T. superconducting oxides such as YBa,Cu;O,, and Bi,Sr,CaCu,Os,, as
electrodes utilizing their high electrical conductivity at room temperature.
Another electrode which has shown superior fatigue properties for
ferroelectric capacitors is 1ag:Sry;CoO3(LSCO), which has the perovskite
crystal structure, good electrical conductivity!*!* and a good lattice matching
with  LAO and PLZT. LSCO is pseudo-cubic with a=3.83A. These
LSCO/PLZT/LSCO heterostructures were grown on a [001] single crystal
LaAlOj; substrate. From the X-ray diffractometer scan for this heterostructure
(Figure 6) it may be cuucluded that the PLZT film has a strong c-axis
orientation with a small degree of a-axis orientation. Figure 7 is a bright field
TEM micrograph showing all the layers of the heterostructure. Although
defects are seen in the film, the films are single crystal. No domains were
observed in the PLZT film. The LSCO electrode shows a large density of
defects especially at the LSCO/PLZT interface due to the lattice mismatch
between apzr and aysco (~1.8%). Figure 8 shows a high resolution
micrograph of the PLZT/LSCO interface region viewed along the [100] zone
axis. No second phase is seen at the interface which implies that there is no
interfacial reaction. Even though the interface is rough, the PLZT/LSCO
growth is epitaxial as expected since PLZT has a good lattice match with the
underlying LSCO. It is predominantly c-axis oriented which is expected since
the a;sco (3.83A) has a better lattice match with ap zr (3.90A) than with
cpzr(4.06A). With the silicon substrate samples, two different types of
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heterostructure were investigated. One with a buffer layer of yttria stabilized
zirconia and another with a buffer layer of SiO,. A schematic of one of these
heterostructures is shown in Figure 9. A thin film of Bi,Ti;O,, was deposited
between the buffer layer and the LSCO/PLZT/LSCO heterostructure. Bismuth
titanate with its large c lattice parameter can be easily deposited with a
preferred c-axis orientation. This can result in growth of subsequent layers
with a preferred orientation. X-ray diffraction scans show a preferred
orientation for both these heterostructures. However, pole figure scans reveal
a high degree of epitaxy only for the sample with the YSZ buffer layer and
not for the one with the SiO, layer as can be seen from Figures 10 and 11.
More work is being done to characterize the microstructure of these samples
by TEM.

CONCLUSION

Epitaxial growth of single domain PT thin films has been achieved.
YBCO and LSCO are suitable oxides for use as conducting electrodes.
Epitaxial growth of PLZT on silicon has been demonstrated.
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Figure 3. X-ray diffraction pattern from the PT/YBCO/LAO heterostructure.
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MICROSTRUCTURE DEVELOPMENT IN PARTICULATE CERAMIC
COATINGS

Y.J. Kim, N. M. Wara, B. V. Velamakanni* and L. F. Francis
Department of Chemical Engineering and Materials Science
University of Minnesota, Minneapolis, MN 55455

*3M Company, St Paul, MN 55144

ABSTRACT

Microstructure development in particulate coatings is influenced by the
particle-particle interactions and additional mechanisms, such as reaction and
phase separation, which are driven by compositional changes in a coating during
deposition and drying. The effect of agglomeration rate on microstructure
uniformity and pore content is demonstrated using coatings produced from
aqueous alumina dispersions. The addition of cellulose acetate and acetone to the
alumina dispersion leads to phase separation and a coating with large cylindrical
pores. The formation of particles by reactions during deposition is also discussed.
The pore content of particulate titania coatings prepared in this way can be varied
from 30 to 60% by changing the coating conditions.

INTRODUCTION

Ceramic coatings are often prepared from dispersions containing ceramic
particles, a liquid, and sometimes binders or additives. These dispersions are
coated using a variety of methods, including spraying, spin coating, dip coating
and blade coating. Particulate-based processes have several advantages for the
preparation of porous coatings. Particulate coatings typically have relatively large
pores and thus lower capillary stresses on drying. Thus, thick (>100um) or thin
coatings can be prepared without cracking. If crystalline particles are used, less
shrinkage and residual stress develops with heating as compared with sol-gel
coatings which shrink considerably during drying and densification. However,
the principle advantage of particulate routes is tailoring of pore size and content
through changes in particle size, size distribution and dispersion stability.

Microstructure in particulate-based coatings is affected by the
characteristics of the particles and the particle-particle interactions or dispersion
behavior. The particle characteristics (i.e., particle shape, size and size
distribution) directly influence the pore space characteristics (i.e., pore content,
shape, size and size distribution) of the coating. Equally important are the
attractive and repulsive particle-particle interactions which determine the rate at

To the extent authorized un.  che laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Societv. Any duplication, w«ﬁox\, or r?ubh‘cah'on of this &ublicaﬁon or any part thereof, without
the express written consent of 1ne American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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which particles aggregate or agglomerate. A process that controls the particle
characteristics and agglomeration can be used to tailor microstructure. For
example, Xu and Anderson [1] used ceramic dispersions with controlled
agglomerate size to develop porosity in ceramic membranes. Analogous controls
are used to establish the green density and pore characteristics in ceramic bodies
formed by methods such as colloidal consolidation [2] and slip casting [3].
Particle-particle interactions will affect the packing and agglomeration process
and thus the pore size in and between agglomerates. Particles dispersed in a
liquid are attracted to each other by van der Waals forces. Electrostatic repulsive
forces are generated between particles that have surface charge of the same sign.
Steric repulsion arises from adsorbed polymer layers on particle surfaces. Short
range repulsive forces, hydration forces, become important as particles become
closer in later stages of processing.[4] To prevent agglomeration and form a well-
packed microstructure, repulsive forces must dominate.

Processes that occur during deposition (e.g., reaction, evaporation,
aggregation) influence microstructure development. For example, coatings
prepared from silicon alkoxide sols undergo simultaneous polymerization
reactions and drying; the combination of these two processes causes the sol-to-gel
transformation and affects gel structure.[5]) With rapid reactions, the layer gels
before much solvent is removed by drying and a porous coating results. The
composition of the coated layer changes continually as volatile components are
removed and as species from the atmosphere are adsorbed. Compositional
changes can serve as a driving force for microstructure changes in the developing
layer. In this paper, we describe several methods of microstructure control for
particulate-based coatings. Coatings prepared from dispersions of alumina in
water serve as an example of the influence of particle-particle interactions on
microstructure and multicomponent dispersions containing alumina, water,
cellulose acetate and acetone show the added influence of phase separation. The
use of in situ particle formation and stabilizing additives to tailor pore content and
structure is discussed for titania coatings.

ALUMINA COATINGS
Experimental Procedure

) Alumina coatings were prepared by spin coating aqueous alumina
dispersions onto glass substrates. Dispersions containing S0 weight% alumina
with pH values of 4, 6.5, 9, and 11.5 were prepared by combining alumina (Alcoa
A16, average particle diameter = 0.34 um) with deionized water. The pH was
adjusted by titrating with hydrochloric acid or tetramethyl ammonium hydroxide.
After acid or base addition, the dispersions were stirred and sonicated for 10
minutes using an ultrasonic horn (Heat Systems, 20 kHz hom with 3/4" tip). The
pH adjustment and ultrasonic treatment were carried out a second time and
repeated again after 24 hours. Immediately after the final ultrasonic treatment, the
dispersions were spin coated onto glass cover slips using a spinning rate of 1500
rpm for 60 seconds. After room temperature drying, the microstructures were
examined using scanning electron microscopy (SEM; JEOL Model 840).
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Dispersions containing varying amovnts of alumina and cellulose acetate
were prepared by combining a 50 weight% alumina dispersion (pH=4) with a 10
weight% solution of cellulose acetate (molecular weight of 30,000) in acetone. A
range of compositions were investigated. (See Table 1) To prevent phase
separation of the polymer in the coating solution, the weight ratio of cellulose
acetate:acetone:water was fixed at 5:25:70. Some dispersions required that
additional acetone and water be added to the 10 weight% cellulose acetate
solution before combination with the alumina-water dispersion. The combined
alumina-cellulose acetete dispersions were stirred for 1 hour and placed in an
ultrasonic bath for 1 hour, with stirring at 10 minute intervals. Coatings were
prepared on glass slides using manual drawdown (0.75 in/sec) of a rigid doctor
blade set at a fixed gap (0.02 in.). Immediately after deposition, the coatings were
immersed in a water bath for 5 minutes. As described later, this procedure affects
the phase separation process and consequently the final microstructure. The
microstructures of the resulting composite coatings were investigated by SEM.

Table I Dispersion and Coating Compositions for Alumina-Cellulose Coatings

Samp. Alumina  Water Cellulose Acetone  Dry Coating

No. ® [¢48 Acetate (g) (8) Composition

1 25.0 25 5 70 62 vol% Alumina
38 vol% Cell. Acet.

2 17.7 25 5 70 54 vol% Alumina
46 vol% Cell. Acet.

3 11.1 25 5 70 42 vol% Alumina
58 vol% Cell. Acet.

4 53 25 5 70 26 vol% Alumina

74 vol% Cell. Acet.

Effect of Colloidal Stability

Figure 1 shows the change in microstructure for coatings prepared using
alumina dispersions having a range of pH values. Near the isoelectric point
(pH=9), electrostatic repulsion between particles is low, attractive forces dominate
and the agglomeration rate is high. Consequently, the microstructure contains
large agglomerates and is poorly packed. As the pH is shifted away from the
isoelectric point, surface charges develop and electrostatic repulsion increases; the
microstructures show better particle packing and a decreased number of large
agglomerates. Coatings prepared from well stabilized dispersions (pH=4) have a
uniform, packed microstructure, presumably with a minimum of pore space.
These results demonstrate a simple method to control microstructure (i.e.,
increasing repulsive interactions changes the microstructure from agglomerated
and porous to well-packed and dense. Similar strategies are used in other ceramic
forming methods. For coatings, variables such as coating rate and thickness also
affect the microstructure and are part of on going investigations.
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Fig. 1 SEM micrographs of alumina coatings prepared from dispersions with pH
values of (a) 4, (b) 6.5, (¢) 9, and (d) 11.5.
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Effect of Cellulose Acetate Addition

Figure 2 shows the changes in microstructure of alumina coatings with
increasing cellulose acetate content. The combined alumina-cellulose acetate
dispersions used to prepare these coatings were stabilized at a pH of 4 so as to
prevent agglomeration of alumina particles. The presence of acetone tended to
decrease the effectiveness of electrostatic repulsion, but the cellulose acetate
provided some steric stabilization to the dispersions. Zeta potential, viscosity and
polymer adsorption studies on this system will be reported elsewhere.[6] As the
polymer content is increased, the coatings change from an open particulate
structure to a continuous polymer network with dispersed alumina particles. A
new type of cylindrical pore structure is introduced with higher polymer content.
At approximately 58 volume % cellulose acetate, the microstructure is
characterized by evenly distributed and symmetrical large pores. The origin of
microstructural features can be understood in terms of the polymer phase
separation behavior .

Phase separation occurs over a large compositional region in the ternary
system of cellulose acetate, acetone and water.[7] The separation arises because
acetone is a solvent and water a nonsolvent for cellulose acetate. At the cellulose
acetate:acetone:water weight ratio of 5:25:70 used in this research, the cellulose
acetate dissolves completely in the acetone/water mixture. As a deposited layer of
the solution dries, its composition is driven into the two phase region because the
solvent (acetone) evaporates at a faster rate than the nonsolvent (water). This
process is encouraged by immersion into a water bath; acetone diffuses out of the
coating and water diffuses in. The phase separated system consists of a
continuous polymer-solvent phase and a discontinuous water droplet (polymer
lean) phase. Due to polar interactions between the cellulose acetate and the water
droplets, the polymer collects on the surface of the water droplets. As the
diffusion of acetone and water continues, the polymer chains begin to entangle
and eventually the coating gels with the pore structure determined by the water
droplet configuration. The resulting coating microstructure is asymmetric with a
thin dense polymer layer at the coating-nonsolvent bath interface and a thick
porous underlayer. Cellulose acetate layers find application as assymetric
desalination membranes.[8] The pore structure can be altered be changing
variables, such as the initial composition, the relative humidity in the coating
atmosphere, and the time delay before water immersion. [7,8)

) The addition of the cellulose acetate and acetone to the aqueous alumina
dispersion has a significant effect on the coating microstructure. The coatings
prepared with minor amounts of polymer (Fig 2a) have a uniform pore size and a
more open structure as compared to those prepared without the polymer (Fig. 1).
At low polymer contents, the alumina particles appear to interfere with the phase
separation mechanism. However, with greater amounts of polymer (Fig 2c, d),
cylindrical pores form due to the segregation of the water rich phase.
Backscattering electron images show that alumina particles are uniformly
distributed in the composite.[6] A variety of microstructures can be generated by
varying the dispersion composition or the processing variables; thus, the
combination of ceramics and polymers in phase separating systems has great
potential for developing new composites and for microstructural tailoring.
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Fig. 2 SEM micrographs of alumina-cellulose acetate coatings containing (a) 38,
(b) 4€, (c) 58, and (d) 74 volume % cellulose acetate. The bottom surface
of the coating (the coating separates from the glass substrate) is shown.
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TITANIA COATINGS
Experimental Procedure

Titania coatings were prepared by depositing anhydrous titanium ethoxide/
ethanol solutions onto silicon substrates. Spin coating was carried out in
controlled relative humidity (~45% for most experiments). The details of solution
and coating preparation are reported elsewhere.[9] Reaction during spin coating
leads to the formation of a coating of particles and particle clusters; thicker
coatings were prepared by repeated depositions. To control particle
agglomeration, additions of hydroxypropyl cellulose (HPC, molecular weight of
100,000) and hydrochloric acid to the solutions were investigated. Coatings were
heat treated in a box furnace to remove residual organics and develop porous
crystalline microstructures. Firing temperatures up to 1000°C were investigated,
using a heating rate of 10°C/min and dwell time of 20 minutes.

The effects of processing variables on the coating microstructure were
characterized after deposition and at stages during thermal treatment. Structural
features, such as particle size, pore size and thickness, were evaluated by SEM
(JEOL 840, Hitachi S-900) and transmission electron microscopy (TEM; Phillips
CM30). For a semiquantitative comparison of the pore content in the coatings, a
thermogravimetric desorption of liquids (TDL) method was used. Unfortunately,
conventional techniques for measuring porosity, such as mercury porosimetry and
gas adsorption, can not be used on thin coatings and more sophisticated methods
based on a SAW device [10] are not available for our research. TDL is a simple
alternative and has been successfully used to characterize the porosity of silica
gels.[11] In our procedure, the pore space of a coating (still on the Si substrate) is
filled with ethylene glycol by first holding the coating in vacuum for 20 minutes
and then soaking in ethylene glycol for 5 minutes. After carefully removing
excess liquid, the sample is loaded into a thermogravimetric analyzer (TGA;
model TGA7, Perkin Elmer) and heated at 10°C/min to 800°C. The relative
amount of porosity is determined from the weight loss data and the coating
dimensions. The volume percent of the coating that was filled with the liquid is
determined and used as a measure of percent porosity in the coating.

Control of Coating Porosity

Figure 3 shows a typical as-deposited and dried coating. The
microstructure consists of particles (~200 nm) and agglomerates of particles with
a range of pore sizes. Particles form during deposition as atmospheric moisture
diffusing into the coating reacts with Ti ethoxide.[9] The microstructural features
strongly depend on the processing variables (i.e., Ti concentration, spinning rate,
rel.ative humidity). The use of solutions with higher Ti concentration and slower
spinning rates results in a larger particle size and thicker coating. In general, the
coating contains a large pore content, including pores between agglomerates and
within agglomerates. Additionally, TEM results shows small pores within
individual particles.[12] This result is consistent with the research on the
precipitated particles prepared in bulk solution.[13]
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Fig. 3 SEM micrograph of a coating prepared using a 0.5M Ti ethoxide soluti_n
spin coated at 2000 rpm. Five layers were deposited with 100°C heat
treatments between depositions.

Results from TDL experiments are shown in Figure 4 for coatings
prepared using a 1.0M Ti ethoxide solution and several spinning rates. The
percent porosity in the coatings decreases from 50 to 32% as the spinning rate
increases. At faster spinning rates, particles are smaller and less time is available
for agglomeration. The TDL data are consistent with SEM results. For coatings
prepared using a 0.5M Ti solution, a larger percent porosity is measured. but the
measurements were not as repeatable on these coatings due to their smaller
thickness. In principie, TDL can be used to evaluate pore size distribution by
measuring desorption isotherms; however, these experiments were not successful
with our samples, perhaps due to the small quantity of material or the relatively
large pore size. TDL does provide a good semiquantitative means of comparing
pore contents in thin coatings; more research is underway on this method.

Coating porosity is also affected by the number of depositions and the
firing temperature, as shown in Figure 5. As more layers are deposited, the
porosity of the coatings decreases from 61 to 44%. This result is expected since
newly formed particles can fill some of the pores in subsequent layers. TEM
results show that, in addition to particles, a residual thin gel layer deposits.[12]
This gel layer also builds up in the pore space of the coating and tends to decrease
the porosity. The effect of thermal treatment on the microstructure is also shown
in Figure 5. When a heating rate of 10°C/min is used, coatings heated at 1000°C
show about 4% lower porosity than those at heated 850°C and microstructures do
not show significant sintering. With faster heating rates and longer dwell time,
more densification occurs; however, full density is difficult to achieve due to the
constraint of the substrate.
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Fig. 4 (a) TDL data for coatings prepared using a 1.0M Ti solution and SEM
micrographs of two of the coatings: (b) 2000 rpm and (c) 8000 rpm. All
coatings were prepared with 8 depositions and a final firing at 850°C.
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Fig. 5 (a) TDL data for coatings prepared using a 1.0M Ti solution and spin
coated at 2000 rpm and SEM micrographs: (b) 4 layers (thickness = 2.25
;étgr(l))ogcated at 850°C and (c) 20 layers (thickness = 7.20 um) heated at
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Control of Particle Agglomeration

Titania particles formed during deposition agglomerate easily due to
strong attractive forces. To prevent agglomeration of particles in bulk
precipitation of titania from Ti ethoxide solutions, hydrochloric acid [14] and
hydroxypropyl cellulose (HPC) [15] have been used as electrostatic and steric
stabilizers, respectively. For coatings which are formed by in situ particle
formation, these stabilizers are added to the precursor solution before deposition.
A series of experiments was carried out to find the optimum amount of additive.
Hydrochloric acid gives the particles positive surface charge for electrostatic
repulsion, but when the acid content is above a critical level particle formation is
inhibited. HPC prevents agglomeration by creating a protective polymer layer on
the particle surface; a wide range of polymer content could be used, but too much
polymer led to bridging flocculation of the particles. Figure 6 compares the
effectiveness of the steric and electrostatic stabilizers on single layer coatings
prepared with optimal amounts of the additives. Without additives, the coating
contains large particle agglomerates. By contrast, the use of stabilizing additives,
especially HPC, results in separated particles and small agglomerates.
Electrostatic stabilization proved less effective than steric because of the
limitation on the amount of acid that could be added and the ineffectiveness of
electrostatic repulsion in low dielectric constant liquids. For both additives, the
optimum concentration depends on Ti concentration in the solution and other
processing variables, such as spinning rate. Coatings with a uniform pore size
were prepared using HPC and multiple depositions, as illustrated in Figure 7.
Particles have a uniform size and are packed well into a denser coating.

@ ) )

Fig. 6 SEM micrographs of coatings prepared from 0.2M Ti ethoxide solution
(a) /o additives, (b) w/ HC1 (8.5 x 104 M) and (c) w/ HPC (1.7 x 10-3 g/em?3).
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Fig. 7 SEM photomicrograph of the coating prepared from 0.2M Ti solution at
2000 rpm and heat-treated at 1000°C witr HPC additive. Heatings at
550°C between depositions were used.

SUMMARY

Particulate ceramic coatings were prepared using dispursions of pa-iicles
in a liquid, mixed ceramic-polymer dispersions and solutions that form pz.ticles
during deposition. Microstructure development in all cases is affected by the
particle-particle interactions in the coating during deposition. As expected,
increasing repulsive forces between particles leads to less agglomeration and a
more densely packed microstructure. Compositional changes occurring during
deposition and drying can be used to create more complex microstructures. An
alumina-cellulose acetate system was formulated to undergo phase separation
during deposition and drying. The composite microstructure has additional
assymetric porosity. Titania coatings were prepared through particle formation by
reaction during spin coating. This route allows the fabrication of ceramic coatings
with a large range in pore contents. In summary, this research has shown that
microstructure development in coatings can be driven by compositional changes
that are not usually accessible in processing of bulk ceramics.
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ROLE OF MACRODEFECTS IN PZT THIN FILMS FOR
MICROELECTROMECHANICAL SYSTEMS

T. G. Cooney, E. A. Hachfeld and L. F. Francis
Department of Chemical Engineering and Materials Science,
University of Minnesota, Minneapolis, MN 55455-0132

ABSTRACT

Sol-gel derived lead zirconate titanate thin films were deposited on
Si/SiO/Ti/Pt substrates which had varying surface roughness (~40-100 A RMS)
and contained larger features with varying vertical relief (0.1 -~ 0.6 um). The
incidence of cracking increased as the surface roughness increased. Cracks
initiated at the corners of rectangular surface features; macrodetects were more
severe on narrow surface features and those with larger height and when more sol
layers were deposited. To avoid defects, changes in the sol composition and
device design are suggested.

INTRODUCTION

Microelectromechanical systems (MEMS) are comprised of small (10's of
microns) mechanical and electromechanical devices fabricated on the surface of
semiconductor-based integrated circuits. Major components of the technology
include microactuators and microsensors,. MEMS has commercial applications
spanning biomedical (e.g., blood pressure sensors), manufacturing (e.g.,
microflow controllers), information processing (e.g., imagers and displays) and
automotive (e.g., accelerometers for air bags) industries.[1-3] While MEMS
devices have been fabricated using common materials in microelectronics, such as
polycrystalline silicon, silicon nitride, silica and some metals, the use of
piezoelectric ceramic thin films in these devices holds promise for improving their
performance. Ceramics in the Pb(Zr|«Tix)O3 (PZT) system have outstanding
electromechanical properties that are useful for both sensing and actuating
functions. However, integration of ceramics into complex MEMS devices. such
as the pressure sensor shown in Figure 1, poses processing challenges. The
ceramic layer must have the appropriate composition and crystal structure; it
should be uniform and free of macrodefects, such as cracks and delamination.
Film quality is especially critical for MEMS as the thin films are often subjected
to mechanical deformation during use.

The sol-gel method is well suited to the preparation of ferroelectric thin
films and currently is a popular processing route.[4] Advantages of the sol-gel

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or republication of this publication or any part thereot, without
the express written consent of The American Ceramic §)ciety or fee paid to the Copyright Clearance Center, is prohibited.
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route over other fabrication methods include better stoichiometric control and
compositional variety, low level doping capability. simplicity and low cost.{5]
Disadvantages include difficultics with coverage of surface features and forming
uniform layers, free of macrodefccts such as cracks. Stresses that develop during
processing are responsible for many of the defects. Garino and Harrington [6]
found tensile stress levels of 100 - 400 MPa in sol-gel derived PZT films. Stress
singularities at edges and concentration of stresses at microscopic flaws or surface
features magnify stress and lead to defects.

Considerable progress has been made in understanding processing issues
for ferroelectric thin films deposited on flat, uniform substrates. High quality
layers with the perovskite structure and good ferroelectric properties have been
fabricated by many groups. However, for more wide-spread application of
ferroelectric thin films in the microelectronics industry aid specifically for
MEMS applications, a better understanding of the formation and control of
macrodefects is needed. In this paper, we investigate the effects of surface
topology on macrodefect formation in sol-gel derived PZT thin films. Fine scale
surface roughness and larger scale vertical relief features are intentionally
introduced and their effects on film structure studied by microscopy methods.

) . T Polysilicon
Piezoelectric op Membrane
Thin Film Electrode

Lower
Electrode

Ti/Pt Electrode

SONSOONNANNNY

Si Substrate

Fig. 1 Schematic diagram of an integrated pressure sensor with a sol-gel
derived PZT layer acting as a force sensor. [7]

EXPERIMENTAL PROCEDURE

Alkoxide solutions based on the 2-methoxyethanol system were prepared
using the method developed by Budd et al.[8] The precursor solution had the
composition of Pb(Zrq 54Tig46)O03 and had a concentration of 1M in Pb. The
alkoxide solution was partially hydrolysed by combining equal volumes of
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precursor and a solution of 2-methoxyethanol, water and NH40H such that the
hydrolysis ratio ({(H,OJ/{Pb]) was 1 and 0.12 moles of NH4OH were added per
mole of Pb. After 24 hours, the partially hydrolysed solutions were deposited
onto Si/SiO2/Ti/Pt substrates by spin coating at 2000 rpm for 60 seconds. Each
layer was dried at 200°C for one minute on a hot plate. After four layers were
deposited and dried, the samples were heated at 400°C for 10 minutes and then
700°C for 15 minutes. The process was repeated to prepare thicker films. This
heating schedule was chosen based on TGA results (Fig. 2) that showed organic
pyrolysis in the range of 400-550°C and XRD results that showed complete
perovskite formation after the 700°C treatment.

Varying surface roughness and larger regions of vertical relief were built
into the Si/SiO/Ti/Pt substrates so that surface coverage and film integrity could
be systematically investigated. The basic substrate had 1000 A of thermally
grown SiO7 with layers of Ti (400 A) and Pt (1000 A) deposited by sputtering.
Substrates with surface roughnesses varying from 40 to 100 A root mean square
(RMS) were prepared by altering the sputtering conditions. Vertical relief
structures had two features: large flat areas (50 x 100 um) to simulate the raised
membranes for pressure sensors or the larger area surfaces of actuators, and
narrow projections (~3 um wide) to represent conduits into micropumps or
electrode pads. These features were fabricated by depositing a layer of
phosphosilicate glass (PSG) by CVD (2700 - 7000A), patterning and etching the
pattern in the PSG layer, reflowing to smooth edges, growing 1000 A of thermal
oxide on exposed Si, and lastly sputtering Ti (400 A) and Pt (1000 A).
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Fig. 2 Thermogravimetric analysis of a PZT thin film (10 layers, 0.8 um).
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Optical microscopy and scanning electron microscopy (SEM; JEOL 840)
were used to characterize thin film macro and microstructures, and macrodefect
evolution.  Surface roughness was monitored by phase measurement
interterometric microscopy (PMIM; Zygo Maxim 3D).

RESULTS AND DISCUSSION

Figure 3 shows the variation in surface roughness with increasing film
thickness for films crystallized at 700°C and for those heated only to 200°C. The
substrate was initially at 38 A RMS roughness. With one deposition, the
crystalline film roughness is similar to that of the substrate while the amorphous
film is smoother. The crystallization treatment enhances the roughness, perhaps
due to the morphology of the grains or the differences in densification around
surface features. As more layers are deposited, the roughness increases. This
result indicates that the surface features affect the uniformity of the sol-gel
coating; surface protrusions may trap sol during the spin off stage of the
deposition in which the centrifugal forces drive the liquid off. As the Jayers
become thicker and surfaces become rougher, the incidence of cracking also
increases. Cracking develops in the amorphous films at a lower level of surface
roughness and at lower overall film thicknesses as compared with the crystalline
films. The level of stress in the thin film depends on the thermal treatment;
Garino and Harrington reported that the room temperature residual stress after

100 T T —T — - —
t j
90 |
< > ]
W 80 T
=
@
@ 70 7
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PZT FILM THICKNESS (1m)

Fig. 3 Surface roughness measured from PMIM on PZT layers deposited on a
Pt/Ti/SiO7/Si substrate with 38 A RMS roughness.
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Fig. 4 Optical micrographs of one layer (0.08 um) of PZT sol deposited and
heat-treated (to 700°C) on features with (a) 0.4 um and (b) 0.6 pm
vertical relief, and two layers deposited and heat-treated on features
with (c) 0.4 pm and (d) 0.6 pm vertical relief.
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pyrolysis was slightly greater than that after crystallization of perovskite. [6]
Complete film cracking and delamination for crystalline films occurs after 16
layers (or 1.28 pum final thickness), corresponding to a surface roughness of 90 A
RMS. In another set of experiments, substrates with a range of surface
roughnesses were prepared and a single sol layer deposited on each and heated to
700 °C . Interestingly. as the roughness of the substrate increased, the incidence
of cracking increased and complete film failure was observed for a single
crystallized layer deposited a substrate with 90 A RMS roughness.

The effect of step height and number of layers on the defect formation is
tllustrated in Figure 4. With a single layer deposited and heat-treated (Fig 4b),
cracks begin to form at corners. The cracking beccmes severe first on the narrow
areas of the steps and particularly where several narrow areas are close to one
another. The incidence of cracking increases with step height (Fig 4b) and with
multiple depositions the macrodefect formation is more widespread with
delamination across the large raised areas (Fig 4c). Irregularities in coverage [9]
and stress concentration are the most likely cause of this behavior. Our future
research plans include quantifying these effects.

To avoid the defects due to surface topology, two approaches can be
taken. First, the mi rofabrication routes can be carefully chosen to provide
surfaces that are very smooth and MEMS devices can be designed such that the
sol-gel layer is deposited o. flat surfaces. Recessed membranes in pressure
sensors, for example, have been cleverly developed so that a PZT sol-gel layer is
easily incorporated.[10] The second option is to design tolerance to topological
variation into the solution chemistry and processing conditions; that is, develop a
sol-gel process that creates a layer that is less susceptible to stress induced
macrodefects. This approach involves recognizing the critical stages in the
process (when the stress is great) and using changes in sol composition and
process conditions to relieve stress. Recent work on drying control chemical
additives and other additives, such as polyethylene glycol, suggests that the
chemical route has promise. The best approach is most likely a combination of
improvements in design of MEMS structures to accommodate ceramic films and
improvements in thin film processing to make the films more tolerant of surface

topology.
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NONLINEAR CONDUCTION MECHANISM IN PEROVSKITE TYPE CERAMICS

N. ICHINOSE, Waseda University
Tokyo 169, Japan

ABSTRACT

Intelligent functions such as PTCR (Positive Temperature
Coefficient Resistor) and VDR (Voltage Dependent Resistor)
effects in perovskite type ceramics may be generated by the
formation of potential barrier at the grain boundary. Of the
various conduction mechanisms reported for the origin of the
nonlinearity, the most prominent one is due to electron
tunneling and/or hole transport induced by impact ionization,
explained by a double Schottky type potential barriers model.
Thus grain boundaries have a significant role in determining
the flow of electronic current. It is well known that these
effects depend upon oxygen partial pressure. Energy barriers
are closely related to adsorbed oxygen on grain surfaces. The
interfacial energy levels are thought to be caused by the
chemisorbed oxygen onto the interfaces of the grains. In the
present study, the relation between the type of the chemisorbed
oxygen and these effects has been investigated.

1. INTRODUCTION

Perovskite type ceramics such as BaTi0; and SrTi0; based
ceramics have been widely used for electronic applications as
resistors and capacitors. It is well known that PTCR (Positive
Temperature Coefficient Resistor) and VDR (Voltage Dependent
Resistor) effects in the perovskite type ceramics may be
generated by the formation of potential barrier at the grain
goundary. It has been reported that the enmergy barriers are
closely related to adsorbed oxygen on grain surfaces, because
these effects are degraded by heating in reducing atmosphere
and restored by reoxidation.' 2> The interfacial energy levels
are thought to be caused by the chemisorbed oxygen onto the
interfaces of the grains.

The physical origin of these interface states is not an
intrinsic one due to lattice mismatch at grain boundaries, but
an extrinsic one due to lattice defects such as point, line, or
planar defects. When oxygen in air is chemisorbed at such
defects on the grain surfaces, electrons become localized at
the surfaces and give rise to positive surface potential. To
maintain the electrical neutrality, ionized shallow donors and
bulk electron traps compensate excess charges. As a result,
electron depletion layers are formed and act as conduction
barriers. These interface states are thought to correspond to
acceptor type energy levels formed by the chemisorbed oxygen as

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or reIublication of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center ‘is prohibited.
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shown in Fig. 1. It is 1important to study the electronic
states at the grain boundaries in view of the oxygen
adsorption, including oxygen chemisorption and oxidation.
However, the type of the chemisorbed oxygen has rarely been
reported.

In the present study, the relation between the type of
chemisorbed oxygen and these effects in the perovskite type
ceramics has been investigated.

2. PTCR EFFECT IN BaTiO, BASED CERAMICS®’

BaTi0, based ceramics were prepared by the conventional
ceramic processing as shown in Fig. 2. The mixture was
calcined at 1000C for 2h in air, pelletized, pressed into
disks of 18mm diameter under 0.5ton/cm?, and then fired at
1300C for 2h in air. The sintered samples were reduced at
1100C for 2h in a 50% MH,-Ar flowing atmosphere. Annealing
conditions are shown in Table 1.

The In-Ga alloy was pasted on both surfaces of the samples
to provide ohmic contact for the electrodes. The voltage-
current characteristics were measured by a 2-terminal method
using a dc power supply. The behaviour of the chenisorbed
oXygen was examined by means of ESR. ESR spectra at X-band
frequency were obtained at room temperature (the field
modulation : 100kHz, the applied magnetic field : 3250+ 500 Oe,
the microwave power : 5mW).

Figure 3 shows the temperature dependence of the
resistivity in undoped BaTiO, annealed for 1h at various
temperature in air.

Figure 4 represents Arrenius plots of the resistivity in
undoped BaTiO, annealed for lh at various temperature in air.
Above Curie temperature, they are shown in Fig. 5. It is found
from Fig. 4 that the barrier height ¢ may be calculated by
using the following equation.

R = R,exp (eg /kT)

Figure 6 gives the calculated barrier height ¢ as a
function of annealing temperature. This curve shows a similar
tendency to PTCR effect in Fig. 7. It may be said from this
fact that the chemisorped oxygen plays an important role for
forming the barrier height at grain boundary.

Figures 8-10 show ESR spectra at room temperature of
undoped BaTiO, as sintered, as reduced and reoxidized at
various conditions. A strong signal with symmetrical line
shape was detected around g=2 in all samples. The signal (R)
at around g=1.99 is indentified as F-center*’, i.e., a signal
electron trapped at an oxygen vacancy surround by two Ti‘' and
for Ti3*, which is represented as V;. This V; may be generated
by the following equation.
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0, 0, + V; + 2e-
Ve + e V.

°

The .hyperfine sextet (A ) observed in all samples in Figs. 8-10
1s 1nterpreted as a Ti?*' center, arising from the hyperfine
Interaction with Ti*? nuclei (I =5/2) surrounding the oxygen
vacancy. Ti®* created by the Ti-V,-Ti interaction is
considered to be related to semiconducting properties.

In Figs. 8-10, ESR spectra indicate that the chemisorbed
oxygen exists only as 0, with anisotropic signal (O);
8..=2.019, g,,=2.034, g,,=2.077.%> The intensity of the O,-
peak increase with increasing reoxidizing temperature. On the
other hand, for samples as sintered and as reoxidized above
650°C, ESR spectra indicate that chemisorbed oXygen exists as
0, and O with anisotropic signals (Q); g =8., B+ =2.058.
Above 650C of reoxidizing temperature, chemisorbed oxygen 0,~
is s_table and the amount of 0, is increasing with increasing
reoxidizing temperature. It is found from these facts that the
chemisorbed oxygen 0, may play an important role in PTCR
effect of BaTiO, based ceramics.

3. VDR EFFECT IN SrTiO; BASED CERAMICS®’

SrTi0O, based <ceramics are also prepared by the
conventional ceramic processing as shown in Fig. 11. Their
compositions are described in Table 2. The mixture was
calcined at 1000C for 3h in air, pelletized, pressed into
disks of 18mm diameter and 3mm thickness under a pressure of
lton/cm?, and then fired at 1450C for 3h in air. The sintered
samples were reduced in a 50mol.% H,-Ar flowing atmosphere at
1300°C for 5h. The samples obtained were polished on both
sides into 1mm thickness. In order to compose the boundary
layer structure, the samples were partially reoxidized in air
at 800-1300C for 1h.

The In-Ga alloy was also pasted on both surfaces of the
samples to provide ohmic contact for the electrode. ESR
spectra at X-band frequency were obtained at same conditions
for previous sanmples. Isothermal capacitance transient
spectroscopy (ICTS) measurements were performed by means of an
impedance analyzer at room temperature.

Figure 12 shows dc voltage-current characteristics for
sample B reoxidized at 800-1300C for 1h in air. The non-
linearlity increases with increasing reoxidizing temperature.
Sample C gave a similar tendency to sample B with reoxidizing
temperature in the voltage-current characteristics. But for
sample A, slightly non-ohmic properties were observed and did
not change much with reoxidizing temperature.

Figures 13-15 show the nonlinear coefficient g and donor
concentration N, of samples A-C reoxidized at 800-1300°C for 1h
in air. For all samples A-C, the barrier height ¢, shows a
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similar reoxidizing temperature dependence to that of the g,
which means that the g increases with increasing the ¢ ,.
Consequently, the VDR effect of SrTiO, based ceramics is
concluded to be caused by the increase of the barrier height
¢ w by the oxygen chemisorption on grain surfaces.

Figure 16 represents ESR spectra of sample A as sintered,
as reduced and as reoxidized at 800-1300°C for 1h in air. The
signals assigned to O  are clearly detected in sample A
reoxidized above 1000C . The ESR signal assigned to 02- was not
observed, because 0?- has no unpaired spin.

Figure 17 shows the biased voltage dependence of ICTS
spectra for the sample reoxidized at 900°C for 1h in air. The
ICTS spectra obtained under a biased voltage of - 35V have a
negative peak, while the zero biased spectra have a positive
peak. This indicates the existence of the acceptor type trap
level below the equilibrium Fermi level, i.e., interface
states.

Figures 18 and 19 show ICTS spectra normalized by the
background capacitance for the samples reoxidized below 1050C
and above 1100°C, respectively. It is seen that a disrete deep
level is detected in the samples reoxidized below 1050C. On
the other hand, two deep levels are detected in the samples
reoxidized above 1100C, which are denoted T, and T, for
convenience. As the time constant of the peak in Fig. 18 is
close to that of the peak T, in Fig. 19, these peaks are
considered to originate from the same interface states. Figure
20 gives DLTS spectra for the sample reoxidized at 1200C for
Th in air. Three deep levels corresponding to the oxygen
chemisorption levels as 02 (P,), O (P,) and O, (P,) were
detected. The ICTS peaks T, and T, for the sample reoxidized
at 1200°C in Fig. 19 are in good agreement with the DLTS peaks
P, and P, in Fig. 20, respectively. Therefore, it seems that

the peak in Fig. 18 and the T, peak in Fig. 19 originate from
0" chemisorption level, and that the T, peak is caused by 02"
chemisorption 1level. But a peak attributed to 02-
chemisorption states cannot be detected in the ICTS spectra,
because the time constant of the 02~ peak is very short.

The intensity of the 02~ peak(T,) increase remarkably with
increasing reoxidizing temperature. It is considered that 02
chemisorption level is newly generated by the reoxidation above
the oxidation temperature. Its energy level becomes deeper and
its trap density increases due to the increase in the amount of
02~ chemisorption with increasing reoxidizing temperature.

4, CONCLUSION
The conclusions are as follows

(1) The chemisorbed oxygen O,  may play an important role
in PTCR effect of BaTiO; based ceramics.
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(2) The 0 and 0% chemisorption levels may contribute to
the non-ohmic conduction in SrTi0O, based ceramics
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Table 1 Experimental condition of annealing temperature and time

Experimental Temperature Time Atomospher
Condition {h)
“‘“E?““G 0.5 Air
ANNEALING 0.17, 0.5, 0.75,
1.0, 1.3, 1.7, Air

2 2.0, 2.5,
ANNEALING 400, 500,600,850, .

3 700,800,900, 1.0 Air

Table 2 Sample compositions of starting materials

Powder Composition  {mo!)

Sample Sils G0 lads Mol
A 1.00 0 0.008  --—---
B 0.90 0.10 0,008 -
C 0.9 .10  ----- 0.003
¥ A203 0.25(utk)
Ti0z2 0.50(wlk)
Si02 0,25{(ut%)
Cu0  0.02(wl%)
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CONDUCTION MECHANISM OF SrTiO3 THIN FILMS
BY RF-SPUTTERING

T.Kuroiwa, T.Honda*, H.Watarai*, N.Mikami, T .Horikawa, T.Makita and
K.Sato
Mitsubishi Electric Corp. Semiconductor Research Lab. :
1-1, Tsukaguti Honmachi 8-chome, Amagasaki, Hyougo 661, Japan
*Mitsubishi Eieciric Corp. Materials & Electronic Devices Lab. :
1-57, Miyashimo 1-chome, Sagamihara, Kanagawa 229, Japan

ABSTRACT

Conduction mechanism of SrTiO3 thin films have been demonstrated. The
SrTiO3 films were prepared on PY/SiQ4/Si-wafer by means of a conventional
RF-magnetron sputtering technique. Electrical properties of SrTiO3 films
were measured with PtSrTiO3/Pt structure. Leakage current characteristics
were examined on as-deposited and annealed films. Leakage current
conduction mechanism in a low electric field was different from that in a high
electric field. In the low electric field, it was suggested that leakage current
was caused by electrical traps at and/or near the interface between a top
electrode and the SrTiO3 film. In the high electric field, leakage current
conduction mechanism was interpreted in terms of Pool-Frenkel conduction
due to oxygen vacancies.

INTRODUCTION

Thin films with high dielectric constant have been highly attractive with
respect to application to Dynamic Random Access Memory (DRAM)
capacitors(1(2), Because high dielectric constant capacitors would enable the
realization of simpler processes and lower cost in DRAM fabrication. In
recent years, electrical properties of Pb(Zr, Ti)O3(3)-(5), (Pb,La)(Zr, T1)O3(6),
SrTi03(M-(10) (Ba,Sr)TiO3(11X(12) thin films were studied intensively, but
leakage current conduction mechanism has been one of the unresolved
issues.

In the present work we report the conduction mechanism of the SrTiO3
thin films. The SrTiO3 films were prepared by means of a Radio-Frequency
(RF) magnetron sputtering technique on Pt/SiQ,/Si-wafer substrates. We

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or republication of this gub]jcah'on or any part thereof, without
the express written consent of The American Ceramic Society or fee paicr to the Copyright Clearance Center, is prohibited.
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suggest that leakage current conduction mechanism in a low electric field is
different from that in a high electric field.

EXPERIMENTS

SrTiO3 thin films were prepared by a conventional RF-magnetron
sputtering technique under Oy atmosphere with a ceramic single-target.
Typical sputtering conditions of the SrTiQ3 films were shown in table 1. The
deposition rate was determined from the film thickness measured with a
surface profiler (DEKTAK3030). Substrates used (100)silicon wafers with a
thermally oxidized layer 300nm in thickness. Platinum films with a thickness
of 100nm were deposited as a bottom electrode on the Si0/Si -wafers at the
substrate temperature of 600°C using a RF sputtering method. The SrTiO;3
films were cooled under O, atmosphere in a sputtering chamber immediately
after the deposition was finished. For electrical measurements, Pt films with
a diameter of 0.5mm were deposited on the SrTiO3 films as a top electrode
through a shadow mask at room temperature. Post annealing was performed
with a tubular furnace made of quartz. Capacitance and leakage current were
measured with an LCR meter (YHP4274A) and an electrometer with a built-
in DC voltage source (YHP4140B), respectively.

Table 1. Typical sputtering conditions of StTiOs .

Substrate temperature 600 T

Gas pressure 26.6 Pa

Sputtering gas (Ar/On) 0/10

Input RFpower 250 W

Target diameter 80 mm

Target-substrate distance 35 mm

Deposition rate 4.5 nm/min.
RESULTS AND DISCUSSION

Leakage Current in Low Electric Field

Figure 1 shows leakage current density versus voltage for SrTiO3 films
annealed without a Pt top electrode at 450°C and at 700°C in O,. Figure 2
exhibits leakage current characteristics for Sr "i03 films annealed with a Pt
top electrode at the same annealing conditions as the films shown in fig.1. As
regards the leakage current of the films annealed without the top electrode, no
remarkable difference in leakage current characteristics was found between
the as-deposited film and the 450°C-annealed film. However, when the
annealing was performed without the top electrode at 700°C, the leakage
current enlarged abruptly with voltage, as shown in fig.1. In contrast, as
shown in fig.2, the leakage current of the film annealed at 700°C with the
top electrode was not increased so much in comparison with the as-deposited
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film. These results indicate that the leakage current characteristics in the film
annealed with the Pt top electrode are different from these in the film
annealed without the top electrode. It is implied that the leakage current may
be affected by the interface state between the SrTiO3 film and the Pt top
electrode. Figure 2 also shows that the leakage current becomes low after the
annealing in the low electric field below 1.5V. It is suggested that the leakage
current in the low electric field are concerned with the factors which could be
recovered by thermal treatment. Electrical traps due to stress, strain, damage
and/or defects are considerable as the factors. If these traps are localized at
and/or near the interface between a SrTiO3 film and a Pt top electrode,
internal field would be formed at and/or near the interface. Furthermore the
internal field based on such traps may be faded by thermal treatment.
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Fig.l.  Leakage cucrear-voltage characteristics for Fig.2.  Leakage corrent-voltage characteristics for
3-deposited and annealed (at 450°C and at 700C in as-deposited and anncaled (at 450°C and 2 700T in
Oz, without Pt top elecrode) Se¢TiOs films. On, with Pt tc; electrode) SrTiOs films.

Capacitance-bias voltage characteristics for the films of as-deposited and
annealed SrTiO3 are shown in fig.3, where annealing was performed at
700°C in O after deposited a Pt top electrode.

The maximum capacitance
was obtained at the bias
voltage of 1V for the as-

deposited film but at OV for -

the annealed film. This J & anncaled fim

result denoted that internal g P o e e o
field exists in the as- ¥ T 2

deposited SrTiO3 film but is g o5 "r-depasited Gim)—]
vanished by the annealing. J

Therefore, it is suggested 0

that leakage current caused 3 2 a4 0o 1 1 3
by the traps at and:+ the Bias Voltage / V
interface between the Sl'TIO3 Fig.3.  Capacitance-bias voltage characteristics for
film and the Pt top electrode as-deposited and annealed(at 700C in Or, with Pt top
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is dominant in the low clecgode) SO flms

electric field.
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Leakage Current in High Electric Field

Figure 4 shows leakage current characteristics for SrTiO3 films annealed
with a Pt top electrode at 700°C into N and O,. The leakage current was
much larger when the film was annealed in N at 700°C. It is speculated
that oxygen may be given off from the SrTiOj3 film owing to annealing in Nj
at 700C, and oxygen vacancies are induced. Leakage current would not
increase if the generation of the oxygen vacancies could be prevented in the
film. The Pt top electrode was capped with a TiN film for the purpose
of suppressing the generation of oxygen vacancies in the StTiO3 film in
case of annealing in N7 above 700°C. Figure 5 shows leakage current
characteristics for the SrTiO3 films which were annealed with the Pt and with
the TiN/Pt top electrode in N7 at 775°C. The leakage current for the film
annealed with the Pt top electrode is significantly large. However, the
leakage current of the film annealed with the TiN/Pt top electrode is not
changed in comparison with the film annealed with the Pt top electrode in Oy
at 700C, which was shown in Fig.4 and Fig.5. Therefore, oxygen
vacancies in the SrTiOj3 films play important role in leakage current
conduction mechanism. The oxygen vacancies form a donor level in a
SrTiO3. Carriers trapped at the donor level are emitted due to Schottky effect
at the electric field higher than that required for exciting the carriers to
conduction band. This suggests Pool-Frenkel conduction. Current density,
J, for the Pool-Frenkel conduction is described as

. -VYQE I m e
J=CoEexP[Q(¢ k.?.Elxt)
Cy ¢ Constant T : Absolute Temperature
E : Electric Field ¢ :© Barrier Height
q : Electrical Charge € : Diclectric Constant
k : Boltzmann's Constant
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Figure 6 shows a Pool-Frenkel plot for the SrTiQ3 film 100nm in
thickness. Ohmic behavior is found in the low electric field, the region (a) in
fig.6, because electric conductivity is constant. Good linearity is given in the
high electric field of the region (c), which suggested Pool-Frenkel
conduction. The intermediate region (b) has not been understand well.
Refractive index was calculated as 1.7 from the slope of the line according
with the Pool-Frenkel conduction. The value is slightly small as compared
with the bulk's value of 2.3-2.6 but would be acceptable. Hence, in the high
electric field, it is considered that leakage current caused by oxygen vacancies
is dominant.
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Fig.6. Pool-Frenke! plot for S¢TiOs film Fig.7. Asrhenius plot on leakage current at
100nm in thickness. various applied voltage. SrTiOs film 60nm
in thickness are used for this plot.

Conduction Mechanism

It was mentioned above that leakage current in low electric field is caused
by electrical traps due to imperfections at and/or near the interface between
a SrTiO3 film and a Pt top electrode. In this case, carriers for electrical
conduction have to be excited to conduction band from the trap level in
low electric-field. Leakage current density versus reciprocal absolute
temperature is shown in fig.7. Activation energy in the low electric field,
EV2(V/m)12<3.0x103 in fig.6, is evaluated as 0.19eV, which corresponds
to a level due to the traps at and/or near the interface. The activation energy
0.19eV is suggested that the carriers in the trap level are easily excited to
conduction band in such low electric field. On the other hand, it was also
mentioned above, leakage current in high electric field is caused by oxygen
vacancies into a SrTiO3 film. Activation energy in the high electric field,
E2(v/m)V258.0x103 in fig.6, is evaluated as 0.79eV, which corresponds
to a level due to the oxygen vacancies. The value of 0.79eV implied that the
carriers hecome to be excited to conduction band in such high electric field.
Hence, leakage current conduction mechanism in the film may be considered
that carriers for electrical conduction is excited to conduction band from the
level which was formed by the traps or the oxygen vacancies. Consequently,
it is considered that leakage current is caused by the traps at and/or near the
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interface in the low electric field. In the high electric field, it is suggested that
leakage current corresponds to Pool-Frenkel emission current caused by the
oxygen vacancies.

CONCLUSIONS

The conduction mechanism of SrTiOj thin films was demonstrated. The
SrTiO; films were prepared on Pt/SiQ,/Si-wafer by means of a conventional
RE-sputtering technique. The leakage current conduction mechanism in a low
electric field is different from that in a high electric field. In the low electric
field, it is considered that the leakage current is caused by electrical traps at
and/or near the interface between a SrTiO3 film and a Pt top electrode. It is
suggested that the leakage current corresponds to the Pool-Frenkel emission
current caused by the oxygen vacancies in the high electric field.
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DIELECTRIC, STRUCTURAL AND MICROSTRUCTURAL
CHARACTERISTICS OF TETRAGONAL-STRUCTURED PLZT RELAXORS

Xunhu Dai, Z. Xu, and Dwight Viehland

Department of Materials Science and Engineering, and the Materials Research
Laboratory

University of Illinois, Urbana, Ilinois 61801

Tetragonal PLZT ceramics (Zr/Ti = 40/60) with lanthanum contents of
approximately 12 atomic% posses a unique transformation. Dielectric constant
measurements have revealed a spontaneous switching between relaxor and normal
ferroelectric behaviors, in addition significant thermal hysteresis effects were observed
near the switching temperature. Temperature dependent x-ray line broadening above the
switching temperature was observed which revealed the development of significant
internal strain indicating the presence of local cubic-tetragonal structural transformations
which preserve the average cubic symmetry, while line splitting was observed below the
switching temperature indicating the formation of a macroscopic tetragonal structure.
Micropolar domain coarsening and a subsequent transformation to a normal micron-sized
domain configuration was observed by hot-stage transmission electron microscopy.

L. INTRODUCTION

There exists a particular class of ferroelectrics known as relaxors which exhibit a
diffuse phase transition. These materials are characterized by a shift of the dielectric
permittivity maximum with frequency and the absence of any macro-symmetry changes
at a structural transformation. Relaxor behavior is believed to arise due to a compositional
and/or structural heterogeneity which acts to break the translational invariance of the

polarization. Viehland and Li! have recently attributed the breaking of the translational
symmetry in the mixed B-site cation relaxor family to the formation of a locally charge
non-neutral phase. As a consequence polar nanodomains form which are inhibited from
undergoing a normal long-range ordered ferroelectric transformation. At lower
temperatures, these polar nanodomains have been shown to undergo a Vogel-Fulcher-like

slowing down of the polarization fluctuations2-4, These glass-like characteristics were
attributed to correlations between the polar nanodomains.

Short-range ordered regions have been observed in many mixed B-site cation
relaxors such as Pb(Sc12Ta1/2)03 (PST)S and Pb(Mg 1(3Nb2/3)03 (PMN)8.7_ The scale
of the polar nanodomains was seen to be approximately 5-10 nm. Similar sized polar
nanodomains have also been found in La-modified lead zirconate titanate (PLZT)S.
Coarsening of polar nanodomains with reducing temperature has been observed in PLZT

8.2/70/30 ceramics,? in which the number and size of stable polar nanodomains increased
at the expense of the paraelectric matrix. Decreasing temperature may result in enhanced
tendencies towards long-range ordering (LRO), however the system did not transform the
mixture of polar nanodomains and the paraelectric matrix into a completely LRO
ferroelectric state. The application of an electric field is known to align the polar
nanodomains transforming the relaxor to a LRO state. This transition is often referred to
in the literature as the field induced micro- to macro-domain transition. A number of

experiments have been performed on this field-induced transition10-12, however this
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transformation has never been observed without the assistance of an applied DC electrical
bias.

It is the aim of the present paper to report the findings of a spontaneous (thermally
driven) relaxor to normal ferroelectric transformation in tetragonal PLZT ceramics.
Investigations have been performed by electric property measurements (dielectric
spectroscopy), structural analysis (X-ray diffraction) and micro-morphology observations
(transmission electron microscopy).

II. EXPERIMENTAL PROCEDURES

(Pbi-xLax)(ZryTi}-y)O3 (denoted as PLZT x/y/1-y) ceramics were prepared by a
conventional mixed oxide method followed by hot-press sintering, as well as a post-
sintering annealment. The processing details are presented in a previous publication. 13
PLZT ceramics with a composition 12/40/60 were chosen for study.

The dielectric permittivity of the specimens was measured using a Hewlett-Packard
4284A inductance-capacitance-resistance (LCR) meter which can cover a frequency

range from 20 to 106 Hz. The dielectric data were obtained by putting the samples in a
small tube furnace specifically equipped for such measurements. Data were taken by
cooling the samples from high temperature at a rate of 4°C/min. X-ray diffraction data
were taken using a Scintag X-ray diffractometer equipped with a hot-stage. Samples were
carefully polished and followed by a heat treatment at 650°C for a half hour in air. The
heat treatment cleaned the samples and reduced the residual surface stress left from
polishing. The diffractometer was operated at 40 kV and 20 mA. The 0-20 scanning rate
was 4o/min, using incremental steps of 0.02°.

Transmission electron microscopy (TEM) studies were carried out in a Phillips
EM-420 electron microscope (120kV) using a normal double tilt hot-stage. Bright-field
images of the samples were obtained as a function of temperature. Accurate values of
temperature were difficult to obtain since the samples tended to heat under the electron
beam. Reported values of temperature can only be regarded as relative indications.

III. RESULTS AND DISCUSSION
1.1 DIELECTRIC BEHAVIOR

Figure 1 illustrates the dielectric response of PLZT 12/40/60 over a wide
temperature range. Arrows are used in the figure to indicate heating and cooling
measurements. This composition possessed a unique dielectric response, which
seemingly revealed different types of ferroelectric behavior in the high and low
temperature regimes. On cooling from high temperatures, the dielectric constant initially
reached a maxima which was frequency dependent and of a broad and dispersive
character, the dielectric constant then exhibited a frequency independent discontinuity
which was much like a first-order transition into a normal ferroelectric state. The
dielectric permittivity on heating underwent a similar discontinuity at a temperature
approximately 20°C higher than that in the cooling mode. At higher temperatures the
dielectric response again exhibited typical relaxor-type characteristics.

La-doping in ferroelectric perovskites is believed to disturb the long-range
Coulomb interaction which drives the formation of spontaneous polarization below Tc.
Consequently, the formation of micron-sized domains is strongly inhibited as La-content
increases. At high temperatures normal micron-sized domains may not be able to form,
rather instead favoring the establishment of polar nanodomains. With decreasing
temperature, strong correlations between polar nanodomains may develop which would
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tend to drive the system towards a long-range ferroelectric state. However, thermal
energy would oppose this ordering tendency. If correlations could develop rapidly enough
on cooling, interactions may be able to overcome the thermal energy and a transformation
to a long-range ferroelectric state could proceed. However, if correlations can not develop
rapidly enough, the system would become kinetically trapped in the polar nanodomain
state. A Vogel-Fulcher analysis was performed on the 12/40/60, however no correlation
with the relaxor to normal ferroelectric transformation temperature was found. This is
probably a reflection of the critical nature of the establishment of long-range order from
the polar nanodomain state.
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Figure 1. Dielectric constant as a function of temperature of PLZT 12/40/60. Arrows
represent the heating and cooling measurements.

IIL.2 X-RAY LINE BROADENING MEASUREMENTS

On cooling the composition 12/40/60 exhibited a continual increase in the degree
of line broadening between 300 and 90°C, as shown in Figure 2(a). This broadening
suggests the development of nonuniform intemnal strains associated with the tetragonality
of the polar nanodomains. The local tetragonal distortions are small and randomly axed
with respect to each other along equivalent crystallographic directions, yielding an
average cubic symmetry. As the temperature is decreased the volume fraction of the polar
nanodomains increases, resulting in an increase of the internal strain energy which scales

1o the volume of the inclusion!4. The large internal strain energy can be relieved in the
long-range ordered state through twin-related micron-sized domain formation. At 90°C
line splitting in the (200) reflection became evident. This splitting suggests that the
nonuniform internal strain has transformed to a macroscopic tetragonal deformation. Data
from heating measurements (see Figure 2(b)) revealed reverse structural changes relative
to the cooling mode, exhibiting a change from macroscopic to local tetragonal
symmetries. Pronounced thermal hysteresis was also observed in the temperature of the
normal to relaxor transformation. It was evident that on cooling the splitting in the (200)
reflection did not occur until ~90°C, where as on heating the splitting became evident
near ~105°C. This hysteresis is consistent with that observed from the dielectric
measurements.
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Figure 2. X-ray diffraction of PLZT 12/40/60 under (a) cooling and (b) heating
measurement..

The spontaneous relaxor to normal ferroelectric transformation is visible from both
the line splitting and the sudden drop in the dielectric permittivity, which occured at
idential temperatures. The abruptness of this transformation resembled that expected of a
first-order phase transition, however quite unexpectedly the transformational temperature
(~90°C) did not agree with that of the dielectric maximum (~150°C). This indicates that
the dielectric maximum has nothing to with the establishment of long-range order, but
rather the slow dynamics of interacting polar clusters. In addition, strong thermal
hysteresis effects in the transformational temperature were observed (~20°C), similar to
that anticipated for a strongly martensitic transition. Thermal hysteresis effects in many
martensitic materials are related to the magnitude of the transformational strain: the larger
the strain, the larger the degree of thermal hysteresis. The thermal hysteresis effects
observed in the relaxor to normal ferroclectric transformation may be related to the
relatively large internal strain in the miropolar domain state. This intemnal strain will
make a significant positive contribution to the total free energy, effectively decreasing the
thermodynamic stability of the system. Consequently, on cooling from the polar
nanodomain state, the thermodynamic stability of the system will be decreased relative to
that on heating from the normal ferroelectric state. As a result, the observed
transformational temperature on cooling will be lower than that on heating.

IML.3 HOT-STAGE TRANSMISSION ELECTRON MICROSCOPY STUDIES

Figures 3(a)-(f) illustrate the temperature dependence of the TEM micrographs for
the composition 12/40/60 on heating and subsequent cooling. Various types of domain
structures can readily be seen in these micrographs (as will be discussed in more detail
below). In addition, strong coarsening effects are also evident on cooling. Figure 3(a)
shows the room temperature bright-field image. Fine domain striations can readily be
seen to exist inside the normal micron-sized domains. This subdomain structure may
provide partial stress-relief of internal electrostrictive strains associated with polarization
nonuniformity, and may be the first stage of relaxation of the traditional micron-sized
domain structure to a polar nanodomain state. Upon heating to 90°C, the micron-sized
domains gradually decreased in size, leaving only the tweed-like patten, as shown in
Figure 3(b). The tweed-like structure then persisted to ~105°C, as shown in Figure 3(c). It
is relevant to note that similar tweed-like structures are commonly observed in
ferroelastic and martensitic materials. Tweed-like structures are believed to be observed
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when ordering processes have not completely occurred due in part to sample

nonuniformity.15:16 At higher temperatures polar nanodomains typical of a relaxor state
were clearly seen. The scale of the polar nanodomains then decreased within increasing
temperature. Near 350°C all contrast due to polar nanodomains had disappeared, as
shown in Figure 3(d). On subsequent cooling from 350°C, the scale of the polar
nanodomains can be seen to coarsen gradually with decreasing temperature, as shown in
Figure 3(e). Near the temperature of the tetragonal line splitting in the bragg reflections, a
mixture of fine parallel domains and a tweed-like structure formed. This morphology
remained unchanged to room temperature, as shown in Figure 3(f). The room temperature
domain structure after cooling was different than that before heating. This difference may
relate to size effects due to the thinness of the TEM specimens. The micron-sized domain
structure observed before heating formed within a bulk sample. On cooling TEM
specimen from high temperatures, accumulated elastic strains may be partially released
through free surfaces reducing the tendency to establish normal micron-sized domains.
However, tweed-like structures may form, as shown in Figure 3(f) (region A).

Figure 3. Temperature dependence of domain configuration of PLZT 12/40/60 on
heating (a) - (d) and cooling (d) - (f). (a) 25°C, (b) 90°C, (c) 105°C, (d)
350°C, (e) 105°C, (f) 25°C.
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IV. CONCLUSIONS

A relaxor to nomal ferroelectric transformation, which is structurally a local to
global tetragonal symmetry transition, was observed using dielectric spectroscopy and x-
ray line splitting. In-situ hot-stage TEM observations confirmed the formation of micron-
sized domains from polar nanodomains. In addition, the morphology of the structure
sequences which the material passes through on cooling from the polar nanodomain state
to the long-range ferroelectric state was identified.
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HYDROACOUSTIC EVALUATION OF 1-3 PIEZOCOMPOSITE PLATE AND
RING STRUCTURES

Robert Y. Ting, Thomas R. Howarth and Kurt M. Rittenmyer
U.S. Naval Research Laboratory

Underwater Sound Reference Detachment

P.O. Box 568337

Orlando, Florida 32856-8337

INTRODUCTION

Piezoelectric composites with a 1-3 connectivity pattern have been investigated
for potential underwater sonar transducer applications {1]. Recently, with
increasing interest in the development of intelligent systems and adaptive structures,
emphasis on using 1-3 piezocomposites in actuator applications has become more
noticeable. This class of composite materials consists of aligned thin ceramic rods
imbedded in a polymeric resin. The high content of a polymeric phase offers the
advantage of providing large area coverage for the fabrication of flexible and/or
conformal actuator arrays. These materials exhibit excellent piezoelectric d
properties so that they deliver adequate displacement under moderate electric drives.
These good properties can be obtained at fairly low ceramic volume fractions, hence
the 1-3 piezocomposites provide an additional benefit of a good acoustic impedance
match to water [2]. In addition, compared with the conventional actuators of the
magnetostrictive or piezoceramic type, the 1-3 piezocomposite structures can be
fabricated for array designs of much reduced profile and low standoff. In this
paper, we discuss some recent results on the evaluations of 1-3 piezocomposite
plate and ring structures both in air and in water.

PIEZOCOMPOSITE PLATES

Efforts to improve the performance of 1-3 piezocomposites are constantly
sought. A recent theoretical analysis by Hossack and Auld [3] suggested that the
inclusion of gas-filled holes aligned vertically with the thin ceramic rods in a 1-3
composite will improve the electromechanical efficiency of the material. It
recognized the significant antiphase cross-coupled strains in the material due to the
Poisson's stress effect in both the ceramic and the polymer phases. The proposed
concept was to form gas-filled holes in the polymer matrix to relieve some of this
cross-coupling and thus enhance the uniformity of the thickness-mode
displacement. It was expected that this modification in effectively creating a 1-3-1

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or republication of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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composite would improve the electromechanical efficiency of the material. We set
out to take some initial steps in validating this new concept.

Piezoelectric 1-3 composite samples were prepared by Fiber Materials Inc.
(Biddeford, Maine). Square plates of 50.8 x 50.8 x 6.35 mm3 were fabricated by
using nominally 1x1 mm2 square rods of PZT-5H ceramics. The volume fraction
of the ceramic content was about 10%. An epoxy resin having a hardness of HD-68
was used as the matrix material. A silver epoxy resin was applied to both the top
and the bottom sides of the sample as electrodes. The typical sample showed a
thickness coupling coefficient of about 60%, and a dielectric constant of 200.

Vertically aligned holes, 0.5 mm or | mm in diameter, were drilled into the
polymer matrix. The position of the drilled holes was determined based on the
design proposed in Ref. [3]. In one case, the holes were placed in the center of four
ceramic rods, termed the "diagonal” configuration. In another case, the holes were
positioned in between every two individual ceramic rods, the so-called "parallel”
configuration. Lastly, a combined case of these two configurations to create a
maximum number of holes in the polymer matrix.

The dielectric and piezoelectric properties of these samples were examined in an
acoustic coupler [4]. The complex dielectric constants and the piezoelectric d3, and
g3n coefficients (hydrostatic mode) were determined as a function of temperature
and pressure by using the acoustic reciprocity technique [5].

Figure 1 shows the d3; coefficient of the samples as a function of pressure up to
14 MPa. Curve 1 is for a "control” 1-3 sample with no holes. Its d3,, coefficient of
40.5 pC/N was found to be constant over the pressure range tested, and no pressure
hysteresis effect was observed. Compared with this "control”, the composite
samples containing various amounts of vertically aligned holes showed a somewhat
reduced djp, and considerably increased pressure dependence of the property. For
clarity, the result from the sample having a "diagonal” configuration is not presented
in Fig. 1, but would be only slightly lower than that of the "control". Curve 2 gives
the result from a "parallel” configuration sample, and Curve 3 for the "combined"
configuration. The hydrostatic piezoelectric voltage constants (gsp) of these
samples exhibit a similar trend.

The analysis of Ref. [3] predicted that the piezoelectric dsy, coefficient of the 1-3
composite would improve two to four folds by introducing the different hole
patterns in the polymer phase. The calculation was based on the finite element
ANSYS code [6]. The reason for the discrepancy between the analytical prediction
and the experimental result is not clear at this time. A careful re-examination of the
theory is necessary in order to define the optimum hole configurations and the extent
of improvements in terms of the ceramic and polymer parameters. The boundary
effect of a finite-size sample on the expected property improvement will also have to
be investigated.
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PIEZOCOMPOSITE RINGS

In order to assess the feasibility of using 1-3 piezocomposite tn cylindrical
structures, the hydroacoustic behavior of 1-3 rings was investigated. Composite
rings having an inner diameter of 338.5 mm and a thickness of 3.175 mm were
fabricated. Each ring was 101.6 mm long, containing only 5% volume fraction of
PZT-5H piezoceramic rods that were nominally 1x1 mm? in size. This low ceramic
volume fraction was for the ease of fabrication, and, as it was found out later, was
too low for actively driving the sample to obtain adequate displacement and sound
pressure above the noise floor of the testing facility. A 10% volume fraction of S-2
roving fiber was also loaded in the ring for structural integrity. Silver epoxy resin
paste was also used as electrodes, approximately 0.1 mm thick.

Dielectric characterization carried out in air showed that the 1-3 piezocomposite
ring exhibited a thickness resonance at 2 kHz and a length resonance at 10 kHz. In-
air displacement measurement by using a laser Doppler vibrometer (7] was also
performed at different positions on the ring with a drive level of approximately 0.3
kV/cm. This measurement confirmed the 2 kHz resonance of the ring, as shown in
Figure 2. :

In order to successfully achieve the desired control of the dynamic behavior of a
certain structure, multiple actuators containing discrete PZT ceramic elements are
commonly employed [8]. However, the 1-3 composite can be fabricated as an
integrated part of the structure, and the formation of multiple elements may be
realized by simply applying a desired electrode pattern over the monolithic
composite layer. The high volume content of the polymeric phase not only serves
the purpose of relieving the ceramic d3; and dj; effects to increase the net d3j, value,
but also decouples the cross-talk between individually electroded elements. This
simplified technique for array formation has been demonstrated in ultraso 1ic medical
imaging application [2]. For the 1-3 piezocomposite rings with continuous silver-
epoxy electrodes, we striped the outside electrode layer and formed a small 3x3
array pattern with each element being approximately 17.8 x 26.9 mm?2 in size. The
inter-element coupling in such an array was investigated by driving one element and
measuring the response of its neighboring elements. Figure 3 presents the
normalized measurement result, showing that above the 2 kHz resonance frequency
the inter-element coupling is generally -15 to -20 dB over the frequency band. This
coupling begins to increase slightly as the frequency approaches the 10 kHz length
resonance. But, in general, the decoupled behavior suggests that the electrode-
patterned array can be adeq.ately addressed as independent elements.

The composite rings were also evaluated for their transmitting and receiving
characteristics as a function of frequency. Because the ceramic loading (at 5%) was
too low to produce an adequate sound pressure in water above the system
background noise level, transmitting voltage response (TVR) evaluation was not
successful. However, the free field receiving sensitivity (FFVS) was obtained over
the frequency range of 2 to 80 kHz. This response, determined to be -166 dB re 1
V/uPa, was relatively constant over the frequency band, as shown in Figure 4 (note
that each of the three responses also has an in-line 40 dB preamplifier gain). In
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comparison, a similar cylindrical array containing discrete lead titanate solid ceramic
elements exhibited a much irregular receiving response, indicating the existence of
many different vibrational modes in that structure. For a similar cylindncal array of
the 0-3 piezorubber composite (NTK-307) elements, the FFVS characteristic closely
fashioned that of the 1-3 ring, except for a deep "hole” at about 6 kHz, which is a
very undesirable feature for a receiving array. It is believed that this loss of
sensitivity in the 0-3 composite ring is related to an extensional mode in that material
due to the d3; and ds; effects [9].

SUMMARY

An effort to iinprove the electromechanical property of 1-3 piezocomposite by
introducing a gas-filled phase was shown experimentally to be unsuccessful,
contrary to the finite-element prediction from a recent theory. Additional analysis is
needed to resolve this discrepancy. The dynamic behavior of 1-3 piezocomposite
rings was investigated and thickness and length resonances were found as expected.
Electrode-patterned array elements in the ring exhibit adequate decoupling so that
they can be addressed as independent elements mounted on a monolithic structure.
The broad-band receiving response o the 1-3 piezocomposite ring was also found
to be superior to that of a similar cylindrical structure consisting of either discrete
piezoceramic transducers or 0-3 piezocomposite elements.
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Figure 1: Comparison of measured hydrostatic piezoelectric charge constant versus
hydrostatic pressure. Response O is for the control sample (without holes),
response [ is for a parallel hole configuration and response¥ is for a combined hole
configuration.
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Figure 2: Comparison of in-air displacement per volt of two 1-3 piezocomposite
ring structures as measured using laser Doppler vibrometry.
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Figure 3: Inter-element coupling between adjacent elements mounted on a 1-3
monolithic ring structure as measured using laser Doppler vibrometry.
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FABRICATION AND PROPERTIES OF 1-3 PZT-POLYMER COMPOSITES

R’ :ntilman, D.F. ¥iore, H.T. Pham, K.W. French, and L.J. Bowen

M. .als Systems Inc.
521 Great Road
Littleton, MA 01460

ABSTRACT

Cost effective manufacturing processes have been demonstrated for 1-3 PZT-
polymer composite transducers which can be scaled to large areas. PZT ceramic
preforms containing uniform rods aligned in a precise array are produced by
injection molding. The PZT preforms contain 361 rods which are 1.1 mm diameter
and 8 mm long. The preforms are sintered, poled, laid up to make composites of
arbitrarily large size, and then encapsulated into a polymer matrix. Composites have
been produced with both flexible and rigid polymers. The composites are machined
flat and parallel and then electroded. Several 100 mm square transducers with a
composite thickness of 6.3 mm have been fabricated and evaluated. These have
shown good performance both as projectors and hydrophones. Transducer
fabrication has been scaled to 250 mm square panels. Ultrafine scale 1-3 PZT
composites have also been produced by injection molding. Uniform arrays of
120 ym diameter, 1000 pum long PZT fibers in an epoxy matrix have been
produced. PZT 1-3 composite arrays with fibers as small as 70 um diameter and an
aspect ratio of 10 have also been fabricated.

INTRODUCTION

Piezoelectric 1-3 ceramic/polymer composites offer fabrication and performance
advantages over monolithic ceramic and polymer piezoelectric materials in both
sensing and actuating applications. The most common 1-3 composites contain
arrays of lead zirconate titanate (PZT) ceramic rods separated by a relatively
compliant polymer second phase (Figure 1).

Transducers made from 1-3 composite material have several advantages over
monolithic ceramic, piezoelectric polymer, or 0-3 composite devices. Depending
upon the specific application, these advantages may include: high receiving
sensitivity and transmitting response, minimal lateral mode response, acoustic
impedance match to water, high capacitance, and low mass.

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, rz:loducﬁon, or republication of this &ublication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright (learance Center, is prohibited.
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Figure 1. Schematic description of the 1-3 PZT-polymer composite configuration,
showing aligned PZT rods in a polymer matrix

Underwater Navy applications exist for high performance, cost effective, large area
transducers operating at frequencies well below resonance. On the other hand,
medical ultrasound and underwater acoustic imaging systems require efficient high
frequency transducers to achieve sufficient image resolution.

Piezoelectric transducers are most efficient if they operate at or near the thickness
mode resonance frequency, which is equal to:

fres = ¢/2L

where: fres = thickness mode resonance frequency (kHz)
c = sonic velocity of the material (m/s)
L = thickness (mm)

The sonic velocities of piezoelectric ceramics and composites fall in the range of
2000-4000 m/s. In addition, composite transducers show optimum performance
for rod aspect ratios equal to or greater than 4. Therefore, extremely fine scale 1-3
composites with PZT rod diameters of 100 pm or less are required for high
frequency (»1 MHz) resonance applications.

In the present work, a ceramic injection molding manufacturing process for low
cost fabrication of composite transducers has been developed. This process has
been used to fabricate arrays of net-shape PZT ceramic rods attached to a common
ceramic base. This allows easy handling of hundreds or thousands of precisely
aligned piezoelectric elements during the subsequent steps of composite assembly.
Coarse scale (~1 mm diameter elements) as well as extremely fine scale (<100 um
diameter elements) ceramic preforms have been produced and assembled into
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finished 1-3 transducers. Coarse scale composite transducers as large as 250 mm
square have been produced, with no inherent limit to much larger areas. Fine scale
composite transducers having element diameters below 120 pm have also been
produced for high frequency resonant applications. Tooling has been developed
that extends the process capability to much finer dimensions. In the present work,
the goal for 1-3 composites is 25 pm element diameter which would allow
transducer operating frequencies to be extended well above 10 MHz.

TRANSDUCER FABRICATION

The process steps used to fabricate PZT composite transducers are shown in
Figure 2. The PZT ceramic powder is first thoroughly mixed with a wax binder
which acts as a carrier during molding, allowing transfer as a viscous fluid under
heat and pressure. During injection molding, shown schematically in Figure 3, the
heated thermoplastic mixture of ceramic powder and organic binder is forced into a
cooled mold creating a net shape green part. The molded part is subsequently heated
slowly in air to remove the organic binder. The PZT shape is then sintered at
1250°C for 1 hr, under controlled atmosphere conditions to prevent excessive lead
oxide vaporization and consequent degradation of the piezoelectric properties.

PZT Powder Preform Array
Mix w;l: Binder Polym; Matrix
CERAMIC '“imi‘é“ Mold Gj"" COMPOSITE
PREFORM Binder Burnout Electrode & Cable| TRANSDUCER
SIr:ter WateT Proof
Pt;le T:st

Figure 2. The 1-3 composite transducer fabrication process, consisting of ceramic
preform fabrication (left) and composite transducer assembly (right).

For 1-3 piezoelectric composites, the sintered net shape preform contains the active
PZT elements already formed into the required configuration and arranged on a
ceramic baseplate. The preform can be contact poled under high electric field, or
alternatively the composite can be contact or corona poled after encapsulation in the
polymer matrix. The matrix is a castable resin, infiltrated into the PZT preforms
without the aid of applied pressure. After the matrix has been cured, the ceramic
baseplate is removed by grinding and the composite is finished flat and parallel.
Permanent electrodes are applied and wires attached to complete the transducer.
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Figure 3. Schematic description of the injection molding process for 1-3 PZT
preforms. (1) Hot wax-ceramic mixture in nozzle. (2) Injection of mix
into mold. (3) Mix cools and forms solid part. (4) Net shape 1-3
preform is ejected from mold.

In this study, the piezoelectric ceramic was PZT-5H (Morgan Matroc Inc.). When
sintered, the injection molded ceramic exhibited excellent and highly reproducible
piezoelectric and dielectric characteristics (Table 1). Several polymers were utilized
as the matrix material, including: soft polyurethane, voided polyurethane containing
40 volume percent of 50 um hollow polymer microsphere+, and hard Spurr epoxy.

Table L. Properties of sintered PZT-SH.formed by inject di

d33 = 700 + 50 pC/N

Dielectric constant = 3200

Density = 7.5 g/m3
RESULTS AND DISCUSSION

Transducers for undersea applications require 1-3 PZT/polymer composites having
relatively low PZT volume fraction (0.15) to facilitate acoustic impedance matching
to water. Coarse scale composites for large area projection have been produced
with PZT rods measuring 1.1 mm diameter and 6.3 mm long. The sintered 1-3
preform, consisting of a 19 x 19 array of PZT rods on an integral 50 mm square
base plate, is shown in Figure 4.

242 Ferroic Materials




W

e - C e ettt msem i - o e = e mm——

Figure 4. Injection molded and sintered PZT 1-3 preform with 361 identical
1.1 mm diameter rods.

The preforms are easily aligned for assembly into large area composites, as seen in
Figure 5. To produce a composite, the polymer matrix is poured into the array of
PZT rods and allowed to set. The PZT bases plates are then removed by surface
grinding. Copper-plated glass fiber reinforced circuit boards are attached to the
major faces to act as electrodes and as acoustic impedance transformers. Figure 6
shows a finished 100 mm square transducer assembled from four 50 mm PZT
preforms.

Composite transducers with active material measuring 100 x 100 x 6.3 mm have
been extensively tested underwater in both receive and transmit modes. Figure 7
shows representative data from these tests. The 1-3 composites demonstrate good
response linearity in both operational modes at frequencies from the lowest
measured, 1 kHz, up to the thickness mode resonance at 250 kHz. Lateral modes
have not been observed. The receiving response is very high at approximately
-187 dB re: 1 V/uPa over this frequency range. Most importantly, the material is
an excellent underwater actuator, coupling efficiently into water without the need of
matching layers due to its close acoustic impedance match. The composites have
been driven at applied rms fields from 0 to 200 V/mm without breakdowns and
show linear amplitude response over this entire voltage range.
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Figure 5. Preform lay-up to form large area 1-3 composite arrays (250 mm x
250 mm).

Figure 6. Finished 100 mm 1-3 transducers, with cable and waterproofed, ready
for testing.
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Figure 7. Response of 1-3 composite transducers in receive and transmit modes.
The active material is 6.3 mm thick and has an area of 100 x 100 mm,
with 1.1 mm diameter PZT rods in a matrix of voided polyurethane.

Similar injection molding processes have also been used to form ultrafine scale 1-3
PZT elements for high frequency resonant applications. Development of tooling to
allow intact separation of the green PZT part from the tool has been a major focus
of effort in the fabrication of ultrafine scale 1-3 preforms with fibers as small as
70 um diameter. The degree of taper and the smoothness of the tool cavities are
important for successful removal of the molded part from the tool. Figure 8 shows
a scanning electron micrograph of an as-molded PZT preform with 0.25 volume
fraction of 70 pm mid-point diameter fibers. The PZT elements have significant
taper and an aspect ratio of approximately 10.

100 um

Figure 8. As-molded 1-3 fiber array with 70 tm midpoint diameter PZT fibers.
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The as-sintered surface of a 70 pm midpoint diameter fiber is shown at high
magnification in Figure 9. The grain size is in the range of 2 to 5 pm, typical for
PZT-5H. The material appears dense and pore-free even though the fiber diameter
is only 40 pm at this point along its length. The injection molding process is thus
capable of producing very fine dimensions. Although most resonant applications
require aspect ratios of only 4 to 5 to gain the performance benefits of the 1-3
composite configuration, the aspect ratio achieved for these fibers is approximately
10. The objective of the ultrafine scale research is to push the limitations of the
technique with a goal of achieving 25 um diameter fibers.

»

10'm

Figure 9. As-sintered surface of injection molded fiber, showing the PZT micro-
structure and grain size.

SUMMARY

Ceramic injection molding has been shown to be a viable and cost effective process
for fabricating both PZT ceramics and piezoelectric ceramic/polymer transducers.
The process tooling is capable of producing a large number of identical parts and is
versatile in terms of the variety of formable PZT composite element shapes. The
electrical properties of injection molded PZT ceramics are comparable with those
prepared by conventional powder pressing. By using ceramic injection molding to
fabricate composite preforms and then laying up the preforms to form larger
composite arrays, piezoelectric composite transducers can be manufactured cost-
effectively in large quantities. These have been manufactured in large area arrays for
Navy projector applications and show excellent performance in both receiving and
projection operation.
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Ultrafine scale 1-3 composite structures suitable for high frequency acoustic
imaging applications have also been net-shape formed by this method. The process
capability has been extended to 1-3 fiber arrays containing PZT volume fractions up
to 0.4 and PZT elements as small as 70 pm in diameter and 750 um long. Smaller
diameters appear feasible based on the current work.
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APPLICABILITY OF CERAMICS FOR CRYOGENIC USE

S. Nishijima, A. Nakahira, K. Nijhara und T.Okada,
ISIR Osaka Univ., [Ibaraki Osaka 567 Japan

Ceramic thermal shield support used at crvogenic temperatures had been
developed for superconducting magnet system. The ceramic materials were
screened, based on thermal conductivity down to cryogenic temperature,
mechanical prope..’~s and machinability, and zirconia was chosen as the
candidate for the thermal shield support. The thermal conductivity down to 10
K was measured, the thermal penetraiion through the support was calculated
and compared with the stainless steel support. It was found that with
approximately 1/5 of heat penctration to 80K, with 14 of that to 4.2 K, a
shield can be made with zirconia support. The machinability of the zirconia
was also examined. The bolt shaped shield support was successfully
developed. The other possible applications of ceramic materials for cryogenic
usc were also ciscussed.

INTRODUCTION

'The organic matrix composites have been used as insulating and/or structural
materials of stperconducting magnet (SCM) . Several severe requests for the
materials have arisen: thermal shield support, coil bobbin of Nb3Sn for AC
appiication, spacer for cooling channel in large scale SCM. To answer these
requests, the research and development of the material based on a new
concept, are important. In this work, the applicability of ceramics to cryogenic
temperature range was examined.

THERMAL SHIELD SUPPORT

Thermal shield support is important for the stable operation of SCM to reduce
the heat penetration to the cryogenic area. According to the thermal design of
Large Helical Device (LHD), (1] it has been clarified that the heat penetration
through the stainless steel (S.S.) supports of the thermal radiation shicld was
one of the most effective paths. The heat penetration to the 80K stage was
markedly larger than expected. As the thermal shield supports were located
near or on the plasma vessel (Fig.1), particular problems to be considered

To the extent authorized under the laws of the United States of America, all copyrigh.. mterests in this publication are the property
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Fig.1 Schematic illustration of plasma vessel, superconducting
magnets, thermal radiation shield and shield supports.

included radiation resistance, durability, heat resistance and low thermal
conductivity [2]. The support made by S.S. was not suitable because of high
thermal conductivity. The support could not be replaced after the construction
of LHD and therefore durability up to 10 years and radiation resistance up to
10MGy was needed. The plasma vesse! was heated up to a temperature near
400K for evacuation and hence the organic composites were not advisable
considering the outgassing and the dissociation. To solve the problems the
ceramic supports were developed and the performance was estimated.

Table 1 lists the considered ceramics. The characteristics of S.S. were also
tabulated for the comparison. The HIP processed alumina was presented as
(2) in the table. It was clear that zirconia was the most promising because it
show the lowest thermal conductivity, high strength and similar thermal
expansion coefficient to metals which makes it compatible with metals at
cryogenic temperatures.

CRYOGENIC CHARACTERISTICS OF ZIRCONIA
The mechanical strength and thermal conductivity of zirconia were measured

at cryogenic temperatures to estimate the applicability of the zirconia shield
support.
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Table 1 Comparison of characteristics of several ceramics and S.S.

ALO; ALO; ALOYTIC SiN; Z0; 18-8S.S.

1)y ()
Flexural strength
(MPa) 392 588 833 1180 1470 617
Thermal conductivity
(W/m/K) 215 247 28.1 214 31 14.8
Thermal expansion
coefficient 525 6.00 552 1.00 9.00 14.7
(x10 /K)

The 3 point flexural tests were performed based on JIS-R1601. The
rectangular shaped specimen of 4x3x50 mm was used setting the span to
40mm. The flexural speed was 0.5mm/min. The number tested was 3 at each
condition. It was known that the stress induced martensitic transformation (
transformation from tetragonal to monoclinic phase transition) toughened the
zirconia (3. It was necessary to confirm the possible mechanism even at
cryogenic temperature. The temperature dependence of the flexural strength
was shown in Fig.2. The partially stabilized zirconia with yttria was chosen.
The amount of yttria was varied. The zirconia with 3 mole % yttria (3Y-ZrO2)
showed the highest strength even at cryogenic temperatures. It was also
confirmed that even at cryogenic temperature the strength of zirconia did not
show a decrease.

2500
= — % -2Y-Zr0
L 2000 5 --B8--3Y-
~ Sso - —6Y-
= S
® 1500 | e
s | T e B
=
@ 1000 | B m e -
©
o
%
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Temperature (K)

Fig.2 Flexural Strength of zirconia.
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Fig.3 Temperature dependence of thermal conductivity of zirconia and
Stainless Steel (S.S.)

The thcrmal conductivity was also measured in steady state conditions setting
the temperature difference at 1K. The shape of the specimen for thermal
conductivity measurement was cylindrical (17mm in diameter, 10mm in
height). The measured temperature range was from 10K to room temperature
(RT). In this experiment, 3Y-ZrO7 was used because it showed the highest
strength at cryogenic temperatures. In Fig.3 the temperature dependence of
thermal conductivity was presented. The thermal conductivity of S.S. was
also presented and was confirmed that the zirconia was more profitable than
S.S. in the sense of thermal penetration.

APPLICABILITY OF ZIRCONIA SHIELD SUPPORT
The feasibility study of the zirconia supports was made using the cryogenic

data. Table.2 shows the thermal conductivity integral for each material. The
integration was made from 4.2 to 77K or 77 to 300K considering the two

Table 2 Thermal conductivity integral for each support material

Th(K) TK) JKAT (WM)

Z10; 300 77 559
77 4.2 0.5
18-8S.S 300 77 27.4
77 4.2 3.17
GFRP 300 77 0.94
77 4.2 0.09
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Table.3 Heat penetration through shield supports in LHD system

300K 70K 77k 4.2K

2102 2600w 270W
18-8S.S.  12600W 1400W

cases that the support was located on either the superconducting vessel or
plasma vessel. When the zirconia supports were employed, the heat
penetration through the supports could be reduced to one-fifth as compared
with S.S. supports in both cases.

The heat penetration through the supports in actual LHD was estimated using
the thermal conductivity integral. The calculation was made considering that
10 supports are needed for 1 m? of thermal radiation shield; that is, the
supports were installed every 30cm on the shield. By this assumption, an
approximate total of 3100 supports were needed for LHD. The diameter and
the length of the supports was assumed as 6 and 20 mm, respectively. The
estimation was presented in Table.3. When the supports were set on the
plasma vessel, the heat penetration to the radiation shield through zirconia
supports was calculated as 2600W and 12600W through S.S. supports. The
large improvement was expected.

The machinability of the zirconia was also examined, finding that screw
shaped supports were fabricable. A set of screws was manufactured
successfully. Concerning radiation damage, it was confirmed that the

mechanical degradation was not induced at the dose level 4],
OTHER APPLICATION

Other than the shield support the ceramic materials could also be applicable to
the spacer in the large scaled SCM or coil bobbin. The spacer is needed to
show small thermal contraction down to cryogenic temperatures, high
compressive modulus, high compressive strength and electric insulating
properties. The electric insulating properties and high temperature
(approximately 700K) resistance for coil bobbin of NbaSn AC coils. In such
application ceramics are ought to be needed. The mechanical strength of
zirconia was confirmed to be increased with decreasing temperature and hence
the application of ceramic materials is ought to be possible.

CONCLUSION

The zirconia shield support was successfully developed. The shield support
can reduced the heat penetration to the shield by approximately one-fifth

. e — e
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when compared with S.S. support. The results suggest that the cryogenic
application of ceramics to cryogenic temperature should be possible.
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ABSTRACT

Metal-Ferroelectric-Metal structures, typified by Pt-PZT-Pt capacitors,
are the basic building blocks for ferroelectric devices with applications in
ferroelectric memory and high density DRAM’S. A model of a Pt-PZT-Pt
capacitor is herein proposed which is based on totally depleted back-to-back
Schottky barriers rather than partially-depleted Schottky barriers within the
PZT films. Poisson’s equation was solved under this assumption, resulting in
expressions for space change, field and potential in the capacitors. The
contacts/metals used are not limited to Pt; and the effects of various other
electrodes vis-a-vis differences in work function are also discussed.

INTRODUCTION

Lead zirconate titanate (PZT) is a widely explored ferroelectric (FE)
material 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, ,00Ti,;;00)Og¥here xy=<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

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Sou% . Any duplication, uction, or republication of this &gblication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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53/47). The dielectric constant, electromechanical coupling factor and
piezoelectric coefficients have their maximum values here {1}.

Previous modeling of PZT capacitors was based on the assumption of
partially depleted PZT films, i.e., depletion widths smaller than the film
thickness [2]. Adsorbed oxygen at the surfaces of titanate ceramics has often
been suggested to give rise to trapping surface states [3] or device-like
acceptor states [4]. The presence of such surface states and polarization states
at the interfaces can lead to band bending, which in turn affects the type of
contact formed, viz., ohmic or rectifying. Rectifying contacts result in uneven
field and potential distributions in the PZT films, which affect the final device
characteristics.

Il. MODEL OF THE PT-PZT-PT CAPACITOR

Metal-FE-metal structures, typified by Pt-PZT-Pt capacitors, are the
basic building blocks for active and passive FE devices. It is recognized that
the capacitors are not simple metal-insulator-metal devices with ohmic
contacts, but rather back-to-back Schottky barriers. These Schottky barriers
are themselves fairly complicated due to the presence of surface states at the
interfaces, the polycrystallinity of the PZT films which can significantly affect
surface states at the Pt-PZT interfaces, and domain structures which affect the
states of polarization in the PZT films. Additionally, the depletion width may
be comparable to or even larger than the film thickness resulting in wholly
depleted films between the electrodes.

The work function of Pt metal, ¢p,is 5.5 eV. The typical band gap, E,
and electron affinity, Xp,y, for a PZT film are about 3.5 eV and 1.75 eV
respectively. For a p-type PZT film (the conductivity in PZT ceramics [1] has
been determined to be p-type), the Fermi level, E,, lies closer to the valence
band, E,, than to the conduction band, E_. Since the work function of Pt is
higher than that of PZT, the contact should be ohmic.

The maximum work function of p-type PZT is estimated to be
~4.25eV; and metals with work functions higher than this value - such as Cu
(4.64eV), Ag (4.54eV), Au (5.31eV) and Pd (5.35eV) - are expected to yield
ohmic contacts, while metals with lower work functions - such as Al (4.20eV)
and In (4.12eV) - should yield rectifying contacts. These assumptions are
based on considering only the difference of the work functions; and it is
recognized that the nature (especially interdiffusion and interfacial surface

256 Ferroic Materials




N

e e e g < e o . < e
SN ORI I e s - -

states) of the metal-PZT interface can also affect significantly the junction
characteristics.

I-V leakage characteristics of these capacitors indicate, however, that
the contact is not ohmic (or linear); rather, the current depends
logarithmatically on the applied voltage. In most cases, the current
dependence is not a simple Schottky emission or space-charge limited
conduction. More often than not, the specific I-V characterisitics are
dependent not only on the deposition method but also on the post-deposition
and post-metallization procedures adopted. To complicate matters further,
there may exist different regimes of leakage current and its dependence on
voltage. The only case where the contacts can be rectifying is in the presence
of surface states (arising, e.g., from absorbed oxygen at the PZT surface
and/or termination of the PZT crystalline lattice at the metal contacts).
These surface states with a density of D, and a neutral energy level at E,
result in band bending near the contacts and barrier heights of ¢, at the
interfaces. It is further assumed (at least initially) that these barrier heights
are similar at both interfaces, i.e., the capacitor should behave electrically
symmetrically independent of the polarity of the applied voltage.

Conduction across any insulator including FE films can involve several
mechanisms such as Schottky emission, Frenkel-Poole emission, tunneling
emission, space-charge, ohmic and ionic conductions. Usually (but not
necessarily),one process dominates at one temperature or field regime. For
example, at low fields, ohmic conduction usually takes place; while at high
fields an exponential dependence is observed.

Ferroelectrics are non-linear dielectric materials having high values of
dielectric constant, and the domain structure plays an important role in
determining its ultimate conductivity. The presence of light or radiation can
lead to carrier photogeneration (due to photovoltaic effects); and this can
affect the leakage current. In bulk FE’s, a slowly decreasing current is almost
always detected. The situation is made more complicated by the fact that at
any applied field, the ferroelcctric will switch eventually, which leads to a
sudden current increase. It has been reported in sol-gel derived PZT films (5]
that the current was ohmic at low fields, but evolved into an exponential
dependence upon the application of higher fields; while another study
indicated that Frenkel emission was dominant as characterized by a
dependence on the square root of the field [6].
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At equilibrium (no applied bias), it is assumed that the width of the
depletion region, w, is larger than the thickness, t, of the PZT film, i.e., the
film is totally depleted. This assumption is based on the fact that the
dielectric constant of PZT films is very high (~1000-3000) compared to the
values of conventional oxides such as SiO, (~3.8). Poisson’s equation may be
used to calculate the field and potential distribution in the totally depleted
film, i.e.,

-dzg = g = E(X) (1)
dx? dx €pzr

where ¢ = potential
E = electric field
[ = charge density
epgr = dielectric constant of PZT

The solutions to Poisson’s equation are shown in Fig. 1. Note that t and the
acceptor concentration, N,, are constant throughout the film. The effects of
the polycrystalline nature of the PZT film (e.g. termination of flux at grain
boundaries) are neglected for now. By applying Gauss’ Law at the Pt-PZT
interface, the maximum field E is:

gn,t
2€p;n

Ez

-]

(2)

The built-in potential, ¢;, at the center of the film is obtained from the
negative of the area under the field:

2
é, - _1( qNat) o L. Mt
2 2 8€p,r

(3)

2€,,,

The density of electrons, n,, at the center of the film (with the highest
barrier height of ¢, + ¢,) is:
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where N is the effective density of states at the conduction band. The
currents are proportional to the electron density; and at equilibrium with no
external bias

e L l0prdy) (5)

Jp = J; = KN, T

where J; and J; are the thermally induced current densities at interfaces I and
II respectively; and K is a proportionality constant. Since J, = Jy;, there is no
net current flow, as expected.

Pt PZT Pt

¢,
¢
|
B v
i
/_\
E
v Interface H

Figure 1. Solutions to Poisson’s equation for a wholly depleied PZT film,
showing the charge distribution (p), electric field (E), potential
(¢) and energy band diagram at equilibrium.
rrent-Vol racteristi

Upon application of an external voltage, V, (or field, V,/t), the charge
remains essentially constant since N, and t are fixed. The field is, however,
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shifted by V,/t, as indicated in Fig. 2. The distance, y (denoting zero field or
maximum potential) is given by:

-1 Y
d 2[': Eo] (6)

(where V,<E,t)

The new built-in voltage ¢,(V,) as a function of applied bias, V,, is:

' - Bt 1 Vs 7
é;:(V,) 2 V, 5 4E°t] {(7)
From Fig. 1:
¢, - EZC (at V,=0) (8)
& IR I 9
“dilVa) = by V‘[z 4E‘°t} (9)

The current consists predominantly of a net electron flow across the
depleted film even though the film was initially assumed to be p-type. Note,
however, that by the depletion approximation, no majority free carriers are
present throughout the wholly depleted films. The current results from
injection of electrons at the interfaces. The effective barrier heights seen at
interface I and II are ¢, + ¢, (V,) + V, and:

260 Ferroic Materials




e g~ -

© e e

— e —— . -

Figure 2.

and

Solutions to Poisson’s equation for a wholly depleted PZT film
showing the electric field (E), potential (¢) and energy band
diagram at an applied bias V, < E,

1V,
¢yt &:(V,) =, + 6,77, 2 gt (10)
‘ v,
Oud (v +V, = 8y 07, [To | o

The current flows at both interfaces due to the applied voltage, V,, are then:

_q[",o,-v. 1. ]/kT 12
J; = KN_e (2 e (12)

+ kT
e o

The net current due to electron flow is:
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Jr = Jp=Jyp
e qv
- 2KN e 490 /kTq o TEHT {sinh —zk;‘] (14)

Moazzami et.al. have reported that Ja sinh V, where J and V are the current
density and voltage respectively, based on leakage current data for their sol-
gel derived PZT films [S).

Consider now an applied bias, V,>E_t. The effective barrier heights
at interfaces I and II are ¢, and ¢, +V,, respectively as shown in Fig. 3.

«Eo + Vajt)

Figure 3. Solutions to Poisson’s equation for a wholly depleted film
showing the electric field (E), potential (¢) and energy band
diagram at an applied bias V, > E_t.

Hence the current flow is
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Jr = Jp~Jdp;

= KN_e /T (1-¢ T/*T) (15)

Since V,>E_t (or 4¢,), the term in the bracket ~1, and

Jp = KN /T (16)

The current is limited only by interface I; and for constant ¢, (assumed
independent of applied voltage), the current is constant with increasing
voltage above E_t. Note that in contrast to the case of a partially depleted
semiconductor film - metal contact, the current here is limited by the buiit-in
voltage, ¢, rather than by the barrier height. A general plot of the I-V
behavior of the back-to-back Schottky barriers according to the present model
is shown in Fig. 4. Also shown is the plot for a conventional, partially
depleted Pt-PZT-Pt capacitor which is dominated by the reverse bias current
(Eq. 16) of a Schottky barrier and is fairly independent of applied bias.

By rearranging the voltage and thickness terms in Eq. 14, the current
is proportional to e **>where t=thickness of the film and k=constant. Hence
it is predicted that the current should increase with decreasing thickness.

1E-12

1€-13

Log Current

1E-14, o

1E-15,

Figure 4. The predicted totally depleted and partially depleted I-V
characterisitics of a Pt-PZT-Pt capacitor with similar barrier
heights at both interfaces.

Non-Symmetrical Electr

Consider now the case where the barrier heights are different at the
two interfaces, i.e., ¢, ,*¢,, as shown in Figure 5. Such a situation would
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arise when the top and bottom electrodes are of different metals (hence
different work functions) or undergo different firing conditions. The
difference between these barrier heights is: ¢,,-¢,, = A¢. With an applied
bias of +V,, the effective barrier heights seen by interface I and interface II
are ¢;}(V,) + ¢, and ¢}(V,) + ¢, - Ad + V,, respectively. The total
current is then:

(b (V) ot +dl (V) A%e (17)
Jp(+V,) = KN_e qid;(v,) "””"—Kl\lce qlby,,+4% (V,) -A¥+V,) /kT

but ¢, - ¢,, -Ad

~q(4 (V) +4 (18)
Hence J,(+V,) = KN_e kT @-b/k1[1 _ g avu/kT) 14

Due to the built-in voltage, A¢, there is no current flow until V,>A¢.

With a negative applied voltage of -V,, the effective barrier heights

seen at interfaces I and II are ¢,'(V,) + ¢, and ¢,/(V,) + ¢, + 8¢ + V,
= ¢/(V,) + ¢, + V, respectively. The total current is:

Ec
f }
L% /\%2‘ a¢
E ,ﬁ-
f
Ey 1“
Ec

Ec .
$ Ny ’
B8l —— | va
Ey ~. "
\ LY
| OB

Figure S. Energy band diagram of the asymmetric Pt-PZT-Pt capacitor
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with different barrier heights at positive and negative applied
biases
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T a [~

-KN_e ~QU (V) +p,+V,) /KT

v,
- KN e 9®1(Va «,,,)/k:{l_e‘“ﬁ-] (19)
[~}

Note that J(-V,) # Jp(+ V,) unless A¢ = 0 (identical barrier heights). Thus
depending on the difference between the barrier heights at the two interfaces,
the current can be higher or lower by e?*/*T when the polarity is reversed.

Thus, in a Pt-PZT-Pt capacitor with dissimilar barrier heights (e.g., in
capacitors which have not been post-metallization annealed), the currents are
expected to be polarity-dependent.

III. CONCLUSIONS

A model of the Pt-PZT-Pt capacitor has been proposed which is based
on totally depleted back-to-back Schottky barriers rather than partially
depleted Schottky barriers. The model predicts the existence of a built-in
field within the films which can impact the dielectric and FE behaviors of the

capacitors, as well as the saturation leakage current beyond a threshold field
(or voltage) after an initial exponential increment.
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ABSTRACT

Metal-Ferroelectric-Metal structures, typified by Pt-PZT-Pt capacitors,
are the basic building blocks for ferroelectric devices. The present paper
offers experimental verification for PZT films of a proposed model based on
totally depleted back-to-back Schottky barriers rather than partially depleted
films. The presence of a built-in field within the PZT films can explain the
ubiquitous higher values of coercive field in FE films compared with bulk
ceramics, the asymmetry of hysteresis loops found in some FE films (due to
unveven field distributions), the diffuse transition of dielectric constant with
temperature near T,, and the much lower values of dielectric constant for
relaxor FE films compared with values for bulk ceramics.

INTRODUCTION

Ferroelectric (FE) films, especially lead zirconate titanate (PZT) films,
have received increasing attention for microelectronic applications, in the
areas of non-volatile ferroelectric memory and high dielectric constant
materials for high density DRAMs. PZT is a widely explored FE material
utilized for its FE, dielectric, electro-optic, acousto-optic, pyroelectric and
piezoelectric properties in both bulk and thin film forms [1]. There has been
significant progress in the preparation of high quality PZT films involving wet

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, rﬁdudion, or r?ublicaﬁon of this &ublicaﬁon or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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chemical methods [e.g., 2] and physical vapor deposition techniques such as
sputtering [e.g., 3], laser ablation [e.g., 4] and MOCVD [eg,S). For
comparison with the predictions of the model presented in a companion
paper, actual device characteristics, including the leakage current vs. voltage
relations, were obtained on sol-gel derived PZT 53/47 films prepared in our
laboratories. The details of film preparation and leakage characterization
have been published elsewhere [e.g., 6].

Metal-FE-metal structures, typified by Pt-PZT-Pt capacitors, are the
basic building blocks for active and passive FE devices. It is recognized that
the capacitors are not simple metal-insulator-metal devices with ohmic
contacts, but rather back-to-back Schottky barriers.

Previous modelling of PZT capacitors was based on the assumption of
partially depleted PZT films, i.e., depletion widths smaller than the film
thickness [7]. In contrast to previous models, the proposed paper offers
experimental verification to a model based on totally depleted back-to-back
Schottky barriers. The theoretical background haa been presented in an
accompanying paper [8].

EXPERIMENTAL

The precursor solution corresponding to the MPB comparition namely
PZT 53/47 was 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(2000A)/SiO, (1500A)/Si. Spincoating was performed in a Class 100 clean
room using a Headway Spinner at 2000 rpm for 30s. The precursor solution
was filtered using a syringe filter (0.2 um) to minimize particle contamination.
The green films were fired at 400C to burn off the organics, yielding films
~1700A thick per coating. To obtain thicker films, multiple coatings were
performed. Typically three coatings were used to obtain films about 0.54 um
thick. Finally, the films were fired at 700C to crystallize them to single-phase
perovskite.

Top Pt electrodes with thickness of 1500A and diameter of 1.0 mm
were rf-sputtered through a shadow mask. The monolithic Pt-PZT-Pt
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. Prior to characterization, the
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capacitors were post metallization annealed at temperatures between 100C
and 700C for 30 mins under O,.

The phase assembly in the films was monitored by X-ray diffraction
(XRD) using a Scintag Diffractometer; the dielectric properties were obtained
using a HP 4192A LF Impedance Analyzer; the FE properties were measured
using a Radiant Technologies RT-66A Ferroelectric Tester; and the I-V
leakage characteristics were obtained using a Keithley 617 electrometer at
both polarities with 0.1V step and 1024s delay time.

RESULTS AND DISCUSSION

The solutions to Poisson’s equation based on the assumption of total
depletion within the FE PZT film are illustrated in Fig. 1 for the equilibrium
case with no applied external voltage. The maximum field, E,, and built-in
potential, ¢, at the center of the film are given by:

E - gh,t

(1
°  2Ep; )

2
aN,t (2)

¢i ) 8EPZT

where q = electronic change, N, = acceptor concentration, t = film thickness
and Epzy = dielectric constant of the PZT film.

The magnitude of this built-in field (see Fig. 1) depends on the
distance within the film. The field is zero at the center and is of different
signs at the electrode interfaces. The maximum field is found at the
interfaces. The presence of this field can affect significantly the FE properties
of the film. For example, assuming N, = 10'®/cm?, film thickness t = 0.5 um
and epzy = 1000, it is estimated from Eq. 1 that E, = 452 kV/ecm. The
magnitude of this field is comparable to the coercive fields, E, (~20-60
kV/cm) measured for typical sol-gel or sputtered PZT films (see Table I).
The E, for similar bulk ceramics is about 1-10 kV/cm. Thus the higher values
of E, found in FE films can be attributed to this built-in field which must be
overcome to switch the domains.
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Fig. 1 Solutions to Poisson’s equations for a wholly depleted PZT film,
showing the charge distribution (p), electric field (E), potential (¢) and
energy band diagram at equilibrium.

Table L Typical Values of Coercive Field in PZT films and Bulk

Ceramics.
PZT Composition E (kV/cm) E (kV/cm) of
of Film Bulk Ceramics
50/50 35-60 6.5
90/10 35 11
0/100 100 6.7
53/47 (AML) 20-60

Since E, is linearly dependent on N, a high purity PZT film with low value
of N, (hence low level of defects or non-stoichiometry) is expected to yield
low value of E. Note, too, that if the acceptor concentration, N,, is not
uniform throughout the film (resulting perhaps from Pb non-stoichiometries
or insufficient thermal annealing of the two PZT-electrode interfaces) the
uneven field distribution can lead to asymmetric values of E,, frequently
encountered in FE films.

Such an uneven built-in field also gives rise to different regions within

the film with different Curie temperatures, which in turn leads to a broad
transition in FE properties over a range of temperature, an expectation which
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is well documented for the dielectric constants of FE thin films as a function
of temperature.

Additionally, the presence of such a built-in field can smear out the FE
properties of films of relaxor ferroelectrics (e.g., lead magnesium niobate or
PMN: PbMg, ;sNb,,sO,)which are much more sensitive to electric fields than
are films of normal FE’s such as PZT. The presence of the built-in field leads
to a prediction that the dielectric constants of thin films of relaxor FE’s
should be much lower than their bulk counterparts.

Prior to the present modelling, the observation of substantially smaller
dielectric constants for relaxor thin films (typically e~1000) compared with
bulk samples (typically e~10,000) had remained a puzzle (e.g., see Table II);
and significant research effort had been (mis)directed to processing films of
relaxor FE’s with properties closer to those of bulk specimens.

Table 1L Typical (Literature) e, Values of Relaxor Films and Bulk

Ceramics.
Material Typical e, of Typical e, of
Films Bulk Ceramics
Pb(Mg,,sNb, 5)O, 1000-1800 >15000
Pb{(Mg/sNby/s)o.9Tig1]10s 2200 19500
Pb(Fe,,,Nb, ,,)O4 <100 ~12000

For 1 pm thick relaxor films, control of N, down to 10'®/cm® is
necessary to achieve an E_ of 1 kV/cm. Since N, is closely related to Pb
vacancies, this calculation illustrates the critical need to control precisely the
PbO content in PbO-containing relaxor films. Control to the indicated level
is not presently possible.

For FE films thicker than the depletion width, the overall capacitance
(and hence dielectric constant) will be dominated by the depletion capacitance
unless the films are thick enough that the majority of the voltage drop takes
place in the bulk or neutral portion of the film rather than in the depletion
zones. As a first approximation, assume that the bulk capacitance will
dominate when the film thickness is ~10 times the depletion width (typically
0.5-1 um), i.e., 5-10 pum. The transition to bulk behavior for FE films is thus
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not expected unless the films are thicker than 5-10 um. Hence the use of
relaxor films for high density DRAM applications does not appear feasible.

A general plot of the I-V behavior of the back-to-back Schottky
barriers according to the proposed model is shown in Fig. 2a. The predictions
agree quite well with the observed I-V characterisitics (Fig. 2b) of Pt-PZT-Pt
capacitors. Also shown in Fig. 2a are the I-V characterisitics of a
conventional partially depleted Pt-PZT-Pt capacitor which is dominated by the
reverse bias current of a Schottky barrier and is fairly independent of applied
bias. The behavior predicted by such a conventional model is seen to be in
poor agreement with the experimental results.

1E12 1E-12
partially depleted < -
2) § 1E13 ¥ F e
& 1E-14g T et giEN LT
1E-18 : 1615 3 : !
Voltage Voltage(V)
Figure 2 The a) predicted totally depleted and partially depleted and b)

measured I-V characterisitics of a Pt-PZT-Pt capacitor with
similar barrier heights at both interfaces.

The leakage current of FE films is dependent on a variety of intrinsic
and extrinsic factors such as type of charge carriers, temperature, thickness,
dielectric-metal interfaces, electric field, band gap, phase assemblages (for
multicomponent films), degree of preferred orientation, presence of grain
boundaries, other microstructural features and the electrical history. The
typical leakage characteristics of PZT capacitors do not follow any simple
behavior such as that observed for conventional bulk insulators, such as
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Schottky, Frenkel Poole, tunnelling, space-change limited or ionic
mechanisms. The present model predicts well the saturation of the leakage
currents at high voltages, whereas other treatments must assume image
lowering force or series resistance at high fields in order to explain such
saturation or deviation from linear extrapolations.

Also predicted by the model is the increase of current in thinner films,
viz. J a exp(-kt®) where k=constant and t*=film thickness, at fixed applied
field. Shown in Fig. 3 is the loganthm of current measured for PZT
capacitors as a function of thickness square at fixed field of 60 kV/cm.
Unlike in the case for conventional ohmic capacitors where the current
density at fixed field is independent of thickness, for fully depleted FE
capacitors, the logarithm of current density is expected to decrease linearly
with square of film thickness. It is clearly seen that the current decreases
exponentially with increasing square of thickness of the PZT films as expected
according to the model. The increase of leakage current in thinner PZT films
has important implications considerable for the use of such films in DRAM
applications where the increasing miniaturization of device features (viz. film
thickness) can lead to undesirable leakage characterisitics.

1E-09 3

—
m
|
pury
o

Current(A)

1E-11;
]

1

et 6E+07 1£+08

Thickness Square (A2)

Figure 3. Log of Current vs. thickness square at 60 kV/cm field for PZT
capacitors fired at 700C.

The I-V characteristics of Pt-PZT-Pt capacitors where the PZT film

was fired to 700C for 30 min. with and without post-metallization annealing
(PMA) are sk.own in Figs. 4a and b respectively. Note that the magnitude of
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the leakage current is dependent on the polarity of the applied voltages for
the unannealed capacitor, but is symmetrical upon post-metallization
annealing at 700C (as predicted by the present model).

R 1E-11 E11
.# e, y — -

% .-- Totseeestaaacasene b) % .gﬂmﬂg
a) g _ I ittt § ® -

3 1E-12 .nunﬂ 5 1E12 ..ua.gu.&

g g |

1135 2 4 6 1E13} 3 " p
Voltage (V)
Voitage (V)
® +Vo © -Vao
® 4Vo © ~Va

Figure 4 The I-V characterisitics with positive and negative voltages in

Pt-PZT-Pt capacitors which a) have not been, and b) have been
post-metallization annealed at 700C. The PZT film was fired
at 700C for 30 min.

In an earlier systematic study of the effects of PMA Pt-PZT-Pt
capacitors, it was reported that with increasing PMA temperature, the
apparent bulk resistivity increased but the leakage current, dielectric constant,
remanent polarization and spontaneous polarization decreased [9].

Within the context of the present model, the observations in that study
can be explained. With higher PMA temperatures, more PbO diffused into
the substrate and top electrodes. Preliminary EDAX studies have indicated
the presence of Pb in the Pt substrates after firing. These PbO losses lead to
the inferior dielectric and FE properties. The increasing "bulk p" and
decreasing leakage current with increasing PMA temperature can be
correlated with increased PbO diffusion into the substrate and top electrodes,
giving rise to higher barrier heights at the interfaces. With higher PMA
temperatures, the barrier heights at the two interfaces tend to be similar but
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higher; and hence the capacitors were more symmetric electrically with much
smaller leakage currents.

CONCLUSIONS

A model of the Pt-PZT-Pt capacitor has been proposed which is based
on totally depleted back-to-back Schottky barriers rather than partially
depleted barriers. The predictions of the model agree closely with measured
device characteristics obtained in our laboratories and elsewhere.

The model appears to have far-reaching consequences for
understanding PZT (or other FE) films. [t predicts that there exists a large
built-in field (about 20 kV/cm) within the films. The presence of such built-in
fields can explain the elevated values of E. compared to those of
corresponding bulk ceramics, the asymmetry of hysteresis loops found in some
FE films (due to uneven field distributions), the diffuse transition of e, values
with temperature near T, and the much lower values of e, in relaxor films
(about 1000-2000) compared with values for bulk ceramics (up to 25,000).
Aging behaviors of the films can be influenced by the fields. Leakage
currents can be minimized by resorting to thicker PZT films. The deleterious
effects of aging (viz., the monotomic decrease of e, with time due to gradual
domain reorientation) can be mitigated by tailoring the N, profile across the
film to achieve a constant field along the polarization direction.
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PIEZOELECTRIC CERAMICS AND CERAMIC COMPOSITES
FOR INTELLIGENT MECHANICAL BEHAVIORS

Hongyu Wang* and Raj N. Singh* '
Department of Materials Science and Engineering, University of Cincinnati,
Cincinnati, OH 45221-0012

ABSTRACT

Crack propagation in piezoelectric PZT ceramics under applied static electric
fields has been studied using the Vickers indentation technique in an effort to
develop the intelligent mechanical responses of ferroelectric ceramics and ceramic
composites. It was observed that crack lengths decreased under a positive applied
field (the polarity of the applied electric field was the same as that for poling) and
increased under a negative applied field. Such an effect became more profound
with increasing field strength. These observations were in contrary to the
expectation based on the piezoelectric characteristics of PZT ceramics. The
direction of surface polishing had little effect on the crack extension behavior.
More work is being done to further investigate the mechanisms for the observed
behavior, including the possibility of a 180° domain switching in the surface layer
because of the surface polishing.

I INTRODUCTION

Piezoelectric ceramics show functional electromechanical responses which
can be used for sensing stresses and producing strains/displacements. These
functional responses can also be used in imparting intelligent mechanical behavior
in ceramics and ceramic composites in such a way that the overall reliability of
cerainics is enhanced. In addition, piezoelectric ceramics normally have rather
low fracture toughness {1-5] while they are often subjected to high electric fields
as well as high mechanical stresses in many of the potential smart applications {6-
8]. Therefore, the study of the effect of electromechanical interaction on the crack
propagation behavior of piezoelectric materials and improvement ia their
reliability are of great interests.
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It is known that the ferroelectric phase of piezoelectric ceramics has a
significantly higher resistance to fracture than the paraelectric phase. Mehta and
Virkar [5] reported that the Ky of an unpoled commercial lead zirconate titanate
(PZT) matenal decreased with increasing temperature up to its Curie point (T¢)
and remained constant thereafier. Cook er al. [9] examined the flexural strength of
an unpoled BaTiO3z sample as a function of temperature and found that the
strength decreased from room temperature to T¢ and remained constant above T¢.
Several mechanisms have been suggested for the toughening of the ferroelectric
phase, including microcracking and crack/twin interaction [10-12], and domain
switching (the c-axes become perpendicular to the crack surface.) in the near
stress field of a crack tip, which absorbs energy for the crack propagation
[4.5,10,11].

Poled piezoelectric ceramics exhibit an anisotropy in fracture toughness
[4,5,13,14]: the fracture toughness along the poling direction is higher than that in
the perpendicular direction. Okazaki and co-workers [13,14] atiributed this
anisotropy to the residual internal stresses induced by the electric field during
poling. Other researchei» suggested that the operation of domain reorientation at
the tips of cracks prupagating parallel, but not perpendicular, to the poling
direction is responsibie for the anisotropy [4,5}.

Although in most of the applications, piezoelectric materials are subjected
to electric fields, the study of their mechanical behavior under the influence of
applied electric fields has been scarce. McHenry and Koepke [15) examined the
electric field effect on subcritical crack growth in PZT materials using a double
torsion technique. They found that nigh electric fields (a.c. and d.c.) applied
perpendicular to the crack front enhanced crack propagation in unpoled PZT; in
poled PZT, the application of electric fields perpendicular to the crack plane
always “turned” the crack in a direction opposite to the poling direction. Furuta
and Uchino [16] have reported a dynamic observation of crack initiation and
propagation in a piezoelectric multil.yer actuator which was driven by a bipolar
electric field. They found that cracks were initiated at the internal electrode edge
and could only be observed under an electric field.

In the present study, the influence of externally applied electric fields on
crack extension was studied using the Vickers indentation technique which has
the advantage of revealing the anisotropy of fracture resistance in two orthogonal
directions. Correlation between field strength and crack length measurement
enabled a quantitative analysis of the influence, and the results of this study are
expected to provide new insights into the behavior of piezoelectric ceramics under
applied electric fields in various applications. Some of these results can then be
incorporated into “smart’” applications of ferroelectric ceramics such as stress
sensing and crack inhibition using the generation and application of electric fields.
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IL.

EXPERIMENTAL PROCEDURE

Two types of PZT materials, hard (EC-64) and soft (EC-65), produced by
the Acoustic Division of EDO Corporation, Salt Lake City, UT, were tested in the
present study. Some selected properties of the materials, according to
manufacturer’s literature, are listed in Table 1.

Table 1. Selected Properties of Materials Tested in Present Study

Properties EC-64 EC-65
Young's Modulus (GPa) 78 66
Curie Temperature (°C) 320 350
Mechanical Q factor 400 100
Dielectric Constant @ 1 kHz 1300 1725
Coupling factor ki3 0.71 0.72
Piezoelectric constant (x10-12 m/V)
di3 295 380
ds; -127 -173
d;s 506 584

Specimens for indentation tests were cut using a diamond saw from 6.35
mm thick plates (EC-64) or discs (EC-65) that were electroded and poled by the
manufacturer, The surfaces for indentation were parallel to the poling direction as
shown in Fig. 1. The surfaces for indentation were hand-polished first using 600
mesh SiC paper and then diamond pastes from 15 pm down to 0.25 pm.

Surtace for indentation

Electrode

Fig. 1. Schematic showing the poling direction, electrode and indentation
surfaces of the specimen used in this study.
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A special set-up, schematically shown in Fig. 2, was made for holding the
specimen as well as providing insulation between the specimen and the
indentation instrument.

Indentor

Ay
Sy

Insulating
holder

Support Specimen

Fig. 2. Experimental set-up for the indentation test with applied electric fields.

Static electric fields were applied across the electroded specimen in either
the same or opposite directions to that for poling using a high voltage power
supply unit (Model 610C, Trek Inc., Medina, NY). The field stwrengths were
determined according to the coercive fields of the materials. Indentation tests were
conducted with a Vickers indentor at a load of 1.2 kg for 20 sec. Crack lengths in
all four directions were measured.

III.  RESULTS AND DISCUSSION

When a static electric field is applied to the electrodes across a poled PZT
specimen, the specimen will either expand or contract depending upon the
polarity of the electric field, Fig. 3. If the polarity of the electric field is the same
as that for poling (positive field), Fig 3 (a), the specimen will expand in the poling
direction and contract in the perpendicular direction due to the Poisson’s effect. It
is conceivable that, under a positive electric field, the specimen will experience a
tensile force in the poling direction and a compressive force in the perpendicular
direction. In addition, this externally applied electric field will help maintain the
existing domains and make any domain reorientation more difficult. Therefore, in
this case the cracks propagating in the directions perpendicular to the poling
direction, C; and C3, are expected to grow longer than they do without the
external field because of the tensile force at the crack tip; the cracks propagating
parallel to the poling direction, C and C4, will be under a combined influence of
(i) a compressive force due to the Poisson’s effect, which will tend to shorten the
cracks and (ii) the fact that the domains are under a reinforcing electric field and
difficult to reorient, which will diminish its toughening effect, if any, and elongate
the cracks.
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Fig. 3. Schematic showing the piezoelectric effect under applied electric fields of
different polarities. Also shown are the dipole orientation and the cracks generated
by Vickers indentation.

Fig. 4. Scanning electron micrograph showing the anisotropy in crack lengths in a
poled PZT (EC-64) specimen without the applied electric field. Arrow indicates
the poling direction.
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When the polarity of the applied electric field is opposite to that of the
poling field (negative field), Fig. 3 (b), a reverse effect to the above would be
expected. Lengths of cracks C| and C3 should be decreased because their tips now
are subjected to a compressive force, and cracks C and C4 are under a combined
influence of (i) a tensile force due to the Poisson’s effect, which will increase the
crack length, and (ii) the ease of domain reorientation as the domains are now
under an opposite field to that for poling, which will tend to shorten the cracks.

As expected, an anisotropy of crack lengths was observed in the poled
PZT specimens without the application of an external electric field (Fig. 4). The
cracks parallel to the poling direction are shorter than those perpendicular to the
poling direction. The cracks in the hard EC-64 specimen are shorter than those in
the same directions in the soft EC-65 specimen, indicating that the former has a
higher resistance to crack propagation.

With an applied electric field, the anisotropy in crack lengths still exists,
but changes in crack lengths were somewhat surprising. The results are given in
Table 2. Each data point is the mean of five measurements.

Table 2. Effect of Electric Field Polarity and Strength on Indentation
Crack Lcngths in PZT

Electric Field (V/mm)  Cj (mm) Cs (mm) C3 (mm) C4 (mm)

EC-64 PZT (hard)

0 121.87 88.58 123.05 85.68
+700 116.88 80.48 111.82 81.12
- 700 130.78 871.75 129.08 87.1
EC-65 PZT (soft)

0 156.56 91.62 159.88 90.06
+500 156.12 83.74 158.90 77.78
-500 180.82 94.16 176.20 86.46
+1000 147.18 79.14 147.34 77.24

As can be seen from Table 2, for both soft and hard PZT ceramics, the
general trend for cracks in all four orientations was that with a positive electric
field, the crack lengths decreased. Such decreases became more profound with
increasing field strength, as demonstrated by the EC-65 (soft) PZT sample when
the field strength was increased from +500 v/mm to +1000 v/mm. On the other
hand, with a negative electric field the trend was to increase the crack length.

The above observations are exactly opposite to what was expected.
Several possible causes in the experimental system were first checked out. The
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polarity of the poling field was marked on the samples by the manufacture and
further confirmed by measuring the signs of charges released by the specimens
under a unidirectional compressive stress across the electrodes. The polarity of the
high voltage power supply unit was also verified. To further confirm the effects,
indentation tests were conducted with the diagonals of the indention at 45° angles
with the poling direction as shown in Fig. 5, and the results are shown in Table 3.

Poling
-

2} c2

Fig. 5. Schematic showing the 45° indentation test. Note that the cracks are no
longer orthogonal to each other.

Table 3. Effect of Indentor Orientation on Crack Lenthhs in PZT.

Electric Field (V/mm)  Cj (mm) Co (mm) C3 (mm) C4 (mm)

EC-64 PZT (hard) 45° indentation

0 974 100.28 99.65 92.96
+700 94.98 96.26 90.88 94.82
- 700 101.13 107.20 104.02 103.54

It is noted that the trend observed in Table 2 is also seen for the 45°
indentation test, that is, with a positive field the crack lengths decreased and with
a negative field the crack lengths increased.

It has been reported that surface finishing process can reorient domains in

thin surface layers on bulk piezoelectric ceramics [17]. Such an effect is largely
attributed to the mechanical stresses produced during surface finishing, which
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becomes more profound with increasing size of the polishing media {17}, The
surprising observations made in this study could be explained if the domains had
undergone a 180° reversal reorientation in the surface layer of the specimen
during surface finishing. Further work is being conducted with some new samples
from EDQ acoustic division to confirm this hypothesis.

Since the domain reorientation during surface finishing process is related
to the mechanical stresses applied to the domains, the effect of polishing direction
has been investigated in the present study. The aforementioned specimens were
polished with the polishing wheel running along the length of the specimen, i.e.,
perpendicular to the domains in the poled PZT ceramics (see Fig. 1), which was
expected to cause more domain reorientation. Therefore, a specimen was prepared
with all the polishing operation being done along the poling direction across the
thickness of the specimen. The results of indentation test are shown in Table 4.

Table 4. Effect of PolishingDirection on Crack Lengths in PZT

Electric Field (V/mm)  C| (mm) Cz (mm) C3 (mm) C4 (mm)

EC-65 PZT (sott) polished along the poling direction

0 145.28 86.80 157.82 77.24
+ 500 149.67 82.18 155.87 81.27
- 500 157.92 88.88 170.90 78.04

It is noted that the same tiend, especially the increase in crack length with
a negative field, was observed. Hence, it is concluded that the polishing direction
has little effect on the crack extension behavior.

IV. SUMMARY

Crack extension behavior in PZT ceramics has been studied under
externally applied electric fields utilizing the indentation technique. Crack lengths
are observed to decrease when the polarity of the electric field is the same as that
for poling and increase with an electric field having an opposite polarity. This
observation is in contrary to the expectation based on the piezoelectric
characteristics of PZT ceramics. Further studies are being carried out to see if
such an inconsistency is caused by domain reorientation during polishing process
or by some other mechanisms.

ACKNOWLEDGMENTS: The authors would like to thank Prof. Yong-Ling
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PHOTOSTRICTION AND ITS APPLICATIONS

Kenji Uchino and Sheng-Yuan Chu

International Center for Actuators and Transducers

Materials Research Laboratory, The Pennsylvania State University
University Park, PA 16802

Abstract

The photostrictive effect is the superimposing of photovoltaic and
piezoelectric effects.  (Pb,La)(Zr,Ti)O3 ceramics doped with WO3 exhibit large
photostriction under irradiation of purple-color light, and are applicable as
remote control actuators. Photo-driven relays and micro walking devices
which have been developed, are designed to start moving as a result from the
irradiation, 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 fields of
micromechanism and optical communrication.

With decreasing the size of miniature robots/actuators, the weight of the
electric lead wire connecting the power supply becomes significant, and
remote control will definitely be required for sub-millimeter devices. A
photo-driven actuator is a very promising candidate for micro-robots. On the
other hand, the key components in optical communication 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,l) 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). It is
generated when electrons excited by light move in a certain direction of the
ferroelectric crystal due to the spontaneous polarization (i. e. crystallographic
anisotropy).

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, rzraoducﬁon, or republication of this publication or any part thereof, without
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This paper describes the details of the fundamental photostrictive effect in
(Pb,La)(Zr,Ti)O3 ceramics first, then introduces its applications to a photo-
driven relay and a micro walking machine, which are designed to move as a
result of irradiation, having neither lead wires nor electric circuit.

PHOTOSTRICTIVE PROPERTIES

Materials Research

PLZT (x/y/z) samples were prepared in accordance with the following
composition formula: Pbl-xLax(ZryTiz)l-x/403. The interrelation of photo-
voltaic current with remanent polarization is plotted for the PLZT family in
Fig. 1. The average remanent polarization exhibiting the same magnitude of
photo-current differs by 1.7 times between the tetragonal and rhombohedral
phases; this suggests the photo-induced electron excitation is related to the (0 0
1) axis-oriented orbit, i. e. the hybridized orbit of p-orbit of oxygen and d-orbit
of Ti/Zr. The photostrictive figure of merit is evaluated by the product of the
photovoltaic voltage and the piezoelectric coefficient. Therefore, PLZT
(3/52/48) was selected because the largest figure of merit is obtained with this

composition.2v3)

Impurity doping on PLZT also affects the photovoltaic response
significantly.4) Figure 2 shows the photovoltaic response for various dopants
with the same concentration of 1 atomic % under an illumination intensity of
4 mW/cm? at 366 nm. The dashed line in Fig. 2 represents the constant power
curve corresponding to the non-doped PLZT. Regarding the photostriction
effect, it is known that as the photovoltaic voltage increases, the strain value
increases, and with increasing photo-current, there is an increase in the
overall response. The photovoltaic response is enhanced by donor doping onto
the B-site (Nb3+, Ti3+, 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 3 shows the
photovoltaic response plotted as a function of atm % of WOj3 doping
concentration. Note that the maximum power is obtained at 0.4 % of the
dopant.

Even when the composition is fixed, the photostriction still depends on the
sintering condition or the grain size.3) Figure 4 shows the dependence of the
photostrictive characteristics on the grain size. The smaller grain sample is
preferrable, if it is sintered to a high density.

Effect of Light Polarization Direction

Effect of the light polarization direction on the photovoltaic phenomenon was
investigated on the polycrystalline PLZT, using an experimental setup shown
in Fig. 5 (a). This experiment is important when the photostriction is
empioyed to “"photophones”, wherc the sample is illuminated with the polarized
light traveling through an optical fiber. The rotation angle 8 was taken from
the vertical spontaneous polarization direction, as shown in Fig. 5 (b). Both
the photovoltaic voltage and current provided the maximum at 6 = 0 and 180
deg and the minimum at 8 = 90 deg; this also indicates that the contributing
electron orbit may be the p-d hybridized orbit mentioned above.

288 Ferroic Materials




< L OPLZT (uyl-y) o328

=06} o Tetragonal 4

v R

g ¢ Rhombohedral o2

O 4156i6s

904r i

) .

—g- M' 9

2nst o SISBI2 |
. 162/ e

I S R I . ~

3 30 35 %0 5
Remanent Polarization (102C/m2)

Fig.1. Interrelation of photovoltaic current with remanent polarization in

PLZT family.

—~ 5‘ 0 m X
g \_\‘-I.Nb"
< 4.0 \ v
£ .

L K" 5
= 3.0 A AP T'c
& Mg"s 40 Undeped

19
S 2.0r g NA T~ 4 ACCEPTOR A-site
3 20, AR a ACCEPTOR B-site
5 1.0 me O DONOR A-site
= l 1 1 @ DONOR B-site
0 0.5 1.0 1.5 2.0

PHOTO-INDUCED VOLTAGE (kV/cm)

Fig.2. Photovoltaic response as a function of impurity doping.

20 §
g 2
s

23 - | g
g s 101 Current g
e 2
s Potential Energy
ob— |2
00 0.2 04 06 08 10
Doping Concentration of WO3 (atm%)

Fig.3. Photovoltaic current and voltage as a function of dopant concentration
in WO3 doped PLZT.

Ferroic Materials 289



-~
(=3
(=3

g

PHOTOVOLTAGE (kV/m)
g 8

| LiGHT m-mnslxrvuou/-‘)
0 1 2 3 4
GRAIN SIZE(um)

120

2
PHOTOCURRENT(nA/m)

Fig.4. Grain size dependence of photostrictive characteristics in PLZT(3/52/48).

Polarization
direction

G)=>4

Photovoltaic Mercu
sample Polarizer Lens Iampry
(a)
— 6
°
3 S
3 &
8 g
3 £
2 3
e :
3 S
3 o
° ©
& 1 L 1 f
0 45 90 135 180
Polarizer Flota(tl;on Angie (deg)
)

Fig.5. (a) Measuring system of the dependence of photovoltaic effect on light
polarization direction, and (b) photovotaic voltage and current as a

function of the rotation angle.

290

Ferroic Materials




PHOTOSTRICTIVE ACTUATORS

Photo-Driven Relay

A photo-driven relay was constructed using a photostrictor as the driver (Fig.
6).4)  The driving part was a bimorph which consisted of two ceramic plates
(Smmx20mmx0.16mm in size) joined so that their polarization directions were
opposing. A dummy plate was positioned adjacent to the bimorph to cancel the
photovoltaic voltage generated on the bimorph. Utilizing a dual beam method,
switching was controlled by alternately irradiating the bimorph and the
dummy. The time delay of the bimorph that ordinarily occurs in the off
process due to a low dark conductivity could be avoided, making use of this dual
beam method. Figure 7 shows the response of a photostrictive bimorph made
from PLZT doped with 0.5 at% WO3 under an illumination intensity of 10

mW/cm2. The amount of displacement observed at a tip of the bimorph (2 c¢m
long and 0.32 mm thick) was 150 pm. A snap action switch was used for the
relay. Switching by a displacement of several tens of micron was possible
with this device.6) The On/Off response of the photo-driven relay showed a
typical delay time of 1 - 2 sec.

Micro Walking Device

A photo-driven micro walking machine has also been developed using the
photostrictive bimorphs.7) It was simple in structure, having only two
ceramic legs (Smmx20mmx0.35mm) fixed to a plastic board (Fig.8). When the
two legs were irradiated with purple light alternately, the device moved like
an inchworm. The photostrictive bimorph as a whole was caused to bend by
150 upm as if it averted the radiation of light. The inchworm built on a trial
basis exhibited rather slow walking speed (several pum/min) as shown in Fig. 9,
since slip occurred between the contacting surface of its leg and the floor.

MOVING PIECE
LEAF SPRING

N , OPERATING
DIRECTION

Fig.6. Structure of the photo-driven relay.
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CONCLUSION

The photostrictive actuators can be driven by the irradiation of light alone, so
that they will be suitable for use in actuators, to which lead wires can hardly
be connected because of their ultra-small size or of their employed conditions
such as ultra-high vacuum. New actuators of this type have considerable
effects upon the future micro-mechatronics.

This work was supported by US Army Research Office through Contract No.
DAAL 03-92-G-0244.
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ABSTRACT

The photostrictive effect has been studied in PLZT(3/52/48)
ceramics heat-treated at 700-1100° C for 1h in various
atmospheres such as nitrogen, air, and oxygen. The
photostrictive efficiency was markedly enhanced by the heat
treatment in nitrogen, whereas the lower efficiency was
recognized in samples heat-treated in oxygen.

1. INTRODUCTION

Accompanying the recent development in areas such as
optical transmission, micromechanism, and space technology, a
new-type actuator directly driven by light irradiation has received
considerable amount of attention'®. This actuating mechanism is
based on the photostrictive effect, which is explainable by the
superposition of the photovoltaic effect and the piezoelectricity.

The photovoltaic phenomenon’ is observed in certain
ferroelectrics, which generates a steady current opposite in
direction to the polarization under short circuit conditions and
produces very high electric field (several kV/cm) under open
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circuit conditions with an application of near-ultraviolet
radiation. The well known piezoelectric effect reveals a strain
proportional to an applied electric field. According to several
reports on the photostrictive actuator, it has been considered that
one of the most significant problems for the practical usage is its
slow response speed?®.

This paper describes the effect of heat treatments in various
atmospheres on the photostriction in PLZT ceramics. We have
clarified that the photostrictive efficiency can be markedly
enhanced by the heat treatment in nitrogen.

2. EXPERIMENTAL

The conventional oxide-mixing method was adapted for the
preparation of PLZT. PbO, La,O,, 2rO,, and TiO, powders of
purity above 99.6% were used as raw materials. They were mixed
with proper ratio corresponding to the composition of (Pbyg,
Lag o )(Zry 5o, Tig s 1003405 Which is reported to have the highest
photostrictive efficiency?, calcined at 900°C for 10h, and ball
milled. The milled powders were CIP-treated into 18mm diameter,
4mm thick disk shapes. They were sintered at 1200°C for 2h in
PbO atmosphere. The resulting ceramics had a bulk density of
more than 99% of the theoretical value. The samples were
polished, heat-treated at 700-1100C for 1h in various
atmospheres such as nitrogen, air , and oxygen in a magnesia
crucible, and cut into 3x 3x 8mm® bar shapes. The 3x 8mm?
surfaces were silver electroded. Poling was performed by
applying 2kV/mm of electric field for 30min in 150°C silicon oil.

The radiation from a ultra-high-pressure mercury lamp
(500W) was passed through glass filters to have the wavelength of
300-400nm with a maximum strength around 365nm
(40mW/cm?), and illuminated to the samples (3x8mm?, polished
surface). The photoinduced current was measured as a function
of the applied voltage from -100 to +100V by an electrometer. The
photovoltaic current and voltage were determined from the
intercepts of the vertical axes and the horizontal axes,
respectively. The photostriction was recorded using a strain
gauge attached to the bottom plane opposite to the illuminating
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surface. The piezoelectric parameters were determined by the
resonance-antiresonance method with a vector impedance
analyzer.

3. RESULTS AND DISCUSSION

Figure 1 shows the photocurrent as a function of heat
treatment temperature. Samples heat-treated in nitrogen gave
more than twice values of photocurrent generated in the
pretreated sample. On the contrary, the photocurrent was
decreased by the heat treatments ir oxygen. In the samples
heat-treated in the air, the p: - . rent increased somewhat
with increasing heat treatment .. - aturec.

Figure 2 shows photovoltage . . a function of heat treatment
temperature. We found the tendency for the photovoltage to be
changed by the heat treatments in different atmospheres in
similar manner to the relation between the , hotocurrent and the
heat treatment atmospheres (Fig.1); the phot voliage was
enhanced by the heat treatment in nitrogen.

Figure 3 shows electro-mechanical coupling factor (K.,) aud
piezoelectric strain constant (d,,) as a function of heat treatmeat
temperature. The K,, was found to be discernibly increased by
the heat treatments in nitrogen. The samples heat-treated in the
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297




298

air or oxygen exhibited increased K;; compared with that in
pretreated samples, but almost no change with the different
atmospheres was recognized. The d, calculated from the product
of K,, and the square root of the product of dielectric constant(e,;")
and elastic compliance(s,"), was also enlarged by the heat
treatment in nitrogen. From the electrical measurements, the
heat treatment in nitrogen was noticed to make both &, and sy
rather higher, and consequently, provides a large d ; value.

Figure 4 shows photostrictive response for the samples
heat-treated in various atmospheres. The sample heat-treated in
nitrogen revealed markedly enhanced photostrictive response.
The maximum strain became 1.8 times that in the pretreated
sample, whereas the sample heat-treated in oxygen gave a
smaller strain maximum. It has been reported that the
photostriction is expressed by

x(t)=dgE{1- exp(-t/RC)}

where x(t) is the photostriction, E, the saturated photovoltaic field,
t the time, R the resistance under illumination, and C the
capacitance®®, When the sample is optically irradiated, the
photostriction progressively occurs following the RC as the time
constant to achieve the maximum strain of dg,E,.
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The time constant, RC, was measured to be 19, 30, and 34
sec for the samples heat-treated in N,, air, and O,, and 23 sec for
the pretreated samples, respectively. The RC was found to be
slightly decreased by the heat treatment in nitrogen. The
maximum strains calculated from dE, are noted to be somewhat
smaller than those actually observed in each samples.
Considering the maximum-strain ratios among the samples,
however, the ratios estimated from the measured strain data
agreed closely with those calculated from the d;E, values.
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TEMPERATURE MODULATION OF THE ELECTRO-OPTIC EFFECT IN
BaTi0, AND LiNb0, - A THEORETICAL APPROACH
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ABSTRACT

For many optical processing it is important to have a knowledge of the
effect of external forces on the refractive indices of the crystal. In this paper we
will report some preliminary results of our effort towards developing a theoretical
understanding of that effect. Barium titanate (BaTi0,) and lithiun. niobate
(LiNbO,) were considered first for this study. Results indicate that the
birefringence induced by the electric field in lithium niobate has weak temperature
dependence. But in barium titanate the electric field induced birefringence
depends rather strongly on the temperature. The degree of the induced effect
varies on the magnitude and/or the direction of the external forces under specific
conditions. These results indicate that there may be a possibility, in a real life
applications, to reduce the necessary power supply by changing the operating
temperature.

INTRODUCTION

In certain types of crystals it is possible to effect a change in the index of
refraction which is proportional to the applied electric field. In addition to the
change in refractive index in the direction of the applied field, it is possible for
the refractive index to change also in the other direction. Crystals having this
anisotropic property are commonly called birefringent [1-3]. The change in the
refractive index due to an applied electric field known as the electro-optic effect,
has been used to develop many devices such as light deflectors, light switches,
light modulators, and optical pulse generators. Electrc-optic materials are
generally quite temperature sensitive. In this preliminary study we tried to
develop a theoretical understanding of the behavior of birefringence when both the

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or republication of this gublication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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electric field and the temperature are varied. For our study we have selected
barium titanate (BaTi0,) and lithium niobate (LiNbQ,) crystals.

THE INDICATRIX

To understand the behavior of birefringent crystal, the concept of the
indicatrix has been found useful. The indicatrix can be defined as follows

blx? + bzxz2 - !>3x32 + 2bx,x; + 2bx x, + 2bxx, = 1 (1)

where each b is related to 1/n (n is the refractive index). For the uniaxial crystal
the optical indicatrix is an ellipsoid of revolution and equation 1 reduced to

bx; + bx; + bxs =1 @

Application of electric field will induce a change in the indicatrix by varying the
refractive indices, ie. b coefficients in eq. 2: The linear change in b coefficients
due to an electric field applied along an arbitrary direction can be defined as

ab, = r,E, 3
i ij

where r; are known as the electro-optic coefficients. Some electro-optic
coefficients vanish due to the crystal symmetry . In the next two sections, starting
with the proper r-matrix for barium titanate and lithium niobate, we develop an
intuitive solution to show the change in the birefringence of these two materials
with the electric field and the temperature.

BARIUM TITANATE
The tetragonal phase (4mm), of the barium titanate crystal, is the one
which we have worked with since this phase exists in the temperature range of

interest (5°C to 130°C) [4]. In the tetragonal phase the crystal is uniaxial and the
electro-optic tensor is [3]:
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An external electric field will change refractive indices and the resulting indicatrix
can be written as follows:

2 2 2 2 2 2
(o - r13E3)xl - (o + rBE;)x2 + (e * r33E3)x,

&)

« 2r Exx, - yExx, =1

whereo=_1_ande=i.

no ¢

Using the above equation [eq. 5] we find that no birefringence is produced when
light propagates along [001] direction. In the case when light propagatcs along
[100] or [010] directions, the resulting birefringence is the same, except the
direction. Selecting [100] as the light propagation direction we observe that
application of electric field E, in x, direction and E, in x, direction results in a
rotation of the indicatrix about x,. The equation of the resulting indicatrix
becomes

2 L 2 2 2 2 2
(o rHE})xl - (o - r”E3)x2 - (e - r,3E3)x3

+ 2rgExox, =1

The new birefringence can then be approximate as [5]
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Fig. 1 and 2 show the variation of an as a function of electric field at different
temperatures. To calculate this behavior we have used n, and n, values at 25°C
[6] and for other temperatures we have used published birefringence cata [7]. We
have also used the published electro-optic coefficients of the crystal [8, 9]. As
shown in the figures (fig. 1 and 2) that at low temperatures the effect of E, is
comparably higher than that of E,. But, at high temperatures, the role reversed
and the contribution of E, is greater than E,. We observe that the percentage
change in an with the electric field depends nonlinearly on the temperature and
as shown in fig. 3, at lower temperatures the amount of change is considerably
higher than that at higher temperatures.

LITHIUM NIOBATE

Ferroelectric lithium niobate belongs to trigonal 3m symmetry group up to
1210°C [10]. In this phase the electro-optic tensor is given as follows [3]:

0 -r, r,
0 I, T
0 0 r,
. 0 r, O
r, 0 0
, 0 0 |

Application of an electric field will result in a new indicatrix. The equation of the
new indicatrix is:

2 _ 2 2 2 _ (.2 _ 2
(o r,E, - r]3E3)xl - (o + ,E, + rnE,)x2 (e . r33133))(3

+ 2rgEpxoxy + 2rgExox; - 2r,Ex x, = 1

To calculate the change in birefringence with electric field and temperature we
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have used the published temperature dependence of the electro-optic coefficients
) [11] and the temperature dependence of the refractive indices found in the

literature [12]. As shown in fig. 4, substantial change in birefringence occurs

when the electric field is applied along x, and x, directions. As for the

temperature effect (fig. 5) we observed that the birefringence induced by the
‘ electric field does not have a strong temperature dependence.

CONCLUSION

In this preliminary theoretical study we have developed an intuitive
approach to understand the dependence of the birefringence on the electric field
and the temperature. We studied the behavior of barium titanate and lithium
niobate. Results indicate that the birefringence induced by the electric field
depends strongly on the temperature in barium titanate whereas in lithium niobate
temperature dependence of the birefringence is rather small. Also, in barium
titanate the amount of change in birefringence is greater at lower temperature.
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Smart / Intelligent Sensors

Tsuneharu Nitta and Shunichiro Kawashima
Centra! Research Laboratories, Matsushita Electric Industrial Co., Ltd.
Moriguchi, Osaka 570 Japan

ABSTRACT

A variety of ceramic sensors have been developed. Recently, intelligent
functions are required for sensors in order to fabricate the reliable system
with high performance. Many sensors are used in home appliances to obtain
an easy and friendly operation. These requirements can be achieved by using
sensors and micro-computers. Examples of sensors used in home appliances
are reviewed. It is described that the combination of sensors and micro-
computers with new software are important.

INTRODUCTION

In the ceramic industry, a variety of sensor elements have been developed.
Typical ceramic sensor is a thermistor, which shows superior
semiconductor-type temperature dependence of the electric resistivity around
the room temperature. The thermistor have been used for semiconductor
circuits due to a good matching in temperature characteristics. The
thermistors are widely used in the consumer electronics by reason of their
desirable characteristics at room temperature. Sensors with various function
except for thermistors have been adopted in the consumer electronics.
Recently sensors are used with the micro-computer, as the price of the
micro-processor decreases. Therefore, sensors are easily able to get
intelligences by supports of the computer. Also, new logic algorithms are
introduced into the consumer electronics for human friendly operation. In
this paper, the concept for the smart or intelligent sensors are discussed,
especially for the application to consumer electronics.
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Figure 1 Popularization of sensors

The hierarchy in the market and popularization process of sensors are shown
in figure 1. Many sensors are used around us in various market fields, such
as the electric home appliances, the automobiles, or the health or medical
cares, as many as industrial applications. Sensors has been popularized by
the technology evolutions. Basically both physical and chemical constants
of the national standards are measured and kept in their accuracies at the
national laboratories. The number of significant figures of the standards
should be almost ultimate, for example, six nines or ten nines and so on. On
the contrary, the accuracy is not so important in the home appliances. Both
easy operation and cheap cost are essential. In the electric home appliances
these functions, such as temperature, humidity, pressure, brightness etc.,
are measured and are used for the control of equipments. Much more
sensors are used to keep driving safe for vehicles. Sensors also have a
important role in the field of health care and medical care. An example of an
early home appliance in Japan can be seen for the foot warmer called
Maruyama Kotatsu, used in the bed in winter. Maruyama means the round
roof, and Kotatsu means the foot warmer in Japanese. In this equipment, a
thermostat of bimetal switch is adopted to prevent the feet from the burn.
The bimetal is the simplest and most reliable combination of sensor and
actuator, where we can see an example of smart operation. However, this
application is so primitive and its controllability is not so good. More
reliable and sophisticated function have been realized later in the heater using
PTC ceramics, which is used in hair driers. A list of the sensors in the
electric and electronic home appliances are shown in figure 2. There are many
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Figure 2 Sensors in home appliances

kinds of sensors such as magnetic, photo, humidity, gas and so on. Most
popular one among them is the thermal function. Recently data obtained
from sensors are changed from a simple value to sophisticated signals for
use of multi-functions. There are many sensors in the microwave-oven and
the air-conditioner. Many kinds of sensors are necessary, because
condition preferences of the each user are complicated for these appliances.
In this paper we define the smart/intelligent sensors as fusion of sensor
elements and micro-processors with heartware,where the heartware
corresponds to the human friendly software such as bio-information, non-
linear logic such as chaos, and neural networks, fuzzy logic etc.

EXAMPLES OF SMART/INTELLIGENT SENSORS IN HOME
APPLIANCES

Housing is also one of the most important living necessities. In the
advanced industrialized countries, there are many commodities,that is,
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clothes, foods, and houses etc., so that peoples have a tendency to demand
more mentally or heartful comfortable lives. In the consumer electronics
industry, we should supply happy and comfortable lives in the future. One
answer for the requirement in the home appliances is shown in figure 3. This
will be achieved by the combination of sensors and micro-computers with a
heartware, as mentioned above. In this computer new algorithms as a
heartware will be adopted, such as neural networks, fuzzy logic, or non-
linear contro! system of chaos. Fuzzy logic was proposed by professor
Zadeh of U.C. Berkeley in the mathematics. In Japan his proposal was
applied to many technologies, and many home appliances adopted his
theory. The new control logic realizes that home appliances will works in
accordance with user's preferences without tréublesome operations of
switches which are attached in machines. In future the home appliance
equipments learns preferable conditions of each user just on site in his home.
For example, four smart/intelligent sensor systems in the home appliances
are described in this paper. The first is a microwave oven, in which the
combination of a humidity sensor and a micro-processor can be seen. The
second is a washing machine, where a photo-sensor and a neuro-fuzzy logic
are used. The third a rice cooker where a thermal sensor and a neuro-fuzzy

B

|:> Automated Home
Laundry

Clothing Washing Machine

Food & Ja’&%ﬁf Cooker E:> Full Automated

Home Bakery k
Cooking | Microwave Oven Cooking System ;

Housing | Air Conditioner E> fgﬁ:}fg"s‘?,gz

. Nontlinear Control
Basic Research for [ Intelligence) | g7y Logic
Heartware Neural Networks

Figure 3 Scope for the applications of sensors to home appliances

Adaptive Control by Learning
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logic are used. The fourth is a home air-conditioner, where an activity
sensor using two-dimensional pyroelectric sensor and neural networks are
used.

HUMIDITY SENSORS IN MICROWAVE OVENS

A relative humidity sensor is shown in figure 4, which was developed by
Nitta in 1978". This sensor is called as Humiceram, and sold from
Matsushita Electric (Panasonic). This was firstly introduced into the
microwave oven for automatic cooking. The sensitivity to the humidity of
Humiceram was obtained by the electric resistance. As the relative humidity
increases, the resistance decreased exponentially. The sensor is located in the
air drain of the microwave oven, and detects the water vapor from the
cooking food. The time flow of microwave cooking is shown in figure 5. As
the food is cooked well, the vapor will abruptly blow out after a non-vapor
interval. The sensor can easily detect the boiling of the food. The idea for
the control proposed is that the humiceram should detect only the point of
changing humidity by the micro-computer. Next, the micro-computer
predicts the time to put off the microwave power. The prediction by the

Bulk Humidity Heater

Sensor Element ~ RuO2Elec
\ trode

RuO2 Electrode

Supportor

Figure 4 The structure of Humiceram, which is the humidity
sensor using MgCr204-TiO2
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Figure 5 Time dependent humidity change at the position of air-drain

micro-computer is essential for the sensors obtaining the intelligence. It is
important that it need not detect the absolute humidity, but only a slight
change of humidity. Easy detection is essential for the home appliance. The
sensor was used by combination of the micro-processor, however in those
days its control algorithm did not designed by the concept of the heartware,
but by the conventional logic.

WASHING MACHINES

As the pioneer machine for realizing the human friendly easy operation, a
fuzzy logic washing machine was developed. This machine was operated by
a micro-processor and a photo-sensor. The sensor catches the dirtiness or
muddiness of the water during washing by detecting the transparency of the
water. A fuzzy logic predicted and decided the washing time intervals,
water level, and spin-drying time. More than 500 washing courses could be
automatically prepared in the semiconductor memory. For more choices of
washing, a neural-network concept was added to the fuzzy logic. This
concept is called as neuro-fuzzy logic. More than 4000 washing courses
became preferred by this system. At every washing, the machine chose the
only one setting by sensing the dirtiness of the water and by accepting the
users wills. Figure 6 shows the washing curve determined by many
experiments for washing. These two graphs show the transparency data of
the water during washing. Characteristics of dirtiness/muddiness of the water
are shown in the left figure. If the dirtiness was almost caused by mud,
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the transparency is shown by a bottom curve. When the dirtiness was
caused by fat, transparency change vs. time is expressed by the top curve.
The difference between two curves can be detecied by sensors. Then the time
to stop the machine is determined. The saturation value of transparency
shown in the right figure were different for each dirtiness. When the
dirtiness was due to fat, the saturation time is shorter than the other. Thus
we could recognize the time to stop. Two simple fuzzy rules which was
determined by the above experiments were applied for this washing
machine.The first rule is that if transparency is high and saturation time is
short, then washing time must be very short. The second rule is that if
transparency is low and saturation time is long, then the washing time must
be very long. These two simple fuzzy rules realized a human friendly
washing machines. The washing machines were widely used in Japan, and
they became best sellers.

Saturation
o I —_—-
E L Muddy |
[=9
2 Fatty —
[
=

= |
|

' |
] N
# Time Time

(a) Rate of transparecy change  (b) Saturation of transparency
change

Figure 6 Transparency change against washing time. The rate
and the saturation of transparency change is different
between for mud and fat.

RICE COOKERS

The smart/intelligent sensors have been applied to the rice cooker. Figure 7
shows the market of the rice cooker in Japan, and also shows the
technology innovations. Rice have been a main food for more than two
thousand years in Japan. Rice cooking is a typical cuisine culture. Therefore
the rice cooker have been required to satisfy the consumers' delicate taste.
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Some successive technologies have been developed. At first the heater was
made of a simple resistor, and controlled by thermal switch of bimetals or a
thermo-magnetic effect. Then the micro-computer were introduced in order
to control the electric power and time intervals. Recently micro-computer
with fuzzy logic were introduced in the rice cooker. Induction heating(IH)
were also adopted to obtain the high power heating, which overcame the fuel
gas heating. Neural-networks algorithm was also introduced into the control
of rice cooking. The know-how of rice cooking have been traditionally
transferred as a heritage in Japan. It has been required to realize this know-
how by the electronic control system. The rice cooking curve is shown in
figure 8, which is a presentation of the know-how of rice cooking. There
were two specific temperatures in the heat diagram. One was 70°C and the
other was boiling temperature of 100 C. Starch in rice granule transformed
from beta type to alpha type at 70°C. This temperature was called as
gelatinization temperature. The most important know-how was that tie
heating must pass through this temperature as fast as possible.

Choices by
| Individual
Electric Elcctronic [ - Heatn
Rice —{Electronic lar & Ricg I Jar & Rice 7
Cooker Cooker B Cooker
| ermo | ) |
| | Magretic] |Thyrisior| | -cPu| | [Induction |
| \Conurol | \ Heating |
I ON / OFF Switch Electronic Timcrl ]
Power Control | Neuro Fuzzy Logic ]
60 0 & e T T
—t +— i Ht > Year
¥ ! | !
billion Popularization (%)
100 | ' 100
80 | 80
60 NS | 60
40 40
20 | 20
0 | | 0
Figure 7 Technology innovation and market growth
for rice cooker in Japan
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If the rice kept around this temperature, the shape of each rice granule is
degenerated and the taste was degraded. Then it was desired that the rice
should be heated around 100 C as boiling period, where the beta starch
changed to alpha as the granule kept its shape. The cooking curve mentioned
above has been realized by a combination of a thermistor and induction heater
controlled with neural-networks algorithm.
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Figure 8 Heating diagram for rice cooker
AIR-CONDITIONERS

The evolution of the air-conditioner in Japan is noteworthy. In 1970s the air-
conditioner called as a cooler, because the function was only cooling. In
1980s the name was changed to the air-conditioner. Both cooling and heating
function were provided. In 1990s control software was improved by the
new logic mentioned before. Both the sensor and the micro-computer with
new control logic have important roles for this room air-conditioner. The
compressor was evolved mechanically from reciprocal or rotary types to a
small scroll type, and the mechanical noises from motors were much
reduced. Sensors also evolved from a bimetal switch to a thermistor. At
present two dimensional infrared imaging sensor are adopted in order to
recognize the number and position of the persons in the room. The activity of
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Figure 9 Structures of bulk and thin film pyroelectric sensors

each person should be taken into account for the control of air-conditioner to
provide comfortable conditions. Saving of energy and resources also have

been accomplished by the evolution of both mechanism and software. At
first an activity sensor was introduced into the air-conditioner. This sensor
detected the motion of persons by the bulk ceramic pyroelectric element. The
meshed cover chopped the infrared radiation from moving persons, and
motions were detected. However, this type sensor could not detect the
position of the person. Then new algorithms were introduced into the control
for the air-conditioner. The neural networks and fuzzy logic control were
adopted in order to obtain the amenity for living spaces. Many sensing
factors, such as temperature, humidity, are gathered to the neural networks
in the micro-computer. The computer controlled electric power, air flow, and
direction of air flow. So much sophisticated controls were accomplished by
the neural networks. The fuzzy logic was applied to the electric power
control in order to save energy. An advanced infrared imaging sensor was
developed for higher sensitivity and discrimination of the personal motion
from the background. The sensor was composed of a linear pyroelectric
sensor array, which contains eight pyroelectric elements of the thin film on
single chip. The dimension of each element was about 3 mm. Figure 9 shows
a schemes of the pyroelectric sensor”. The left figure is the bulk
conventional type of ceramics, and the right figure is the newly developed
thin film type. In order to obtain the quick response and the high resistivity,
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the heat capacity of the pyroelectric element should be small. It was required
that the elements were made of the thin film without the substrate. It was also
desired that the polarization of the ferroelectric thin film was oriented. These
requirements were realized by improving the production processes. Two
dimensional infrared image was obtained by scanning the elements from the
left to the right. The recognizing area was 70 degrees of the vertical angle and
150 degrees of horizontal angle. Total pixels were 512. These two
dimensional image were composed of 512 pixels and processed by the
micro-computer. The position of persons and background temperature were

determined by using neural network algorithms. The air flow and temperature
were controlled by these data.

OTHER SENSORS IN CONSUMER ELECTRONICS

ARM-VIBRATION SENSORS

The electronic arm vibration sensor in video movie was dcvclopedS. A CCD
device was used as an optical sensor in the video movie. The area of each
pixel of CCD decreased year by year, and the number of pixels on a chip

Input {
image ; !
i1 ¥ Motional vector | i}
{ v yf 1 § (hand vibration) i
Corrected| ; w1l
image : K :
|

it {

= =1

CCD image

Figure 10 The scheme of correction of pictures by electronic
arm vibration sensor for the video movie.
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increased. Figure 10 shows the diagram of operation for the electronic arm
vibration sensing in the video movie. Since both size and weight of the movie
camera decreased, the arm/hand vibration influenced on the image stability.
The electronic image processing was applied in order to reduce the image
vibrations. Conventionally both piezoelectric gyro-sensor and actuator were
used. The arm vibration during recording could be easily corrected by
electronic process from the CCD image. First an image was obtained by
CCD, and then zoomed. If the video camera are vibrated, the zoomed area
moved electronically by using memories. Next corrected image could be
obtained only by the projection of zoomed area as if the arm vibration did not
happen. The correction of the arm vibration was realized electronically
without any mechanical sensor and actuator by the high definition of the
CCD. The fuzzy rules which was used to discriminate the motions of object
from the vibration of arms are as follows. The first rule for motion of object
is that if detected motional vectors are independent, and difference becomes
large, then object are moving. The second rule for vibration of arms is that if
detected motional vectors are almost similar and differences are small, then
the image is vibrating by arm/hand motions.

IMMUNOREACTION SENSORS

Sensitivities are compared for several molecular detection in the table 1. Gas
chromatography has a high sensitivity, but time for detection was too long.
The specialist and skilled dog were the most sensitive, however they have a
potential only for the smelled molecules, such as perfumes. Since almost
all molecules were non-smell, it had been desired that those molecules could
be easily detected with high sensitivity and selectivity. The typical non-smell
molecule is explosives, such as of TNT(tri-nitro-toluene). Bio-sensor with
high sensitivity for TNT was accomplished by using an immunoreaction in
the living body. The principal of the bio-sensor is shown in figure 11. A
monoclonal antibody for a special molecule was obtained by the antigen-
antibody reaction in a mouse. This antibody was a fluorescent material.
When the special molecule of antigen chemically attached to the antibody, the
fluorescence of the antibody quenched immediately. Thus very small amount
of molecules could be detected. If the antibody for any molecule would be
obtained, any molecule can be detected. The advantage of this method was a
molecular selectivity by the immunoreaction.
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f Table 1 Specifications of various sensors

' for molecule detecting
Method Sensitivity  Senging Time Working Time
(g/ml)
Gaschro. / ECD 1077 20~40 min Full
Gaschro./MAS 1077 20~40 min Full
Specialist +10713 ~1sec 30 min
Skilled Dog *1017  ~1sec 15 min
Immunoreaction 10710714 <60 sec Full

% Sensing in case of perfume or smell compounds only

, pd
[A\i Fluorescence
\

Monoclonal *

. antibody Less than 1 min
3 —>> <

82 !

Ultraviolet g § L

light S & Ht

/ \? ) 171

@ Time

Antigen

Figure 11 Principles of antibody fluorescence quenching. The
intensity of fluorescence from monoclonal antibody
l much decreases after addition of antigen.
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OPTICAL NEURON DEVICES

A optical space modulator was researched for the future optical computer.
The scheme of the optical neuron-device are shown in figure 12. This was
used for pattern recognition by simulating the neural networks of parallel
signal processing. Using this device, incomplete character could be
immediately recognized by some optical calculations. A liquid crystal and a
conductive polyamide film were included as functional materials in this
device. This was one of the examples of character pattern recognitions.
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Figure 12 The scheme of the optical neuron-device for
recognition of incomplete characters.
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SUMMARY

The smart/intelligent sensors applied for the home appliances were
summarized. It is proposed that the sensor should adopt mechanisms of the
living body functions to realize the human friendly home appliances. The
function of the conventional sensor was single and the corresponding
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actuator was controlled by the central controller. For the smart/intelligent
sensor, both sensors and actuator must be controlled by the software with
heartware concepts. This situation was called as a sensor fusion. In other
word, this should be named by trinity of sensors, actuators and micro-
processor with new algorithms.
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OPTICAL HYDROGEN SENSOR USING Pd/MoO, FILMS
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An optical hydrogen sensor which colors under an Hj-atmosphere is
prepared. The sensor consists of a molybdenum oxide (MoO,) layer (500-
1300 nm) on a glass substrate covered with a very thin palladium layer of
about 10 nm. Both layers are deposited by radio-frequency magnetron
sputtering. The sputtering of the MoO, films is carried out in a mixed Ar-O,
atmosphere using a molybdenum metal plate as the target. The relationship
between the hydrogen gas sensing properties and oxygen content in the
MoO, film is examined. The oxygen content in the films, estimated by X-ray
photoelectron spectroscopy (XPS), increases with the oxygen concentration
in the sputtering gas. For amorphous MoO films the initial coloration rate
slightly increased with the oxygen concentration in the films. The initial
coloration rate for the crystalline MoO; film, obtained by sputtering in an
oxygen atmosphere, was 7 times higher than the one for the amorphous
MoO;, films.
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INTRODUCTION

Several optical sensors for the detection of inflammable and/or poisonous
gas, e.g., hydrogen [1-6], carbon monoxide {7,8] have been reported. The
main advantage of this type is that there is no danger for ignition and no
influence of clectromagnetic noise on sensing properties.

To detect hydrogen even at room temperature, the present authors have
developed optical semitransparent inorganic sensors having a high sensitivity.
These sensors consist of sputtered transition metal oxide films such as WO,
(1-4], MoO; [5] covered with a very thin palladium layer. Recently a novel
Pd thin film sensor [6] was discovered. For the above materials, the
hydrogen detection is based on changes in the color of the films which occur
in the visible and near-infrared regions. Although the mechanism for the Pd
sensor is not yet completely understood, the coloration mechanism for the
metal oxide sensors was proposed in the following way. Upon exposing
these sensors to hydrogen molecules, the palladium layer acts as a catalyst for
the dissociation even at room temperature {9]. The atomic hydrogens reach
the palladium-metal oxides interface. The change in color of the film results
from a chemical reaction of the hydrogen with the metal oxide resulting in the
formation of hydrogen bronze. This coloring reaction can easily be observed
with the naked eye.

In the present work, we investigated the relationship between the initial
coloration rate and the oxygen content in the oxide layer.

EXPERIMENTAL PROCEDURE

Double-layered thin films consisting of molybdenum-oxide and palladium
layers (Pd/MoO,) were prepared by using a radio-frequency sputtering
apparatus (Tokki, SPK-301).

At first MoO, films were deposited on a glass substrate (Corning #7059) by
using a 110 mm diameter metallic Mo (99.99%, Furuuchi) target. The rf
power used was 100 W (2 W/cm?2) operating at 13.56 MHz. The substrates
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were not intentionally heated. However, the substrate temperature was found
to increase up to 90-110°C during MoO, deposition. The sputtering
atmosphere used was an Ar-O, gas mixture containing 0 to 100% O,. The
purity of the Ar and the O, gas was higher than 99.999% and 99.9%,
respectively. The sputtering chamber was initially evacuated to 8 X 104 Pa
and then the Ar-O, mixtre was introduced. The total operating pressure,
which was controlled by the main valve to maintain a constant value, was
0.67 Pa during deposition. The Mo target was presputtered for about 15 min,
before the main sputtering. The deposition rate of the MoO, films, which
depended on the O, concentration in the Ar-O, sputtering atmosphere, was in
the 9-33 nm/min range. Their thickness of the MoO, films was 520 nm to
1300 nm, measured by using a surface texture measuring instrument
(Surfcom 200C, Tokyo Precision).

Secondly, the Pd thin films were sputtered on the MoO, films using the same
rf sputtering apparatus and a Pd (99.99%, Furuuchi) target. The sputtering
atmosphere used was Ar and the total operating pressure was 0.13 Pa with an
f power of 100 W. The substrate temperature was below the 40°C. The Pd
thickness was about 10 nm calculated from its deposition rate, about 2.5
nm/s, which was obtained for films with thickness from 150 nm to 450 nm.

The crystal structure of the films was determined by x-ray diffraction
measurements with Cu-K ~radiation (RAD-2C with work station 2050,
Rigaku).

The oxygen content in the MoO, films under various sputtering atmosphere
were semiquantitatively evaluated from x-ray photoelectron spectroscopy
(XPS-1008X, JEOL). Monochromatic Mg-K  x-rays (energy=1253.6 eV)
were used for the surface analysis of the MoO, films. The pressure in the
spectrometer is typically in the 10 Pa range. The XPS spectra of all the
MoO, films were measured in one batch. The binding energy scale was
calibrated by assigning 284.6 eV to the C 1s signal as suggested by Wagner
(10].

The optical transmittance spectra of the films were measured with a double-
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monochromator spectrometer (UV-365, Shimadzu) at room temperature 1n the
wavelength range 250-2500 nm.

The basic apparatus to measure the coloration is shown schematically in
Fig. 1. The light from a halogen lamp passed first through a chopper then
through the Pd/MoO, film in the cell, and then through a monochromator
with a wavelength of 780 nm. This measurement wavelength corresponded
to that of a common semiconductor laser. After passing through the
monochromator, the light was detected with a photomultiplier tube. A more
detailed description of the system has been published elsewhere [6]. The
detected gas was Ar containing 0.1% H, gas. All experiments were
performed at atmospheric pressure and room temperature. Before
introduction of the detected gas the cell containing the sample was filled with

dry air.

Regulated
DC power
supply
Gas fout
Monochromator
Photomuitiplier _
I OO punin Lock-in
amplifier
Light source Chopper =
in Gas||out
' X Valve [Olass Computer
Ory ar g - interface
H+A Do [0 | L_module
+Ar g Sen
i ] I PR
Electricity Gas|fin e
sunean |ght Enlarged schematic computer
e Gases diagram of the cell.

Figure 1 Experimental setup for measuring the coloration of P&/MoO, thin
films, and an enlarged schematic diagram of the cell.
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RESULTS and DISCUSSION

Figure 2 shows the x-ray diffraction
patterns of the MoO, films prepared in
mixed Ar-O, gas atmospheres. The x-ray
diffraction patterns were different from
each other, indicating the dependence of
the crystal structure and crystallinity on
the O, concentration in sputtering gas
atmosphere. The film deposited in Ar had
one peak at 26=40.4° which corresponds
to the (110) plane of cubic Mo (Joint
Committee on Powder Diffraction
Standards: JCPDS #4-809). Others
prepared in a sputtering atmosphere with
20-40% O, content were confirmed to be
almost completely in amorphous state.
The sample sputtered in 50% O, showed
some small amount of crystallinity.
However, the diffraction pattern of the
films deposited under a sputtering
atmosphere of 10% and 100% O, showed
that these films contained a mixture of
amorphous and a crystalline phase. The
film prepared under Ar-10%0O, sputtering
atmosphere had three peaks 28=36.7°,
37.3°, and 53.4° corresponding to the
(200), (211), and (312) planes of
monoclinic MoO, (JCPDS #32-671).
The film deposited under an O, sputtering
atmosphere had four peaks at 28=23.4°,
27.4°, 45.8°, and 49.3° which can be
respectively assigned to the (110), (021),
(200), and (022) planes of orthorhombic
MoO; (JCPDS #5-508).
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Figure 2 X-ray diffraction

patterns of the MoO, films
deposited in Ar-O, gas
atmospkere for varicus
oxygen concentrations.
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On the other hand, all the MoO, films covered with a very thin Pd layer did
not show any peaks of Pd (JCPDS #5-681) with the same X-ray measurement
conditions. Since the thickness of the Pd film was only about 10 nm, the
diffraction intensity of Pd in the Pd/MoO, films could not be detected.

Figure 3 shows typical XPS spectra of Mo 3d and O 1s level in the MoO
films. The emission intensity of the XPS spectrum for both O 15 and Mo 3d
levels decreased with increase in oxygen conceantration in the sputtering
atmosphere. The emission intensity rate of [O 1s] to [Mo 3d,,,], which was
calculated by integrating the line profiles of the XPS spectra, was different.
The values of [O 15)/[Mo 3d,,] ratio were 1.08 for the crystalline MoO, film
and 1.36 for the crystalline MoO4 film while the ratio for amorphous MoO
films ranged from 1.20 to 1.30. Amorphous MoO, thin films have
intermediate values between those for MoO, and MoO;.

!

20000
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Sputtering Atmosphere:
«~—Ar20%0, 3%z
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‘\Ar-so%oz\w

—~
1 0000 B \1 000602'»

Counts (a.u.)

[T | i

0 ] % 1
540 530520250 23 220
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Figure 3 Typical XPS spectra of MoO, thin films for O 1s level and Mo 3d
level.
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Figure 4 shows the spectral transmittance of the MoO, films of before (a) and
after (b) covering with a Pd layer of about 10 nm in the wavelength region
250-1000 nm. The thickness of the MoO, films prepared in a sputtering
atmosphere with 20-100% O, content ranged from 520-760 nm. As seen in
the Fig. 4(a), the MoO, films formed between 20% and 50% O,
concentration in sputtering gas atmosphere were transparem:. and have an
average transmittance higher than 80% in the visible and near-infrared
regions. The films sputtered below 10% O, concentration, grew the crystals
of Mo and MoO,, and were not transparent in this wavelength region. On the
other hand, the films prepared in O, sputtering atmosphere were siighuy
white colored, resulting from scattering caused by the unevenness of the film
surface. The optical transmittance of the Pd/MoO, films (see Fig. 4(b))
decreased in the visible and near-infrared regions, comparable with that of the
MoO films without Pd layer.

Figure 5 shows the changes of the normalized optical transmittance T of the
Pd/MoO, films deposited under Ar-O, sputtering atmosphere containing
higher than 20% O,, as a function of exposure time to Ar containing 0.1%
H, gas. The Ar gas containing 0.1% H, was introduced into the cell, at time
t=0, represented the symbol “ON” in the figure. The transmittance was
normalized by using the following equation:

TNO =T/ Ty

where T, and Ty are the optical transmittance in dry air and hydrogen
containing gas, respectively. As seen in the figure, the normalized
transmittance of the Pd/MoO, films formed in an oxygen sputtering
atmosphere for the MoO, film decreased rapidly with increasing time after
introducing to Ar-0.1%H, mixture gas and almost saturated after
approximately 300 s. The film was colored dark-blue, and the transmittance
of this film changed from 38% to 6%. On the other hand, the transmittance
of the films prepared in an Ar-O, mixture sputtering atmosphere (20-50%
0,) decreased very slowly with increasing exposure time and did not saturate
even after 600 s. However, the optical transmittance of all Pd/MoO, films
decreased to almost 0% after exposed to H, gas for 2 days. The coloration
rate increased significantly with an increase in the O, concentration in the
sputtering gas.
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Figure 4 (a) Transmittance spectra of MoOy films sputtered in a mixture of

Arand O, gas. The thickness of the samples ranged from 520 to
620 nm. Labels indicate the O, concentration in the sputtering
gas. Samples sputtered in Ar-O, gas with 0% and 10% O, were
not transparent. (b) Optical transmittance spectra of MoO, films
covered with a Pd layer of about 10 nm.
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Figure § Changes in optical transmittance at 780 nm for Pd/MoO, thin
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sputtered using Ar-O, mixtures with different O, concentrations
as shown in the figure,
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Figure 6 shows the initial coloration rate for amorphous MoO, thin films as a
function of [O 1s)/[Mo 3 d;,,] obtained from XPS measurement. The initial
coloration rate was defined as

Initial colorationrate = (T, / T5) /10

where T, is the optical transmittance of the films in dry air, and T the
optical transmittance after 10 s in 0.1% H, containing Ar gas. It is found that
the oxygen content in the amorphous MoO, films influences the initial
coloration rate. This result might be explained as following. It was already
shown by x-ray analysis that hydrogen molybdenum bronze (HyMoOx) was
formed after exposure to hydrogen [11]). The coloration phenomenon was
explained by the reduction of Mo%* to Mo>*, caused by the formation of
HyMoOx. It was shown by electron spin resonance (ESR) of Pd/MoO, film
before and after exposing the sample to H, gas, that the ESR signal
characteristic of Mo>* at room temperature increases after exposure to H, gas
[S). The dominant oxidation state of Mo before and after exposure to H, gas
was Mo®+ and Mo5+* ion, respectively. Therefore, the coloration of the film
is considered to be originated from the formation of Mo>* ion. Color centers
of Mo>* are the product of reduced Mo sites in the MoO, films. The high
coloration rate is probably caused by an increase number of reaction sites,
Mo%. This is based on the assumption that the crystal structure and surface
morphology of the amorphous MoO, films were almost the same.

On the other hand, the initial coloration rate for the crystalline MoO5 films is
equal to about 0.023 s*). This was more than 7 times faster than that one for
amorphous MoO, films. This is probably caused by the crystallinity
including the orientation and/or surface conditions.
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Figure 6 The initial coloration rate for amorphous MoO, thin films as a
function of {O 15)/{Mo 3ds,,]. The increase in initial coloration
rate is believed to be due to an increase in the number of Mo%*
reaction sites. The initial coloration rate of the MoO; film
sputtering in pure O, is 0.023 s'L. This high rate is attributed to
the crystallinity of the film.

CONCLUSION

The oxygen content in the MoO,, films, estimated by XPS, increases with the
oxygen concentration in the Ar-O, sputtering mixture gas. The initial
coloration rate of the amorphous MoO, films, measured at room temperature,
increased with an increase in oxygen content. This is explained by an
increase in the number of Mo sites. The Mo®* ions are reduced to Mo>*
by the hydrogen, thereby coloring the film. The initial coloration rate for
crystalline MoO3 films, which is about 7 times higher than for amorphous
MoQ,, is believed to be caused by its crystallinity.
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Gas Sensing by AC Impedance under DC
Bias of CuO/ZnO pn Heterocontact.
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Abstract

Complex impedance has been studied for pn heterocontact with a coupie of CuO/
ZnO semiconductors by applying DC bias voltage in the atmosphere of
air-balanced flammable gases of CO or H, (4000ppm) between 250°C and 400°C.
The frequency dependence of reactance showed a minimum peak, and the size and
frequency of which were changed with the kinds of gas. Additional resistance and
capacitance, which were specific to the ambient gases adsorbed, were introduced
to the interface of semiconductors and were measured by means of impedance. As
a result, air-balanced CO gas could be distinguished from H, gas by use of the
minimum peak of reactance at 400°C. The feasibility of identification of gas was
presented by means of tuning the sensor to the minimum reactance with DC bias
and AC frequency. A new method of gas identification was presented by using
complex impedance characteristics of heterocontact.

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or r?ublicalion of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright glearance Center, is prohibited.
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1. Introduction

Recently, ceramic gas sensors have been used increasingly to monitor gases under
such severe conditions as high temperature, chemically corrosive environment, and
poisonous atmosphere. The importance of ensuring a safe living environment in
today's world strongly necessitates improving methods of selecting for carbon
monoxide (CO).

The sensing characteristics of heterocontact types of gas sensors have been
studied for a variety of gases such as water vapor, flammable gases
(H,.CO.C,H,), chiorine, nitrogen oxides and others.!-> [t was reported that the
selectivity for CO gas from H, gas was improved by using a heterocontact
comprised of ZnO and CuO (prepared from basic copper carbonate). 23 The best
selectivity for CO was obtained when the DC bias voltage of +0.5V was applied
on the heterocontact for the direction of easy flow of current. In addition, this

useful method of tuning by semiconductivity cannot be applied to the usual
ceramic-semiconducting types of gas sensors, because their sensitivity is changed
little by applied voltage only.

The advantage of using gas sensors with pn heterocontact is that the different
charactenstics of gas adsorption on various semiconducting ceramic surfaces (p-
and n-type) makes it possible to distinguish between gases effectively. The
present study examined changes caused by CO and H, gas in the AC impedance of
a CuQ/ ZnO heterocontact under a DC bias, and this paper proposes a new method
of gas identification.

II. Experimental Procedure

(1) Principle and Analytical Method

Figure 1. shows a band structure supposed for the ideal pn heterojunction
composed of CuO (p-type) and ZnO (n-type).>+67 Near the interface of
heterocontact of p-type and n-type semiconductors, the transient region called
"depletion layer" with little charge carrier is formed. It is expected both the
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capacitance and the charge transport behavior would be changed by the adsorption
of gases at the depletion layer. Such changes of electrical properties will be useful
to distinguish gases.

P :(I;.Lg)atm% doped n:Zn0

Conduction
band

A
Eg
a8 |

Depletion layer

Fig.1. 1deal band structure of CuO/ZnO heterojunction.

The basic equivalent circuit of the pn heterocontact is supposed to be formed by the
serial connection of the bulk resistance (R,) and the impedance of the interface (Z,),
which i1s composed by the parallel connection of a resistance (R)) and a capacitance
(C) at the interface, as shown in Figure 2. The total impedance Z is defined by a
resistance R (real part) and a reactance X (imaginary part) as follows,

Z=R+jX (1)
=[R+ RX)/R*+XHT+iRX,/R*+X})] (2).

By erasing parameter X, ,
[(R-(R+®R/2) + X' =R /2) 3.
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Eq.(3) draws a semicircle (X<0) as shown in Fig.3. Accordingly, the mummum
pont of X is obtained as eq.(4) and where, the relation of eq.(5) is given.
R= R +(R72) @
oRC =1 (5)
The equivalent circuit of pn heterocontact can be obtained by analyzing Cole-Cole
plot. As described later, when the relation of R<< R is obtained in actual
measurement, the resistance R and the reactance X is written by use of the
components (C, and R) and the angular velocity o as below.
R =R /(1+@'C’R?) (6)
X=-oCR’/(1+0'C’R") )

<— Bulk —»! <— Interface —»

; X
E Ri A
Rs
G
Z >
Fig.2 Equivalent circuit Fig.3 Theoretical impedance
of heterocontact. diagram (Cole-Cole plot ) for the

electrical equivalent circuit of the
heterocontact (Fig.2).

(2) Samples and Equipments

The starting powder materials of ZnO (n-type semiconductor, 99.99% purity) and
CuO (p-type semiconductor, 99.9% purity) were pressed into disks 10mm in
diameter and sintered for 3 hours at 1000°C for ZnO and 800°C for CuO,
respectively.  The relative density of the ZnO was 98% of theoretical value and
that of CuO 90%. Figure 4(A) shows the structure of CuO/ZnO pn heterocontact
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Fig.4. (A) Structure of a pn heterocontact comprising
semiconducting ceramic disks of CuO and ZnO.
(B) Block diagram of measurement system of DC current-
voltage characteristics and complex impedance under
controlled gas atmosphere.
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and the sample holder. The CuO and ZnO ceramic disks were clamped into the
stainless steel sample holder using a pair of platinum plates.

Figure 4(B) shows a block diagram of measurement system for DC voltage
characteristics and complex impedance under controlled gas atmosphere and
temperature. As the testing gases, air, air-balanced CO (hereinafter, CO mixture)
and air-balanced H, gases (hereinafter, H, mixture) of 4000ppm were flowed at
the rate of 200 ml/min. The DC voltage characteristics and complex impedance, Z,
at the frequencies ranging from 10Hz to 10MHz under a DC bias voltage (-10V ~
+10V) were measured by applying AC signal (sine wave of 1V) in the controlled
gas atmosphere between 250°C to 400°C.

III. Results and Discussions

(1) Influence of gases on some electrical properties
Figure S shows current-voltage characteristics of a CuO/ZnO pn heterocontact
under a testing gas atmosphere at 400°C. In this system (using a high-purity CuO
ceramic disk) H, gas exhibited larger current changes than did 2 CO gas mixture ai

150 T T T T T T P T P T T T TP T
s

100

1 [mA]

50 |

p
TN FUTEE FTTTY POTRE PPETY FUT TN NUWTE FUares

0
-40 -30 -20 -10 O 110 20 30 40

vV v

Fig.5.Rectifying characteristics of CuO/ZnO pn heterocontact
in the testing gas atmospheres (Air, CO (4000ppm) and
H, (4000ppm)), at 400°C.
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250°C to 400°C. Good selectivity for CO gas thus is considered difficult to obtain
by means of only the DC voltage charactenistics for this system.
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Fig.6. Dependence of reactance (X) on frequency and DC
bias applied on the pn heterocontact in each testing gas
(Air, CO(4000ppm) and H, (4000ppm)) at 400°C.
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Figure 6 shows the dependence of reactance X ( an imaginary component of

impedance) on both frequency and DC bias voltage applied to the heterocontact in
each testing gas at 400°C. The curve shows a peak at each characterisuc frequency
that depends on the ambient gases and the bias voltage. The peak in the air shifted
from 7.9kHz (without a DC bias) to lower frequencies under small minus DC bias
of -1 and -3V. In a CO gas mixture with air, however, the peak of reactance did
not show a clear shift to lower frequency caused by CO gas and the small minus

DC bias, and the maximum reactance was given when the DC bias was zero. In an
H, gas mixture, the reactance peak for zero bias voltage shifted 1o high frequency
over 300kHz, and the height was about 2% of that measured in air, resulting in
the smallest value among the three testing gases. The reactance peak increased and
shifted to lower frequencies when minus bias were applied.

Accordingly, since the mode of changing the reactance displays its own character-
istics, featured by DC bias and measuring frequency, it is considered the CO gas
can be distinguished from H, gas. The frequency and bias dependence of reactance
showed little noticeable dependence on the testing atmosphere at 250°C and 300°C.

(2) Identitication of CO gas from H, gas
Figure 7 shows the DC bias dependence of the reactance measured at 10kHz for
each gas atmosphere at 400°C. In Fig. 7(A). the reactance is normalized by the
reactance measured under the DC bias at OV in the air, as the form of X/X(in Air,
at OV). The feature for each gas can be observed remarkably on the difference in
DC bias dependence in the minus bias region. The appearance of a reducing gas
can be detected by a decrease in the magnitude of reactance ratio under zero bias.
In Fig.7(B), the reactance(measured at 10kHz) is normalized by the reactance
measured under the DC bias at OV for each gas atmosphere, as the form of X/X(
at 0V). A decrease in reactance ratio that biases to a minus voltage (e.g., between
-1 and -3V) indicates a CO gas mixture. On the other hand, an increase in the
magnitude of reactance ratio in the minus bias voltage indicates the existence of H,
gas. Accordingly, the two gases are easily distinguishable because they exhibit
opposite signs for reactance change when the DC bias moves from 0 V into the

minus range.
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Fig.7. DC bias dependence of reactance (10kHz, 400 °C) for each
testing gas (Air, CO (4000ppm) and H, (4000ppm)) at 400 °C.
(A), normalized by the reactance under the bias of 0{V] in air.
(B), normalized by the reactance under the bias of 0{V] in each
testing gas.

Figure 8 shows the AC frequency dependence of the reactance (measured under
the DC bias at -1V) normalized by the reactance measured at SkHz under the same
bias for each gas atmosphere, as the form of X/X( at SkHz). The features of each
gas are remarkably evident in the high-frequency region, over 5SkHz. A decrease in
reactance ratio when the frequency changes from 10 to 100kHz under the same
bias voltage (-1V) indicates a CO mixture, and a remarkable increase in reactance
within the same frequency range shows an H, mixture. These two gases thus also
can be distinguished easily because the changing directions of their reactance

between 10 and 100kHz are quite opposite.

As described above, the sensitivity of the sensor can be tuned to the maximum for
the intended gas by means of applying minus DC bias at a constant frequency or of
scanning AC frequency under a minus DC bias. Namely, this shows the feasibility
of the tuning of the electrical properties of CuO/ZnO heterocontact suitable for gas
identification.
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Fig.8. AC frequency dependence of reactance ratio, X/X(5kHz),
which is normalized by the reactance at SkHz
under the DC bias of -1[V] in each testing gas at 400°C.

(3) Analysis of equivalent circuit components

Figure 9(A) shows the plot of bias dependence of resistance R, which 1s large in
the bias range of minus for each gas atmosphere. The changes of R, by COand H,
gases and their bias dependencies were almost same with those of reactance at 10
kHz shown in Fig. 7(A). Figure 9(B) shows the bias dependence of capacitance C,
of equivalent circuit at 400°C. At 400°C, the increase of capacitance was observed
among flammable gas mixture. Especially, H, gas contributed to make the capaci-
tance increased largely. It is considered that the electrical charge produced by the
{chemical) adsorption of reducing gases increased the capacitance of the interface.
In air, the increase of capacitance was observed with an increase of DC bias from
-1V to +1V. On the other hand, in reducing gas atmosphere, the capacitance C,
increased under the minus DC bias.

This is considered to mean that the capacitance of pn heterocontact is controlled by
the adsorption of gases (O,, CO and H,) on the interface and that the adsorbed
gases also give a conduction path among the contacted interfaces. The bias
dependence of those resistance and capacitance was varied with the kinds of
absorbed gas. In CO gas mixture, since the capacitance was almost constant for
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the DC bias range between -10V and +3V, the amount of charge produced by
adsorption seemed to be almost constant and to have small independence on DC

bias.
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Fig.9. DC bias dependence of (A) the resistance R; and
(B) the capacitance C; composing equivalent circuit
of pn heterocontact in each testing gas at 400 °C.
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Figure 10 shows a equivalent circuit for the interface of pn contact proposed on
which the additional resistance R, and capacitance C,,, are formed by adsorption
or reaction of gases. The R, means an additional path for electrical conduction
produced by gases. The R ,, and C,,, are considered to be connected in parallel to
the oniginal resistance (R, ) and capacitance (C,, ) present in air atmosphere. Here,
R, and C,, are treated to be constant. If the introduction of gases gives the
specific capacitance C,,; and resistance R, , the dependence of reactance on
frequency should be changed. Accordingly, the gas identification using DC bias
dependence and AC frequency dependence can be expected to be feasible.

As described above, by investigating of dependence of reactance on bias and fre-
quency in COor H, gas, the gas identification, especially for CO gas, was found
to be feasible by use of only a single sensor element of pn heterocontact. The
function of identification was given by selecting the optimum AC frequency and
DC bias for the intended gas. This can be said to be the tuning for the desired
sensing characteristics by selecting optimum measuring conditions.

Rads : Additional resistance
: ~'\/VV\I'T : (electrical conduction
R;, : path)

EAdditional capacitance

~— Bulk—> ; <Interface—

Fig.10 Equivalent circuit of heterocontact with additional
circuit elements in a reducing gas atmosphere.
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The use of tuning function of the pn heterocontact would give a new promising
field for the sensing and identification of gas species which have been difficult by a
single measurement of DC resistance or capacitance.

IV. Conclusions

A new principle and method of identification of gas was investigated by use of the
impedance of heterocontact with CuO/ZnO in the atmosphere of air balanced H, or
CO (4000ppm, respectively) at 250-400°C.

(1) In the measurements of AC impedance under DC bias, the frequency
dependence of reactance showed a minimum peak. The absolute value of reactance
was decreased and the frequency giving the peak of reactance were changed by CO
and H, gases. The DC bias also gave changes on the value and the peak frequency
of reactance in a different manner in CO and H, gases.

(2) The gas identification of CO and H, gases were shown to be feasible by (i)
measuring reactance changes and their DC bias dependence at a fixed frequency or
by (i1) measuring reactance changes and their frequency dependence at a fixed DC
bias.

(3) According to the analysis of equivalent circuit of heterocontact by means of
Cole-Cole plot, the changes in impedance were found to correspond to that the
additional resistance and capacitance, which is specific to the ambient gases, were
introduced to the interface impedance.
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RELATIONSHIP BETWEEN CRYSTAL ORIENTATION AND
GAS SENSING PROPERTY OF SPUTTERED $nO, FILMS

Masasuke Takata
Department of Electrical Engineering, Nagaoka University of Technology
Kamitomioka, Nagaoka, Niigata 940-21, JAPAN

The usage of N,/O, gas mixture in the preparation of tin oxide thin films by
sputtering was examined in order to clarify the relationship between the
resulting crystal structure and the H, gas sensing properties. The formation
of single phase SnO, and the degree of preferential orientation of the (110)
plane were improved by increasing the oxygen concentration in the sputtering
gas. A higher gas sensitivity was observed for films having higher degrees
of the orientation of the (110) planes, and the maximum sensitivity was
increased by about 1.5 times of that for the film prepared in Ar/O,
atmosphere.

INTRODUCTION

Sintered bodies and/or thin films of tin oxide have been used for gas sensors
as well as the films of well-known transparent conducting medium, because
of their outstanding semiconducting nature. The sensing properties are
originated from the considerable change in the electrical conductivity caused
by the reaction between the material and gases to be detected.

Several models for the sensing mechanisms have already been proposed by
some investigators [1-5]. Though some differences can be found in each
model, all of them assume the existence of pre-adsorbed atmospheric gases
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on the surface of the material. Further, the reactivity of the constituent
clements in the material (mostly oxygen) with the specific gas species should
be an important factor in the gas sensing mechanisms.

In the preceding papers [6], the sensitivity of SnO, thin film for H, gas was
examined in terms of the effect of preferential orientations of the specific
crystallographic planes. As a result, it was confirmed that the higher
sensitivity was observed for the films having higher degree of the preferential
orientation for (110) planes which correspond to the plane having the
maximum surface atomic density in SnO, [6]. Since the surface atomic
density determines both the number of adsorption sites and the reactive sites,
the above result seems to be reasonable. It should be noted that the degree of
the preferential orientation can be changed by the preparation method of thin
films. In the preceding work, SnO, thin films were prepared by r.f.
magnetron sputtering technique using Ar/O, gas mixture.

For the present work, the effect of usage of N,/O, gas mixture on the
sputtering of SnO, is investigated with respect to its crystal orientation and
the gas sensing properties.

EXPERIMENTAL PROCEDURES
Sample Preparation

Tin oxide films were deposited on glass substrates (7mmx17mm, Corning
#7059) by sputtering from a SnO, powder target, using a radio-frequency
magnetron sputtering apparatus (SPK-301, Tokki). The high vacuum
chamber was evacuated preliminary with an oil diffusion pump up to an
ultimate pressure of nearly 3x10¢ Torr. Then, nitrogen gas (>99.9%) and
oxygen gas (>99.9%) were introduced into the chamber by controlling the
mixing ratio and the total gas pressure. Target to substrate spacing is 40 mm.
The applied r.f. power was fixed at 200W (3.96W/cm?2). The target was
water-cooled and the substrates were not heated intentionally. However, the
substrate temperature was found to increase up to 180-200°C during the
deposition. The thickness of the films was measured with a surface texture
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measuring instrument (Surfcom-200B, Tokyo Precision) and was in the
range of 0.5-3.0 gm.

Structural Analysis and Sensitivity Measurements

The crystal structures of the films were examined by a x-ray diffractometer
measurements using Cu-K  radiation (40kV, 100mA ; Rint 1500 with
Hitachi Work Station 2050, Rigaku). The diffraction intensity data were
acquired at sampling steps of 0.020° at the scan speed of 4°/min in the range
from 20°t0 60° of 2 . The degree of preferential orientation for (hkl) plane,
F(hkl), was calculated from the following formula,
I(hkl) a1

I(110)+1(101)+1(211)

where I(hkl) is the integrated diffraction intensity evaluated from the x-ray
diffraction pattern. In the present work, the diffractions from (110), (101)
and (211) plane were chosen for the evaluations of preferential orientation,
because they correspond to the largest three peaks in the x-ray diffraction
profile for SnO, powder (JCPDS 21-1250) ; the calculated values of
Fp(l 10), Fp(101) and Fp(2l 1) for SnO, powder are 0.409, 0.320 and 0.272,
respectively. Then, when the value of F(hkl) for the film exceed these
values, we regard that the film has crystallographically 'orientated’ structure
with respect to the (hkl) plane.

F(hkl) =

The gas sensing properties were estimated by measuring the differences in the
electrical conductivity between dry air and air containing S0ppm H, at 300°C.
The sensitivity, S, was defined as

~Ra

S= R—g- )

where R, and Rg are the electrical resistivities in the dry air and in the air
containing S0ppm H, gas, respectively. Before performing the sensitivity
measurements, the films were annealed at 500°C for 18h in an electric furnace
in order to eliminate the effect of thermal hysteresis within the films
accompanied by the preparations. The conventional four probe method was
applied for the resistivity measurement. Gold electrodes were formed on the
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surface of the films by vacuum evaporation and electrical contacts were made
by using Pt wire attached to the electrodes with silver paste. The samples
were placed in a silica glass tube which was heated to 300°C with an infrared
image furnace (RHL-410, Sinku-Riko). The R, and R g Were measured
during flowing the dry air and air containing SOppm H, gas, respectively,
into the tube by 20 ml/min. The whole measureme.it was conducted auto-
matically by using a digital electrometer (TR8652, Advantest), programmable
DC voltage/current generator (TR6142, Advantest), digital multimeter
(TR6846 and TR6851, Advantest), and a personal computer (PC9801,
NEC).

RESULTS AND DISCUSSION
Crystal Structure of SnO, Thin Film

In general, the crystal structure of thin films prepared by sputtering is
sensitive to the sputtering conditions, such as gas species, gas pressure, and
applied power, etc. Figure 1 shows x-ray diffraction profiles for the films
prepared by sputtering in N,/O, gas mixture. The oxygen concentration in the
sputtering gas affe: ted both the resulted crystalline species and the degrees of
preferential orientation of specific crystallographic plane. For the films
prepared under oxygen-free atmosphere, only three peaks were observed in
the profile and were assigned to the diffractions from (101) plane of metallic
tin and from (101) and (112) planes of tin mono-oxide, respectively. In spite
of the usage of SnO, powder as the target, the rec.ctive nature of
nitrogen seems to enhance the formation of the above species during the
deposition. The present observation should be compared with the preceding
result [6] in which the film prepared in atmosphere consisted of SnO,. It is
also noted that the only one peak for metallic tin and two peaks for SnO are
observed in the profile. This suggests the appearance of the preferential
orientation in the respective crystal structure.

The incorporation of a small amount of oxygen in the sputtering gas caused a
drastic change in the resulted crystal species in the film. By mixing only
10ppm of oxygen into nitrogen gas, the new peaks appeared at around 2 6
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=26°,34°,52°, and 58° in the diffraction profile of the film prepared. These
peaks could be assigned to the diffractions from (110), (101), (211), and
(002) planes of SnO,, respectively. By increasing the oxygen concentration
up to 100ppm, the diffractions from metallic tin and SnO were completely
annihilated and those from SnO, phase became dominant in the profiles. At
the same time, the preferential orientations for (101) plane began to grow
apparently. When the oxygen concentration exceeded 100ppm, the
preferentially orientated planes were converted from (101) to (110) plane and
the degree of preferential orientation of (110) plane was increased with
increasing the oxygen concentration up to 10%. Further increase in the
oxygen concentration up to 100% affected neither the crystatline species nor
the degrees of orientation in the film , i.e. no changes were observed in the
profiles.
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Fig. 1. The X-ray diffraction profiles of the films prepared by sputtering in
N,/O, atmosphere of 8x 103 Torr, in which the oxygen content was
changed from O to 10%. The X-ray diffraction profile for SnO,
powder is also presented.
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Figure 2 shows the relationship between the degree of preferential orientation
of (110) planes in the film and the oxygen concentration in the gas mixture.
The data for the film prepared in Ar/O, atmosphere [6] were also replotted in
this figure. The orientations could be observed obviously in the films
prepared with the gas containing more than 1% of oxygen. It should be
noted that the degree of orientation was higher for the films prepared in
N,/O, atmosphere than those prepared in Ar/O, atmosphere, even for the
same oxygen concentration range from 10 to 30%.

In addition, the linewidth of each peak in the x-ray diffraction profile was
significantly different between the SnO, fiim prepared in N)/O, atmosphere
and that in Ar/O,; the width of diffraction peaks in the former films was much
broader than those in the latter films. There seems to be two major reasons
for the broadening : 1. the crystalline size in the former film is smaller than
that in the latter film. 2. the crystal lattice is highly distorted in the former
film. At present, detailed analyzes of microstructure with a SEM apparatus
are ongoing in order to clarify the origin of the broadening of diffraction

peaks.
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Fig. 2. The degree of preferential orientations (Q) of (110) plane, F (110),
as a function of O, concentration in N,/O, sputtering gas (sputtering
gas pressure : 8x103 Torr, radio-frequency power : 200 W). The
data (l) for the films prepared in Ar/O, gas mixture are also shown.
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Gas Sensing Properties

As described above, the films prepared in O, free atmosphere consisted of
metallic tin and SnO. For these films the F(110) is zero by definition.
Further, these films showed no changes in the electrical resistivity when they
were subjected to air containing 50ppm H, gas (i.e., no sensitivity).

Except for the films prepared in O, free atmosphere, the films containing
SnO, phase showed changes in the electrical resistivities when subjected to
air containing S0ppm H,. Figure 3 shows the sensitivity of the films
prepared in N,/O, gas mixture as a function of the degree of preferential
orientation of the (110) plane. The data for the films prepared in Ar/O,
atmosphere [6] were also replotted in this figure. It can be seen that the
sensitivity is higher for a film having higher degree of the preferential
orientation F(110), irrespective of the gas mixture.
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Fig. 3. The relationship () between the sensitivities and the degree of
orientations of (110) plane, F (110), of films prepared in N,/O,
(sputtering gas pressure : 8x10-3 Torr, radio-frequency power :
200 W). The data (M) for the films in Ar/O, atmosphere are also
plotted.

L - - e mrwme e e e i

363



364

CONCLUSION

The effect of the usage of N,/O, gas mixture upon the crystal structure and
the gas sensitivity of tin oxide films prepared by sputtering method were
examined. The important results are summarized as follows:

(1) Films prepared in oxygen-free atmosphere consisted of mixture of
metallic tin and SnO, while the incorporation of oxygen in the sputtering gas
resulted in the enhanced formation of SnO, single phase and the degree of
preferential orientation of the (110) plane.

(2) The highly orientated films were obtained at relatively low oxygen
concentration in the sputtering gas in comparison with the films prepared in
mixed Ar/O, atmosphere.

(3) The higher gas sensitivity was observed in the films having higher degree
of the orientation of (110) plane, and the maximum sensitivity was increased
by about 1.5 times compared with the film prepared under Ar/O, atmosphere.
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ABSTRACT

This paper reports the sensitivity to CO and Hz of hetero-
contacts between p-type La2CuO4 and n-type ZnO semiconduc-
tors, with different electrode materials applied on ZnO pellets.
Hetero-contacts were prepared by mechanically pressing sintered
pellets of the two oxides. Three different electrode materials were
used for ZnO pellets (Zn-containing Ag, In- and Ga-containing
Ag, and Al pastes), and different resistivities were observed using
different electrodes. For ZnO pellets and for hetero-contacts the
gas-sensitivity was dependent on the electrode materials applied
on the pellets. The greater the resistivity of the ZnO pellets, the
larger the gas sensitivity of the hetero-contacts. Slight differences
in the potential barrier height are induced by the different
resistivities of the three ohmic contacts. The larger the band-
bending at ZnO/LaCuQ4 interface, the larger the influence of
adsorbates, resulting in increased sensitivity.
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INTRODUCTION

The development of new methods to monitor gaseous
pollutants in air is a vital step in the measurement of environmen-
tal deterioration. Measurements of gas concentrations in air have
mostly been carried out using analytical instruments, which are
very precise, but also very costly, and not suitable for on-line
monitoring [1]. Solid-state gas sensors, which are cheap, compact,
resistant enough to be placed on-site, and fast enough for
continuous monitoring, are therefore needed for the detection of
hazardous gases at low concentrations. A number of chemical
sensors for gases have been developed using different kinds of
sensing mechanisms [2]. However, important problems, such as
insufficient gas selectivity, lack of systems able to detect very low
gas concentrations, and changes in the sensing properties caused
by surface contamination, are still to be solved. One approach
which may bring us closer to solving these problems is the
investigation of novel principles of gas detection leading to
advanced sensing systems [3]. The interfaces between p- and n-
type semiconductors have recently been shown to possess a gas-
sensing mechanism different from that of the single oxide
semiconductors [4]. In a previous paper, the sensitivity to
reducing gases (CO and Hj) of the hetero-contacts between p-
type La2CuQO4 and n-type ZnO was investigated [5]. It was found
that they showed high sensitivity to gases, especially to Hj. In this
paper, results obtained on ZnO/LaCuQ4 hetero-contacts with
different electrode materials applied on ZnO are discussed. Their
reducing gas sensing properties were measured. The detection
mechanism is discussed, comparing the results obtained with the
different electrode materials.

EXPERIMENTAL PROCEDURE

Pellets for the ZnO/L.a;CuQO4 hetero-contacts were prepared
following the procedure reported elsewhere [5]. For electrical
measurements, three different kinds of electrode materials, which
produce ohmic contacts, were applied to the ZnO pellets: Ag
paste containing Zn, Ag paste containing In and Ga, and Al paste
(all Demetron). The pastes were printed on the sides of the pellets
and then fired at different temperatures, following the supplier's
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recommendations, i.e. 500°C, 580°C, and 640°C for the three
pastes, respectively. Ag paste electrodes were used on the
LayCuQy pellets to give ohmic contacts. Electrical measurements
were carried out on each pellet and on the hetero-contact of the
two oxides, obtained by mechanically pressing two pellets of the
different oxides together, using a sample holder developed by us
for this purpose.

The electrical measurements were performed using a digital
electrometer (Advantest, mod. TR8652) and a programmable d.c.
source (Yokogawa mod. 7651), controlled by a computer. The
current-voltage (I-V) characteristics were measured at different
temperatures (room temperature, 200°C, 300°C, and 400°C), and
at different concentrations of CO and H; (up to 2000 ppm) in dry
air. In order to evaluate their response time, a constant d.c.
voltage was applied to the specimens and changes in current upon
variation of the concentration of the gases were recorded.

RESULTS AND DISCUSSION

The I-V curves for the pellets of LaCuO4 and of ZnO with
the three different electrodes (Ag+Zn paste, Ag+In/Ga paste, and
Al paste) were linear and the pellets showed ohmic behaviour.
This linear behaviour was observed at all the temperatures tested.
The resistivity of LapCuQ4 decreased from 25°C to 200°C, and
above 200°C increased with increasing temperature. The
resistivity of ZnO increased up to about 300°C, and then
decreased above 300°C. The temperature-dependence of the
resistivity had the same trend for all the electrodes used, but
different quantitative values were recorded with different
electrodes. At 400°C, the resistivities were 10 Q cm for
LasCu0y4, and 400, 600, and 1200 Q cm for ZnO with electrodes
made of Ag+Zn, Ag+In/Ga, and Al, respectively.

For bulk ZnO, doping with trivalent elements, such as Al, Ga,
and In, produces new donor levels [6]. The trivalent ions occupy
normal Zn*2 sites, with conversion of a Zn*2 jon to a Zn+ ion to
maintain electrical neutrality, resulting in increased electron
concentration [7]. One would thus have expected that Al/ZnO/Al
pellets would have had the lowest resistivity, which was not the
case. For ohmic contacts on n-type semiconductors with surface
states, it is necessary that the metal, or an ingredient of the
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electrode system, has a high oxygen affinity to disrupt the surface
layer [8]. The oxygen affinity order is: Al >> Ga > Zn. Ag has
very little oxygen affinity. Once again the order of resistivity is the
opposite of what is expected. One possible explanation for the
different resistivities, given the firing temperatures of the
electrodes, may be a slight oxidation of the electrodes following
the oxygen affinity order, which results in increasing resistivity.
Overlong firing may have caused slight oxidation of the
electrodes, after disruption of the surface layer. However, the
composition of the pastes used for printing electrodes is not
precisely known, and may have affected the formation of the
ohmic contacts.

The gas sensitivity of the single pellets was investigated. The
linear I-V curves for all the pellets continued in the presence of the
gases tested. The gas sensitivity of the LapCuQ4 single pellets is
reported elsewhere [S5]. The results for the ZnO pellets with Al,
Ag+7Zn, and Ag+In/Ga electrodes were in line with the generally
accepted gas sensing mechanism for ZnO (n-type semiconductor),
which is based on the decrease in resistivity caused by a decrease
in adsorbed O2 concentration due io the oxidation of reducing
gases [9]. The electrode materials influenced the electrical
response of the pellets to the gases tested. At T < 400°C, ZnO did
not show sensitivity to gases. At 400°C, ZnO pellets were almost
insensitive to CO, except for the ZnO pellets with Ag+In/Ga
electrodes, which showed a sensitivity (I/Ig, in this case) of about
1.25. The best Hy sensitivity, about 2, was shown by ZnO with
Ag+In/Ga electrodes, while ZnO with Al electrodes showed the
worst sensitivity (1.15), and intermediate sensitivity (1.4) was
obtained for ZnO with Ag+Zn electrodes. The very low porosity
of the ZnO pellets is responsible of these very low sensitivities.
The response time to Hz was rather long (several minutes), while
the response time to CO was faster, but with unstable results. The
higher the sensitivity of the pellet, the longer the response time, as
shown in fig. 1, where a comparison of the response time to 2000
ppm of CO or H for the three ZnO pellets is reported.

The different gas sensitivities observed for ZnO with different
electrode materials may have different explanations. It seems
likely that the different sensitivities of these pellets is related to
trapping. ZnO with Al electrodes may have an increased trap
density, favouring mutual compensation of donors and acceptors
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Fig. 1 Typical current response of ZnO with different electrodes,
at 0.01 V and 400°C, in the presence of 2000 ppm of CO or H>.

in the bulk, which produces a high concentration of defects and
low carrier concentration [10). These defects or traps within the
space-charge layer or at the surface can bind electrons and
decrease the efficiency of electron injection or extraction at the
surface [11]. The influence of the thickness of the depletion layer,
or a different catalytic effect on the oxidation reactions of the
metal in the electrodes may also explain these results. It would
seem that the gas sensitivity of ZnO pellets depends on the
interface between the electrode and ZnO.

The I-V curves measured in air of the La2Cu0O4/ZnO hetero-
contacts showed typical p-n diode behaviour in the temperature
range from 25°C to 400°C. The measurements carried out on the
hetero-contacts showed that also in this case their gas-sensitivity
was dependent on the electrode materials applied on ZnO pellets.
The I-V curves in the presence of reducing gases continued to
| show p-n diode behaviour. The sensitivity (I/1g) increased with the
temperature: CO was detected only at 400°C, H; at T > 300°C.
Fig. 2 shows the I-V curves, measured at 400°C in environments
with different concentrations of gases, for the hetero-contacts
between LapCuO4 and ZnO with Ag+Zn electrodes, and fig. 3
the sensitivity to gases (I/Ip) calculated from the curves in fig. 2.
The same is shown in figs. 4 and 5 for contacts with Ag+In/Ga
electrodes, and in figs. 6 and 7 for contacts with Al electrodes.
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fig. 4.

It was observed that the contacts' gas sensitivity was voltage
dependent, and that this also depended on the materials used in
the electrodes. The presence of the gases mainly affected the
forward current, which increased with increasing gas
concentration, and only slightly affected the reverse current. The
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' highest sensitivity was observed for the contact with an Al
electrode, which for 2000 ppm of Hy was above 10 at 1 V of
forward bias. For CO, a different trend for sensitivity with bias
was observed, with greater sensitivity at reverse bias. The CO-
sensitivity was about 3.5 at 2000 ppm and 1 V (forward). The
lowest sensitivity (4.2 for 2000 ppm of H2 at 0.3 V forward) was
observed for the contact with the Ag+Zn electrode, together with
a different trend of bias-dependence, which showed a maximum
at 0.3 V of forward bias. Contacts with the Ag+In/Ga electrode
behaved differently: the maximum sensitivity was observed in
reverse bias. This may be related to the steeper increase of reverse
current level upon contact with hydrogen (fig. 3). Moreover, poor
resolution of the electrical response was observed for different
concentrations of Hy. Fig. 8 shows the d.c. response time upon
applied voltage after exposure to 2000 ppm of CO or H> at
400°C for all the hetero-contacts. The response to H2 was very
fast (less than 1 min), while the response to CO was much slower.
Fast response to Hz and the most stable results were again
obtained by using ZnO with Al electrodes in the contacts. The
contact with the Ag+In/Ga electrode showed a faster response to
CO and unstable results.
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Fig. 6 Dark I-V curves of ZnO(Al
electr.)/La2CuQ4 at 400°C at
various gas concentrations. (Solid
and open symbols are 1000, 1500
and 2000 ppm CO and Hp; solid
line in air).
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Fig. 7 The bias-dependence
of the gas sensitivity (I/Ip) of
Zn0O(Al)/LapCuQO4 from the
data in fig. 6. The symbols
are the same as in fig. 6.
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Fig. 8 The typical current response of ZnO/La2CuO4 hetero-
contacts with different electrode materials at 0.01 V (0.1 V for Al
electrodes) and 400°C, in the presence of 2000 ppm of CO or H.

The behaviour of the contacts therefore followed a different
trend with respect to the electrode materials from that observed
for the single ZnO pellets, which showed the lowest Hy sensitivity
with the Al electrodes. One can observe that the greater the
msistivity of the ZnO pellets, the greater the gas sensitivity of the
hetero-contacts. In a similar way it was observed that the
humidity-sensitivity of Au/ZnO Schottky barrier was dependent
on the materials for ohmic contact used for ZnO pellets, and the
best results were obtained with Al ohmic contact (highest
resistivity) and the worst with Ag+Zn contact (lowest resistivity)
[12]. This can be explained in terms of slight differences in the
potential barrier heights induced by the different resistivities of the
three ohmic contacts, which act in the same way for the Schottky
barrier and the p-n junction. The larger the band-bending at
ZnO/metal or ZnO/p-type semiconductor interfaces, the greater
the influence of adsorbates, resulting in increased sensitivity.

CONCLUSIONS

The sensitivity to reducing gases of ZnO pellets and of
LazCu04/Zn0O hetero-contacts was affected by the electrode
materials. This suggested a possible contribution to the sensing
mechanism of the ZnO/electrode interface. The electrode materials
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applied on ZnO pellets in the hetero-contacts influenced their gas
sensitivity through a different mechanism. The sensitivity of the
hetero-contacts was probably influenced by the resistivity of the
ZnO pellets, which changes with the different electrodes. The
higher the resistivity of the ZnO pellet, the higher the gas
sensitivity. Slight differences in the potential barrier height may be
induced by the different resistivities of the three ohmic contacts.
The larger the band-bending at the ZnO/L.a2CuQg4 interface, the
larger the influence of adsorbates, resulting in increased sensitivity.
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ABSTRACT

The humidity sensitivity of hetero-contacts between p-type
LazCuO4 and n-type ZnO semiconductors, and of the single
oxides, as a comparison, was studied. Hetero-contacts were pre-
pared by mechanically pressing sintered pellets of the two oxides.
The electrical analysis of the hetero-contacts was carried out using
d.c. and a.c. measurements at various relative humidity (rh)
values, in order to evaluate the sensing mechanism and the electri-
cal properties of these p-n junctions. The current-voltage (I-V)
curves were typical of p-n diodes at all th values. The current
versus rh sensitivity of the hetero-contacts was bias-dependent,
and at 2.5 V it was as high as 4 orders of magnitude. The
capacitance-voltage (C-V) curves showed the presence of a large
number of interface states, responsible for the diode behavior. The
rh-sensitivity was explained in terms of the variation of the barrier
height at the junctions due to the saturation of the original
interface states by physisorbed water, which leads to the release of
trapped electrons, resulting in an increase in the forward current.

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, %oducﬁon, or reJ:ublicaﬁon of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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INTRODUCTION

A recent approach to improve the sensitivity of gas sensors
is the use of metal/semiconductor interfaces [1]. Very high
sensitivity to gases has been found in the non-linear forward-bias
part of current-voltage (I-V) curves of Schottky barriers [2].
Operating in the non-linear region of I-V curves of ZnQ varistors
has recently been found to give very high hydrogen sensitivity
[3]. Specific gas sensing characteristics have been reported for
hetero-contacts between p-type and n-type semiconductors,
showing rectifying I-V curves typical of p-n junctions [4].

The concept of the use of the non-linear region of I-V curves
has also been applied to humidity detection. For humidity sensing,
the use of diode-type sensors using perovskite-type oxides in
contact with a metal needle has been reported [5]. Humidity
sensitivity in the forward bias region of the rectifying I-V curves
of Pd/ZnO diodes has been detected [6]. Recently, some of the
authors of this paper reported that dense ZnO pellets with a
Schottky barrier are sensitive to humidity, showing a mechanism
which cannot be explained in terms of ionic or electronic conduc-
tion, but which may be related to the variation of the barrier
height due to the presence of surface states [7]. The discovery of
Kawakami and Yanagida that a hetero-contact between p-type
NiO and n-type ZnO showed I-V curves which were sensitive to
moisture [8] introduced a new class of ceramic humidity sensors.
Thus, the humidity-sensitivity of p-n hetero-contacts between bulk
sintered bodies [9,10], or of open p-n hetero-junction thin films
[11], has been studied. It has been observed that increasing rh
results in a substantial increase in the current flowing across the
junction under forward bias. The result is a device which is highly
rectifying at high levels of rh, with polarity coincident with an
ordinary p-n junction, which operates at room temperature.

The conduction mechanism attributed to these sensors is
different from those usually reported for other ceramic humidity
sensors [12]. It is based on the electrolysis of adsorbed water
taking place at p-n contact sites [13]. The amount of hydrolysis
increases at higher humidities, because the higher the humidity,
the higher the amount of water adsorption. In the proximity of p-
n junctions, electron holes are injected from the p-type semicon-
ductor into the adsorbed water molecules, giving rise to protons
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in the adsorbed water phase. The positive charge is liberated at
the surface of the n-type semiconductor, thereby resulting in
electrolysis of the adsorbed water. The process of electrolysis
provides a self-cleaning/self-recovery mechanism. In this respect,
p-n heterojunctions can be regarded as intelligent materials [14].
In a previous paper, the sensitivity to reducing gases (CO
and Hy) of LapCuO4/ZnO hetero-contacts was investigated [15].
This paper sets out the results of a study of the humidity-
sensitivity of these hetero-contacts. We decided to use dense
pellets of the two oxides to study the effect of the p-n interfaces
on the moisture-sensitivity of this previously unstudied hetero-
contact. In fact, the humidity-sensitive ionic-type conduction
mechanism is enhanced by high porosity and high intrinsic resis-
tance [16], and thus the use of dense, pore-free semiconductors
would make the influence of ionic conduction as low as possible.

EXPERIMENTAL PROCEDURE

The description of the procedure used for the preparation of
the pellets for the ZnO/LajCuQO4 hetero-contacts is reported else-
where [15]. The electrical response of the specimens was analyzed
by taking d.c. measurements at different relative humidity (rh)
values, obtained by varying the flow rates of dry and wet N2 in a
test cell where the temperature was also controlled. Monitoring of
rth was carried out using a commercial sensor (Phys-chem, mod.
PCRC-11). The volume of the test chamber was 150 cm3 and the
total flow was 200 scm3/min. With this experimental arrangement,
fairly reproducible trends were measured. Dark current-voltage (I-
V) characteristics were measured at room temperature using a
digital multimeter (Hewlett Packard, mod. 3458A) and a
programmable d.c. source (Keithley, mod. 230), controlled by a
computer. The rh-dependence of d.c. was measured by recording
the current upon application of a constant bias, varying rh contin-
uously from nearly dry conditions to about 95% rh, at a constant
rate of 1% rh per minute. Stability and response time tests were
performed by recording for at least 8 h the current upon a
constant d.c. voltage application, during rh cycling, using a
Keithley quasistatic CV-meter 595. Using the same equipment,
high frequency (100 kHz) dark capacitance-voltage (C-V)
characteristics were carried out at various rh values. In order to
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evaluate the frequency dependence of the resistive and capacitive
parameters, electrochemical impedance spectroscopy (EIS)
measurements were carried out at 40°C, using a frequency
response analyzer (Solartron, mod. FRA 1255), following the
procedure described elsewhere [17].

RESULTS AND DISCUSSION

The I-V curves of the ZnO pellets were linear at all the rh
values tested, and the pellets showed ohmic behavior, as expected
for an n-type semiconductor. The electrical response of the pellets
was not affected by moisture. The lack of rh-sensitivity of ZnO
pellets can be explained in terms of their very low porosity, and
thus specific surface area, and of their low intrinsic resistance,
which hinder the ionic-type humidity-sensitive conduction
mechanism. Results obtained on porous ZnQO pellets showed in
fact considerable rh-sensitivity. The electronic-type mechanism
can occur only at high temperatures. The pellets of LapCuO4 also
showed ohmic behaviour, but they were slightly sensitive to rh, in
spite of their very low resistivity (about 10 Q cm at room T). The
sensitivity at 95% rh, evaluated as Iwev/Idry, was about 2. This
negligible rh-sensitivity of the LaCuQ4 pellets is due to their
porosity (about 25%), which permits water physisorption in the
pores. EIS measurements confirmed the results of d.c. analysis,
showing for the single pellets a merely resistive behaviour at all rh
values, independent of rh for ZnO, and slightly rh-sensitive for
LapCuO4 pellets.

For mechanically pressed hetero-contacts, qualitatively repro-
ducible results were obtained using the same specimens in differ-
ent sets of measurements, but the samples did not give repro-
ducible quantitative results. In these terms the results may be con-
sidered significant. Fig. 1 shows the I-V curve of La2CuQ4/Zn0O
hetero-contacts measured in dry conditions. The curve shows
typical p-n diode behaviour, with a rectifying current in the
forward direction (La2CuO4*/Zn0O"). The substantial increase in
current in the forward bias region takes place above 3 V. A large
hysteresis can be observed. The rectifying character is enhanced
with relative humidity, as shown in fig. 2, where the I-V curves
recorded at various rh values are reported. The higher the rh, the
smaller the hysteresis. Very high sensitivity, expressed as Iwey/ldry.
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room temperature and 0% rh. contacts at room temperature
and at various rh values.

where Igry is the current recorded in a nearly dry environment,
was measured for the hetero-contacts, up to about 4 orders of
magnitude at 2.5 V d.c. and 95% rh. The rh-sensitivity was bias-
dependent, and very large increases in current were recorded only
with forward-bias (fig. 3), whilst with reverse-bias samples were
insensitive to rh. It can be observed that the sensitivity increased
in the bias range where in dry conditions the forward current did
not increase steeply, and that this sensitivity decreased above
about 3 V. The bias-dependence of the rh-sensitivity is thus proba-
bly due to the occurrence of non-linear conduction phenomena.

The rh-dependence of the current of the hetero-contacts at
room temperature and 2.5 V d.c. is reported in fig. 4. One can
observe that the sensitivity of the current over the entire rh range
tested is of about 4 orders of magnitude, and that the sensitivity is
larger at rth lower than 30% and at the highest rh values.

Fig. 5 shows the current response of the hetero-contacts to
cyclic rh variations at 2.5 V (only a part of the test is reported).
For these tests, stable results were obtained applying bias in the
range from 1 to 3 V. The response time of the hetero-contacts
was nearly the same as that of the reference rh sensor. This fast
response indicates that the rh-sensitivity relies on water
physisorption. Fig. 6 shows the high frequency (100 kHz) voltage-
dependence of 1/C2, measured in a nearly dry environment and at
95% rh, in the reverse bias region. The diffusion potential at the
p-n junction interface is usually indicated by the intersection of the
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extrapolated line of 1/C2, evaluated in the reverse bias region,
with the bias axis [18]. However, in this case the diffusion poten-
tial value that would be obtained was unrealistically large in both
the presence and the absence of humidity. Therefore, it was
assumed that the interface barrier at the LagCuQ04/ZnO hetero-
contacts is not a physical diffusion barrier, but a chemical-like bar-
rier, due to the presence of a high density of interface states de-
rived from chemical adsorbates [19]. These adsorbates are likely
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to be derived from oxygen and/or water adsorption. These results
are largely consistent with those obtained for CuO/ZnO thin films
[20], for which it was determined that the presence of interface
states is fundamental for their sensing properties. The trend of
1/C2 is more or less the same in dry and wet conditions, but in the
presence of moisture an increase in capacitance is noticeable at all
bias values. Fig. 7 shows the high frequency (100 kHz) dark
capacitance-voltage (C-V) characteristics in a nearly dry environ-
ment and at 95% rh. The increase in capacitance in the forward
bias region is much steeper in the presence of moisture than in the
nearly dry environment.

All these results show that the charge transfer at the p-n
junction sites of the hetero-contacts under forward bias is likely to
be due to the pinning of the Fermi level from interface states. The
high rh-sensitivity can be explained in terms of the saturation of
the original interface states by physisorbed water, which, with
increasing rh, leads to the release of trapped electrons, resulting in
an increase in the forward current. The relaxation of trapped
states may explain the large hysteresis observed in the I-V curves
in dry conditions. The reduction of the hysteresis with increasing
rh is thus explained by the filling of the original interface states.

The a.c. measurements confirmed these results. The complex
impedance spectra of the hetero-contacts measured at 40°C under
zero d.c. bias showed the presence of a depressed semicircle at all
rh values, as shown in fig. 8, characteristic of a resistor and a
capacitor in parallel. The higher the rh, the larger the depression
of the semicircle. In comparison with d.c. measurements, little
variation with rh was observed, in agreement with measurements'
being carried out under zero d.c. bias. It was observed that the
EIS spectra were affected by the a.c. signal amplitude. The higher
the signal amplitude, the lower the resistance of the specimen.
This is probably due the greater influence of the a.c. bias at low
frequencies. The results reported were obtained with a signal
amplitude of 1 V. Given that the contributions of the semiconduc-
tors and of the semiconductor-electrode interfaces are merely
resistive, as shown by the EIS measurements carried out on the
single pellets, the semicircle can be attributed to the p-n junction
interfaces. The strong frequency-dependence of the capacitance
clearly showed the presence of interface states [21]. At high rh,
the larger depression of the EIS spectra may be explained by non-
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Fig. 7 High frequency (100 kHz) Fig. 8 Complex impedance
dark C-V characteristics of hetero- plot for the LapCuQ04/Zn0O

contacts at room temperature, at  hetero-contacts at 40°C, at
0% and 95% rh. various rh.

homogeneous saturation of the original interface states by physi-
sorbed water, thereby resulting in slightly different relaxation
times, The interface capacitance was calculated at the frequency
where the maximum of the semicircle was found, i.e. 600 mHz at
4% rh, 400 mHz at 50% rh, and 80 mHz at 90% rh. It was
affected by moisture: at 4%, 50% and 90% rh, evaluated at 0.13,
0.15, and 1.5 nF, respectively.

CONCLUSIONS

LazCu04/Zn0 hetero-contacts are highly sensitive to rh.
Their rh-sensitivity is due to phenomena occurring at the p-n ox-
ide interface. The sensitivity is bias-dependent, with a maximum at
about 2.5 V in forward bias. The diode behaviour of the hetero-
contacts is to be explained in terms of pinning of the Fermi level
from the interface states. The large rh-sensitivity may be explained
in terms of the saturation of the original interface states by physi-
sorbed water. With increasing rh, the forward current increases
because of the release of trapped electrons caused by physisorbed
water molecules. The role of electrolysis in the sensing mechanism
needs further study.

The current versus rh sensitivity of the hetero-contacts can
be as large as 4 orders of magnitude over the entire rh range, at
2.5 V. They show fast response, but problems in stability and
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reproducibility are to be observed. In order to overcome these
problems, the use of open hetero-junctions in thin-film form will
be tested, together with the choice of a proper bias for iic
measurements.
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ABSTRACT

Bending behavior responsive to environmental humidity was investigated
on a PZT actuator consisting of porous and dense PZT plates
(Pb0.995Nb0.01(Zr0.53Ti0.47)0.9903). A dense PZT plate with a high electrical
resistivity was bonded by hot-pressing with a porous PZT plate, which

showed a large resistivity change from 1014 to 107Qcm for a change of
relative humidity from 5 to 85%. In such a structure, DC voltage applied to
the bonded plate gives an electric field on both parts at a low humidity, but
only on the dense part at a high humidity. A bending displacement responsive
to a change of humidity was observed in the bonded PZT plates under DC
bias. Bending mode was similar to that of an unimorph. The hot-pressing
temperature affected the microstructure and humidity sensitivity of porous
PZT pate, and as a result the bending behavior of the PZT actuator.

I. INTRODUCTION

Piezoelectric actuators have been used for many kinds of mechanical
systems, such as VTR head actuators, dot-matrix printers and micro pumps.
Should an actuator system be required to performs both the sensing and the
actuating functions, a sensor and a processor elements are needed in the
system. It is known that the reliability of the system would be lowered by the
excessive number of elements in the system. If the piezoelectric actuator itself
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also had sensing function and a feed back function, the system could be
simplified to a single element with higher reliability.

The objective of this study was to fabricate an atmosphere responsive
actuator which would sense the change of humidity or the change of gas
concentration, and respond by changing the value of deformation and
displacement. In the present study, the actuator, which consists of a porous
and a dense PZT plate, was prepared, and bending behaviors were observed
in relation to the various relative humidities. A combination of sensing and
actuating functions in the bonded PZT plates, which sense a change of
environmental humidity and then induce a bending displacement, was
discussed.

II. EXPERIMENTAL
(1) Specimen Preparation

PZT ceramics (Pb0.995Nb0.01(Zr0.53Ti0.47)0.9903) were prepared from
reagent oxides (purity 99.9%) of PbO,Nb205,ZrO2 and TiO2. These
powders were ball-milled and calcined in air at 8500C for 6 hours. The
calcined powder was pressed into disks. Some of them were sintered in air at
1050°C for 2 hours to obtain dense samples. The dense PZT disk and the
press-formed PZT disk were stacked and hot-pressed together in air at 750-
7959C, under 8MPa. Before hot-pressing, glass frits were applied to the
interface between dense PZT disk and press-formed PZT disk. The hot-
pressed bulk, which has a change in density in the direction of the thickness,
was cut, into test pieces, 3mm (width) x 11mm (length) x lmm (thickness) in
size, polished and electroded with silver paste at 500°C. The actuators were
poled by applying a DC field of 7.5kV/cm at 25°C for 3 hour in the air. The
single plates of dense and porous PZT with Smm x Smm x 1mm (thickness)
in size were prepared in a similar manner in order to separately measure the
humidity sensitivity of them.

(2) Measurement

The microstrucrure of the samples was observed with a scanning electron
microscope (JEOL Co., LTD Model JSMT330A), and the pore size
distribution of the porous sample was measured with a pore sizer (Shimadzu
Co., LTD Model 9320). The single plates of dense and porous PZT were set
into a chamber of 40cc. The DC electrical resistivities at 25°C under various
humidities were measured using an electrometer (Advantest Co., LTD Model
R8340A) which had a constant voltage supply within. The humidity at 25°C
was controlled, from 5% to 85%, by mixing dry and wet air, saturated with
water vapor. The total gas flow rate was 100cc/min. The humidity was
checked with a humidity meter (Chino Co., LTD Model HN-K). The bending
displacement induced by electric field of 0 ~ 4 kV/cm under various
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humidities was measured using a photonic noncontact sensor (Ewig
engineering Co., LTD Model 8500).

III. RESULTS
(1) Structure

Though a conventional piezoelectric actuator has nearly theoretical
density, the actuator in the present study consists of porous and dense PZT
plates which are both 0.5mm in thickness. The structure of the actuator is
shown in Fig. 1 (a) and the microstructure at the interface is shown in Fig. 1
(b). Sharp changes in density and grain size were observed at the interface.
The relative density and average grain size of porous and dense PZT plates
sliced from bonded body, are shown in table 1. The distinct difference in
density was observed at each PZT plate. Figure 2 shows the pore size
distribution of porous PZT plate hot-pressed at 750°C. This porous PZT plate

had a narrow pore-size distribution with average pore size of 0.30um.
(2) Humidity Sensitivity

The humidity-resistivity characteristics of porous and dense PZT plates
are shown in Fig. 3. These characteristics were measured under DC 50V in
order to clarify the resistivity changes in the states by applying a fairly high
DC voltage on the actuator in moist environments. The resistivities of porous
PZT plates decreased tremendously with increasing humidity. Especially the
porous PZT plate which was hot-pressed at 7500C, showed a large resistivity
change from 104 to 107 Qcm, for a change of relative humidity from 5 to
85%. The resistivities of porous ceramics are generally influenced by
adsorption and by the capillary condensation of water. The average pore size
of the one hot-pressed at 750°C was 0.30um. This suggests that this porous
PZT plate could easily adsorb and condense water. The conduction
mechanisms were assumed to be proton hopping between adsorbed water
molecules, and ionic conduction of hydronium ions through the condensed
water layer on the ceramics surface. These are quite similar many other
porous ceramics.!)2) In contrast to the porous PZT plate, the dense PZT plate

maintained a high resistivity (over 1013 Qcm) up to R.H.70%. Under
experimental conditions, the response time of resistivity to change in relative
humidity was about 3 minutes. The value of resistivity generally became a
litde smaller with increasing applied DC field.

(3) Displacement Characteristics

Figure 4 shows the value of bending displacement versus applied electric

field for the sample hot-pressed at 795°C at several humidities states. The
displacements induced by electric field were observed, and the value of
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displacement increased as relative humidity increased. Hysterisises in
displacement during the change of the applied voltage, as observed in normal
PZT actuators, were observed in the present study. Figure 5 shows the
dependence of the displacement on relative humidity of the actuators treated at
different temperatures. The sample which was hot-pressed at 7500C,
exhibited a drastic change of displacement between R.H.10% and 20%, but
changes at above R.H.30% were not large. However, the one hot-pressed at

795°C showed a continuous increase for an increase of relative humidity from
10 to 70%. The bending behavior was not stable over R.H.70%.

IV. DISCUSSIONS

Under DC bias, piezoelectric ceramics expanded in the direction of the
applied field and shrunk in the direction perpendicular to that of the applied
field. At a low humidity, both porous and dense parts of the actuator indicated
high resistivity. The applied DC voltage gave an electric field on both parts.
At a high humidity, most of the applied DC voltage was concentrated on the
dense side because water adsorption on the porous side caused the decrease in
resistivity at the porous side. Then bending behavior occurs because the
amount of shrinkage in the longitudinal direction of dense part was more than
that of the porous part. This bending mode was quite similar to that of an
unimorph. The degree of bending displacement by applying 4kV/cm electric
field at R.H.70% was nearly 5 times as much as that at R.H.10%, as shown
in Figs. 5 and 6. The hot-pressing temperature was found to affect the
microstructure and humidity sensitivity of porous PZT pate, and subsequently
the bending behavior of the PZT actuator. The behavior of bending
displacement became unstable over R.H.70%. It was assumed to be resultant
from the dew at the edge of the dense plate, which due to current leakage,
disturbed the constant applied electric field.

A simple model for bending in an actuator consisting of two plates with

a same thickness, was introduced.?

xd=d31dEd/w (1.1)

xp=d31pEp/tp (1.2)
where d31,E and t are the piezoelectric strain constant, the applied electric
field ratio and thickness of PZT plate, respectively (in this case td = tp).
Subscripts d and p indicate dense and porous PZT plate. The degree of
bending displacement (d) is given in Eq. 2.

d=3L2V(xd - xp)Yp/d / (td+tp)(1 + Yp/d)2  (2)

Ypd=Yp/Yd
where L, Vand Y are length of plate, applied voltage and young’s modulus
respectively.

At a high humidity, it was assumed that applied electric field concentrated
only on the dense part of the PZT actuator; that is xp = 0. The value of
bending displacement (d) which occurred under DC 400V was calculated by
substituting the following values into Eq. 2. ; Ed =1, Ep=0, V =400 (v), L

=11x 103 (m), td = tp = 0.5 x 103 (m), d31d =-130 x 10"12 (m/v) and Yp/d
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= 0.6. The values of d31d anc Yp/d were estimated from the reference 4.4) The
calculated value, was about 9um, and approximately agreed with the

measured value (11pum).

Equation 2 shows that the value of bending displacement (d) varied in
proportion to the square length of the actuator (L2), and inversely to the total
thickness (td +tp). If an actuator with size of 35um length, 0.5mm total

thickness were prepared, it would be assumed to show over 100m bending
displacement under 200 DC volts at a high humidity.

A piezoelectric actuator which had both of the humidity sensing function
and the actuating function was developed by combination of porous and
dense PZT plates. Such a device element is expected to simplify the system
and to improve the reliability of the system.

V. CONCLUSIONS

1) The humidity responsive PZT actuator, which consisted of porous and
dense PZT plates, with size of 3mm (width) x 11lmm (length) x Imm

(thickness), showed a value of bending displacement from 2 to 11um with
increasing humidity from 10 to 70%, under 4kV/cm electric field.

2) The hot-pressing temperature affected the microstructure and humidity
sensitivity in porous part of PZT actuator, and subsequently the bending
behavior of PZT actuator.

3) A simple model was applied to the actuator consisting of two plates with

the same thickness. The calculated bending value at a high humidity
approximately agreed with the experimental value.
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Fig. 1 (a). A schematic illustration of actuator.

Fig. 1 (b). Scanning electron micrograph of the interface
between porous and dense PZTplates.

Table 1. Relative density and average grain size of porous and
dense PZT plates.

Specimen Relative density  Average grain size
Porous PZT plate 62 % 0.6 um
(hot-pressed at 750C)

Porous PZT plate 78 % 0.6 um

(hot-pressed at 795C)
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Fig. 2. Humidity sensitivity of porous and dense PZT plates
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Fig. 4. Displacement versus applied electric field for actuator
hot-pressed at 795C.

14 e T v T v~ T v
12} 750°C :
e L
210}k .
5
w 8F -
s [ )
S 6k 795°C A
3 ! ]
G 4f -
a b

2t -

o 4 " B 2 1 "

0 20 40 60 80
RELATIVE HUMIDITY (%)

Fig. 5. Displacement as a function of relative humidity
at4kVv/cm.

392 Ferroic Materials




PIEZORESISTIVE CERAMIC SENSOR BASED ON PTCR BARIUM TITANATE

Joseph S. Capurso*, Aldo B. Alies, and Walter A. Schulze*
New York State College of Ceramics at Alfred Universuy, Alfred, New York 14802

High purity, chemically prepared barium titanate was doped with 0.3 atom% La
and .04 atom% Mn by precipitation. Using standard techniques, tape-cast sheets
of the PTCR composition as well as the base insulating powder were made. A
three-layer sensor was laminated with the upper and lower PTCR layers separated
by an insulating BaTiOy layer. After binder burnout, the device was sintered at
1350°C in flowing N, followed by cooling in flowing Oy at 300°C/hour. The
sensor was loaded using a standard four-point bend test configuration. The change
in resistivity with increasing load was observed to be linear, with positive and
negative piezoresistive coefficients for the PTCR layers under compression and
tension, respectively. These trends are in general agreement with the Heywang-
Jonker model of grain boundary potential barriers.

L INTRODUCTION

Positive temperature coefficient of resistance (PTCR) barium titanate is a well-
studied material which exhibits a large increase in resistivity over a relatively small
temperature range beginning at its Curie temperature (T;). This phenomenon was first
ohserved in the mid-1950's,! and was explained by Heywang in terms of a double
Schottky potential barrier existing at the boundaries between semiconducting BaTiO3
grains. Below T, these barriers are partially compensated by the directional
mismatch of ferroelectric domains terminating at the grain boundary, according to
Jonker.3 The barrier was described as a two-sided electron depletion region of some
finite thickness 2b (cm). The number of electrons trapped at the grain boundary per
unit area, ng (cm2), is equal to the barrier thickness multiplied by the number of
conduction electrons per unit volume, n,, (cm3);

b= 2b"o
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When combined with Poisson's equation describing potential (V) as a function of
charge density (p,, =en,) and permittivity (€= &.€,):

v o= P =
&

an expression for barrier height (¢,) is obtained:

2
en
®, :

8een

Yoo

Relative permittivity (¢;) for paraelectric BaTiO3 (above T,) foliows the Curie-Weiss
law®:

where C and 6 are constants. Samarad showed that an analogous hydrostatic pressure
dependence exists above T,
'
E =
4 pP-pP

The resistivity of BaTiO3 ceramic with z grains per urit length is:

zbkT f?«]
—e

4 =phL1 +
e, J

where py, is the resistivity of the bulk (Q-
cm).

Relatively little attention has
been focused on the piezoresistive effect
in PTCR barium titanate. Early
investigations of the pressure sensitivit},'
of semiconducting BaTiO3 disks®-
indicated  that  piezoresistivity  is
maximized at temperatures near T, in the
paraelectric  state  under  nniaxial
compressive stress, although

Fig. 1 - Two trilaminates.

discrepancies in the direction (sign) of
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resistance change were seen.  More recent work8-10 further reinforces the coneept of
piezoresistivity being due to the sensitivity of & to temperature and pressure near T,
through its effect on the magnitude of grain boundary potential barriers.

In this work, tour-point bending will be used to apply stress to a trilaminate
structure! 1, which consists of two layers of PTCR barium titanate separated by a
relatively thick layer of insulating BaTiO3. Using this configuration, the effect of
pressure on resistivity in both the compression and tension modes can be observed. A
photograph of two trilaminates is shown in figure 1.

1L PROCESSING

Trilaminates are produced by laminating tape-cast sheets of barium titanate
together to form a relatively thick 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 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 dopants.

Dopant Incorporation

The method of dopant addition is critical to the synthesis of PTCR materials,
since very low levels of impurities must be extremely well-dispersed in the BaTiO3 host
material to ensure homogeneity of electrical properties and microstructure. Typical
dopant levels for the PTCR material used in this work are 0.3 atom% lanthanum and
0.04 atom% manganese. Lanthanum (La3t) replaces BaZ* in the perovskite lattice,
forcing the reduction of Ti4* to Ti3+ and the liberation of a conduction electron, thus
causing semiconductivity. The addition of manganese results in the formation of deep
acceptor traps at the grain boundaries, enhancing the PTCR effect.

The dopants are added to an aqueous slurry of BaTiOj3 particles as soluble
nitrates. Excess CO32' ions in the slurry cause the La and Mn ions to be precipitated
as carbonates over a 24-hour ball milling cycle. Gelation of polyvinyl alcohol (PVA)
dissolved in the slurry (when the slurry is poured into an ethanol bath) causes the
formation of a sponge-like mass which locks the precipitated dopant particles into
position relative to the larger BaTiO3 grains, thus preventing segregation and
maintaining dispersion. The sponge-like material is drained of excess liquid, then
calcined for 2 hours at 700°C to eliminate the PVA. This has proven to be an adequate
measure to sufficiently bond the precipitated dopants to the BaTiO3 grains, ensuring
homogeneity throughout the remainder of the process.

Trilaminate Fabrication

The doped powder is redispersed in an ethanol/toluene-based polyvinyl buterol
binder vehicle, and ball milled for 24 hours. This slurry is then de-aired, and cast onto
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a Teflon® surface using a standard double doctor blade process. Cast velocity is 1.5
cm/s, with the tinal blade set at 0.5 mm. Constant air flow is maintained during
drying, which takes place at room temperature. Dried tape thickness is typically 0.1 to
0.2 mm (4 to 8 mils). An identical procedure is used to produce undoped tape.

The tapes are cut to a blank size of 2"x1% ", then stacked to 36 fayers (9 doped,
18 undoped, 9 doped). The stack is laminated at 2500 psi at 80°C for three minutes,
then cut into rectangular bars with typical dimensions of 45x10x4 mm.

Burnout/Sintering

The trilaminate bars are sintered in a tube furnace, using the profile shown in
figure 2. The binder burnout portion of the protile was developed from

thermogravimetric analysis of the tape binder, 1400

and consists of 20°C/hour ramps to 300°C

(point of maximum weight loss) and to 400°C 1200 TR -
(end of weight loss). The profile then O 1000 | 1 } }
proceeds at 3°C/minute to a one-hour hold at §’ /
1350°C. To employ liquid-phase assisted o 800

sintering, a Ti-excess powder must be used 3 1 | ] ;}__*
(in this case, Ba/Ti=.992), together with a 'g 1

sintering _temperature above the 1322°C g 400 i _(;7'&*
liquidus.12 Cooling rates can be varied to ™ el

adjust the amount of grain boundary oxidation

required. o™= -

0 6 12 18 24 30 36
Time (hours)

Oxygen is passed through the tube
furnace at a rate of 1°C/minute to aid in
binder removal, and also to help remove any
residual carbonates left over from the
powder-making  process. At
1250°C, the gas is switched to
nitrogen, which promotes grain
growth by forming oxygen
vacancies in the BaTiO3 lattice,
thus enhancing diffusional
transport. The gas is switched
back to oxygen after 45 minutes of
the peak hold, to enhance the
PTCR effect by oxidizing the grain
boundaries  (forming electron
traps).

Fig. 2 - Sintering profile.

Trilaminate densities are in
the range of 94% to 96% of
theoretical (6.017 g/cc), with

Fig. 3 - Trilaminate microstructure (bar = 100um).
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shrink factors (dimensional ratio: green/fired) ot 1.20+.01. A typical trilaminate
microstructure is shown in figure 3. Note that the semiconducting material has a
significantly larger grain size (40 to 60 um) than the insulating material (10 to 30 um),
and that the semiconductor/insulator interfaces are very well defined. Implantation of
platinum shavings between tape layers confirms that the interface does not move
significantly upon sintering.

IlIl.  TESTING

The four-point bend configuration is used to stress the trilaminate. This
configuration provides a region of constant stress between the two inner contact points
(see fig. 4). 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 stress.

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 | g) 8)
decrease, resulting in an  overall = I
constriction of unit cells and thus a
decrease in relative permittivity (). _ SRAENANRREREIRIRE
Conversely, the lower semiconductor | ™ % 7
layer is strictly in tension, experiences a ' ‘

AR R

N

i

] I

Surfoce : !
1

volumetric increase, an expansion of unit svess

|

- . ! /—_— ]

cells and therefore an increase in g,. : {
From Heywang's model (described ; E

carlier), one would therefore expect a \
resistivity increase in compression and a — -

Pasition

Fig. 4 - Stress application.

decrease in tension, due to the effect of ¢;
on the barrier magnitude.

1IV.  PRELIMINARY RESULTS AND DISCUSSION

To evaluate the effectiveness of the dopant incorporation process, disks were
produced and their PTCR responses measured. Figure S shows the effect of Mn dopant
level: it can be seen that a very slight change in this level has a dramatic effect on the
slope of the PTCR curve. Also, an optimum level of 0.04 atom% Mn is apparent, in
terms of maximizing the resistivity jump and minimizing room temperature resistivity.
Higher levels of Mn cause an excess of acceptor states at the grain boundary and thus
reduce the effectiveness of domain compensation. The effect of annealing conditions is
also shown (fig. 6). As the cooling ramp rate is decreased, the oxidation of grain
boundaries is enhanced; providing more acceptor states and resulting in a sharper PTCR
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effect. Note that PTCR behavior can be completely suppressed by cooling in reducing
conditions. It can therefore be seen that the shape of the PTCR curve can be dictated by
use of two processing levers: Mn dopant concentration and annealing conditions.
The piezoresistive response of
the trilaminate is shown in figure 7, for To = 128.0deg. C
. To = 118.3deg. C
several temperatures. Note that in all 10000 | C = 134:320 deg.
cases, the resistance ratio (resistance at
pressure  divided by  unstressed
resistance) is greater than one in
compression and less than one in
tension, substantiating the arguments
stated previously. Also note that the

responses are linear, and are more 4000 |
pronounced in tension.
It can be seen that the 2000

piezoresistive effect is reduced in
magnitude as the temperature is raised 0 ~ ‘
further above T (123°C). This is yet 0 50 100 150 200 250
another confirmation that Temporature (C)
piezoresistivity is a result of changing Fig. 8 - Dielectric constant vs. temperature for
relative permittivity, since & is most undoped BaTiOs.

sensitive to pressure and temperature

changes as T is approached from above, according to the Curie-Weiss dependencies.
The temperature dependence of ¢; is illustrated in figure 8 for undoped barium titanate.

6000 1K

Dielectric Constant, K

V. SUMMARY

A new type of pressure sensor based on barium titanate - the frifaminate - has
been described. Trilaminate processing has been discussed in terms of dopant
incorporation, tape fabrication, and sintering conditions. The piezoresistive response of
the trilaminate is in sign agreement with Heywang’s model, and is more pronounced at
temperatures approaching the Curie point from above, 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 PTCR response of
semiconducting BaTiO3 can be engineered through variation of the manganese dopant
level and of annealing conditions.

VI.  WORK IN PROGRESS

® Investigation of pressure effects below T, (in the ferroelectric regime).
® Modeling of the apparent linear piezoresistive response of trilaminate structures.
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® Determination of the link between piezoresistivity and PTCR response, i.e. the
effect of mean acceptor level (type of dopant) and density of states (annealing
conditions).

e Measurement of elastic moduli vs. composition and temperature.

®  Examination of microstructural development vs. sintering conditions.

® A revisitation of disk piezoresistivity under uniaxial compression.

¢ Investigation of grain size effects on trilaminate performance.
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EFFECT OF TOP METALLIZATION ON THE DIELECTRIC AND
FERROELECTRIC PROPERTIES OF SOL-GEL DERIVED PZT THIN
FILMS
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Donnelly Corp., 4545 E. Fort Lowell Rd, Tucson, AZ 85712

E.A. Kneer, J.M. Boulton and D.R. Uhlmann,
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Engineering, Tucson, AZ 85712

INTRODUCTION

Lead zirconate titanate (PZT) is a widely explored ferroelectric (FE)
material 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, 09T, /,09)Os 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 [1].

The PZT-substrate interface has been reported to affect significantly
the FE properties and specifically the fatigue behavior {2]. 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,, have
attracted considerable recent attention [e.g., 3]. Such electrodes were
reported to yield excellent fatigue-free PZT films up to 10'° cycles. In an
earlier study, Fraser and Maldonado [4] compared the fatigue behavior of
bulk PLZT ceramics with various metal electrode and found that In offered
the best fatigue performance (up to 10° cycles).

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, m&oduction, or re(fublication of this &ublication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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Different metals are characterized by different values of work function,
which in turn impact the nature of the metal-PZT junction, i.e., whether it is
ohmic, non-ohmic or injecting. Values of the work function of various top
metal electrodes are shown in Table 1.

Table L Work Functions of Various Top Metal Electrodes [5].

Metal | Work Function (eV)

Ag 4.54
Al 425
Au 531
Bi 422
Cr 4.50
Cu 4,64
In 4,12
Mg 3.66
Ni 5.19
Pb 425
Pd 5.36
Pt 5.50
Sn 442
\"/ 430
Zn 4.62

The degree and extent of interdiffusion at the interface are determined
by the post-metallization annealing performed (if any), which has been
reported to enhance the overall FE properties [6]). There is presently a lack
of studies directed to exploring sytematically the effect of different
metallization on thin film FE capacitors. In contrast, there have been
numerous studies forming ohmic contents to bulk FE or titanate ceramics
using e.g., Ni, Ag/Zn, Cu and Co/Ag [7,8]. 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 charging the polarity
of the applied field. The present paper presents the results of using various
top metal electrodes (ranging from noble to non-noble metals) on the
dielectric and FE properties of sol-gel derived PZT thin films.
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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(2000A)/Si0,(1500A) /Si. Spin:oating was performed in a Class 100 clean
room using a Headway Spinner at 2000 rpm for 30s. The precursor solution
was filtered using a syringe filter (0.2 um) to minimize particle contamination.
The green films were fired at 400C to burn off the organics, yielding films
~1700A thick per coating. To obtain thicker films, multiple coatings were
performed. Typically three coatings were used to obtain films about 0.47 um
thick. Finally, the films were fired at 700C to crystallize them to single-phase
perovskite.

Top electrodes of Ag, Al, An, Bi, Cr, Cu, Mg, Ni, Bp, Pd, Sn, V and
Zn with thicknesses of 1500A and diameters of 0.5-2 mm were evaporated
through a shadow mask using a Varian Vacuum Evaporator VEIO. The top
Pt 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. The final device configuration for the capacitor arrays is shown
in Figure 1. During measurement of leakage current, the Pt substrate was
always maintained as reference ground and the top metal electrode positive
or negative with respect to Pt.
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Figure 1. Device Configuration of the Top Metal-PZT-Pt Capacitor

The phase assembly in the films was monitored by X-ray diffraction
(XRD) using a Scintag Diffractometer; the dielectric properties were obtained
using a HP 4192A LF Impedance Analyzer; the FE properties were measured
using a Radiant Technologies RT-66A Ferroelectric Tester; and the I-V
leakage characterisitics were obtained using a Keithley 617 electrometer at
both polarities with 0.2V step and 16s delay time. The fatigue and retention
behaviors of these capacitors will be reported in another paper [9].

RESULTS AND DISCUSSION

XRD results indicated that the PZT 53/47 films fired at 700C for 30
min. were single-phase perovskite and hence ferroelectric in nature. The
values of dielectric constant, e, and dissipation factors, tan 8, obtained from
the impedance analyzer from various capacitor pads with various diameters
ranging from 0.5-2 mm indicated that the dielectric properties were
independent of electrode diameter. Measured €,’s and tan &’s at 1V 1kHz
signal as a function of the top electrode metal are shown in Table II.
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Table 11 Dielectric Constant, e,, and Dissapation Factor, tan § * “easured
at 1V and 1kHz Signal.

Metal e tan &
Ag 870 0.11
Al 300 0.14
An 840 0.11
Bi 1300 0.14
Cu 940 0.11
In 520 0.10
Mg 840 0.10
Ni 950 0.10
Pb 800 0.15
Pt 1780 0.10
Sn 770 0.10
Zn 910 0.10

Note that the data in Table Il were derived from capacitors which were
not subjected to any post-metallization annealing. The values of e, were
dependent on the choice of top metallization, and ranged from 300-1780. On
the other hand, the values of tan § were relatively independent of the top
metal, averaging about 0.12. The noble metals (e.g., Au and Pt) and
transition metals (e.g., Bi, Cu and Zn) tended to result in capacitors with high
e, values (>800), while reactive metals (e.g., Al or In) yielded low e, values
(300-500).

The typical band gap, E,, and electron affinity, xpzr, for a PZT film are
about 3.5eV and 1.75eV respectively [10]. For a p-type PZT film (as for PZT
ceramics), the Fermi level, E, lies closer to the valence band, E,, than to the
conduction band E_ (see Fig. 2).
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Figure 2. Energy Band Diagram of Pt, PZT and Pt-PZT-Metal Capacitor
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The maximum work function of p-type PZT is then 4.25¢V. Since the work
function of Pt (¢p,=5.5¢V) is higher than that of PZT, the Pt-PZT contact
should be ohmic. In fact metals with work functions higher than that of PZT
- such as Au (5.31eV), Ni (5.19¢V), Pd (5.36eV) and Cu (4.64¢V) - are
expected to yield ohmic contacts; while metals with similar or lower work
functions than 4.25eV - namely Al (4.25¢V), In (4.72eV) and Mg (3.66eV) -
should result in rectifying contacts. It is expected that for Pt-PZT-Pt, Pt-PZT-
Au or Pt-PZT-Ni, the capacitors should be ohmic (see Fig. 2). These
assumptions are based solely on the difference of the work functions; and it
is recognized that the nature (e.g. interdiffusion, defects, interfacial surface
states and the presence of oxide paraelectric interfacial layers) can affect
significantly the junction characteristics.

The -V characterisits were time-dependent, i.e., the currents did not
decrease and saturate to stable readings until up to 1024s after application of
voltages. Note that a delay time of 16s was used to measure these currents,
thus the leakage currents measured did not necessarily reflect the true
leachage processes involved. However, in microelectronics applications, long
delay times are not practical. Hnece, the leakage currents measured here are
meant to compare the effect of top electrodes.

The I-/ leakage characteristics at both polarities of all the capacitors
with various .op metallizations indicate, irrespective of top electrodes, that the
contacts were not ohmic. Rather, the current varies logarithmically with the
applied voltage. This current dependence is not a simple case of either
Schottky emission or space - change limited conduction. After an initial
dramatic increase of current at small voltages, the current seems to saturate
at higher voltages (see e.g. Figs. 3a and b).
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Figure 3. The Leakage Current Vs. Negative and Positive Voltage of
PZT Capacitors (area = 1.96x10°3 cm?) having A) Ag, and B)
Pt Top Electrodes.

The only case where the contacts can be rectifying is in the presence
of surface states (arising, e.g., from absorbed oxygen at the PZT surface
and/or termination of the PZT crystalline lattice at the metal contacts).
These surface states with a density of D, and a neutral energy level at E_
result in band bending near the contacts and barrier heights of ¢, at tic
interfaces. The barrier heights at the two interfaces are, most often than no.,
different from each other. Such a situation arises when the top and bottom
electrodes are of different metals (hence different work functions) or undergo
different firing treatments resulting in dissimilar junction characterisitics.
These surface states would also depend on the top electrodes used, and in
particular are affected by the affinity of the metal towards oxygen which could
impact on the adsorbed oxygen at the interface.

The I-V characterisitics also exhibited a strong dependence not only on
the polarity but also on the top metallization used. Figs. 3a and b show the
leakage currents as a function of applied voltage for PZT capacitors with Ag
and Pt top electrodes, respectively, at both polarities. While the difference
in the leakage currents of positively and negatively biased (with respect to the
Pt substrate) PZT capacitors was only about a factor of 10, the leakage
characteristics can differ by 7 orders of magnitudes depending on the top
electrode. The leakage currents at an applied voltage of 3V (or an applied
field of ~65kV/cm) of the various capacitors are shown in Table L
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Table HII.  Leakage Currents at an Applied Voltage of +3V and -3V of

PZT Capacitors with Different Top Electrodes.

Top Metal I(at +3V) A I(at-3V) A
Ag 3.53x10™4 5.5x10°
Al 8.45x10°1! 4.94x10™ 1
Au 8.59x10° 1! 1.56x1071°
Bi 1.32x10°1° 1.19x10°°
Cr 3.84x10°° 2.43x10°1°
Cu 3.91x10°1 1.89x10°1°
In 6.46x10°* 1.31x10°¢
Mg 2.06x10°® 5.81x10°®
Ni 3.13x10°1° 6.28x1071°
Pb 1.18x10°° 8.31x10°1!
Pt 2.50x10°1° 1.60x107°
Sn 5.44x10°1 3.63x10°1°
Zn 1.64x1071° 1.21x10°10

Mott-Schottky plots (viz. % versus V) were not obtained for these

capacitors since such plots necessitate an ohmic contact on one side (the Pt-
PZT interface is clearly non-linear as evident in the I-V characteristicsof Pt-
PZT-Pt capacitors) while the other junction can be rectifying. Another
complication is the fact that the dielectric constant of the PZT film was
dependent on the applied voltage, rendering the Mott-Schottky relation a
highly non-linear one and making impossible the determination of barrier
height from the linear extrapolation of the plots.

Hysteresis loops were obtained from these capacitors using a SV pulse.
The results for saturation polarization, P,, the average remanent polarization,
P,, and coercive field (obtained by averaging the magnitudes of the positive
and negative values) are shown in Table IV.
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Table 1V, Values of Spontaneous Polarization, P,, Average Permanent

Polarization, B, , and Average Coercive Field E, of Various

PZT Capacitors.
= 2
Top Metal PuC/em?) | Fr BC/em) | B kv/em)
Ag 19.17 594 20.84
Al 7.54 423 55.79
Au 2621 1032 25.98
Bi 29.56 1356 3126
Cu 20.17 5.45 44.25
In 12.79 7.35 46.89
Mg 14.01 6.28 3432
Ni 2329 8.02 2637
Pb 2218 9.85 32.53
Pt 38.31 19.68 4732
Sn 2029 9.85 38.32
Zn 29.90 20.01 4732

Au, Bi and Zn top electrodes tend to result in capacitors having large
values of permanent and spontaneous polarization; while Au and Ag top
electrodes yield the lowest coercive fields (<26kV/cm). Pt top electrodes
yield the highest remanent and spontaneous polarizations. Note that
capacitors having In and Al exhibited the highest values of E_ (~50kV/cm).
These high E_ values can arise from oxide formation at the PZT-Al or PZT-In
interfaces due to the high reactivities of these top metals. Higher voltage
would then be needed to switch the FE domains, since a large proportion of
the voltage was applied across these interfacial oxide layers due to the small
dielectric constant of the layers compared to those of the FE PZT film.
Additionally, in Al, In and Mg top electroded capacitors, there exist large
shifts in the hysteresis loop along the coercive field axis resulting in
asymmetrical loops with disparate values of the coercive fields due to the
oxide layers.
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CONCLUSIONS

Pt-PZT-Metal capacitors were prepared utilizing various top
metallizations and PZT films which were previously fired to 700C to convert
them into single-phase perovskite films. The dielectric (e.g. dielectric constant
and leakage characterisitics) and FE (e.g. remanent polarization and coercive
field) properties were highly dependent in the choice of metals used. The
highest dielectric constants were obtained for capacitors having noble or
transition metals; the lowest leakage currents were obtained using Au or Pt
top electrodes; and the highest polarizations (both remanent and spontaneous)
were measured for capacitors having noble metals or Bi. There was not a
consistent dependence of these properties (especially leakage currents) on the
work function of che metal used. The electronegativity or affinity for oxygen
of the electrode plays a more important role in affecting the junction
characterisitics. For several reactive top metals such as In, Zn, Cu and Al,
the formation of interfacial oxide layers at the Pt-metal junctions leads to high
values of coercive field (~50kV/cm) compared to when noble metals or Zn
are used (~20-25kV/cm). The overall best dielectric and FE behaviors are
derived from capacitors having noble metals, especially Pt, as the top and
bottom electrodes.
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ABSTRACT

Electrical and mechanical properties in ceramic composites were investigated
in order to examine fracture prediction techniques and fatigue detection in
ceramics. Composites were fabricated with calcium fluoride as the insulating
matrix and silicon carbide whiskers as the conducting additive. Electrical
conduction paths were formed by adding more than 3 vol% of silicon carbide
whiskers. Additions of silicon carbide whiskers did not improve the fracture
strength, especially of the composites with a conduction path. By applying a
bending load to the composites, the electrical resistance increased up to
fracture. When the load was applied repeatedly below the fracture limit, a
gradual increase of electrical resistance was observed before fracture. These
results suggested the possibility of predicting fracture and detecting fatigue in
ceramic composites. A pull out behavior of silicon carbide whiskers which
disconnect the conduction paths of the composites was confirmed from
scanning electron microscopy observation.
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INTRODUCTION

Ceramics used for structural and engineering purpose have particular
features, such as high thermal resistance, high corrosion resistance, and
hardness. On the other hand, brittleness is one of the main problem which
gives limitation in putting ceramics to practical use.

In order to overcome the brittleness problem, many approaches are
known, such as (1) increase of safety factor by increasing mass, (2) seek
better performances such as durability, strength, and toughness, (3) detection
of a local fracture or microcracks, and so on. One of the problem induced by
increasing mass is a large scale in production, consumption, and waste which
disrupt environment. Although, improving the performances of ceramics are
widely investigated by controlling structure' 3 and by compositc,“'8
difficulties in recycling and in handling, and requirement of complicated high
skill are also considered to be the limitation in promoting the use of ceramics.

In the present study, a system to predict fracture of ceramics is
investigated. A method to build in a self-diagnosis mechanism in ceramics is
proposed as one of the intelligent mechanism,” and prediction of fatal fracture
in fiber reinforced plastic has been rt:ported.10 Prediction of fracture in
structural ceramics is expected to be a promising method to increase the
practical applications.

Composites consisting of an insulating matrix with electric conducting
additives show a large variation in electrical resistivity with different
composition and microstructure.!'!? Electrical resistivity of the composites
decreases drastically by forming conduction paths. In this study, electrical
resistivity under applying load was measured on composites with electrical
conduction paths consisting of insulating calcium fluoride (CaF2) and
conducting silicon carbide (SiC). In such composites, a change of electrical
resistivity is expected by microdeformation or by a change of connectivity of
the conduction paths subjected to an external load before the fatal fracture.

EXPERIMENTAL

CaF2 and SiC were chosen as insulator and conductor ceramics.
Although CaF2 is known as an ionic conductor, a high electrical resistivity is
achieved around room temperature. CaF2 powder with purity over 99.9% and
particle size of under 2 pm (Kojundo Chemical Laboratory Co., Ltd. Japan)
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was used in this study. For conductor ceramics, whisker morphology was
chosen as the whisker has abilities to produce conduction paths at a low
concentration and to enhance toughness. SiC whiskers from 0.1 to 1 um in
diameter and from 50 to 200 um in length (Tokai Carbon Co., Ltd. Japan)
were used as the starting materials.

The starting materials were mixed with ethanol in an ultrasonic bath and
then dried. The mixed powder was pressed into pellets of 15 mm in diameter
at 220 MPa, and sintered by hot-pressing at a pressure of 40 MPa at 900° to
1100°C for 30 min. To prevent the pellets from contacting and bonding with
alumina dies during hot-pressing, hexagonal boron nitride powder was used
to cover the surface of the pellets. Samples were cut and machined to a proper
shape and evaluated. Relative density, scanning electron microscopy (SEM)
observation, XRD, electrical resistivity and fracture strength were evaluated.

The electrical resistivity of the composites at room temperature was
measured by the two-probe direct-current method using an ultrahigh-
resistance meter. As electrodes, platinum (6 mm in diameter) were formed by
sputtering at both sides of the disk pellets. The measurements of fracture
strength were conducted on test pieces of about 15 x 2 x 1 mm with the
surface and the edge of the samples polished by #2000 emery paper. Fracture
strength was measured with three-point bending apparatus with a span of 10
mm and cross head speed of 0.2 mm/min.

The measurement of electrical resistivity under applied load was
conducted on the test piece with platinum sputtered at both ends of the test
piece as electrodes and connected to an electrical resistance meter. Two types
of measurements were carried out. One is a single mode testing which applies
a load until the test piece fractured. Another is a low cyclic testing, applying
load below the fracture limit repeatedly.

RESULTS AND DISCUSSION

Figure 1 shows the SEM observation of the sintered CaF2 and
CaF2/SiC-whisker composite with 10 vol% of the whiskers hot-pressed at
1000°C. Both ceramics have high relative density of 97%. It appears that the
addition of SiC whiskers up to 10 vol% seems to give no effect in hindering
densification by hot-pressing at 1000°C. Aggregation of the SiC whiskers
was not observed in the composites. The grain growth of CaF: is inhibited by
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addition of SiC whiskers in the composites. From XRD, no peak except
CaF; and SiC was observed.

(A) (B) 0 5um

Figure 1. SEM observation of (A) CaF2 and (B) CaF2/10-vol%-SiC-whisker
composite hot-pressed at 1000°C.

Electrical Properties

Electrical resistivity as a function of SiC-whisker content in the
composites hot-pressed at 1000°C is shown in Figure 2. Electrical resistivity
decreases markedly from 10'2 to 10° Qcm for SiC-whisker content from 2 to
3 vol% which shows that the conduction path has been formed in this region.
As the composites were fabricated with the conductive material having
whisker morphology, an electrical conduction path was achieved with
relatively small amounts of whiskers.

Mechanical Properties

The fracture strength as a function of SiC-whisker content of the
composites is shown in Figure 3. The minimum value of the fracture strength
was observed in the composites with 3 vol% of SiC whiskers which is nearly
half of single-phase CaF2 ceramics. The fracture strength decreased with SiC-
whisker content from 1 to 3 vol%, which is similar to the change of electrical
resistivity shown in Figure 2. As a result, additions of SiC whisker up to 10
vol% seem to give no remarkable effects on improving the fracture strength of
the composites.
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Figure 2. Electrical resistivity as a function of SiC-whisker content in CaF2/SiC-
whisker composites hot-pressed at 1000°C.
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Figure 3. Fracture strength as a funclion of SiC-whisker content in CaF2/SiC-
whisker composites hot-pressed at 1000°C.
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The reasons of lower fracture strength are not clear in this system. One
of the reasons might be the high tensile matrix stress due to the thermal
mismatch of two materials. Furthermore, the formation of the conduction path
may have some influence on crack propagation to lower the fracture strength.
The contact between the SiC whiskers in the composites is presumed to be
weak, as the sintering temperature is quite low compared with the dissociation
temperature of SiC. The increase in contact of the SiC whiskers in the
composites appears to influence the fracture strength.

Figure 4 shows the load-deflection curves of CaFz and CaF2/SiC-
whisker composites sintered at 1000°C. The curves are separated into two
groups. The first group includes single-phase CaF2 and the composites
without a conduction path which shows small deflections up to fracture. The
second group is the composites with a conduction path which show larger
deflections compare with the first one. As a gradient of load-deflection curve
represents an elastic modulus of the composites, the composites with a
conduction path have lower elastic moduli than single-phase CaF2 and the
composites without a conduction path. The low elastic modulus of the
composites seems 1o be related to the increase in contact of the SiC whiskers
in the composites, as in the case of decreasing fracture strength.
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Figure 4. Load-deflection curves of CaF2 and CaF2/SiC-whisker composites
sintered at 1000°C.
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Fracture Predicting and Fatigue Detection

The relation between applied load, deflection, and electrical resistance
of the CaF2/10-vol%-SiC-whisker composite hot-pressed at 1000°C is shown
in Figure 5. Electrical resistance of the composites started to increase after
applying about half of the fractured load, and increased by about 7% of the
initial electrical resistance at fracture. It is suggested that breaking of the
conduction paths has occurred by applying the load before fracture. Thus
prediction of fracture would be possible by measuring the increase of the
electrical resistance of the composites.
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Figure 5. Load-deflection curve and change of electrical resistance by applying
bending load to CaF2/10-vol%-SiC-whisker composite hot-pressed at 1000°C
with initial electrical resistivity of 1x10° Qcm.

The increase in electrical resistance by applying loads was observed in
other composites with a conduction path as well. Figure 6 shows the
increased ratio of electrical resistance as a function of SiC-whisker content.
The ratios show no clear dependence on the SiC-whisker content or on the
sintering temper.ature. Although the connectivity of the conduction paths
expected to change drastically with the composites which is close to the
critical volume fraction of forming the conduction path, a large increase of the
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electrical resistance was not observed in CaF2/3-vol%-SiC-whisker
composite. An ambiguity results in adopting the bend test which gives rise to
both compression and tension in the different part of the test piece by
applying load.
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Figure 6. Ratio of increase in electrical resistance to initial electrical resistance as
a function of SiC-whisker content in CaF2/SiC-whisker composites.

Possibility of detecting the fatigue of the composites was investigated
by low cyclic loads test. The relation between repeated times, deflection, and
electrical resistance of the CaF2/10-vol%-SiC-whisker composite sintered at
900°C with initial electrical resistivity of 4x10* Qcm is shown in Figure 7.
The plotted points in the figure are for measurements at the time of releasing
the load. About 70 % of the fracture load was applied to the composites in
one cycle per 40 sec. The test piece fractured after repeated loading of 85
times, and the electrical resistance of the sample increased from 361 kQ of the
initial to 379 kQ just before fracture. In the initial stage of about ten cycles,
the electrical resistance increased largely. Then a gradual increase was
observed in next stage, and a relatively large increase wa~ again observed in
the last stage, a few cycles before the fracture. The gradual increase of
electrical resistance at the intermediate stage indicates the detection of fatigue
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of the composites. As the electrical resistance remained at increased value
while releasing the loads, fatigue of the composites was able to detect when

the load was not applied.

150 T

100 |

Deflection (um)
(84

o

T

Deftection

! L 1 | S

Electrical resistance

20 40 60
Repeated times

80

380

375

370

365

360

(M) souelsisas 1eO1I08|T

Figure 7. Change of electrical resistance and deflection as a function of
repeated times of applying about 70% of fracture strength in CaF2/10-vol%-SiC-

whisker cemposites.

Figure 8. SEM micrograph of CaF2/10-vol%-SiC-whisker composite.
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SEM micrograph of the fracture surface of CaF2/10-vol%-SiC-whisker
composite is shown in Figure 8. Many SiC whiskers are observed sticking
out from the fracture surface, indicating the sliding of whiskers during the
fracture of the composites. The increase in electrical resistance under bending
load seems to occur by the breaking of the SiC-whiskers and by the sliding of
the SiC-whiskers to disrupt the conduction path.

CONCLUSIONS

Electrical and mechanical properties were investigated on ceramic
composites consisting of CaF2 as insulating matrix and SiC whiskers as
conducting additives. Electrical resistivity of the composites decreased
markedly from compositions of 2 to 3 vol% of SiC whiskers, indicating the
formation of a conduction path in this region. Additions of SiC whiskers
resulted in larger deflection up to fracture, and gave no effect in improving the
fracture strength of the composites.

When the bending load was applied to the composites with a conduction
path (CaF2/10-vol%-SiC-whisker), the electrical resistance increased about
7% in average from the initial value. The increase of electrical resistance
before the fatal fracture can be used for fracture prediction of the composites.
By applying loads repeatedly beiow the fracture limit, the electrical resistance
increased and remained while releasing the load. A relatively large increase of
electrical resistance was observed in the initial stage and a few cycles before
the fracture, while gradual increase of electrical resistance was observed in
the intermediate stage. The gradual increase of electrical resistance suggested
the possibility of detecting fatigue. The debonding of whiskers leading to an
increase in electrical resistivity was confirmed by SEM observation.
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