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A review of the fabrication and characterization of thin ferroelectric films prepared by the sol-gel process since 1984 is
presented. Single phase materials such as titanate, zirconate, niobate, tantalate and more complex relaxor ferroelectrics and
mixed titanate and zirconate are reported and their properties are discussed in relation to electric and electro-optic

applications.

1. Introduction

Non-linear dielectrics are an important class of
materials which have large dielectric constants
due to spontaneous alignment or polarization of
electric dipoles. Among the 32 crystal point
groups, 20 of them have one or more polar axes
and can exhibit various polar effects such as
piezoelectricity, pyroelectricity and ferroelectric-
ity. Ten classes possess a unique polar axis and
crystalline materials which cause them to present
a spontaneous polarization within various tem-
perature ranges. Since the permanent dipoles
comprising their structure have temperature-de-
pendent behavior, these materials are also called
pyroelectrics.

The ferroelectric materials are a special cate-
gory of pyroelectrics in which the spontaneous
polarization can be reversed by the application of
an electric field of magnitude less than the di-
electric breakdown of the material. The actual
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number of ferroelectrics is today in the thousands
if we include the large number of ceramic solid-
solution compositions.

Discovered by Valesek in 1920 in Rochelle
salt, ferroelectricity underwent significant devel-
opments in the 1940s with the discovery of new
materials such as single crystal and ceramic bar-
ium titanate [1]. In 1954, the ferroelectric lead
zirconate titanate ceramic solid-solution composi-
tions were developed [1] and a few years later
complex compositions called relaxator or relaxor
ferroelectric with high dielectric constant and
broad peak in permittivity were found [2]. Ferro-
electric materials have (a) high dielectric con-
stant, (b) high piezoelectricity, (c) relatively low
dielectric loss, (d) high electrical resistivity, (e)
moisture insensitivity, (f) high electromechanical
coupling, (g) fairly high pyroelectric coefficients
and, in some cases, (h) good optical transparency
and (i) high electro-optic coefficients which make
them attractive for a variety of applications [3,4].
However the most outstanding feature of a ferro-
electric ceramic is its hysteresis loop observed in
a plot of polarization vs. electric field which de-
scribes the non-linear polarization switching [3].
The spontaneous alignment of electric dipoles
occurring in these materials is often associated
with a crystallographic phase change from a cen-
trosymmetric non-polar lattice to a non-centro-
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symmetric polar lattice [3,4]. Barium titanate
(BaTiO;) is a typical example in which, in a
ABO; perovskite-like structure, the Ti ions are
surrounded by six oxygen ions in a TiO, octahe-
dral configuration. At high temperature, the reg-
ular octahedron has a center of symmetry and the
six Ti-O dipole moments cancel in antiparallel
pairs. An off-center displacement of the Ti**
against its negatively charged O?~ surroundings
occurring at crystallographic phase changes re-
sults in a net permanent moment. These dipoles
are ordered, giving a domain structure with a net
spontaneous polarization within the domain [3,4].
The new relaxators have typical composition
A(B,;B,)0,, where A may be Pb, B, may be Co,
Sc, Fe, Mg, Cd, Zn and B, may be W, Ta, Nb.
Therefore two or more species of ions occupy the
same B site. The ferroelectric behavior is at-
tributed to the disorder of ions occupying an
octahedral position in the unit cell in a region of
too small dimensions (~ 10 nm) to yield sharp
phase transitions as seen in normal ferroelectrics
[4]. As a result, the ferroelectric behavior is re-
tained over a larger temperature range [4].

The ferroelectric properties of the ceramics
are strongly affected by several effects such as
grain size, aging and the presence of semicon-
ducting species such as donor additives (usually
compensated by A site vacancies), acceptor addi-
tives (compensated by oxygen vacancies) or isova-
lent additives [3,4].

The major compositional system used today
by industry are centered around the PZT system
and include PbZrO;-PbTiO,, Pb(Zr,Ti)O; +
additives, (Pb,Sr)(Zr,Ti)O,, (Pb,Ba)(Zr,Ti)O,,
Pb(Mg,Nb)O,;-PbZrO,, Pb(Co,Nb)O;-PbZrO,-
PbTiOy, PbTiO; + additive and (Pb,La)(Zr,Ti)O,
[3].

2. Ferroelectric thin films

Ferroelectric thin film synthesis is becoming
an important field of activity. Despite the lack of
commercial devices, the promise of economically
important applications such as non-volatile, radi-
ation hard ferroelectric random access memories,
high K capacitors, actuators, SAW (surface
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Fig. 1. History of the ferroelectric thin films and comparison of the most important features of techniques of preparation.
MOCVD, MOD and ARE refer to metal organic chemical vapor deposition, metal organic decomposition and activated reactive
evaporation, respectively. The solid lines indicate a more concerned activity (adapted from [13]).
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acoustic waves) devices, acTFEL (thin film elec-
troluminescent display), electro-optic devices, py-
roelectric detectors, IR imagers, etc. [5-10] is
without any doubt the important driving force.
The availability of new synthesis techniques [13]
such as sol-gel, laser deposition and metal or-
ganic chemical vapor deposition (MOCVD) is
also stimulating new research and the knowledge
obtained in the past years on the growth condi-
tions suggest a promising future.

The first successful synthesis of micrometer
thick film was realized by flash evaporation of
BaTiO; in 1955 [11]. Since then, numerous mate-
rials and preparation techniques have been devel-
oped [3,4]. In 1970, the interest shifted toward
PZT- and PLZT-type materials and most of the
developments to date have been on these materi-
als for applications in the field of electro-optic
switches, silicon-base memory, piezoelectric, SAW
devices and pyroelectric imagers [3]. The electri-
cal properties of thin layers (such as P,, E_, K,
etc.) are determined primarily by their composi-
tion, microstructure, thickness, substrate interac-
tion, preferred orientation and presence of addi-
tional phase.

Film deposition techniques, which are numer-
ous, influence the composition and the mi-
crostructure of the film. They can be divided into
dry and wet processes. The dry processes include
sputtering, evaporation and CVD and usually re-
quire hot substrates. They are relatively slow and
expensive but allow greater ease of epitaxial film
growth and are still widely used. The wet pro-
cesses are metal organic deposition (MOD) and
sol-gel and use unheated substrates or low tem-
perature deposition. They are fast and inexpen-
sive since they allow the preparation of 100-300
nm thick film per coating with good stoichiometry
(fig. 1) [13].

Film thickness is a critical parameter since the
dipole correlation length is usually of the order
10-50 nm along the polar axis and 1-2 nm along
the non-polar direction [13]. Therefore, the align-
ment stability in thin coatings can be drastically
affected. _

Size effects were first studied for BaTiO; thin
single crystals [12]. A decrease of the apparent
dielectric constant was observed as the crystal

thickness decreases and higher fields were neces-
sary to cause switching in thinner crystal. Such
effects have been attributed to the presence of
0.1-1 pm thick surface layers having properties
different from the bulk and showing either a
space charge from ionic vacancies, exhaustion
barriers, or interface charges preventing the sur-
faces from participating in polarization reversal.
Substrate interaction such as metal electrode dif-
fusion into the films may be dependent on the
initial microstructure before annealing, and have
important implications in wet processes since the
layers are initially porous and amorphous [13].
These low permittivity interface layers which may
vary with film material and substrate should be
minimized. These phenomena are still an impor-
tant topic of debate.

In this work, we review only the preparation of
thin films <10 pm thick by wet processes and
their characterization. A review [13] discusses fer-
roelectric films produced by dry processes.

3. Solution-derived coatings

Solution deposition procedures are mainly
sol-gel and MOD. The two methods are similar
in that MOD involves the synthesis of solution
containing high molecular weight precursors such
as carboxylates which are deposited onto sub-
strates for further heat treatment of densification
and crystallization. However the solutions do not
form complexes or networks.

The sol-gel method involves the preparation
of a sol with polymerizable oligomers species
which polymerize during spin- or dip-coating de-
position. The formation of such networks can be
very important for microstructure and crystalline
phase development when the coatings are heat
treated to obtain the crystalline ceramics. The
sol-gel technique has been applied to the prepa-
ration of various types of ferroelectric thin films
which include titanate and zirconate such as
PbTiO;, PbZrO,;, BaTiO;, Pb(Zr,Ti)O, (PZT),
PbLaZr titanate (PLZT), niobate such as LiNbO,
[30-42], SrBa niobate (SBN), KNaSrBa niobate
(KNSBN), PbBa niobate (PBN) and some ferro-
electric relaxors such as PbMg niobate (PMN),
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PbMgTi niobate (PMNT), PbFe niobate (PFN)
and PbZrTi niobate (PZTN). Preparation meth-
ods and the main characteristics of the products
are discussed below together with the literature
references.

3.1. PbTiO; and PbZrO, [14-20]

Pure lead titanate and zirconate are not im-
portant technological materials; however they are
the base constituents of important electrical and
electro-optical ceramics such as PZT and PLZT
and the preparation of PbTiO, and PbZrO, sols
and thin films was an important step to obtain
other materials. The precursor sol for PbTiO,
film preparation was first developed by Budd et
al. [14,15] by mixing a titanium methoxyethoxide
precursor sol with a 2-methoxyethanol solution of
dehydrated lead acetate and a solution of water—
catalyst (acid or base)-methoxyethanol. An easier
method based on the modification of titanium
isopropoxide by acetylacetone to which lead ac-
etate and acetic acid is added was later proposed
[16]. Other preparation techniques have also been
suggested [17,18]. The dielectric constant of the
PbTiO; films was of the order of 23 and the
refractive index was found to depend on thermal
processing conditions. Amorphous layers with #
= 2.35 have been prepared at 350°C and with
crystallization at 450°C the index is 2.65 [19].
Planar optical waveguides 0.8 pwm thick made
with 10 PbTiO, layers deposited on SiO, sub-
strates were reported [16]. Conventional heat
treatment of PbTiO; deposited on GaAs wafer
results in excessive diffusion of As into PbTiO,
which degrades the electrical properties of the
semiconductor and inhibits crystallization of the
coating. Fast heating was found necessary to di-
minish the diffusion [20].

3.2. BaTiO, [21-29]

This compound, widely used in the manufac-
ture of capacitors and other compositions, such
as BaTijO,, Ba,TiyO,, presents interesting
properties for microwave applications.

Most of the sol-gel processes have been devel-
oped to obtain powders and bulk ceramics [16].

Sols for thin film preparation have been prepared
by mixing a solution of Ti isopropoxide diluted in
isopropanol [21-23] or Ti-ethoxide [24,25] with an
aqueous solution of Ba acetate. Acetic acid or
acetylacetone was also added in order to avoid
precipitation. Other preparations have been pro-
posed [26]. The films deposited are amorphous to
450-500°C and have an electrical breakdown
strength of the order of 9 X 10° V/cm which is
larger than crystalline films (~ 10° V/cm) [27].
Ferroelectric properties have been reported only
after heat treatment at 800°C where a grain size
of 0.1 pm can be obtained. The dielectric re-
sponse is poor (e ~50-90, tan 6 = 2-3) with a
broad Curie point at 118°C [28,29].

Tuchiya et al. [26] obtained large dielectric
constant (e’ ~ 1000, tan 8 =0.035 at RT) for
crack-free films deposited on Pt substrate and
heat treated at 1000°C. The films have a typical
P~E hysteresis with P, =23 pC m~2, P.~0.8
rC m~2 and a coercive field of 2.8 kV cm~ L,

3.3. LiNbO; [30-43]

Lithium niobate single crystal is a leading elec-
tro-optical material and is currently used for the
realization of SAW devices, waveguides, modula-
tors and switches [85]. However some of its out-
standing properties such as the Curie point and
the refractive indices are sensitive to fluctuations
in stoichiometry. Single crystals are expensive and
difficult to grow due to incongruent melting and
the presence of Li-deficient solid solutions.
Therefore the sol-gel process may be a good
process to obtain suitable Li range contents at
reduced temperatures for device optimization.

LiNbO; precursor sols have been prepared
from ethanol- or methoxyletanol-based Li and Nb
alkoxides solutions [30,31]. The films crystallized
at a temperature as low as 400°C or less if an
underlying fully crystallized film is first deposited
or if the solution is deposited on single crystal of
sapphire [32-34,36], LiNbO, [32], Al,O, [34] and
polycrystalline Pt [34,35]. Random orientation was
obtained for deposition on Si(111) or Si(110) sub-
strates due to the presence of an amorphous
layer of native oxide. The heteroepitaxial growth
with higher preferred orientation was found to be
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promoted if small quantities of water were added
for the alkoxide hydrolysis. Without water addi-
tion, crystalline material has been reported [36].
The grain size is typically in the range 0.1-0.5 wm
depending on heating rate and composition [37].

Indices of refraction n ~ 2.15, are less than
that of single crystal presumably due to residual
porosity [31,38]. The dielectric constant is approx-
imately 22 at audio frequencies with tan 6 = 0.005
at 1 MHz [35]. The same techniques have also
been applied to grow Li(Nb,Ta)O; [30,33,36,40-
42] and Li(Nb,Ti)O; [34,43] with preferred orien-
tation. Wave guide fabrication has been reported
[42] but no data on attenuation were given. No
report on electro-optic coefficients on these films
are known.

For obtaining high quality epitaxial single crys-
tal LINbO, films for electro-optic applications,
the non-sol-gel techniques are probably still bet-
ter today [13]. The sol-gel method leads to large
loss due to grain boundary scattering; however, it
has potential for better reproducibility.

3.4. Other niobate films [38,44—46]

KNbO;, SrBa niobate (SBN), PbNa niobate
(PBN) and KNaSrBa niobate (KNSBN) thin films
have been prepared by Mackenzie and associates
[38,44-46]. The solutions have been prepared by
mixing metal alkoxides in appropriate conditions
and the film have been processed by spin- or
dip-coating technique on SiO,, n- or p-type Si
and GaAs wafers. In the last two cases, a metal /
ferroelectric film/semiconductor sandwich struc-
ture was formed. Preferentially oriented SBN film
have been obtained by applying a dc electric field
(~1 kV/mm) parallel to the surface of the film
during heat treatment.

These films are not good insulators and all
ferroelectric/silicon interfaces were found to
possess I-V characteristics similar to a rectifying
diode with p—n junction. This heterojunction ef-
fect is also responsable for photocurrent and pho-
tovoltaic effects observed with I1TO /ferroelectric
films /Si sandwiches. These effects can be utilized
as detector or solar cell devices. Finally SBN thin
films have been also used to record holographic
grating by two-wave mixing. The Bragg diffraction

intensity measured at 632.8 nm was unusually
large (n ~ 1%) owing to the thickness of the film
[46].

3.5. Relaxor ferroelectrics [47-53]

This class of ferroelectric materials has inter-
esting structural and electrical properties. They
are mainly observed in complex perovskites of the
general formula (A, A,)B,, B,)O,, where dif-
ferent cations can occupy the A and B sites, and
where the relaxor behavior is associated with
structures which have disorder in site occupation.
Their preparation is relatively complex and the
formation of a deleterious metastable pyrochlore
phase (A;B,0,,) is difficult to avoid [53].

The MOD technique was tried but failed to
prepare Pb(Ni, ;Nb, ;)O;, Pb(Fe, ,Nb, ,,)O,
and Pb(Mg, ,;Nb, ,)O; (PMN) thin layers. The
first sol-gel PFN film was prepared on Si sub-
strate by Quek and Yan [47]. A maximum dielec-
tric constant of 81 (much lower than that of bulk
material) was attributed by the authors to the
presence of SiO, layers in series with the film.
However their X-ray data show the presence of
only the low dielectric constant pyrochlore phase.
Okawada and co-workers [48,49] investigated the
preparation of PMN and PFN from alkoxide pre-
cursors. The good perovskite phase was reported
to form at 7> 600°C and the phase develop-
ment was found to depend on the heating rate
and substrate type. The dielectric constant at 100
kHz measured for 0.5 pm thick PMN film was
low (e = 1800) compared with bulk ceramic
(e ~ 16 000). More recently, PMN [50],
Pb[(Mg, ,;Nb, ;), _,Ti JO; (PMNT) [51-53] and
Pb[Zn, ;Nb, 3}, _,Ti, ]O; (PZNT) [52,53] have
been reported by Payne’s group. The PMN syn-
thesis involved preparation of a Pb precursor (Pb
acetate) and a (MgNb) double alkoxide (Mg
powder and Nb ethoxide) sols, while lead zinc
acetate methoxyethoxide was used for the PZN
synthesis. Mixing of the two solutions pave a
stable sol. PMNT and PZNT compositions were
prepared by mixing PMN and PZN sols respec-
tively and PT sols in adequate proportions.

Thin layers were deposited on Pt coated sili-
con substrates by spin-coating using a solution
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containing the PMN sol, 2-methoxyethanol, water
and NH,OH [51-53]. Crack-free crystalline films
with preferential orientation containing 99% of
high perovskite phase have been obtained by fast
firing at 800°C for 5 min. Small amount of py-
rochlore phase has been observed. Fast-firing at
lower temperature or at slower heating rates led
to less perovskite content. The microstructure of
the film was characterized by a bimodal grain size
distribution (0.5-1.0 pm and 0.04 pm) [51-53].
The dielectric constant was of the order of 1000
to 1250 at room temperature, considerably less
than bulk polycrystalline PMN (e ~ 16000). This
low value was attributed to the presence of the
residual pyrochlore phase as well as grain size,
stress and interfacial effects. The dielectric con-
stant was found to be dependent on the magni-
tude of the ac field applied, the effect of which
was indicative of the presence of polar microre-
gions, typical of relaxor ferroelectrics. Thin layer
in the entire PMNT system have been prepared
while the preparation of thin PZNT was limited
to PT-rich composition [53]. High perovskite
phase was again obtained for rapid heat treat-
ment process. The highest dielectric constant was
obtained for 90 PMNT (e’ = 2000, tan & < 0.03)
and the layers exhibited polarization reversal [53].
The good properties exhibited by these coatings
are promising for thin layer capacitors or memory
applications.

36 PZT und PLZT

One of the ferroelectric materials currently
under investigation for use as non-volatile com-
puter memory is lead zirconate titanate (PZT)
which is a solid solution of composition of PbZrO,
and PbTiO;. The first sol-gel PZT of composi-
tion PbZr,;Ti,sO; was prepared by Fukushima
et al. in 1984 [54] using sol of Pb 2-ethylhexonate,
Zr acetylacetonate and Ti tetrabutoxide in a bu-
tanol solution,

Later Payne’s group [55,60] described a pro-
cess using Pb acetate and Zr and Ti alkoxide
dissolved in basic methoxyethanol. They obtained
crystalline PZT after annealing at temperatures
greater than 500°C [55]. A coercive field of 4 X 106
V/m and remanent polarization of 0.36 C/m?

has been reported for PZT [47,53]. Similar results
are reported by Chen et al. [56], Lipeles et al.
[57], Yi et al. [58] and others [59-62], using the
same process. Due to the excellent results re-
ported, many other groups have entered the field
and published numerous reports during the past
two years [38,44,46,63-80].

Active works are now underway to develop
sol-gel PZT thin film capacitors for integration
with GaAs junction field effect transistor (JFET)
circuits to yield non-volatile programmable ran-
dom access memories [63,75] and ULSI DRAM
(dynamic random access memories) cell [72,74].
Film processing was found to be very important.
Excess Pb (up to 5 mol%) and fast heating rates
(> 50°C/min) increase the perovskite content and
improve the ferroelectric properties of the film
fired at 600°C. Slower heating rate (< 15°C/min)
results in an extensive formation of the undesired
pyrochlore phase A,B,0..

However, several important questions require
further studies. In these lead-based ceramics thin
films, non-stoichiometric surface regions to a
depth of ~ 150 A were detected with high Pb
concentration and deficiency of O, Zr, Ti [76].
Oxygen diffusion may have some effects on the
endurance and retention properties of the capaci-
tors which typically show 30% reduction in spon-
taneous polarization after 10° cycles. However,
PZT films prepared by sputtering or sol-gel pro-
cess show similar frequency dependance in ¢’
and ac conductivity. Similar results had been ob-
served in sol-gel PbO-TiO,, Bi,05;-TiO, thin
layers [77]. Although low sintering temperatures
are used (typically 650°C/15 min), metal elec-
trode diffusion has also been observed.

PLZTs are lanthanum-modified lead zir-
conate—titanates of composition ABO,, where Pb
or La occupy the A sites at the cubic (pseudo-
cubic) unit cell corners, the Zr or Ti occupies the
B sites at or near the cell center and O is located
on the cell faces [4]. Depending on the composi-
tion and temperature, the crystal structure of
PLZT is either rhombohedral or tetragonal and
the unit cells are reversible dipoles. This latter
feature is the important attribute for making
non-volatile IC memories. A field applied across
the film can pole the otherwise randomly ori-
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ented domains in one of two possible directions
which will correspond to the binary 0 or 1 of a
digital memory [85].

Few papers exist on preparation of PLZT thin
films by wet chemistry. Recent works reported
using either the MOD technique [81,82] or the
sol-gel process [83,84]. In this last case, the sol
preparation was the technique employed by Budd
et al. [14] with some modifications. The films
have been deposited on various substrates and
their IR spectra and electrical characteristics were
measured.

PZT and PLZT are also important materials
for electro-optic applications. In thin film form,
they are promising materials for surface optical
wave devices because of their high electro-optic
coefficients compared with those of LiNbO, [85].
To our knowledge no work has been reported
with sol-gel films.

4. Conclusion

Ferroelectric thin films are important ma-
terials for various electronic and electro-optic
applications but today commercial products
are absent. Their preparation by wet processes
(MOD or sol-gel) started in 1984 and works have
been reported for single phase titanates
(PbTiO5, BaTiO,), zirconate (PbZrO,), niobates
(LINbO,, NbQO,), tantalate (LiTaO,;) and more
complex perovskite system such as PMN, PMNT,
PZN, PZNT and others such as SBN, PBN,
KNSBN, PZT and PLZT. An almost exhaustive
review of the literature on sol-gel preparation
and characterization and properties is reported.
The future looks promising but the ideal compo-
sitions and film microstructure remain open ques-
tions, particularly for Pb-based materials. These
crucial problems are common to all deposition
processes.

References

[1] B. Jaffe, W. Cook Jr. and H. Jaffe, Piezoelectric Ceram-
ics (Academic Press, New York, 1971).

[2] G.A. Smolenskii and V.A. TIsapov, Dok. Akad. Nauk
SSSR 97 (1954) 653.

[3] G.H. Haertling, in: Ceramic Materials for Electronics,
ed. R.C. Buchanan (Dekker, New York, 1986) p. 139.

[4] J.M. Herbert, Ceramic Dielectrics and Capacitors, Elec-
trocomponent Science Monographs, Vol. 6 (Gordon and
Breach, New York, 1985).

[5] I.F. Scott and C.A. Paz de Araujo, Science 246 (1989)
1400.

[6] G.C. Messenger and F.N. Coppage, IEEE Trans. Nac.
Sci. 35 (1988) 1461.

[7] M. Okayama and Y. Hamakawa, Ferroelectrics 63 (1985)
243,

[8] K. Iijima, R. Takayama, Y. Tomita and 1. Ueda, I. Appl.
Phys. 60 (1986) 2914,

[9] K. Screenivas and M. Sayer, J. Appl. Phys. 64 (1988)
1484,

[10] D.R. Uhlmann, J.M. Boulton, G. Teowee, L.W. Weisen-
bach and B.J. Zelinski, in: Sol-Gel Optics, Proc. SPIE
1328 (1990} 270.

[11] C. Feldman, Rev. Sci. Instrum. 26 (1955) 463.

[12] W.J. Merz, J. Appl. Phys. 27 (1958) 938.

[13] R.A. Roy, K.F. Etzold and 1.J. Cuomo, in: Ferroelectric
Thin Films, Mater. Res. Soc. Symp. Proc. 200 (1990) 141.

[14] K.D. Budd, S.K. Dey and D.A. Payne, Proc. Br. Ceram.
Soc. 36 (1985) 107.

[15] K.D. Budd, S.K. Dey and D.A. Payne, Mater. Res. Soc.
Symp. Proc. 73 (1986) 711.

[16] M.A. Aegerter, Y. Charbouillot, N. Mohallem, A.A. da
Silva and L.H. de Godoy, in: Proc. Ultrastructure Pro-
cessing of Ceramics Glasses and Composites, Tucson,
AZ, 1989, to be published.

[17] S.R. Gurkovich and I.B. Blum, in: Ultrastructure Pro-
cessing of Ceramics and Composites, ed. L.L. Hench and
D.R. Ulrich (Wiley-Interscience, New York, 1984) p.
152.

[18] S. Sun, Y. Li, W. Ren, Q. Zhou, X. Wu, L. Zhang and X.
Yao, Ferroelectrics 108 (1990) 1615.

[19] K.D. Budd and D.A. Payne, Sol-Gel Optics, Prac. SPIE
1328 (1990) 450.

[20] R.W. Schwartz, Z. Xu, D.A. Payne, T.A. de Temple and
M.A. Bradley, Mater. Res. Soc. Symp. Proc, 200 (1990)
167.

[21] N.S.D. Mohallem and M.A. Aegerter, Mater. Res. Soc.
Symp. Proc. 121 (1988) 515.

[22] P.P. Phule and S.H. Risbud, Mater. Res. Soc. Symp.
Proc. 121 (1988) 275,

[23] P.P. Phule and S.H. Risbud, Adv. Ceram. Mater. 3 (1988)
183.

[24] A. Mosset, 1. Gauthier-Luneau, J. Galy, P. Strehlow and
H. Schmidt, J. Non-Cryst. Solids 100 (1988) 339,

[25] G. Tomandl, H. Raésch and A. Stiegelschmitt, Mater.
Res. Soc. Symp. Proc. 121 (1988) 281.

[26] T. Tuchiya, T. Kawano, T. Sei and J. Hatano, J. Ceram.
Soc, Jpn. (in Japanese) 98 (1990) 743.

[27] R.G. Dosch, Mater. Res. Soc. Symp. Proc. 32 (1984) 157.

[28] M.L. Yanovskaya, N.Ya. Turova, E.P. Turevskaya, A.V.
Novoselova, Y.N. Venevisev, S.1. Sagitov and E.M.
Saboleva, Inorg, Mater. 17 (1981) 221.



202

[29] N.D.S. Mohallem, PhD thesis, University of Sao Paulo
(1950).

[30] S. Hirano and K. Kato, Adv. Ceram. Mater. 2 (1987) 142.

[31] D.J. Eichorst and D.A. Payne, Mater. Res. Soc. Symp.
Proc. 121 (1988) 773.

[32] D.P. Partlow and J. Greggi, J. Mater. Res. 2 (1987) 595.

[33] 8. Hirano and K. Kato, Adv. Ceram. Mater. 3 (1988) 503,

[34] D.8. Hagberg, D.JI. Eichhorst and D.A. Payne, in: Sol-Gel
Optics, Proc. SPIE 1328 (1990) 466.

[35] D.S. Hagberg and D.A. Payne, Mater. Res. Soc. Proc.
200 (1990) 19,

[36] K. Nashimoto and M.J. Cima, Mater. Lett. 10 (1991) 348.

[37] D.J. Eichorst and D.A. Payne, in: Sol-Gel Optics, Proc.
SPIE 1328 (1990) 456.

[38] Y. Xu, CJ. Chen, R. Xu and J.D. Mackenzie, Mater.
Res. Soc. Symp. Proc. 200 (1990) 13.

[39] S. Hirano and K.Kato, J. Non Cryst. Solids 100 (1988)
538.

[40] S. Hirano and K. Kato, Solid State Ionics 32-35 (1989)
765.

[41] S. Hirano and K. Kato, Bull. Chem. Soc. Jpn. 62 (1989)
429,

[42] S. Hirano and K. Kato, Mater. Res. Symp. Proc. 155
(1989) 18.

[43] S. Hirano, K. Kikuta and K. Kato, Mater. Res. Soc.
Symp. Proc. 200 (1990) 3.

[44] Y. Xu, C.J. Chen, R. Xu and I.D. Mackenzie, Ferro-
electrics 108 (1990) 47.

[45] Y. Xu, CJ. Chen, R. Xu and I1.D. Mackenzie, J. Appl.
Phys. 67 (1990) 2985.

[46] Y. Xu, CJ. Chen, N. Desimone and J.D. Mackenzie, in:
Sol-Gel Optics, Proc, SPIE 1328 (1990) 428.

[47]1 H.M. Quek and M.F. Yan, Ferroelectrics 74 (1987) 95.

[48] K. Okawada, M. Imai and K. Kakunao, Ipn. J. Appl.
Phys. 28 (1989) 1271.

[49] K. Okawada, S. Nakamura, M. Imai and K. Kakunao,
Jpn. J. Appl. Phys. 29 (1990) 1153.

[50] L.F. Francis, Y.J. Oh and D.A. Payne, J. Mater. Sci, 25
(1990) 5007.

[51] L.F. Francis and D.A. Payne, Proc. Res. Soc. Symp. Proc.
200 (1990) 173.

[52] LF. Francis and D.A. Payne, in: Proc. 7th IEEE, Int.
Symp. on Applied Ferroelectricity, ISAF'90 (1990).

(53] L.F. Francis, PhD thesis, University of Hlinois (1990).

[54] J. Fukushima, K. Kodaira and T. Matsuhita, J. Mater.
Sci. 19 (1984) 595,

[55] K.D. Budd, S.K. Dey and D.A. Payne, Mater. Res. Soc.
Symp. Proc. 73 (1986) 711.

[56] K.C. Chen, A. Janah and J.D. Mackenzie, Mater. Res.
Saoc. Symp. Proc. 73 (1986) 731.

[57] R.A. Lipeles, N.A. Ives and M.S. Leung, in: Science of
Chemical Processing, ed. L.L. Hench and D.L. Ulrich
(Wiley-Interscience, New York, 1986) p. 320.

[58] G. Yi, A. Wu, M. Saver, J. Appl. Phys. (USA) 69 (1988)
2717,

[59] S. Li, R.A. Condrate Jr. and R.M. Spriggs, J. Can.
Ceram. Soc. 57 (1988) 61.

2 M.A. Aegerter / Ferroelectric thin coatings

[60] S.K. Dey, K.D. Budd and D.A. Payne, IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 35 (1988) 80,

[61] R.A. Lipeles and D.J. Coleman, in: Ultrastructure Pro-
cessing of Advanced Ceramics, ed. J.D. Mackenzie and
D.R. Ulrich (Wiley-Interscience, New York, 1988) p.
919,

[62] Z.Q. Zhuang, M.]. Huan, S. Jang and L.E. Cross, IEEE
Trans. Ultrason. Ferroelectr. Frequ. Control (1989) 36.

[63] S.K. Dey and R. Zuleeg, Ferroelectrics 108 (1990) 1643.

[64] S.K. Dey and R. Zuleeg, Ferroelectrics 112B (1990) 309.

[65] C.J. Chen, ET. Wu, Y.H. Xu, K.C. Chen and I.D.
Mackenzie, Ferroelectrics 112B (1990) 321.

[66] B.M. Melnick, J.D. Cachiaro, L.D. McMillan, C.A. Paz
de Araijo and I.F. Scott, Ferroelectrics 112B (1990) 329,

[67] L.N. Chapin and S.A. Mvers, Mater. Res. Soc. Proc. 200
(1990) 153.

[68] C.C. Hsueh and M.L. Mecartney, Mater. Res. Soc. Symp.
Proc. 200 (1990) 219.

[69] S.A. Myers and L.N. Chapin, Mater. Res. Soc. Symp.
Proc. 200 (1990) 231.

[70] W.H. Shepherd, Mater. Res. Soc. Symp Proc. 200 (1990)
7

[71] D.J. Johnson, D.T. Amm, E. Griswold, K. Sreenivas, G.
Yi and M. Sayer, Mater. Res. Soc. Symp. Prac. 200
(1990} 289. ;

[72] C. Sudhama, J.C. Carrano, L.H. Parker, V. Chikarmane,
J.C. Lee, A.F. Tasch, W. Miller, N. Abt and W.H.
Shepherd, Mater. Res. Soc. Symp. Proc. 200 (1990) 331,

[73] A.R. Modak and S.K. Dey, in: Proc. Symp. Mater. Pro-
cesses for Micro System (1990).

[74] B.M. Melnick, C.A. Paz de Aradjo, L.D. McMillan, D.A.
Carver and I.F. Scott, Ferroelectrics 116 (1991) 79.

[75] L.E. Sanchez, D.T. Dion, S.Y. Wu and LK. Naik, Ferro-
electrics 116 (1991) 1.

[76] Tohge, S. Takahashi and T. Minami, J. Am. Ceram. Soc.
74 (1991) 67.

[77] M.A. Aegerter, E.R. La Serra, A.C. Martins Rodrigues,
G. Kordas and G. Moore, Proc. SPIE 1328 (1990) 301.

(78] A.H. Carim, B. Tuttle, D.H. Doughty and S.L. Martinez,
J. Am. Ceram. Soc. 74 (1991) 1455.

[79] R.A. Lipeles, in: Ferroelectric Films, ed. K.N. Nair,
Symposium on Ferroelectric Films (American Ceramic
Society, New York, 1992) p. 147.

[80] R.A. Lipeles, D.J. Coleman and M.S. Leung, IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 38 (1991) 684.

[81] R.W. Vest and I. Xu, Ferroelectrics 102 (1990) 53.

[82] G.H. Haertling, Ferroelectrics 116 (1991) 51.

[83] V.K. Seth and W.A. Schulze, Ferroelectrics 1128 (1990)
283.

[84] S.L. Swartz, S.J. Bright, P.J. Melling and T.R. Shrout,
Ferroelectrics 108 (1990) 1677.

[85] G.H. Haertling, in: Electro-optic Ceramics and Devices
in Electronic Ceramics, ed. L.M. Levinson (Dekker, New
York, 1988) p. 371.



