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The domain switching and structural 
characteristics of PLZT bulk ceramics and 
thin films chemically prepared from the 
same acetate precursor solutions 
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Lead lanthanum zirconate titanate (PLZT) ferroelectrics were produced in bulk ceramic and 
thin-film form from the same acetate precursor solutions in order to compare their electrical 
and physical properties. Bulk ceramics were hot pressed from chemically coprecipitated 
powders, and thin films were fabricated by spin coating on silver foil and platinum-coated 
silicon wafer substrates. A number of PLZT compositions were investigated, including 
ferroelectric memory materials near the morphotropic phase boundary with 2% La, memory 
and slim-loop ferroelectric x/65/35 (La/Zr/'l-i) compositions with up to 12% La, as well as 
some antiferroelectric thin-film materials. Internal film stress from thermal expansion 
mismatch between films and substrates was found to contribute to differences in electrical 
properties and Curie temperatures between the thin film and bulk materials, as were 
interface layers between the films and substrates, mechanical clamping from the substrates 
and grain size. 

1. Introduction 
The wide range of unique properties of lead 
lanthanum zirconate titanate (PLZT) ferroelectric 
materials, including superior piezoelectric, dielectric, 
pyroelectric, ferroelectric, electrostrictive and 
electrooptic properties, has led to useful electronic 
ceramic devices such as piezoelectric actuators, multi- 
layer capacitors, electro-optic shutters and pyroelec- 
tric sensors [,1, 2]. Traditionally produced in bulk 
ceramic form, the applicability of PLZT materials was 
increased and their ease of processing was improved 
as more recent developments in thin-film technology 
were utilized. Memories for integrated circuits [-3-5] 
and thin-film electro-optic devices [-5, 6] became 
plausible since thin films possessed lower operating 
voltage, higher access speed and compatibility with 
semiconductor integrated circuits compared with tra- 
ditional bulk ceramics. With thin-film fabrication, es- 
pecially sol-gel and metallo-organic decomposition 
(MOD) processes, reduced sintering temperatures and 
processing times, more reproducible thickness and 
compositional control, lower cost, fabrication simpli- 
city and increased variability in sample geometry and 
size were realized for ferroelectric materials [5, 7, 8]. 

Despite the advantages of thin-film materials, 
thin-film ferroelectric response is often diminished 
compared with typical bulk ceramic properties; for 
example, more difficulty in domain switching resulting 
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in less square, more poorly developed hysteresis loops. 
In order to understand more fully and to optimize 
thin-film ferroelectric behaviour, a comparison is ne- 
cessary to bulk ferroelectric phenomena. Direct cor- 
relation between the bulk and thin-film materials is 
difficult because the precursors and processing tech- 
niques of each are typically so dissimilar; however, a 
study is presented here that diminishes this disparity. 
This investigation of PLZT bulk ceramics hot pressed 
from chemically coprecipitated powder and thin films 
spin coated on silver foil and platinum-coated silicon 
wafer substrates which were produced from the same 
acetate precursor solutions, allows for a close com- 
parison of bulk and thin-film ferroelectrics by minim- 
izing or eliminating differences in the processing of 
these materials induced by batching variations, pre- 
cursor impurities and differences in mixing, reactivity 
and chemical composition of the starting precursor 
materials. The dielectric and hysteresis properties, 
as well as the Curie temperatures, crystallinity and 
microstructures were observed. Internal stress, inter- 
face layer and grain-size effects on thin-film properties 
were considered. A knowledge of ferroelectric thin- 
film behaviour in comparison with bulk ceramics 
should lead to an understanding of the similarities and 
differences in domain switching and structural charac- 
teristics between these materials, as well as the useful- 
ness and limitations of thin-film devices. 
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2. Experimental procedure 
2.1. Materials preparation 
A combined batching system was developed to pro- 
duce chemically prepared PLZT hot-pressed ceramics 
and spin-coated thin films using the same batch of 
water-soluble acetate precursors [9]. This combined 
batching procedure was used to produce spin-coating 
solution for thin films as well as coprecipitated pow- 
der for bulk ceramics from the same acetate formula- 
tion. The starting precursors included lead subacetate 
powder, lanthanum acetate, zirconium acetate and 
titanium acetyl acetonate solutions. For  batching 
simplicity and accuracy, the lead subacetate was 
mixed into solution form with acetic acid and 
methanol to produce a lead acetate solution so that all 
of the acetate precursors were liquids. This ensured 
that the beginning acetate formulation was readily 
and completely mixed into solution. Incomplete mix- 
ing could produce compositional fluctuations between 
the resulting coprecipitated powder and spin-coating 
solution. This wet chemical batching process has 
reduced the possibility of batching variations between 
bulk and thin-film materials so that differences in their 
properties were not a result of these variations. 

After initial acetate formulation, the stock solution 
was separated for coprecipitation and spin coating. 
Coprecipitation occurred in a high-speed blender with 
the addition of oxalic acid and methanol to the acet- 
ates. The solution was then vacuum dried to produce 
a solid, friable cake which was crushed, calcined at 
500 ~ and ball milled to produce a fine PLZT oxide 
powder. Hot-pressing conditions for the powder were 
1200~ for 4 h at 14 MPa (2000 p.s.i.). To prepare 
samples for electrical measurement, the hot-pressed 
parts were sliced on a diamond saw and lapped to 
0.5 mm (20 mil) thickness. Electroless nickel electrodes 
were plated on to the samples. 

For thin-film production via spin coating, a small 
portion of solution was decanted from the acetate 
formulation and diluted with methanol at a 2:1 ratio 
by weight. Films were spun from the acetate solution 
on to silver foil and platinum-coated silicon wafer 
(Pt/Si) substrates using a photoresist spinner at 
2000 r.p.m, for 15 s and then pyrolysed at 700 ~ for 
4 min in a Thermolyne box furnace. Repeating this 
process for ten layers produced a PLZT thin film 
approximately 0.9 gm thick. For  measurement of elec- 
trical properties, 1 mm diameter copper electrodes 
were vacuum evaporated on to the surface of the films. 

2.2. Thin-film and bulk ceramic analysis 
Bulk and thin-film samples were analysed using sev- 
eral electrical and physical measurement techniques. 
Poled and virgin dielectric constants, Kpo 1 and Kvir, 
and dissipation factors, tan6, were measured on a 
Leader LCR meter at 1 kHz. The Curie temperatures, 
Tc, of bulk and thin-film samples were determined 
for several PLZT compositions and were indicated 
by maxima in the measured capacitance. Bulk 
samples were placed in a stirred oil bath and heated 
while taking capacitance measurements at 5~ 
increments. Thin-film samples were heated in a Delta 
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Design temperature controller. Capacitance was 
also measured from 100Hz to 4 0 M H z  using 
a Hewlett-Packard 4194A impedance analyser with 
a 100 mV a.c. signal. 

Hysteresis loops of the bulk samples were measured 
using a Sawyer-Tower circuit with a d.c. applied 
voltage of _+ 1400 V at approximately 1/4 Hz and were 
plotted with a Goerz Metrawatt X - Y  plotter. Thin 
film hysteresis properties were customarily measured 
at 1 kHz with a 2 0 - 4 0 V  a.c. signal using a 
Sawyer-Tower circuit and an oscilloscope readout. 
Additionally, in order more accurately to compare 
measurement of bulk and film hysteresis loops, some 
of the thin-film samples were measured using a low- 
voltage (_+30 to 50 V) d.c. looper at 1/4 Hz. X-ray 
diffraction patterns of thin films and bulk ceramics 
were obtained using a Scintag XDS 2000 
diffractometer with CuK~ radiation. Film thicknesses 
were determined using a Tencor profilometer and 
Gaertner Scientific laser ellipsometer. 

3. Results and discussion 
Several compositions of hot-pressed bulk ceramics 
and spin-coated thin films were investigated near 
phase boundaries in the PLZT system. Morphotropic 
phase boundary (MPB) compositions, or those near 
the boundary between the lead zirconate-rich ferro- 
electric rhombohedral and lead titanate-rich ferro- 
electric tetragonal phases, consisted of 2/55/45 
(La/Zr/Ti), 2/53/47 and 2/51/49, and these composi- 
tions exhibit ferroelectric memory behaviour with 
square hysteresis loops. Compositions near the slim- 
loop ferroelectric phase region, i.e. the region between 
the ferroelectric rhombohedral and paraelectric cubic 
phases, with 65/35 Zr/Ti ratios included those with 
6%-12% La. These materials typically are memory 
materials from 6 % - 8 %  La, slim-loop ferroelectric 
materials which possess zero coercive field, Ec, and 
zero remanent polarization, PR, with high induced 
polarization in the 9%-10% La range, and paraelec- 
tric cubic or non-ferroelectric with 12% La. 

3.1. Crystallinity and microstructure 
One significant influence on ferroelectric thin-film 
properties is internal stress resulting from thermal 
expansion mismatch between the film and substrate. 
Watanabe et aI. [10] proposed that the mechanical 
stress present in PZT thin films caused by lattice or 
thermal expansion mismatch between the film and 
the substrate can cause differences in lattice constants 
between bulk and thin-film materials. It is known that 
PLZT has an intermediate coefficient of thermal ex- 
pansion (CTE) of 5.4 x 10 .6  ~ 1 compared to silver 
and silicon which possess CTEs of 19x 10 .6  and 
2 . 6 x 1 0 - 6 ~  -1, respectively [1,11,12].  Hence, a 
two-dimensional compressive stress is imparted on 
PLZT thin films deposited on silver because the sub- 
strate contracts more than the film upon cooling to 
room temperature, and a two-dimensional tensile 
stress results in films deposited on silicon as the film 
tends to contract more than the silicon. As shown in 



T A B L E  I X-ray diffraction d-spacings for a 2/55/45 bulk ceramic 
and thin films on silver and Pt/Si substrates, d-spacings are shown 
with the corresponding percentage change from bulk ceramic 
values 

Plane 20  d (bulk) d (film on Ag) d (film on Pt/Si) 
(deg) (nm) (nm) (nm) 

(100) 22 0.4088 0.4131 (+1.05%) 0.4066 (--0.54%) 
(1 1 0) 31 0.2879 0.2900 (+0.73%) 0.2869 ( -0 .35%)  
(1 1 1) 38 0.2356 _,,b 0.2343 (--0.55%) 
(002) 43.5 0.2076 _b _b 
(200) 44.5 0.2035 0.2060 (+1.23%) a 0.2030 (--0.25%) 
(2 1 0) 50 0.1823 0.1839 (+0.88%) _b 
(2 1 1) 55 0.1663 0.1676 (+0.78%) 0.1660 (--0.18%) 
(3 00) 65 0.1442 a ,b  0.1437 (--0.35%) 

a Overlapped by silver substrate peak. 
b Peak not detected. 

Table I, PLZT thin film d-spacings increased as the 
crystal structure expanded normal to the silver sub- 
strate surface plane due to compressive stress; further- 
more, residual strain from tensile stress parallel to the 
Pt/Si substrate plane resulted in a decrease in thin-film 
d-spacings normal to the substrate surface. The thin 
platinum electrode between the PLZT film and silicon 
substrate was assumed to incur a negligible effect on 
the tensile stress induced in the PLZT. In fact, X-ray 
diffraction revealed that the platinum layer, which has 
a CTE of 9 x  10-6~ -1 [11], also possessed an 
internal tensile stress as the platinum electrode 
d-spacings were found to decrease when constrained 
by the deposited PLZT thin film. 

Despite the much greater disparity between the 
CTEs of P LZT and silver compared to PLZT and 
silicon, the shifts in d-spacings shown in Table I for the 
film on silver were typically only twice as large, i.e. an 
average increase of 0.9%, as for the film on silicon 
which exhibited an average decrease of 0.4%. This 
indicated that the more ductile silver substrate prob- 
ably provided some degree of compressive stress relax- 

ation through elastic deformation, while the more 
rigid silicon was not as forgiving. It should also be 
noted that three of the PLZT peaks were masked by 
silver substrate peaks. Peak splitting, which was ob- 
served in the (2 0 0)/(0 0 2) peak of the bulk 2/55/45 
sample, was not observed in the constrained thin-film 
samples. As expected, scanning electron and optical 
micrographs of chemically etched 2/55/45 thin-film 
(on silver) and bulk ceramic samples, respectively, 
revealed that the thin film with grain size of roughly 
0.5 lam exhibited a much finer microstructure than the 
bulk ceramic which possessed a grain size of approx- 
imately 2.5 gm. These micrographs were presented 
elsewhere [13]. 

3.2. Dielectric properties 
The electrical properties are listed for bulk ceramics 
and thin films on silver in Table II including virgin 
and poled dielectric constants and dissipation factors 
for each, as well as coercive field and remanent polar- 
ization values from the a.c. and d.c. hysteresis loops, 
which will be discussed in the next section. The dielec- 
tric constants of the films on silver were generally 
20% 30% lower than their bulk ceramic 
counterparts. Similar reduced dielectric constants 
have previously been reported to be due to several 
effects caused by the obvious differences between bulk 
and thin-film configurations, including small grain 
size of the thin films, film/substrate interface layers, 
mechanical clamping effects and voltage sensitivity of 
the dielectric measurement as a result of the high 
electric field created by the 1 V measuring signal 
applied to a 1 lain thin film E9]. The difference in 
dielectric properties found in the present results, 
however, was not as significant as reported in the 
literature. For  films on Pt/Si, the dielectric constants 
were significantly lower than for bulk ceramics and 
films on silver. Dielectric constants near 800 were 
obtained for 2/55/45 on Pt/Si, while 8/65/35 and 

T A B LE lI  Dielectric and ~rroelectric properties of PLZT hot-pressed bulk ceramics and spin-coated thin films on silver 

Kpo I Tan 5 (pol) Kvi r Tan ~ (vir) Ec (d.c.) PR (d.c.) Ec (a.c.) PR (a.c.) 
(kVcm i) (gCcm-2)  (kVcm-1) (gCcm-2)  

Bulk ceramics 2/55/45 1328 0.029 1293 0.033 8 46 
2/53/47 1885 0.025 1391 0.028 10 40 - - 
2/51/49 1630 0.024 1234 0.034 16 33 

6/65/35 1355 0.036 1774 0.056 6 33 
7/65/35 2712 0.033 2479 0.036 5 31 - - 
8/65/35 5700 0.055 4692 0.050 3 20 - - 
9/65/35 5147 0.054 5007 0.050 0 0 - - 

9.5/65/35 5658 0.048 5603 0.046 0 0 
10/65/35 5548 0.036 5538 0.033 0 0 

Thin films 2/55/45 997 0.122 1228 0.133 27 34 43 32 
2/53/47 1265 0.132 1619 0.160 28 47 44 45 
2/51/49 972 0.122 1237 0.146 28 38 46 37 

6/65/35 1871 0.142 1995 0.141 14 2i 28 25 
7/65/35 2499 0.170 2460 0.145 14 18 27 21 
8/65/35 3211 0.194 3172 0.176 11 15 22 19 
9/65/35 4221 0.195 4001 0.172 9 11 22 17 

9.5/65/35 4234 0.190 4092 0.164 7 8 19 18 
10/65/35 4157 0.193 4157 0,209 7 10 18 16 
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2/55/45 

(a) 

(b) 

(c) 

2/53/47 2 /51/49 6/65/35 7/65/35 8/65/35 9/65/35 9.5/65/35 10/65/35 

,2-ttl 

Figure 1 Polarization versus electric field hysteresis loops of PLZT bulk ceramics and thin films on silver. (a) Bulk ceramics, a.c.; (b) thin 
films, d.c.; (c) thin films, a.c. 

9.5/65/35 compositions were much lower than 
expected, i.e. 545 and 575, respectively. 

In comparing bulk 2% La samples to thin films on 
silver, some similarities and differences were noted. 
Unsurprisingly, both bulk and thin-film data showed 
maxima in Kvi r and Kpol at the 2/53/47 composition, 
indicating the existence of the MPB at this composi- 
tion; however, the position of this boundary for thin 
films seemed to be slightly different from that for the 
bulk samples. Kpo 1 and Kvir for 2/51/49 thin films (972 
and 1237) was essentially equal to that of 2/55/45 films 
(997 and 1228), while bulk 2/51/49 had a much greater 
poled dielectric constant (1630) than bulk 2/55/45 
(1328). Because the dielectric constant was expected to 
peak at the MPB, this result suggested that this phase 
boundary in thin films was shifted slightly towards the 
lead zirconate end member in the phase diagram in- 
dicating enhanced stability of the tetragonal phase. 
Two-dimensional compressive stress in the thin-film 
samples probably enhanced tetragonal unit cell distor- 
tion (c-axis expansion normal to the substrate surface), 
while relatively stress-free bulk ceramics exhibited 
rhombohedral transformation at a lower Zr/Ti ratio 
(more towards the lead titanate end member). 

For the x/65/35 compositions near the paraelectric 
phase boundary, the dielectric constant was expected 
to reach a maximum at this phase boundary which 
was previously reported at the 9/65/35 composition 
for bulk ferroelectrics produced via the mixed oxide 
process [14]. As expected, both film and bulk mater- 
ials exhibited increasing dielectric constants with 
increasing lanthanum percentage. Bulk ceramic 
dielectric constants indicated a maximum for the 
paraelectric phase boundary at the 9.5/65/35 
composition (5658 and 5603 for Kpo 1 and Kvir) 
although an anomalously high Kpol of 5700 was 
observed for the 8/65/35 composition. This high Kpol 
may have been related to the boundary between the 
ferroelectric memory and slim-loop ferroelectric 
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compositions, as shown by the hysteresis properties in 
the next section. For  thin-film materials, a distinct 
peak in dielectric properties was not observed. 
Kpo I and Kvi r values in the range of 4000-4200 
were exhibited by the x/65/35 thin films with 
9%-10% La. In order to describe more fully the phase 
transition behaviour of these compositions, the Curie 
temperatures are presented in a later section. Despite 
differences in behaviour near phase boundaries, the 
dielectric properties of thin films on silver and bulk 
samples seemed to exhibit reasonable agreement as 
similar trends were observed. 

3.3. Hysteresis properties 
The ferroelectric properties calculated in Table II were 
obtained from the a.c. and d.c. P E hysteresis loops 
shown in Fig. 1. As stated above in the discussion of 
dielectric properties, both bulk and thin-film 2% La 
materials exhibited a maximum in K indicating the 
existence of the MPB. A phase transition from rhom- 
bohedral to tetragonal symmetry as a function 
of composition was also evident in the hysteresis loops 
of these materials. In the bulk materials, a widening of 
the hysteresis loop with increased Ec of 16 kVcm -1 
and decreased P ,  of 33 ktC cm - a signalled a transition 
to the hard ferroelectric tetragonal phase in the 
2/51/49 material. This phenomenon, however, did not 
occur in the thin-film samples on silver foil as evidence 
for the MPB was more subtle. The tetragonal phase 
was apparent in thin films with relatively squarer 
hysteresis loops for 2/51/49 than for the rhombohed- 
ral 2/55/45 film, as revealed by the slight increase in Ec 
and higher PR for 2/51/49. A maximum in PR in the 
2/53/47 film indicated the occurrence of the MPB in 
both a.c. and d.c. hysteresis loops of the films. A num- 
ber of investigators observed that thin films possess 
a higher coercivity and often contain a lower polariza- 
tion remanence than bulk materials, owing to smaller 



thin-film grain size, lack of complete film crystalliza- 
tion, film/substrate or film/electrode interaction, 
mechanical clamping or internal film stress [7, 9, 
15-17]. Although the thin films presented here with 
2% La had higher Ecs, the PRs of these films were not 
necessarily lower than for bulk materials. In fact, 
2/53/47 and 2/51/49 films had higher P~s (47 and 
38 gC cm -2) than bulk samples of the same composi- 
tion (40 and 33 gCcm-2). These thin films on silver 
did possess square hysteresis loops similar to the bulk; 
however, as with the dielectric behaviour, the hyster- 
esis properties of the thin films were somewhat differ- 
ent across the phase boundary than the bulk ceramics. 
This was also the case for x/65/35 materials. 

In PLZT bulk x/65/35 samples, the hysteresis loop 
characteristics occurred as expected. As anticipated, 
compositions with 6%, 7% and 8% La possessed 
ferroelectric memory loops, while the 9%, 9.5% and 
10% La compositions exhibited slim-loop behaviour. 
For the memory materials, Ecs were higher and PRs 
were lower for thin films than for bulk materials which 
was similar to previously reported results [9]. 
Although both bulk and thin-film memory materials 
experienced narrowing of their hysteresis loops with 
increasing lanthanum percentage, the bulk materials 
transformed to slim-loop ferroelectric at 9% La, while 
the thin films maintained ferroelectric memory hyster- 
esis loops beyond 9% La with PRs ranging from 
8-11 gCcm -2 and Ecs from 7-9 kVcm -1. Research 
by Gu et al. [18] on quenched PLZT 9.5/65/35 ceram- 
ics showed that internal stresses induced in quenched 
samples can enhance polar-region ordering in these 
typically slim-loop materials. As a result, a more ferro- 
electric-like response with higher remanent polariza- 
tions was observed in quenched samples than in 
annealed samples that were cooled slowly. These 
findings could explain the memory behaviour 
observed in the 9, 9.5 and 10/65/35 thin films in this 
investigation. Residual compressive stress in the thin 
films on silver may have caused these films to retain 
ferroelectric memory hysteresis loops that were not 
observed in the bulk materials of the same composi- 
tions. 

The a.c. hysteresis loops of thin films spin-coated 
on Pt/Si shown in Fig. 2 were much less square than 
those produced by either bulk samples or thin films on 
silver. Ecs for the 2/55/45, 8/65/35 and 9.5/65/35 were 
51, 55 and 43 kVcm -1, respectively, while PRs were 
10, 8 and 5 gCcm -2 for these compositions. As with 
the thin films on silver, the 9.5/65/35 thin film on Pt/Si 
still exhibited ferroelectric memory behaviour as op- 
posed to slim-loop characteristics. Films on Pt/Si, 
however, possessed much higher Ecs and lower PRs 
indicating more difficulty of domain switching than 
films on silver of the same composition. The difference 
in hysteresis behaviour for these films on different 
substrates can be attributed to the type of stress im- 
posed on the films by the underlying substrates. It has 
been proposed that the domains of films in compres- 
sion will tend to align normal to the substrate surface 
plane or in the direction of the applied electric field; 
furthermore, films in tension will possess domains 
aligned parallel to the substrate surface or perpendic- 
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Figure 2 P E hysteresis loops of PLZT (a) 2/55/45, (b) 8/65/35 and 
(c) 9.5/65/35 thin films deposited on Pt/Si. The scale for the y-axis 
(polarization) is 15 gC cm-2 per division, and the x-axis (electric 
field) is 100 kVcm 1 per division. 

ular to the electric field [12]. As a result, compressive 
stress enhances domain switching, resulting in ferro- 
electric behaviour similar to that of the bulk material 
with squarer hysteresis loops, while tensile stress im- 
pedes domain switching, resulting in more slanted 
loops. From the results in this investigation, it was 
evident that thin films deposited on silver foil under 
compressive stress had ferroelectric properties compa- 
rable with bulk ceramic materials; however, thin films 
deposited on Pt/Si under tensile stress possessed less 
square, more slanted hysteresis loops. 

3.4. Curie temperature phase transitions 
Because thin-film materials are often subjected to 
mechanical stress as they are cooled to room tem- 
perature, shifts in phase transition temperatures can 
occur [19-21]. Curie temperatures of bulk x/65/35 
samples were determined by measurement of dielectric 
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Figure 3 Curie temperature measurements of PLZT x/65/35 bulk 
ceramics: (m) 7/65/35, (v) 8/65/35, (A) 9/65/35, (o) 9.5/65/35, (I) 
10/65/35. 
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Figure 4 Curie temperature measurements of PLZT x/65/35 thin 
films deposited on silver: (m) 7/65/35, (A) 9.5/65/35, (T) 12/65/35. 
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Figure 5 Curie temperature measurements of PLZT x/65/35 thin 
films deposited on Pt/Si: (m) 8/65/35, (A) 9.5/65/35. 

constants with increasing temperature and are shown 
in Fig. 3. The thin-film Tcs shown in Fig. 4 for films 
on silver substrates were higher than those for the 
corresponding bulk compositions as were the Tcs for 
films on Pt/Si shown in Fig. 5, Thin-film Curie tem- 
peratures exhibited a similar decrease with lanthanum 
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percentage as shown in the bulk x/65/35; however, 
thin-film Tcs occurred at much higher temperatures 
than the bulk. Tc increases for films on silver ranged 
from 5~ for 7/65/35 to 65~ for 9.5/65/35, while 
films on Pt/Si possessed increases as high as 95 ~ for 
9.5/65/35. As with their hysteresis properties, internal 
stress in the thin films allowed these materials to 
remain in the ferroelectric memory state at room tem- 
perature for 9%, 9.5%, 10% and even 12% La. Fur- 
thermore, the fact that Curie temperatures for these 
thin films remained well above room temperature was 
further evidence that indeed these films exhibited ferro- 
electric memory hysteresis behaviour because they 
were in the ferroelectric state at room temperature. 

Another influence on thin-film Curie temperature 
shifts compared with bulk ceramics was grain size. 
Okazaki and Nagata [22] determined that Tcs in- 
creased with decreasing grain size in hot-pressed 
PLZT ceramics. This shift in Tc, which was accom- 
panied by a significant decrease in peak dielectric 
constant or flattening of the K versus temperature 
curve, was attributed to a space charge effect which 
locked in the ferroelectric polarization. As the grain 
size decreased, the surface area of the space charge 
layer surrounding the ferroelectric grains increased, 
and the ferroelectric to paraelectric phase transition 
was delayed to higher temperatures than normal as 
the ferroelectric polarization was shielded by this 
space charge. Okazaki and Nagata showed that a de- 
crease in grain size from 2.5 gm to 0.5 lain, or bulk 
grain size compared to thin films for this research, 
corresponded to a greater than 20~ increase in Tc 
and a decrease of at least 10000 in peak dielectric 
constant for PLZT 8/65/35. In addition to increased 
Tcs for the chemically prepared thin films in this 
investigation, a corresponding dramatic decrease in 
peak dielectric constant was observed similar to that 
reported by Okazaki and Nagata. This grain-size 
effect along with stresses induced by thermal expan- 
sion mismatch were the likely causes of the difference 
in phase transition temperatures between PLZT thin 
films and bulk ceramics. 

A final observation of these thin-film results was 
that films on Pt/Si yielded higher Tcs than films on 
silver. For  example, the Curie temperature of the 
9.5/65/35 film on Pt/Si was 30 ~ higher than the same 
composition on silver and 15 ~ higher than 7/65/35 
on silver which should possess a much higher Tc than 
9.5/65/35. Stress effects were the cause of these differ- 
ences in phase transition temperatures. Because the 
PLZT films on Pt/Si were influenced by tensile stress, 
the thin-film material tended to remain in the 
larger-volume ferroelectric rhombohedral state with 
increasing temperature, while films on silver trans- 
formed to the paraelectric cubic phase at lower tem- 
peratures due to the influence of compressive stress 
which favoured the cubic phase with smaller unit cell 
volume. 

3.5.  In ter fac ia l  e f fects  
Another major factor influencing thin-film properties 
is interface reaction between the ferroelectric film and 
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Figure 7 Dielectric relaxation behaviour of antiferroelectric 0/96/4 
thin films on Pt/Si with variable thickness showing (a) decrease in 
dielectric constants and (b) the peak in dissipation factors at the 
relaxation frequencies. ( - - )  0.91 gin, (--) 0.49 gm, (--) 0.25 t~m. 

the underlying substrate and/or electrode during heat 
treatment. If stress was solely responsible for the dif- 
ferences between thin film and bulk ferroelectric prop- 
erties, it may be expected that compressive stress 
would improve domain switching (i.e. increased PR, 
decreased Ec) above normal bulk ferroelectric 
behaviour, while tensile stress would impede domain 
switching. Consequently, other factors such as finer 
microstructure and interracial effects must, to a large 

extent, influence thin-film ferroelectric properties. 
A sharp decrease in dielectric constant near 1 MHz 
and a peak in dissipation factor at 3.3 MHz were 
observed for the PLZT 2/55/45 spin-coated thin film 
on Pt/Si shown in Fig. 6, while no such frequency 
dispersion occurred in the bulk 2/55/45. As indicated 
by the curve for the bulk material, however, the onset 
of the expected dielectric relaxation appeared immi- 
nent beyond 40 MHz as the dielectric constant began 
to decrease and the dissipation factor increased. Di- 
electric relaxation in bulk materials is expected to 
occur much later, at approximately 108 109 Hz, than 
for thin films [23]. This frequency dispersion of the 
dielectric constant, which can be caused by the loss of 
piezoelectricity and the clamping of domain walls 
[24], was probably shifted to lower frequency in the 
PLZT thin film due to clamping from the silicon 
substrate, low-K interface layer formation between the 
film and platinum, or increased platinum electrode 
resistance caused by interdiffusion with the PLZT 
during annealing. 

Further evidence of interface reaction between PZT 
and platinum is shown in Fig. 7 for antiferroelectric 
PZT 0/96/4 thin films of various thickness spin-coated 
on Pt/Si. Dielectric constant characteristics revealed 
that the dielectric relaxation frequency decreased from 
2.1 MHz to 1.6 MHz as film thickness was decreased 
from 0.91 ~tm to 0.25 ~tm. Accordingly, the peak in 
dissipation factor associated with the dielectric relax- 
ation decreased from 7.1 MHz to 4.8 MHz with de- 
creasing thickness. Because some reaction between the 
PZT and platinum during thermal processing at 700 ~ 
was probable, the decrease in relaxation frequency may 
be attributed to an interface layer with low dielectric 
constant which increasingly influenced thin film 
properties with decreasing film thickness. It was also 
observed that the value of K decreased and the 
maximum tan 8 increased with decreasing film thickness. 

Increased annealing time was also found to 
adversely influence the hysteresis properties of antifer- 
roelectric lead zirconate 0/100/0 thin films. These 
antiferroelectric films were chosen for study because of 
their higher dielectric breakdown strength than 
conventional ferroelectric compositions. In Figs 8-10, 
the antiferroelectric double hysteresis loops of 
three lead zirconate films spin-coated on Pt/Si were 
obtained first at a moderate electric field level, i.e. 
430 -490kVcm a (43_49Vpm-~) ,  then at an 
extremely high electric field of 710-740kVcm 1 
(71-74Vgm -a) and, finally, again at the moderate 
field level. Fig. 8 displays a ten layer thin film 
heat treated at 700~ for a total of 25 min, while 
Figs9 and 10 show five layer films pyrolysed 
for 25 and 15 min, respectively. Both 25 rain films 
exhibited hysteresis degradation after high-field 
application, as revealed by decreased sharpness 
of the antiferroelectric to ferroelectric transition and 
increased hysteresis loop asymmetry in Figs 8c and 9c; 
however, the five layer film degraded to a lesser extent 
than the ten layer film, indicating either a higher 
breakdown strength or an effect of the lower 
overall voltage applied to the thinner film. The hyster- 
esis loop of the 15 min film in Fig. 10c showed no 
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Figure 9 P E hysteresis loops of an antiferroelectric 0/100/0 five 
layer film with total annealing time of 25 min at 700 ~ obtained 
at (a) 43 V pm-  i,  (b) 74 V p m  - ~ a n d  (c) again at 43 V g m -  1 after 
high voltage was applied. The scale for the y-axis (polarization) 
is 15 pC cm 2 per division, and the x-axis (electric field) is 
1 2 0 k V c m  ~ per division for the low applied voltage and 
180 k V c m - 1  for high applied voltage conditions. 

evidence of degradation after the high-field applica- 
tion. Hence, the lower firing time potentially reduced 
interdiffusion or reaction at the film/platinum inter- 
face and yielded sharper field-induced transitions from 
the antiferroelectric antiparallel domain state to the 
ferroelectric parallel domain state both before and 
after the application of the high 73 V tam-1 electric 
field. 

4. Conclusions 
Chemically derived PLZT bulk ceramics and thin 
films were fabricated from the same acetate precursor 
solutions, and a number of physical and electrical 
properties were investigated in order to reveal similar- 
ities and differences between thin-film and bulk ce- 
ramic materials. The conclusions are as follows. 
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1. Internal stress was induced in thin-film materials 
due to thermal expansion mismatch with the under- 
lying substrates. Films on Pt/Si exhibited a decrease in 
d-spacings normal to the substrate surface owing to 
two-dimensional tensile stress parallel to this surface; 
furthermore, films on silver with two-dimensional 
compressive stress possessed increased d-spacings nor- 
mal to the substrate surface compared with the rela- 
tively stress-free bulk material. The grain size of the 
bulk material was also five times larger than for thin 
films. 

2. Tensile stress caused preferential domain align- 
ment perpendicular to the applied electric field, and 
compressive stress created domain alignment in the 
direction of this field. This produced impeded domain 
switching indicated by slanted, less-square hysteresis 
loops for films on Pt/Si, while bulk-like, square 
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Figure 10 P-E  hysteresis loops of an antiferroelectric 0/100/0 five 
layer film with total annealing time of 15 rain at 700 ~ obtained 
at (a) 49 Vgrn 1, (b) 73 V~arn -1 and (c) again at 49 Viarn 1 after 
high voltage was applied. The scale for the y-axis (polarization) 
is 15 pC crn 2 per division, and the x-axis (electric field) is 
120kVcrn 1 per division for the low applied voltage and 
180 kV crn 1 for high applied voltage conditions. 

hysteresis properties were observed in films on silver. 
Ec was higher and K was lower for all of the thin-film 
materials compared with the bulk. 

3. Thin-film dielectric and hysteresis properties fol- 
lowed similar trends as bulk properties; however, the 
MPB was shifted slightly toward the lead zirconate 
end member for thin films on silver, indicating a more 
enhanced stability of the tetragonal phase. Compres- 
sive and tensile stress in thin films prevented these 
materials from exhibiting slim-loop ferroelectric be- 
haviour as shown by the bulk material for x/65/35 
with ~> 9% La due to enhanced polar region ordering 
in the films. Tcs for x/65/35 thin films were higher 
than for bulk materials as a result of internal stress 
and smaller grain size, and films on Pt/Si exhibited 
higher Tcs than films on silver, since tensile stress 
favoured the larger-volume ferroelectric phase near Tc. 

4. Dielectric relaxation occurred for thin films near 
1 MHz; however, this phenomenon was not observed 
in the bulk materials for the frequency range measured. 
Lower relaxation frequency was observed due to 
interface effects or piezoelectric clamping in the films 
from the substrate. Interface effects also became more 
pronounced with increased annealing time resulting in 
more degradation in antiferroelectric double hysteresis 
loops after a 73 V lain 1 electric field was applied. 
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