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A study of the effects of process variables on the 
properties of PZT films produced by a single-layer 
sol-gel technique 

Y. L. TU, S. J. MILNE 
School of Materials, University of Leeds, Leeds LS2 9JT, UK 

Thin films of PbZr0.saTi0.4703 have been prepared from diol-based sols. Films up to 1 gm thick 
could be produced by applying a single coating on to platinized silicon substrates. A number 
of processing variables ranging from sol composition through to firing conditions have been 
examined, and their effects on fi lm microstructure and electrical properties evaluated. 
Control of the lead stoichiometry was found to be of critical importance in determining 
dielectric and ferroelectric parameters. Values of remanent polarization and coercive field of 
22-27 gCcm-2 and 40-45 kVcm-1, respectively, could be obtained by compensating for PbO 
lost by volatilization during firing; corresponding relative permittivity values were 800-1000. 

1. Introduction 
Thin films of solid-solution compositions in the 
PbTiO3-PbZrO3 system are promising candidate 
materials for a range of microelectronic device ap- 
plications. Much of the current research activity in the 
subject area is devoted to developing PZT films for 
non-volatile memory applications. Because of the low 
switching voltages required for these devices, e.g. 
3-4V, films of 0.1-0.2 gm thickness are preferred. 
However, some other potential applications, e.g. bulk 
acoustic wave devices and pyroelectric detectors, 
require films a micrometre or more in thickness. 

For multicomponent systems such as PZT, sol-gel 
film deposition methods have become very popular. 
Films are usually formed by spin-coating a substrate 
with an organic solution of the components and the 
coating is converted into a polymeric gel layer by 
further chemical reaction and/or solvent evaporation. 
The film is eventually converted to a crystalline oxide 
layer by firing at temperatures of 500-700 ~ 

In addition to low capital costs, sol-gel routes offer 
the possibility of retaining the purity and chemical 
homogeneity of the starting sol through to the final film. 

The first reports of solution methods for PT and 
PZT film synthesis appeared in 1984 using butanol as 
a solvent for lead 2 ethylhexanate, titanium tetra- 
butoxide and zirconium acetylacetonate [1]. Around 
the same time, other workers developed a route based 
on a sol-gel system first developed for PZT bulk gel 
synthesis [2]. This thin-film route used methoxy- 
ethanol as solvent for lead acetate, titanium tetraprop- 
oxide and zirconium tetrapropoxide [3-]. 

Most of the subsequent scientific literature on 
sol-gel derived PZT films relates to the methoxy- 
ethanol or MEO route, and variants thereof. The 
standard MEO route usually yields single-layer PT 
and PZT films that are up to 0.1 gm thick. Attempts 
to increase layer thickness beyond this value 
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by using more concentrated and viscous solutions 
invariably lead to cracking. This is mainly a result of 
the large volume shrinkage accompanying the gel 
to ceramic conversion; other factors such as thermal 
expansion mismatches between film and substrate 
contribute to stresses and cracks in the coatings. 

Thicker layers can be built up by repeated coating 
steps in which each deposited MEO gel layer is pre- 
fired at ~ 300~ on a hot-plate; however, the max- 
imum attainable multilayer thickness for crack-free 
films is ~ 1 gm [4]. 

A route based on acetic acid in place of 
methoxyethanol is reported to lead to single-layer 
PZT layers deposited on glass substrates that are up 
to 2.5 gm thick [5], but they were rather porous. 
Other workers seeking improvements to the acetic 
acid route imply that the thickness limit for high- 
quality films is around one-tenth of  this value [6]. 

We have investigated the possibility of using vari- 
ous idols to produce PT and PZT precursor sols. The 
sols can lead to high-quality single-layer films, up to 
1 gm thick [7-9]. The surface and transverse film 
microstructures are of a similar appearance to those 
produced from methoxyethanol routes [10]. As with 
all sol-gel routes, there are many process variables to 
be considered and optimized in order to develop the 
new diol route to its full potential. 

In the present paper, we illustrate the effects 
of a number of important process parameters and 
how these can be controlled in such a way as to 
improve the dielectric and ferroelectric properties of 
PbZro.53Ti0.4703 (53/47) films. 

2. Experimental procedure 
Gel-precursor solutions (sols) for PZT (53/47) were 
prepared from lead acetate trihydrate [Pb(CH3COO)z- 
3H20], titanium diisopropoxide bisacetylacetonate 
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[Ti(OC3Hv)2(CH3COCHCOCH3)2] (TIAA), and zir- 
conium n-propoxide (Zr(O-nPr)41. The solution prep- 
aration procedure is schematically shown in Fig. 1. 
Zirconium n-propoxide was first stabilized by reflux- 
ing together acetylacetone [CH3COCH2COCH3] 
(HAA) and zirconium n-propoxide in a 2:1 molar 
ratio to facilitate the exchange of n-propoxy for 
acetylacetonate groups. This zirconium complex was 
then mixed with TIAA and 1,3 propanediol. The mix- 
ture was heated under reflux conditions for 2 h. Lead 
acetate was mixed with 1,3 propanediol and then 
heated under refluxing conditions for 2 h to form the 
lead-diol precursor. These two solutions were then 
combined. Further reflux for 5 h with one distillation 
after 1 h and a second distillation after 4 h (both at 
80-90 ~ yielded the gel-precursorstock solution with 
a concentration in excess of 1.1 M. Solutions with 10 
and 20 m o l %  excess of Pb(CH3COO)/3HaO were 
also prepared. The total ratio of diol used was 5 or 
3 mol diol per mol lead. n-Propanol was used as the 
solvent to dilute t.he stock solution to 1 M, or 0.5 M for 
film deposition. Further concentration of the stock 
solution to 1.6 M was carried out for the deposition of 
a thicker single-layer film. 

Lead precursor sols were prepared by heating lead 
acetate trihydrate and methoxyethanol under reflux 
for 2 h; these sols were used for the deposition of'a lead 
oxide surface coating on selected samples. Sols of three 

Lead acetate tr ihydrate 
+ 

1,3 propanediol  

1 
Reflux 2 h 

Reflux 1 h 

Zirconium n-propoxide 
+ 

acetylacetone 

Reflux 30 rain 

Add TIAA and 
1,3 propanediol  

Reflux 2 h 

Distil off by-product ( s ) 

Reflux 3 h 

Distil off by -p roduc t  ( s ) 

Reflux 1 h 

Stock solution 

Figure 1 Flow diagram of the PZT sol synthesis process. 
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different concentrations 1.6 M, 0.8 M and 0.4M were 
prepared. 

The kinematic viscosities of sols were measured 
using a Fitzsimons suspended level viscometer. Ther- 
mogravimetric analysis (TGA) was employed to moni- 
tor the decomposition of bulk gels in which volatile 
organic by-products had been expelled at 130 ~ prior 
to analysis; a TGA heating rate of 5 ~ min-  1 was used. 

Sols were deposited on to platinized silicon substra- 
tes having a Pt/Ti/SiO2/Si configuration. The plati- 
num layer serve d as bottom electrode and was 100 nm 
thick, a 5 nm titanium layer acted as an adhesion layer 
between the platinum and the underlying silica layer. 
The substrates were ultrasonically cleaned in trich- 
loroethylene followed by ultrasonic cleaning in 
acetone and propanol. Surplus propanol was spun off 
the substrates immediately prior to the deposition 
step. Thin films were fabricated by coating the 
stationery substrate with droplets of sol and spinning 
off the excess sol at 1500-4000 r.p.m for 1 min. The 
solutions were filtered through a 0.2 gm membrane 
filter before deposition. 

The coated substrates were prefired on a hot plate 
at 300-450 ~ for times ranging from 1-60 min. For  
the fabrication of films coated with a lead oxide sur- 
face layer, lead precursor solutions were spin coated 
on prefired coatings at 1500 r.p.m, for 1 rain and then 
treated again at 350~ for 1 min. Films were then 
fired at 700 ~ in air. A direct insertion method, in 
which the prefired layers were inserted directly into 
a furnace set at the required temperature, was em- 
ployed as the standard firing schedule. A ther- 
mocouple was placed beside the sample in order to 
monitor the heating rate and local firing temperature 
of this direct insertion process; the heating rate was 
found to be ~ 150~ -1 

Phase analysis of the thin films was performed at 
room temperature using an X-ray diffractometer (Phi- 
lips APD 1700). The calculation of intensity ratios was 
based on peak height (c.p.s) readings. The microstruc- 
tures and  thickness of the PZT films were examined 
using scanning electron microscopy (Hitachi $700). 
Substrates were fractured carefully to provide 
a "clean" cross-section to investigate film thickness. 

Thin-layer capacitors were formed by sputtering 
gold electrodes, using a shadow masking method, on 
to the top surface of the films. The gold electrodes 
were ~ 600 gm diameter, but the exact diameter was 
determined using an optical microscope fitted with 
a calibrated graticule eyepiece. Polarization-electric 
field (P-E) characteristics were evaluated by means of 
a Sawyer-Tower circuit in conjunction with a Tek- 
tronics 2230 oscilloscope. A sinusoidal voltage wave- 
form of 300 kV cm-  1 was applied at a frequency of 
60 Hz. The relative permittivity, at, and dissipation 
factor, D, of the films were measured using a Hewlett 
Packard 4192A impedance analyser at 2 k V c m  - I  
(r.m.s) and 1 kHz. At least three measurements from 
different surface electrodes were taken for each sample 
in order to ensure that the values recorded were repre- 
sentative of the film as a whole. All the electrical 
properties were measured 10 days after firing to avoid 
any ageing effects. 



3. R e s u l t s  
3.1.  F i lm f o r m a t i o n  
The stock solutions were stable against precipitation 
for at least 3 months when stored in air. This high 
stability can be attributed to the presence of diol and 
acetylacetone chelating agents [11, 12] which prevent 
the hydrolysis and condensation of titanium and 
zirconium species. The viscosities of 1 M solutions 
prepared using diol ratios of 3 and 5 were 9 x 10-3 
and 14.4 x 10 - s Pa.s, respectively. 

TGA data for PZT precursor gels prepared using 
different diol ratios are shown in Fig. 2. As expected, 
total weight loss increased as the diol ratio of the gels 
increased. There were two main decomposition steps, 
one commencing at ~ 250 ~ the other at ~ 475 ~ 
the final weight loss was completed at 550 ~ 

Prefiring the coated substrates for 1 min on a hot- 
plate set at 350~ was found to minimize the 
incidence of macrodefects in the final films. A lower 
temperature, 300 ~ caused cracks to form, whilst a 
temperature of 450 ~ resulted in many surface holes 
possibly caused by rapid expulsion of thermolysis 
products. These results are for coatings deposited at 
1500 r.p.m.; higher spin speeds of 3000 and 4000 r.p.m. 
resulted in less uniform coatings that often exhibited 
radial striations. 

The XRD patterns for films made from stoichiomet- 
ric starting solutions and then fired for various times 
at 700~ are shown in Fig. 3. A crystalline 
pseudocubic perovskite-type PZT phase (exhibiting 
preferential (1 1 1) orientation) was dominant in films 
fired at 700 ~ for 5 rain, but a pyrochlore phase at 
29.5 ~ 20 was also evident, Fig. 3a. A reduced level of 
the pyrochlore phase was present in films fired for 
15 min, Fig. 3b, with only the perovskite-type phase 
being detected in films fired for 30 min, Fig. 3c. These 
samples had been pre-fired for 1 min at 350 ~ it was 
noted that the pyrochlore phase was more persistent 
in films prefired for 15 or 30 min and then fired at 
700 ~ for 30 min. The extent of the pyrochlore phase 
was also dependent on pre-firing temperature; increas- 
ing the hot plate set temperature from 350~ to 
450~ led to an increased incidence of pyrochlore 
phase. The diol ratio in the starting sols also affected 

10 

o~ 0 

03 

2 -10 
.E- 
~53 

-20 

-30 I L I i I i I i I ~ I 

100 200 300 400 500 600 700 
Temperature ( ~ ) 

Figure 2 TGA curves of dried gels prepared from sols with different 
diel ratios: (--.--) 5, (--) 4, (---) 3. 

phase development; decreasing the ratio from 5 to 
3 increased the firing times required to produce pyro- 
chlore-free films. It was found that for a diol ratio of 3 the 
films had to be fired for longer than 30 min at 700 ~ to 
avoid the pyrochlore phase, as opposed to 15-30 min for 
films made from sols containing a diol ratio of 5. 

Expect where stated otherwise, the results reported 
in the proceedings text are for films prepared using 
a diol ratio of 5, spun at 1500 r.p.m., prefired for 1 min 
at a set temperature of 350 ~ and fired at 700 ~ for 
15 min. 

A comparison of the XRD patterns of the films 
prepared from stoichiometric ("0% excess lead") sols 
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Figure 3 XRD patterns of 0.5 gm PZT stoichiometric films fired at 
700 ~ for (a) 5 min, (b) 15 rain, (c) 30 rain, and (d) 1 h. 
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and those containing 10% and 20% excess lead, all 
fired for 15 min at 700~ are shown in Fig. 4. By 
using starting sols containing 10 or 20 tool % excess 
lead acetate it was possible to form single-phase films 
with no detectable pyrochlore phase, in fact even shor- 
ter firing times, e.g. 5 rain at 700 ~ were sufficient to 
form single-phase PZT. 

Preferred orientation effects were apparent in all 
films. The intensity ratio, 0h 1 1, defined as 
I1 1 1/I1 1 o + 11 1 t, decreased from 0.82 for films 
made from stoichiometric starting sols to 0.53 for sols 
containing 20 tool % excess Pb(CH3COO)2, Table I. 
However, this latter value still indicates a significant 
degree of (1 1 1) orientation, because for an equivalent 
powder pattern obtained by calcining bulk gels of the 
same PZT composition, ~1 1 ~ = 0.15. 

There was also a decrease in XRD peak width for 
the excess lead samples. This is expressed in relation to 
the 1 1 0 peak because the 1 1 1 PZT peak partially 
overlaps with the 1 1 1 peak of the platinum bottom 
electrode. Values.of 1 1 0 half-peak width, B, are pre- 
sented in Table I. The peak width data may imply an 
increased crystallite size when excess lead was present 
in the sols; however, residual strain in the films will 
also contribute to peak broadening effects and here 
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Figure 4 XRD patterns of 0.5 gm PZT films prepared from sols 
with (a) 0%, (b) 10% and (c) 20% excess lead and fired at 700 ~ for 
15 rain. 

2510 

the variation in B values may also to some extent 
relate to differences in the degree of strain in the films. 

The XRD patterns of films made by depositing 
stoichiometric PZT sols and applying a PbO precur- 
sor sol to help compensate for lead loss during firing 
(at 700~ for 15 min) are shown in Fig. 5. Three 
different concentrations of lead sol were employed, 
namely 0.4 M, 0.8 M and 1.6 M. No pyrochlore phase 
was detected in any of the PbO-coated films. There 

T A B L E  I The effect of excess Pb(CH3COO)2 on preferred ori- 
entation, ~, and half-peak width, B 

Sol composit ion 

0% 10% 20% 

~1 i 1 0.82 0.70 0.53 
B1 1 0 (deg) 0.53 0.39 0.32 
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Figure 5 XRD patterns showing the effect of applying a PbO pre- 
cursor coating to the prefired PZT film. (a) Uncoated,  (b)-(d) coated 
with 0.4 M, 0.8 M and 0.1 M PbO sols, respectively. Films were 0.5 gm 
thick after firing at 700~ for 15 min. 



was a reduction in the relative intensity of the 1 1 1 
peak of the coated samples compared with that of the 
uncoated film, with czl 1 1 decreasing to 0.55 when 
a 1.6 M lead precursor coating was used. This is a sim- 
ilar value to that found above for films made using 
20% excess lead sols (Table I). After firing at 700 ~ 
there was no XRD evidence of residual PbO in any of 
the films made using the PbO-coating technique, nor 
in films made using lead excess sols. However, it was 
present in PbO-coated films fired at lower temper- 
ature, e.g. 550 ~ Clearly the vapour pressure of lead 
oxide at 700~ was sufficiently high to reduce the 
excess lead concentration at the surface to below the 
XRD detection limit. 

The 1 0 0 peak of most films fired at 700 ~ had 
a shoulder at ~ 22.7~ which became more pro- 
nounced in the 20% ,excess lead samples and in the 
PbO-coated films prepared from 0.4 M and 0.8 M pre- 
cursor sols. An extra peak was also present at 46.3 ~ 
however, this peak also occurs after firing the un- 
coated substrates and corresponds to the 2 0 0 peak of 
the underlying platinum electrode, indicating a change 
in the crystalline state of the platinum electrode 
during firing. 

< 0.1 gm in size could only be discerned in very 
localized areas, Fig. 8a; the remainder appeared as 
microregions (~< 0.5 ~tm in size) of dark and light 
contrast in which no grains could be resolved using 
the Hitachi $700. The 10% excess lead microstructure 
was similar to that of the 0% sample. The 20% excess 
lead sol yielded a very different microstructure com- 
posed entirely of interlocking individual grains up to 

0.25 gm in size, Fig. 8b. 
The microstructure of a PZT film made using the 

PbO-coating method is shown in Fig. 9. All three PbO 
sol concentrations used, 0.4 M, 0.8 M and 1.6 M, exhib- 
ited this type of structure composed entirely of 

0.1 gm discrete grains. 
An examination of the microstructures of films of 

different thickness, made from 10% excess lead sols of 
differing concentration, indicated some subtle differ- 
ences. A 0.25 ~tm thick PZT film exhibited a more 
obvious grain structure, Fig. 10a, than did the corres- 
ponding 0.5 gm film already described. In the former, 

0.1 gm grains were visible over approximately 50% 
of the surface. Increasing the thickness to 1 gm, Fig. 
10b, produced microstructures similar to those of the 
0.5 ~tm films. 

3.2. Microstructural analysis 
The thickness of films prepared by a single deposition 
of PZT sol, using different sol concentrations, is pre- 
sented in Fig. 6. A linear relationship between film 
thickness and molar concentration was observed; se- 
lected SEM cross-sections are shown in Fig. 7. Films 
prepared by concentrating the stock solution to 1.6 M 

were ~ 1 gm thick, but these concentrated sols occa- 
sionally precipitated after standing for > 4 h. Films 
prepared from 1 M sols were ~ 0.5 gm thick. Interest- 
ingly, similar film thickness were obtained when 1 M 

sols were prepared using a diol ratio of 3 instead of 
5 despite the lower measured viscosity of the former. 
All the films were crack-free, and high-quality surface 
finishes were observed using optical microscopy. 

The microstructures of the surfaces of 0.5 gm PZT 
films made from 0% and 20% excess lead sols are 
shown in Fig. 8. For  the 0% samples, individual grains 
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Figure 7 SEM cross-sections of (a) 1 gm and (b) 0.5 gm PZT 
films. 
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Figure 8 Surface microstructure of 0.5 gm films prepared from sols 
with (a) 0% and (b) 20% excess lead and fired at 700 ~ 

Figure 10 Scanning electron micrographs of top surfaces for (a) 
0.25 pm and (b) 1 pm films prepared from sols with 10% excess lead 
and fired at 700 ~ for 15 min. 

Figure 9 Scanning electron micrographs of a PZT film coated with 
a PbO precursor sol. The film was fired at 700~ for 15 min. 

T h e  f inal  m i c r o s t r u c t u r e  p r e s e n t e d  is for a 0.5 p m  

P Z T  fi lm p r e p a r e d  f r o m  a s t o i c h i o m e t r i c  sol  syn-  

thes ized  us ing  a d io l  r a t io  o f  3, i n s t ead  of  5. Th is  

m i c r o s t r u c t u r e ,  Fig.  11, offers a d i rec t  c o m p a r i s o n  to 

2 5 1 2  

Figure 11 Microstructure of PZT film prepared from stoichio- 
tric sol with a diol ratio 3 and fired at 700 ~ for 30 rain. 

be  m a d e  wi th  the  m i c r o s t r u c t u r e  s h o w n  in Fig.  8a 

wh ich  was  for a f i lm fab r i ca t ed  u n d e r  c o m p a r a b l e  

cond i t ions ,  bu t  us ing  a d io l  r a t io  o f  5. T h e  l o w e r  diol  

r a t io  y ie lded  a classic  " r o s e t t e "  type  s t ruc tu re  s imi la r  



to that reported extensively in the literature for PZT 
films made by other sol-gel methods [13]. The "ro- 
sette" or spherulitic grains were up to 1 gm diameter, 
and in some there was a clear radial pattern formed by 
smaller 0.1 pm grains. The remaining microstructure 
was composed of regions of two distinct contrasts in 
the SEM, similar in appearance to the microstructure 
shown in Fig. 8a. 

3.3. Electrical properties 
The  dependence of electrical properties on drying 
times at 350 ~ for the standard 0.5 lam thick films for 
30 rain at 700 ~ is illustrated in Table II. Remanent 
polarization, P,, decreased from 13gCcm  -2 to 
10 gCcm -2 and relative permittivity, s~ fell from 400 
to 240 when the drying time was increased from 1 min 
to lh .  There was a corresponding increase in the 
coercive field, E~, from 65 kVcm -~ at 1 min, to 
80 kVcm-1  after drying for 1 h. Because the aim is 
eventually to produce films suited to electronic device 
applications in which high polarization and low co- 
ercive fields are generally desirable, a 1 min drying was 
selected as the standard method. 

The electrical properties of the films prepared from 
solutions containing 0%, 10% and 20% excess lead 
are compared in Table III. The films were 0.5 gm thick 
and were fired at 700 ~ for 15 min. The value of Pr 
increased from 14 gCcm -2 to 22 pCcm -2 and E~ 
decreased from 65 kV cm-  t to 40 kV cm-  ~ with in- 
creasing amounts of excess lead, whilst relative per- 
mittivity rose from 450 in the 0% sample to 800 in the 
20% excess lead sample. 

Results for 0 .5pm thick films made from 
stoichiometric sols using the PbO-coating method are 
shown in Fig. 12a and b. In general, the coercive field 
for these samples, 45 kV cm- t ,  was intermediate be- 
tween the 10% and 20% excess lead samples shown in 
Table III. The measured values of P, and ~ were 
increased by increasing the concentration of the sols 

T A B L E  II Effect of drying times at 350~ on electrical proper- 
ties. The 0.5 gm thick films were prepared from stoichiometric 
solutions and fired at 700 ~ for 30 rain 

used to apply the PbO surface layer. As the concentra- 
tion increased to 1.6 M, P~ and ~r reached a value of 
27 gCcm -2 and 970, respectively. This compares to 
measured values of P~ = 22 pC c m - 2  and ~ = 800 
obtained for films made from sols containing 
20 mol % excess Pb(CH3COO)2. 

The thickness dependence of the electrical proper- 
ties of films made from sols of different concentrations, 
all containing 10% excess Pb(CH3COO)2, is shown in 
Fig. 13a and b. Values of E~ were highest for the 
thinnest 0.25 pm films, decreasing approximately lin- 
early to ~ 40 kV cm-  1 for the ~ 1 gm film. However, 
there was little variation in P~ with film thickness, 
Fig. 13a. The a~ values of the 0.5, 0.6 and 1 gm films 
showed a rising trend although the s, value of the 
0.25 lam film was slightly higher than for the 0.5 ~tm 
film, Fig.13b. 

Examples of the P - E  hysteresis loops from which Pr 
and E~ values were determined are shown in Fig. 14; 
well-saturated hysteresis loops were obtained for all 
film thicknesses in the range studied, 0.25-1 pm. 

Finally, the electrical properties of 0.5 pm films pre- 
pared from stoichiometric 1 M sols with different diol 
ratios, namely 3 and 5, are compared in Table IV. It 
can be seen that the films prepared from sols with 
a diol ratio of 3 further diluted with n-propanol 
had inferior dielectric and ferroelectric properties to 
films prepared from comparable sols with a diol ratio 
of 5. 
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fired at 700 ~ for 15 rain. 
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Figure 13 Thickness dependence of(a) (A) Pr and (~) Eo, (b) (A) er and (~) D for the films prepared fi'om sols with 10% excess lead and fired at 
700 ~ for 15 rain. 

Figure 14 P-E hysteresis loops for (a) 0.25 lam, (b) 0.5 gm and 
(c) 1 gm films prepared from sols containing 10% excess lead and 
fired at 700 ~ for 15 min. 

T A B L E  IV Effect of diol ratio on electrical properties of the films 
prepared from stoichiometric starting sols. Films were fired at 
700 ~ for 30 min 

Diol ratio Pr (gCcm 2) Ec (kVcm -1) ~, D 

3 7 -t- 1.4 60 -t- 3.0 250 0.05 
5 13 + 0.35 65 _+ 0.8 400 0.02 

4. Discussion 
It is apparent that a single-layer PZT film up to 1 ~tm 
thick can be obtained using our diol-based route. This 
corresponds to an approximately ten-fold increase in 
single layer thickness compared to the popular 
methoxyethanol sol-gel process [-4]. As stated in Sec- 
tion 1, another route based on acetic acid would seem 
to offer a similar single-layer thickness to the diol 
route [5]; however, other workers have suggested that 
the practical limiting single-layer thickness of PZT 
deposited from acetic acid solutions on platinized 
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silicon is actually ~ 0.2 gm 1-63. However, for both 
methoxyethanol and acetic acid systems, thicker films 
can be built up using multiple deposition techniques. 
For methoxyethanol systems we have found that the 
maximum thickness that can be built up using hot- 
plate intermediate heat treatments between coatings is 
1 gm, requiring up to ten repeated coatings. 

The nominal film composition studied here, 
PbZro.53Ti0.,vO3, is close to the morphotropic phase 
boundary separating tetragonal from rhombohedral 
PZT solid solutions. The product phase identified on 
our XRD pattern is thus best described as 
pseudocubic although it is often loosely referred to as 
perovskite. Unfortunately, the characteristically 
broad XRD peaks of the films prevented further anal- 
ysis as to their rhombohedral/tetrahedral phase 
content(s). 



The additional pyrochlore phase present in a num- 
ber of our films, especially those prepared using high 
hot-plate temperatures, low firing temperatures 
and/or short firing times, is a common intermediate in 
sol-gel derived PZT. It has been suggested that the 
existence of this pyrochtore phase is promoted by lead 
deficiency. Thus, pyrochlore may be expected to occur 
predominantly at the surface of the films [14] because 
some PbO loss by volatilization is inevitable at the 
firing temperature used, 700 ~ especially given the 
high surface area/volume ratio of thin films. Hence 
films made from stoichiometric starting sols will prob- 
ably be lead-deficient to some degree. Our experi- 
mental data illustrate the close relationship between 
assumed lead stoichiometry and pyrochlore forma- 
tion. We have confirmed that the tendency for 
pyrochlore formation in the fired films is reduced 
significantly by incorporating sufficient excess lead 
into the starting sols or by coating the pre-fired films 
with a PbO precusor sol [-15]. 

Excess lead also led to sharper XRD peaks, possibly 
indicating an increased crystallite size or reduced 
strain in the films. Other workers suggest that excess 
lead promotes grain growth in PZT thin films made 
by other sol-gel routes [16]. Our microstructures for 
20 mol % excess lead sols and PbO-coated films also 
show an increased grain size. 

Different processing conditions brought about in- 
teresting trends in preferred orientation. All films ex- 
hibited a preferential alignment of the (1 1 1) planes 
parallel to the film surface, although the relative 1 1 1 
peak intensity was closely dependent on processing 
conditions. The orientation effect is consistent with 
the (1 1 1) orientation of the underlying platinum layer. 
The change in orientation brought about by the pres- 
ence of excess lead either in the starting sol or applied 
using a surface lead coating implies different crystalli- 
zation mechanisms compared to the case of uncom- 
pensated films. TEM investigations by Tuttle et al. 

[14] indicated two forms of PZT crystallites in films 
made by another sol-gel route and fired at > 650 ~ 
One type had a rosette morphology which was pro- 
posed to originate from heterogeneous nucleation at 
the platinum interface. The other was composed of 
dense grains smaller than 0.5 gm which they suggested 
to be due to homogeneous nucleation, presumably 
within the bulk of the film. It may be that the latter 
type of grains are present in our PZT films in which 
lead loss has been compensated for; these films exhibit 
less (1 1 1) preferred orientation than do other non- 
compensated samples which is consistent with the 
(1 1 1) platinum interface having less bearing on crys- 
tallite nucleation and growth. Crystallization to per- 
ovskite PZT in lead-deficient or stoichiometric samples 
may be more difficult; heterogeneous nucleation at the 
platinum interface would thus play a more dominant 
role in the overall crystallization process and lead to 
more orientation, as found experimentally. However, 
more detailed studies of microstructures and orienta- 
tion effects are required before a detailed explanation 
of the present experimental results can be presented. 

The unidentified shoulder or peak at 22.7 ~ 20 was 
found for most films fired at 700 ~ Interestingly all 

films which showed this extra peak also exhibited 
a Pt(200) peak. Others have found the same extra 
10 0 peak shoulder 1-17] and attributed it to the inter- 
rosette phase (see Fig. 8a). The development of 
a Pt(2 0 0) peak in heat-treated films has also been 
reported in the literature [18]. 

Film microstructures were closely dependent on 
lead composition. For samples prepared from 
stoichiometric starting sols or sols containing 
10 mol % excess lead it was generally difficult to re- 
solve any grain structure in most areas of the film 
using SEM. The scanning electron micrographs of the 
films showed regions of dark and light contrast which 
may signify local variations in lead content. In some 
cases, e.g. the 0.25 gm film, ~ 0.1 gm grains could be 
distinguished in regions of light contrast. Many papers 
on PZT (53/47) films prepared from sol-gel routes 
report a rosette-type structure in which rosette-like or 
spherulitic grains co-exist with a very fine-grained 
matrix [13, 14, 19]. The former are often interpreted to 
be a perovskite phase and the fine-grained fraction 
a pyrochlore phase. Workers using TEM-EDX tech- 
niques have demonstrated the fine-grained phase to be 
lead-deficient and they assigned it to be a pyrochlore 
phase [20]. 

Assuming this to be the case, the preponderance of 
a fine-grained structure in our 0% and 10% excess 
lead films would imply considerable lead-deficiency, 
but this may be limited to a thin surface layer because 
often the films did not exhibit any detectable pyro- 
chlore phase in XRD traces. The larger grain size of 
20 mol % excess lead and PbO-coated samples im- 
plies no surface pyrochlore phase and is probably an 
indirect consequence of differences in crystallization 
processes brought about by changes in lead 
stoichiometry. 

The microstructural differences arising from differ- 
ent diol ratios may be indicative of different gel struc- 
tures and solvent loadings, giving rise to different 
crystallization mechanisms. In previous studies we 
have found that heating rates are much more impor- 
tant than firing times or dwell temperatures (in the 
range 550-700~ in determining PZT film micro- 
structures. Film microstructures we believe are 
essentially a crystallization product and not strongly 
influenced by normal sintering mechanisms. It is thus 
reasonable to expect that gels made with different 
proportions of diol and propanol crystallize in slightly 
different ways and hence show different microstruc- 
tures. Slight changes to solution processing conditions 
for other sol gel routes have also been reported to 
affect the microstructure of PZT films [21, 22]. 

Dielectric and ferroelectric properties showed 
a strong correlation with lead compensation, the pres- 
ence of pyrochlore phase and film microstructures. 
For example, the electrical properties of films with 
different lead starting stoichiometries indicated that Pr 
and ar were both highest and Eo lowest for films made 
from sols with 20 mol % excess lead, and in films 
treated with a PbO surface layer. The manner in 
which lead loss was compensated for seemed to have 
little influence on electrical properties; adding 
20 mol% excess Pb(CHgCOO)2 to the starting sols or 
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applying a PbO coating using 1.6 M precursor sols 
both enhanced ferroelectric and dielectric properties 
to a similar degree. The superior Pr and er properties 
of these films may be due to the absence of a lead 
depletion surface layer and to an absence of residual 
pyrochlore phase compared to other films. The nature 
of the crystallite preferred orientation, or texture, also 
influenced electrical properties; properties generally 
improved with decreasing (1 1 1) orientation. 

An absence or reduction in non-ferroelectric pyro- 
chlore crystallites in excess lead systems may in part 
lower Ec values, because any pyrochlore phase would 
reduce the local effective applied field on the major 
ferroelectric component leading to higher switching 
voltages. However, microstructural evidence suggests 
that the increased grain size in excess lead systems 
may also account for their lower Ec values. The larger 
variation in electrical parameters for the films carrying 
a surface coating prepared from the most concen- 
trated 1.6 M precursor sol, Fig. 12, could indicate in- 
complete volatilization of the surface PbO coating in 
regions of the film. 

The changes in electrical properties with increasing 
film thickness probably arise due to several factors. 
For example, a reduced level of strain in thicker films 
[-6] and a reduced proportion of any surface pyro- 
chlore phase [-23] would both be expected to lead to 
lower coercive fields, as measured experimentally. 
Similar arguments could be applied to relative permit- 
tivity values in the range 0.5-1 gm, although the re- 
duction in permittivity from 0.25 gm to 0.5 gm is 
rather surprising. Possibly the slightly different micro- 
structures of the latter two samples may be significant 
in this respect. Our trends in Ec and ~r values are 
generally similar to results reported for multiple- 
coated films made from methoxyethanol [23] and 
acetic acid routes [24]. However, other workers have 
found, in contrast to our results, that Pr increases with 
increasing film thickness [23, 24]. 

5. Conclusions 
The diol sol-gel method enables PZT films up to 1 gm 
thick to be prepared from a single coating on 
platinized silicon substrates. Although there are 
a number of process variables to be controlled in order 
to produce good-quality coatings, our experimental 
results imply that control of the lead content is im- 
perative in order to produce films exhibiting favour- 
able dielectric and ferroelectric properties. This can be 
achieved by either incorporating excess lead acetate 
into the starting sol, or by applying a lead oxide 
precursor sol to the pre-fired film. Using the latter 
technique, PZT (53/47) films having a P, of 

27 ~tC cm-2, Eo value of ~ 45 kV cm-1 and ~r of 
1000, can be produced. 
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