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Synthesis of (Pb,La) (Zr, Ti)O; films using
a diol b’ased sol—gel route

R. KURCHANIA, S. J. MILNE
Division of Ceramics, School of Materials, University of Leeds, Leeds LS2 9JT, UK

Morphotropic phase boundary compositions of lead zirconate titanate (PZT) modified with 2,
5 and 10 mol % lanthanum (PLZT) have been prepared using a diol based sol-gel route. Thin
films of these PLZT compositions were fabricated on platinized silicon substrates by a spin
coating technique. The effects of firing temperature and lanthanum modifications were
investigated with regard to phase development, microstructure, and ferroelectric and
dielectric characteristics. A strong {11 1) orientation developed as the amount of lanthanum
doping increased. The results indicate that the values of remanent polarization, P,, and
dielectric constant, ¢, decrease, relative to unmodified PZT, for films modified with 2 and
5 mol % lanthanum. The 5 mol % La films for example had a P, of 14 uCcm 2 and an ¢, value
of 700 compared to 31 uCcm ~% and 1480 for undoped PZT films. At these La concentrations
there was also an improvement in the leakage current density by two orders of magnitude
compared with unmodified PZT. The 10 mol % La sample did not exhibit any switchable
polarization behaviour. © 17998 Chapman & Hall

1. Introduction

The sol—gel processing of thin films of lead zirconate
titanate (PZT) has received a considerable amount of
attention in the last decade. It offers the potential for
close control of the chemical composition and allows
for low temperature processing conditions to be used
[1-5]. Ferroelectric films of PZT and related com-
positions are of interest for the fabrication of novel
functional devices, such as non-volatile memories,
piezoelectric resonators, and pyroelectric detectors;
La modified PZT (PLZT) is of special interest for
incorporation in electro-optic devices [6—10]. There
are of course other deposition processes that can be
used to fabricate ferroelectric thin films; these include
physical vapour deposition and metal-organic chem-
ical vapour deposition techniques. However, it is argu-
ably easier to control the composition and chemical
homogeneity of multicomponent systems using sol-
gel methods.

Sol—gel thin-film processing involves the synthesis
of a gel-precursor solution, or sol, which is applied to
a substrate using spin-on or dip-coating techniques;
the resulting gel layer is then thermolysed to form
a ceramic film. Generally, thermolysis is carried out in
two stages, by employing a hot-plate prefiring step at
lower temperature such as 300-400°C, followed by
a final firing treatment at 600700 °C.

In the mid 1980’s the first PbTiO; (PT), PZT and
PLZT sol synthesis route was developed using a solu-
tion of lead acetate, and titanium and zirconium
propoxides in a 2-methoxyethanol (MEO) solvent sys-
tem [11]. This process has since found widespread
acceptance and use. The zirconium and titanium
propoxide starting reagents are very sensitive to
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moisture from the atmosphere and must be handled in
dry atmosphere glove box conditions. In addition the
sol synthesis reflux and distillation reactions must be
performed using Schlenk ‘vacuum’ line techniques.
The final stage in the synthesis reaction is to initiate
a controlled partial hydrolysis of the Ti and Zr
propoxide derivatives by deliberate additions of
H,0O/alcohol mixtures to produce a polymeric type
sol which can be used for thin film deposition. A var-
ety of closely related routes have been developed
based on the MEO system [12-14]. The limiting
thickness for crack-free single layer films is usually
about 0.1 um for these PZT films [15]. Thicker single
layers crack mainly as a result of the volume shrinkage
on conversion of the low density gel layer to a crystal-
line film and because of the thermal expansion mis-
match between film and substrate. Consequently
a multiple-coating technique is required to build up
films > 0.1 um thick.

An alternative sol—gel route has been developed in
which lead acetate and titanium and zirconium alkox-
ides are dissolved in acetic acid [3] and processed to
form a coating sol. A crack-free layer on platinized
silicon substrates can be made, up to a thickness of

~0.2 um [16]. This route involves less complex chem-
ical processing conditions than the MEO route as the
reagents are ultrasonically mixed together in acetic
acid and no reflux or distillation is required. A related
acetate based sol-gel route has been used to prepare
multilayer films up to a thickness of ~8.0 pm, using
an automatic multiple coating technique [17-19] in
which each layer was ~0.05 pum thick. The precursors
used for the preparation of the PLZT films by
this latter acetate route [17] are lead subacetate,
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lanthanum acetate and an aqueous solution of zirco-
nium acetate and titanium acetylacetonate.

In this laboratory we have developed another
sol—gel process, in which dihydroxyalcohols (diols) are
used as the solvent and gel-forming reagent. The
chelating agent, acetylacetone, is used to modify the
molecular structure of the titanium and zirconium
propoxides so as to decrease their sensitivity towards
hydrolysis. We have already demonstrated that PT
and PZT films up to 1.0 um thick can be made by this
type of diol based sol-gel route from a single depos-
ition and firing step [20-22], which indicates that the
diol processing route yields a substantial improve-
ment in the limiting thickness of crack-free films.

In this paper we report on developments to the diol
route to enable the production of lanthanum modified
PZT films.

2. Experimental procedures
The PLZT gel-precursor solutions were prepared
according to the formula Pb,_,La(Zrys;
Tig.47)1 403 with x =0, 0.02, 0.05 and 0.1. The
starting reagents for solution synthesis were lead
acetate trthydrate Pb(CH;COO),.3H,0O (Aldrich
Co., purity 99 +%), lanthanum acetate hydrate
La(CH;COO0);.xH,0 (Aldrich Co., purity 99.9%),
titanium diisopropoxide bisacetylacetonate
Ti(OC5H,),(CH;COCHCOCH;),, abbreviated as
TIAA (Alfa Co., 75% in isopropanol), zirconium n-
propoxide Zr(OC;3;H,), (Alfa Co.), 1,3 propanediol
HO(CH,);0OH (Aldrich Co., purity 98%), and
acetylacetone CH3;COCH,COCH; (Aldrich Co., pu-
rity 99 + %). The lead and lanthanum acetates were
dehydrated under reduced pressure (1 x 10°Pa) at
60°C for 16 h. The zirconium n-propoxide was stabi-
lized by refluxing with acetylacetone in a 1:2 molar
ratio to promote the partial exchange of the n-
propoxy groups by acetylacetonate groups. This zir-
conium complex, ZIAA, was then mixed with TIAA
and 1,3 propanediol, in a ratio of 2 moles of diol per
mol of (Zr + Ti). The mixture was heated under reflux
conditions for 2 h. The dried lead and lanthanum
acetates were mixed with 1,3 propanediol in a 1:3
molar ratio of (Pb + La) to diol, and then heated
under reflux conditions for 2 h to form the lead and/or
lead—lanthanum precursor sols. The two solutions
were combined at ~80°C. A further reflux for 5h
with one distillation after 2 h yielded the stock sol. The
molarity was found by gravimetric analysis to be
1.12 m; n-propanol was used as the solvent to dilute
the stock solution to 1 M for spin coating. In order to
compensate for the lead losses during the heat treat-
ment, 20 mol % excess lead was added at the begin-
ning of the sol synthesis reaction. The solution
synthesis procedure is shown schematically in Fig. 1.
The viscosity of the PLZT sol was determined using
Carri-Med Controlled Stressed Rheometer CSL 500
in the cone and plate measurement mode at room
temperature.

The solutions were filtered through a 0.2 um mem-
brane filter before spin deposition at 1500 r.p.m.
for 1 min onto 1 cm? Pt/Ti/SiO,/Si substrates. The
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L PZT/PLZT stock solution J

Spin coating 1500 r.p.m. 1 min

Prefiring 350 °C for 1 min

700 °C for 15 min
PZT/PLZT film

Figure 1 Flow diagram for the sol synthesis and film fabrication
process for PZT and PLZT by the diol-based sol-gel route.

coated wet substrates were transferred to a hot plate
for decomposition at 350 °C for 1 min and then fired
at one of three different temperatures, 500, 600 or
700°C, for 15 min in air. The samples were then in-
serted into a tube furnace held at the desired temper-
ature and a thermocouple was placed alongside the
sample in order to monitor both the heating rate and
local firing temperature; the heating rate was typically
found to be ~150°C min~ 1.

Thermogravimetric analysis (TGA) of the PZT and
PLZT bulk gels was performed at a heating rate of
5°Cmin~! using a Stanton Redcroft TGA instru-
ment. The gels to be analysed were prepared by heat-
ing the sols at 120°C for 24 h. Phase analysis of the
films was performed at room temperature by X-ray
diffraction (XRD) techniques using a Philips APD
1700 diffractometer. Relative intensity peak height
ratios were used to characterise the preferred orien-
tation parameter O, €8 Oy =111/ Ti00 +
Tiso +1i11)

The surface morphology and cross-sections of the
films were examined by scanning electron microscopy
(SEM) using a Hitachi S-700 high resolution scanning
electron microscope. Specimens were mounted on alu-
minium stubs using an epoxy adhesive. Carbon paint
was applied to the specimen to provide a conductive
path to the stub, and a sputtered gold surface coating
prevented sample charging in the microscope.

For the measurement of electrical properties,
capacitors were formed by sputtering 600 um dia-
meter gold electrodes onto the top surface of the films
using a shadow masking method. A corner of the
films was etched away using hydro-fluoroboric acid in
order to reveal the bottom platinum electrode for



electrical contact to be made, so forming metal-ox-
ide—metal (MOM) thin film capacitor configurations.
The relative permittivity, €,, and dissipation factor, D,
were measured using a Hewlett Packard 4192A impe-
dance analyser at an applied field of 2kVem ™! and a
frequency of 1 kHz. Ferroelectric hysteresis polariza-
tion—electric field characteristics were studied using
a Radiant Technology RT-66A ferroelectric tester in
the virtual ground mode at an applied field of
300kVem ™! and a frequency of ~60 Hz. Informa-
tion on leakage current characteristics at a constant
applied field of 50kVem ™' after a time interval of
30 min were studied using a Keithley 617 programm-
able electrometer.

3. Results

The use of propanediol and acetylacetonate chelating
agents inhibited the hydrolysis and condensation of
titanium and zirconium species [23, 24] and allowed
stock sols to be produced which were stable against
precipitation for at least 4 months when stored in air.
In other experiments more concentrated >1.6 m sols
precipitated after 4 h storage in air. The measured
viscosity of the 1.0 M solutions used for coating pur-
poses was ~2.0x 107 *Pas.

The thermogravimetric analyses (TGA) revealed
two distinct decomposition steps in the 0 and 2 mol %
La samples, whereas in the two higher La contents,
and especially the 10 mol % sample, a more continu-
ous weight loss was observed, Fig. 2a. The thermal
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Figure 2 Thermogravimetric analysis curves for (a) dried PLZT sol
with (A) 0, (B) 2, (C) 5 and (D) 10mol% lanthanum,
(b) (A) lead acetate and (B) lanthanum acetate.

decomposition of dehydrated lanthanum acetate and
lead acetate are shown in Fig. 2b; their contribution to
the TGA trace of PLZT gels is discussed in the next
section.

The effect of firing temperature on phase develop-
ment of 2 mol % La doped PLZT films is shown in
Fig. 3. The films fired at 500 and 600°C for 15 min
showed the presence of an intermediate pyrochlore
structured phase, co-existing with a perovskite struc-
tured phase, whereas only the perovskite structured
phase was observed in the 5 mol % lanthanum films
fired at 700 °C for 15 min. Fig. 4 shows a comparison
of the XRD patterns of films prepared from 0, 2, 5 and
10 mol % lanthanum, all fired at 700°C for 15 min;
the pyrochlore second phase was only evident in the
10 mol % sample.

PZT Pt
(e) (119 (11N

PZT
(110)

Pzt (ZOT)
{100) PZT
PZT {211)
(2000 (210)

Intensity (arb. units)

L
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T I T ] T | T I T I T | T | T 1
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Diffraction angle, 20 (deg)

Figure 3 XRD pattern for the films doped with 2 mol % La, fired at
(a) 500°C, (b) 600 °C and (c) 700°C.
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Figure 4 XRD pattern for the PLZT films fired at 700 “C for 15 min
with (a) 0 mol %, (b) 2 mol %, (c) 5 mol % and (d) 10 mol % lan-
thanum.

This and other XRD data, summarized in Tablel,
shows that the amount of the pyrochlore structured
second phase increased with increasing lanthanum
concentration and, for a given composition, decreased
with increasing firing temperature. An additional faint
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peak was observed at 22.6° 26, which is discussed later
in the text.

Preferred orientation in the (111} direction was
observed in all films. For films fired at 700°C for
15 min, the XRD intensity ratio, oy, defined as
Ii i /Uio0+ 1110 + 11 11), increased from 0.41 for
films made from sols containing 0 mol % La to 0.77
for sols containing 10 mol % La. Correspondingly
oy ¢ o decreased from 0.5 to 0.15 as shown in Table 11
but there was only a slight increase in oy ¢ .

An SEM cross-section of a 0.5 um thick 5 mol % La
film prepared by a single layer deposition is shown in
Fig. 5. No cracks or other large scale surface defects
were observed during optical microscopy studies but
some isolated pit-marks, up to ~ 50 um in diameter,
were present. Subsequent work using less concen-
trated sols has shown that most of these features can
be eliminated, but of course the single layer thickness
was lower, ~0.25um, when these dilute, 0.5 M, sols
were used. The surface microstructures of the 0, 2,
5 and 10 mol % lanthanum doped PZT samples fired
at 700°C are shown in Fig. 6(a—d). The 2, 5 and
10 mol % lanthanum content PLZT films had a fairly
uniform microstructure with a grain size of ~0.1 um.
Undoped PZT films fired at 700 °C for 15 min showed
a slightly different microstructure containing ~0.1
and 0.5 um grains; texture in the larger grains sugges-
ted they were formed by the coalescence of smaller
grains. The light areas in the 2 mol% La surface
microstructure probably signify topographical vari-
ations, but there is a possibility that PbO on the
surface of the films could, because of the high atomic
number of Pb, contribute to contrast variations in
these secondary electron micrographs. Analysis by
energy dispersive spectroscopy (EDX-SEM Camscan
series ['V) was inconclusive due to the small grain size.

The effect of firing temperature on the polariza-
tion—electric field (P-E) response for the 2 mol % La
doped PLZT films fired at 500, 600 and 700°C is
shown in Fig. 7. Firing at 500 °C did not result in any
ferroelectric hysteresis response; hysteresis was ob-
served at 600 °C but firing at 700 °C was required to
produce well defined hysteresis loops. The ferroelec-
tric and dielectric coefficients of the films fired at 600
and 700°C are listed in Table 1L

The P-E response of all film compositions fired at
700 °C is shown in Fig. 8; a summary of the measured
electrical parameters is presented in Table V. The
10 mol % La composition showed no evidence of fer-
roelectric switching and for the other compositions
the remnant polarization (P,) value decreased from
31 uCcem™? for the 0 mol % La sample to 23 and
14 uCcm™? for the 2 and 5 mol % La samples respec-
tively. The coercive field values, E,, of these two La
samples were similar to one another and were some
50% higher than the 45kVem™! value exhibited in
the unmodified PZT films. The relative permittivities
decreased from 1480 in PZT to 830 and 700 in the
case of the 2 and 5mol % La modified films. The
dissipation factors (D) for single phase films were of
the order of 3--4%. It was observed that the leakage
currents decreased with increasing La additions; for
example the incorporation of 5 mol % La produced



TABLE I Effect of La doping and firing temperature on phase development of PLZT films

Lanthanum content

Firing temp (°C) 0 mol % 2 mol % 5 mol % 10 mol %
700 Per Per Per Per + Pyr
600 ) Per Per + Pyr Per + Pyr Per + Pyr
500 Per + Pyr Per + Pyr Per + Pyr Per + Pyr

Per = Perovskite phase; Pyr = Pyrochlore phase

TABLE 11 Effect of lanthanum doping on the preferred orienta-
tion parameter o, for films fired at 700°C for 15 min

La level oyg0 10 tyyy
(mol %)
0 0.07 0.50 0.41
2 0.08 0.44 0.46
5 0.09 0.27 0.64
10 0.12 0.15 0.77

Figure 5 SEM cross-section of 0.5 pm thick PZT film modified with
5 mol % lanthanum.

a reduction from 2.0x 1077 to 3.0x 1072 Acm 2 in
the value measured after 30 min.

4, Discussion

We have demonstrated that films of PLZT can be
prepared successfully from a diol based sol—gel route.
When lanthanum was introduced into the original
synthesis scheme that had been previously developed
for PZT films it was found that a slight precipitate
formed in the sols [22, 25]. The cloudiness in the sols
increased with increasing lanthanum levels; the pre-
cipitate is likely to be lanthanum acetate which is
much less soluble than lead acetate in propanediol.
Some changes to the synthesis conditions were conse-
quently required in order to produce stable, precipi-
tate-free precursor sols. The lead acetate and
lanthanum acetate salts had to be dehydrated prior to
use, whereas for PZT this was not necessary, and the
Pb/La mixed precursor solution had to be diluted by
increasing the diol to Pb/La ratio from 1:1 in the case
of PZT to 3:1 for PLZT precursor sols.

In unmodified PZT gels there is a two-stage thermal
decomposition with the second weight loss com-
mencing at ~420°C and ending at ~500°C; the
experimental TGA data for the lanthanum acetate
starting reagent shows that its main decomposition
{ ~30 wt %) occurs between ~375 and 500°C, sug-
gesting that the reason that the second weight loss in
PLZT gels becomes less distinct with increasing levels
of lanthanum is due to the combined decomposition
of lanthanum acetate (or a closely related derivative
formed during sol synthesis reflux reactions) and the
base PZT-diol gel. This explanation implies that La
does not enter the polymeric gel structure but instead
unreacted lanthanum acetate exists in solution within
the pore system of the polymeric (wet) gel network. In
fact there is some debate as to whether or not lead is
combined within the polymeric chains of PZT gels or
is simply distributed as dissolved lead acetate. In pre-
vious work using nuclear magnetic resonance (NMR)
spectroscopy we have shown that the main building
block in the formation of polymeric gels in these diol
systems is

AA AA
-M-O(CH,); O-M
AA AA

where AA represents the bidentate CH;COCH-
COCHj, ligand and M is Ti (or Zr) [26]. Further work
is in progress to confirm the location of La and Pb in
the gels.

Increases in the La levels in the films increased the
minimum firing temperatures required to eliminate
the additional pyrochlore phase identified by a broad
peak centred at ~29.5° 20. Such a phase is often
documented in the literature on lead zirconate titanate
thin films and it is usually attributed to Pb,Ti,Oq
[27,28] and PbTi;O4-type pyrochlore intermediates
[29].

Transmission electron microscopy analysis has
identified high levels of a pyrochlore phase in PbO-
deficient surface layers of other PZT films [30]. The
high surface area to volume ratio of submicron films,
coupled to the relatively high vapour pressure of PbO
at firing temperatures of 700°C, makes PbO loss in-
evitable. It is also possible that chemical interactions
with the bottom Pt/Ti electrode may consume Pb
[28], so further depleting the Pb levels in the bulk of
the ferroelectric film. It:is thus common to add excess
lead acetate to the starting sols or to apply a PbO gel
precursor surface coating [28] to try to compensate
for PbO losses. Often 10 mol % Pb is added to the
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Figure 6 Microstructure of PLZT films fired at 700 °C for 15 min (a) 0 mol %, (b) 2 mol %, (¢} 5 mol % and (d) 10 mol % lanthanum.

60

— c
T a0 |

= e

et —b
(8] E

=1

= -
c 0

g —

= ] —

5 3 > o

ﬂo. -—"'F"-'

=60 T T T
—400 -200 0 200 400

Electric field (kV cm™)

Figure 7 Ferroelectric hysteresis loop (P-E) for 2mol% La
doped PLZT films fired at (a) 500°C, (b) 600 °C and (c) 700°C for
15 min.

starting sols but in preliminary work on PLZT we
found that an improved ferroelectric response resulted
when the level of excess Pb was increased to 20 mol %.
However even at this level it is quite possible that
there is a slight Pb deficit at the film surface that
promotes pyrochlore formation.

The increased presence of the pyrochlore structured
phase in our higher La content samples may be an
indirect compositional effect associated with a reduc-
tion in Pb to (Zr/Ti) ratio as the La level, x, increases
in the Pb, _La,(Zr, Ti)O; solid solutions. This argu-
ment assumes that La is not present in the intermedi-
ate phase(s), but transmission electron microscopy
(TEM) compositional analysis of the second phase
would be required before this could be confirmed.
However, glancing angle XRD results in the literature
show that the La,O; and pyrochlore structured
PbTi;O, phases coexist near the surface of PLZT

TABLE 111 Effect of firing temperature on the ferroelectric and dielectric properties of 2 mol % La doped PLZT films

Firing Temp. Remanent polarization Coercive field Relative permitivity Dissipation factor
(e P, E. & D
{nCcm ?) (kVem™')
700 23 70 830 0.04
600 8 60 425 0.05
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TABLE 1V Effect of lanthanum doping on electrical properties of films fired at 700 “C for 15 min

La level Remanent polarization  Coercive field Relative Dissipation Leakage current
(mol %) P, E. permitivity factor density
(uCcem™?) (kVem™1) g, D J(Acm™?)
0 31 45 1480 0.03 20x1077
2 23 70 830 0.04 8.0x1078
5 14 66 700 0.04 3.0x107°
10 — - 260 0.05 1.ox107?
80 indices on the basis of a pseudo-cubic symmetry
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Figure 8 Ferroelectric hysteresis loop (P- E) for PLZT films fired at
700 °C for 15 min, doped with {a) 0 mol %, (b) 2 mol %, (¢) 5 mol %
and (d) 10 mol % lanthanum.

films [31], implying that La is not incorporated into
the pyrochlore structured phase to any significant
extent. Other workers have also noted the level of
pyrochlore phase in PLZT thin films to depend on La
levels [28], and in one case the pyrochlore structured
phase was the only phase detected by X-ray diffraction
for La compositions of 7 mol % and above [32].

A further possible compositional complication that
may affect the pyrochlore stability is that Pb vacancies
may actually be formed as charge compensators
for donor dopants according to the formula
Pb, _;2,l.a(Zr, T))O;. Normally the B-site vacancy
solid solution mechanism Pb; _ La (Zr, Ti}; _ ;403 is
assumed, but it is quite possible that the alternative
arises, especially in systems where processing condi-
tions promote PbO volatilization. Compositional dis-
crepancies that may affect pyrochlore formation and
stability will clearly become greater as x increases.

The base PbZry 53Tip 4703 composition used in
this study lies at the morphotropic phase boundary
between rhombohedral and tetragonal phases. Refer-
ence to the PLZT equilibrium phase diagram [33] for
bulk systems shows that La substitutions stabilize the
tetragonal perovskite type phase for levels up to
12 mol % La, thereafter a cubic phase develops which
is stable over the range of 12—15 mol % La. The X-ray
diffraction patterns of our 0, 2, 5 and 10 mol % La film
compositions can be indexed as being pseudocubic;
this was probably duc to peak broadening effects
associated with stress in the films and/or the fine
~0.1 um grain size. Consequently we assigned Miller

system.

We have previously observed (11 1) preferred ori-
entation in PZT films made using the diol sol-gel
route [22]. The enhanced intensity of the (1 1 1) reflec-
tion found here for the PLZT films shows that an even
greater level of {111} orientation occurs in PLZT
films, with o, 1, increasing from 0.41 for undoped PZT
films to 0.77 for 10 mol % La doped PZT films. In
a separate experiment, powders of 0 and 5 mol % La
doped PZT compositions were fired at 700°C for 1 h
and o parameters were calculated for these random
powders. Using a comparable measurement method
to that used for the PLZT thin films there was only
a slight difference in o values between 0 and 5 mol %
La powders with oy  ; = 0.12 for O mol % La and 0.10
for 5mol% La powders. Hence the observed in-
creases in intensity of the (1 1 1) reflection with increas-
ing La levels in the film samples are truly indicative of
crystallite preferred orientation in the films, rather
than to changes to the structure factor associated with
La lattice substitutions.

The (111> PZT preferred orientation presumably
originates from the {11 1) oriented Pt/Ti bottom elec-
trode layer. There 1s a reasonably close lattice match
between cubic Pt and PZT (d, ;, Pt=02265nm
[34], dy,{ PZT (52/48) = 0.2351 nm [35]) which
consequently would be expected to favour hetero-
geneous nucleation of (111) PZT. However Pt;Ti-
type and PbPt, {111) oriented phases [36,37] are
formed at the bottom electrode during firing; they
also have lattice parameters close to that of PZT
and so may also act as (111> PZT nucleation
sites (d, ; Pt;Ti =0.2244 nm [38], d4,,,PbPt, =
0.2340 nm (x = 5-7) [39]). A small diffraction peak at
22.6° 20 1s probably evidence of a Pt;Ti phase [40], or
closely related phase, in our samples. The JCPDS files
indicate a (1 00) peak at 22.75° 20 for Pt;Ti, which is
close to our extra peak. The reported PbPt,, x = 5-7,
phase [38, 39] has its (1 00) diffraction peak at 21.94°
20, signifying that this PbPt, composition range is not
shown here, but possibly other similar phases could
exist. This aspect requires further investigation.

Substitution of La** for Pb** decreased the meas-
ured pseudocubic lattice parameter with the measured
d, y ; value decreasing from 0.2351 nm for 0 mol % La
to 0.2336 nm for 10 mol % La. From the published
equilibrium phase diagram, as x increases the ¢/a ratio
in the true tetragonal unit cell of PLZT, x/53/47,
reduces until cubic symmetry occurs at the 12 mot %
La composition [33]. In other words the enhanced
{1115 orientation for films with increasing La levels
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is consistent with a reduction in the lattice spacing of
the PLZT films approaching and more closely those of
the {111) oriented phases, formed at the bottom
electrode.

Moving on to the electrical properties of the films,
the measured dielectric and ferroelectric parameters
compare favourably with values reported in the litera-
ture [41,42]. Information on this specific x/53/47
composition is however more limited than for zirco-
nium-rich PLZT compositions, e.g. x/65/35, since the
latter are of special interest for their electroptic ap-
plications. The x/53/47 PLZT composition was
selected here since, as described previously in the text,
the route was being developed from one first for-
mulated for the popular 53/47 PZT composition.

Our films exhibited a strong dependence of the
ferroelectric parameters on the firing temperature and
on the incidence of additional non-ferroelectric pyro-
chlore structured phases. Values of the remanent po-
larization decreased with increasing La levels, possibly
reflecting a reduction in the ¢/a ratio of the tetragonal
unit cell for increasing La compositions, but the extent
of (111) orientation in the films was also increasing
with added La. As well as altering the orientation of
polar axis with respect to the applied field during P-E
hysteresis measurement, and consequently affecting
measured polarization values, changing levels of
{111} orientation could also in part signify varying
stress levels in the films during crystallization which in
turn would affect ferroelectric domain mobility and
polarization values. This orientation effect will be in-
vestigated in more detail in future work.

Experimental current densities, J, were measured
30 min after applying the field; ideally J should first be
measured as a function of time using an appropriate
data acquisition system over a prolonged period to
ensure that the current has decayed to a stable value
for all compositions. Nevertheless it has been reported
[41] that the leakage current measured 30 min after
the voltage application accurately demonstrates the
influence of composition on leakage current in donor
doped PZT and so our data are of some relevance.

Our findings that La additions decreased the leak-
age current density by approximately two orders of
magnitude is consistent with donor doping a p-type
material such as PZT. When chemically pure PZT
ceramics are fired in air, some PbO is lost due to
volatilization; this coupled with reoxidation during
high temperature processing leaves a net excess of lead
vacancies and mobile positive holes (Pbpy, — Vi, +
2h), giving rise to p-type conductivity. Donor dopants
such as La consequently decrease the leakage current
due to electron—hole compensation mechanisms
[29, 31, 41, 43].

5. Conclusions

The diol based sol—gel method can be modified to
enable PLZT films up to 0.5 um thick to be prepared
by a single-layer deposition on platinized silicon sub-
strates. Variations in La levels produced changes in
the incidence of pyrochlore-type additional phases
and in the levels of (111 preferred orientation. The
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2 and 5 mol % films exhibited P, values of 23 and
14 uCcm ™2, coercive fields of 70 and 66 kVem ™! and
relative permittivities of 830 and 700 respectively. For
the highest La concentration studied, 10 mol %, it was
not possible to prepare a single phase perovskite film
even after firing at 700°C. Consequently this
10 mol % PLZT composition exhibited inferior di-
electric and ferroelectric coefficients.
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