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Abstract

Pb(Zr,Ti)O3 compositions are under investigation for applications that include integrated capacitors, piezoelectric sensors, and actuators.
Sol–gel synthesis and spin coating are popular routes to the formation of high quality, dense, crack free, insulating films. However, the
electrical properties of the films are often different than those measured for bulk specimens of the same composition. Pb(Zr0.53Ti0.47)O3

films were deposited from a 2-methoxyethanol based sol–gel system onto Pt/Ti/SiO2//Si substrates via spin-casting. Multiple layers were
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equentially deposited and heat-treated to 650C with the use of a PbO overcoat to ensure complete perovskite phase formation. Film th
as varied from 0.19 to 0.5�m to study the effect of thickness and residual stress on the dielectric and piezoelectric properties of the p
nd deformable material. Ex-situ wafer curvature measurements, combined with cross-sectional scanning electron microscopy, all
etermination of residual stresses in the thin films calculated by the Stoney equation. The macroscopic boundary conditions were

o the measured properties of interest, namely dielectric constant, tanδ, and piezoelectric strain coefficient. Measured dielectric cons
aried from∼750 to∼1000, whiled33 values ranged from 30 to 44 pm/V, as determined by single-beam heterodyne laser interfe
easurements.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Materials in the PbZrO3–PbTiO3 (PZT) system have been
tudied for over 50 years for use in devices as varied as trans-
ucers and capacitors, and more recently as non-volatile
emory elements, sensors, actuators, and electro-optic
odulators.1,2 Initial applications of PZT required bulk ma-

erial or tape-cast sheets. However, with the rise of integrated
ircuits based on semiconductor technology, the push for thin
lms, directly bonded to silicon-based substrates, has grown
ramatically. Unfortunately, a common observation during

he development of PZT technology was that thin films,
hether deposited by sputtering, CVD, PLD, or chemical-
olution deposition processes, did not have the same prop-
rties as their bulk counterparts.3–7 These observations have
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since led to increased activity in the field in an attempt to
cidate the fundamental differences between bulk and thin
ferroelectric perovskites. Potential mechanisms for the
served differences in PZT materials include: thickness, g
size, interface, crystal orientation, and residual stress8–12

Results relating to many of these potential mechanisms
been reported in the literature, but a clear understandi
still lacking, and the performance level of thin film PZT h
not yet reached bulk values. The work presented here fo
on the effect of residual tensile stress (developed during
processing) on the measured dielectric and piezoele
properties of films of three distinct thicknesses.

2. Experimental procedure

Pb(Zr0.53Ti0.47)O3 thin films were deposited via spi
coating from a 2-methoxyethanol based sol. The solu
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chemistry used throughout this work followed the synthetic
route developed by Budd et al.7 and later refined by Lakeman
et al.13 for the fabrication of Pb-based perovskite thin films
and powders. Standard Schlenk glassware with a flowing
dry N2 atmosphere was used to preserve an inert atmosphere
throughout all chemical manipulations. Lead acetate trihy-
drate, Pb(CH3COO)2·3H2O (Aldrich Chemical Company),
was dehydrated under vacuum at 80◦C for 12 h. A 5 mol %
excess of the resulting anhydrous white powder was mixed
with a large excess of 2-methoxyethanol (Aldrich Chemical
Company) and refluxed at 100◦C for 1 h before distillation
under flowing N2. Two thermal distillations (140◦C) plus two
vacuum distillations (∼10 Torr, 65◦C), followed by redilu-
tion with 2-methoxyethanol in each step, were used to ensure
complete reaction and removal of any by-products. Sepa-
rately, Ti-isopropoxide and Zrn-propoxide (Aldrich Chemi-
cal Company) were mixed with excess 2-methoxyethanol in
an approximately 1:10 molar ratio and refluxed at 100◦C for
one hour under flowing N2. An opaque yellow solution was
obtained after three successive thermal distillations (140◦C).
The Zr/Ti precursor was combined with the Pb-precursor
in 2-methoxyethanol and refluxed for 1 h. Two thermal
distillations and two vacuum distillations were carried out
to complete the reaction and remove any remaining reaction
by-products to yield a stock solution. This stock solution was
then diluted with 2-methoxyethanol and partially hydrolyzed
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manifested as a nanocrystalline matrix, were not observed
by scanning electron microscopy (SEM, Hitachi S-4700).13

The macroscopic residual stress in the thin films was
determined by wafer-curvature measurements using a KLA-
Tencor FLX-2908 laser reflectance system. An accurate fit
for the radius of curvature of the substrate was determined
using a line scan consisting of 100 points. The radius of
curvature of the platinized silicon substrate was used as the
reference point for all subsequent measurements. A change
in radius of curvature after film deposition can then be used
to calculate the stress in the film via the Stoney equation,

σ =
(

E

1 − υ

)
S

t2S
6tf

(
1

R
− 1

R0

)

where, (E/1 − υ)s and ts are the biaxial elastic modulus
and thickness of the substrate,R0 is the reference radius of
curvature, andR is the final radius of curvature (in this case,
after film processing).16 Film thickness (tf ) was measured
via cross-sectional scanning electron microscopy. The
above equation is based on beam bending mechanics and
assumes that the layer thickness is much less than that of the
substrate. In this work, all films were more than two orders of
magnitude thinner than the substrate thickness of∼375�m,
satisfying the thin-film assumption. With the thickness ratio
satisfied, the Stoney equation allows for the calculation of
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nd aged (>24 h) to give a 0.25 M,Rw = 0.5 solution suitabl
or spin-coating. Additionally, a PbO overcoat was prep
nd used following the work of Tani et al.14 to control
b-loss often experienced during thermal processing.
Prior to spin coating, single-side polished platini

ilicon substrates (Pt/Ti/SiO2//Si) were prepared by dc spu
ering in Ar onto as received, 375�m thick, Si(1 0 0) wafer
ith 5000Å of thermally grown oxide (Silicon Quest Intern

ional). Substrates were rinsed with 2-methoxyethanol
o deposition to remove surface contaminants. A dry N2 spray
as also used to remove any surface particles. A stan
hotolithography spinner (Headway Research Inc.) was

o deposit all films. Spin-coating conditions were optimi
o produce uniform layers over 3 in. diameter substr
ith a minimal number of defects. Solutions were depos

hrough a 0.2�m filter onto a substrate, initially spinning
00 rpm. After the surface was saturated with solution
pin speed was increased to 3000 rpm for the remainder
0 s deposition time. A two-step hot-plate treatment was
sed at 120 and 300◦C for 1 min each. The temperatures w
etermined by thermogravimetric analysis (TGA) of a P
ulk gel for the drying and pyrolysis stages.15 The spin/hot
late process was repeated four times, with a subsequen
vercoat applied before firing in a pre-heated box furn
t 650◦C for 30 min. This sequence of spin casting and

reatment was repeated several times to build up th
erovskite films. All films were identified to be single-ph
erovskite by X-ray diffraction (XRD, Philips X’Pert MRD
u K�-radiation). Furthermore, the presence of any pos
inor phases, such as pyrochlore or a defect fluorite,
esidual stress in any film (on a substrate with known el
roperties) without any prior knowledge of its own ela
ehavior. This is particularly useful for sol–gel deriv
oatings where properties change during heat treatmen

Pt counter electrodes, 1.2 mm in diameter and 20̊A
hick, were sputtered onto the top surface of the fi
ithout any observable change in measured stress fo

ntegrated film. The electrodes were connected to
opper wire (0.025 mm diameter) by a silver-contain
poxy, and the entire assembly was mounted on a
in.× 3 in.× 0.375 in. Al block. Dielectric measureme
ere made with a HP 4284A impedance bridge at 50
c and 1.0 kHz. Piezoelectric properties were determine
riving the specimens at a small ac voltage over a ran
c bias fields. The 100 mV, 1.0 kHz applied ac signal
upplied by a lock-in amplifier (Stanford Research Syst
odel SR 830). As the samples were driven, out-of-p
isplacements were measured using a heterodyne inte
etric system (with a 0.24 mm diameter spot size) devel
reviously by Lian and Sottos.17

. Results and discussion

Heat-treated PZT films were dense and macro-crack
or thicknesses of 0.19, 0.35, and 0.50�m. A representativ
canning electron photomicrograph is given inFig. 1for the
.19�m film in both plan and cross-sectional views. As
lm is well bonded to the substrate, and can only expan
ontract perpendicular to the substrate surface, residual
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Fig. 1. Scanning electron photomicrographs of a 0.19�m thick PZT film on
Pt/Ti/SiO2//Si in (a) plan view and (b) cross-section.

ial stresses build up in the film due to constrained shrinkage
during drying, pyrolysis, crystallization, and thermal expan-
sion mismatch between the film and substrate on cooling.15,18

Residual stress measurements carried out on these films
(with the Pt/Ti/SiO2//Si substrate used as a reference) yielded
unusually large tensile stresses ranging from 1590, 850,
to 650 MPa with measured tensile stress decreasing with
increasing thickness.Fig. 2 illustrates the apparent change
in calculated residual stress, with increasing film thickness,
determined in this study. In all cases, calculated values of

F ness.

residual stress values were inordinately high. Strains ranging
from 0.9 to 2.2% were estimated using a Young’s modulus
of 70 GPa.2 The result is clearly unlikely for ceramics
where the strain-to-failure is usually∼0.1%. Therefore, the
calculated stress must have an additional component other
than from the PZT film. This may stem from changes in the
sputtered Pt/Ti layer after repeated heat treatments. Work in
progress is directed at investigating this effect by etching the
PZT film from the substrate and re-measuring the radius of
curvature.

SEM and XRD indicated that morphology and phase
purity was consistent throughout the sample set. However,
dielectric and piezoelectric behavior show a correlation with
residual stress (Fig. 3). As calculated tensile stress decreased
(from left to right in Fig. 3), calculated values of dielectric
constant increased from∼750 to∼1000. Tangentδ values
were between 0.01 and 0.02, indicating low-loss properties
for the films, comparable with bulk values of similar
composition. The piezoelectric coefficients reported here
are significantly less (d33 = 30–45 pm/V) than previously
measured for identical samples (d33 = 200–400 pm/V).19 We
now correct these values. Substrate bending during actuation
was found to artificially enhance the d33 coefficients of
the PZT film. Kholkin et al. also observed this phenomena
when using a single-beam interferometer.20 The use of a
single-beam interferometer in this study, along with a non-
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ig. 2. Measured residual tensile stress in PZT as a function of film thick
igid adhesive layer (CrystalbondTM 509 (Aremco Product
nc. Valley Cottage, NY) was originally used to bond
pecimen to the Al block) resulted in a change in w
urvature during actuation, resulting in larger than expe
ut-of-plane displacements and calculatedd33 values. We
eport now correctedd33 values from rigidly bonded sampl
without substrate bending effects). These values (ran
rom 30 to 45 pm/V) are an order-of-magnitude less t
ulk values for the same composition.2

The trend ind33 values for the current specimens c
e correlated with stress and film thickness. One plau

ig. 3. Dielectric constant, tanδ, and piezoelectric strain coefficient, a
unction of residual stress.
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explanation for changes in properties is an interface-layer
effect.8 The presence of a low dielectric constant layer in
series with the active piezoelectric layer dilutes the observed
behavior. While observations of interface layers have been
published in the past, this interpretation may not be the entire
story. The dilution layer would hold true for a film that could
be of arbitrary thickness, while all other conditions (such as
stress, crystallite size and orientation) were held constant.
In the present case, residual tensile stress decreased as film
thickness increased.

Reports indicate that residual or applied stress can
have a significant effect on electrical properties. Shepard
Jr., et al. reported that application of tensile stress on the
order of ∼150–200 MPa could cause a reduction in the
remanent polarization of up to 20% of the original value.21

Garino and Harrington reported complimentary results
were the reduction of residual tensile stress (through wafer
bending) by 30% increased the dielectric constant by 2%,
the remanent polarization by 11%, and the coercive field
by 1.5%.22 Furthermore, reports indicate that the stress
state upon cooling through the Curie temperature can affect
the domain configuration, and thus dielectric properties,
in tetragonal PZT thin films.23 A tensile stress on cooling
from the cubic state yields a preferred orientation of the
c-axis in the plane of the substrate, whereas a compressive
stress would form thec-direction normal to the substrate.
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terpretation of the results is in agreement with previous
literature reports. An additional observation regarding
the scaling of dielectric constant and the piezoelectricd33
coefficient determined a constant g33 coefficient for the films.

Added at the time of press:

Preliminary results indicate that calculated strain levels
are closer to 0.1% when the contribution of a Pt/Ti reaction
is accounted for during PZT film processing.
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. Conclusions

A sol–gel method was used to deposit Pb(Zr0.53Ti0.47)O3
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