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Longitudinal piezoelectric coefficient measurement for bulk ceramics
and thin films using pneumatic pressure rig
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A pneumatic pressure rig was designed to measure the effedtiyeoefficient of thin film
piezoelectrics by applying a known stress and monitoring the induced charge. It was found that the
stress state imposed included components both perpendicular and parallel to the film plane. The later
were due to friction and could largely be relieved through sliding of the O-rings to their equilibrium
positions for a given pressure. The induced charge stabilized as equilibrium was reached and most
of it was produced by the normal component of the stress. By minimizing the surface friction and
compensating for the remnant in-plane stress, very good agreement was obtained anwbgg the
values measured by the Berlincourt method, double-beam interferometry and this method for a bulk
lead zirconate titanaté®ZT) sample. Thal;; value of PZT thin films made by sol-gel processing

was also measured. The as deposited films usually showed very weak piezoelectricitygvith
values ranging from 0 to 10 pC/N, indicating little pre-existing alignment of the domains. With
increasing poling field, the;; value also increased and saturated at poling fields exceeding three
times the coercive field. Typically, films with thicknesses aroundrihadds; values of 100 pC/N.

Good agreement between double-beam interferometry and this technique was also obtained for thin
films. The small difference between the two measurements is attributed to the effect of mechanical
boundary conditions on the effectivid;; coefficient. © 1999 American Institute of Physics.
[S0021-897€09)05813-2

I. INTRODUCTION tive coefficient since the film is clamped to the substrate.

) ) ) For converse measurements of the effectiyg the lon-
There has been a great deal of interest paid to the desiglginal elongation of the film is on the order of 0.1-100 A

and fabrication of microelectromechanical systeM&EMS) due to the small film thicknegs-um). Laser interferometry
in recent years. Micromechanical actuators based on piez@;,5 peen used to measure these displacerfh@mithough
electricity are particularly attractive due to the high energy,qasonable values of effectiviy; have been reported for
densities, and high-transmitted forces and torques which cag:p, single-beam and double-beam interferometer
be achieved:? Piezoelectric devices such as sensors and aGystems:Oreliable measurement using a single-beam instru-
tuators can be fabricated at low cost using silicon technology;ant is very difficult because of both bending and backside
designed for integrated circuits. A variety of applications for , iion of the sampl&®!! Double-beam interferometry is
piezoelectric thin filmg integrated on silicon substrates, inyp|e to measure the film dilatation accurately by eliminating
cludmg micromotors; gccelerometer‘é;, and microsonar e influence of substrate motigmcluding bending but it
arrays; have been described. _ requires a more sophisticated optical system and the mea-
For the design of miniature sensors and actuators, it ig,rement is strongly influenced by the optical alignment.
deswab_le to have a compreh_enswe k.nowledge. of material 5 the other hand, although the direct piezoelectric ef-
properties such as the 'elas.tlc.and plgzoelectrlc constantt has been widely used in determinidg; for bulk piezo-
However, for piezoelectric thin films, reliable measurements, g tric materials, little success has been achieved for piezo-
of the piezoelectric coefficients are still not widely available. gjactric thin films. The major obstacle which prevents this
Due to the constraints imposed by the substrate, the piezQnq of measurement for thin films is believed to be the
electric coefficients of thin films cannot be directly measured;, itaneous bending of the sample when force is applied

through standard resonance methbdbus static or quasi- perpendicular to the film plane to produce a uniaxial stress.
static methods have to be used. These methods can be cgl-2 thin film sample, a very thin layer of piezoelectric ma-

egorized by whether the direct piezoelectric effect, i.e., @Dierig) is rigidly clamped to a much thicker substrate. As a
plying a stress and measuring the induced charge, or thggyt, even a small substrate bending can generate very large
converse piezoelectric effect, i.e., applying a voltage aniayia stresses in the piezoelectric thin film, which in turn
measuring the induced elongation, is used. It should bg o4 ces a large amount of electrical charge through the
pointed out that in these measurements, the ratio betwegp,nqyerse piezoelectric effect. This makes the accurate mea-
charge and stres®r strain and voltagedoes not represent g rement of the charge induced by the applied uniaxial stress
the piezoelectric coefficient of the free sample, but an effeCVery difficult. Another problem for thin filmdss measure-
ments is that the small thickness of the sample makes stress
@Electronic mail: fxx101@psu.edu alignment very difficult.
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of the sample. Unlike the normal load method, because there
is no solid contact between the sample surface and the gas,
uniform stress can be produced easily on a sample with non-
flat surfacegwhich is usually the case for piezoelectric thin

O-RiNGs ALUMINUM v films due to the finite thickness of the top electrpde
SPZT y’s'“e p— The induced charge produced upon applying or releasing
AMPLS INTEGRATOR pressurized gas was collected using a charge intedfator

PRESSURE
ExHausT

Bottom ELECTRODE
LeaD

which converted the collected charge into a variation of volt-

age on a capacitor of known size placed in series with the
stressed sample. Since the circuit was in virtual ground
mode, the voltage between the two electrodes of the sample

was always zero, so that almost all the induced charge was
driven to the capacitor. The voltage output from the charge
integrator was monitored in real time using a Hewlett Pack-
ard 54600A oscilloscope.

The piezoelectric coefficients; (bulk material or effec-
tive ds5 (thin film) was calculated using the following equa-

In this article, a pneumatic pressure rig designed to appl;t/lon
a uniaxial stress to piezoelectric thin films is described. The
piezoelectric charge response of both bulk and thin film lead
zirconate titanatgPZT) samples due to the applied stress
was studied over the pressure range from 0 to 1.2 MPa. It
was found that a component of in-plane stress led to inflated
d;; values in both bulk and thin film samples. A measure-
ment procedure which eliminated the error by self-
compensating the remnant in-plane stress was then dev
oped.

Gas
BoTtTLE

PRESSURE
TRANSDUCER

FIG. 1. Schematic drawing of the experimental setupdigrmeasurement.

d33=&D3/&T3=AQ/(AP*A), (1)

where D3 and T; are the electrical displacement and me-
chanical stress in thickness directia® is the change of the
e(Jélvity pressureAQ is the measured electric charge induced
by that pressure change, aAds the area of the electrode.
The charge response of both a PZT bulk ceramic sample
Il. EXPERIMENTAL PROCEDURE and PZT thin films were investigated in this work. The bulk

The experimental setup developed in this work is showrferamic studied was a piece of PZT-5A which was 25 mm
schematically in Fig. 1. There were two major parts of thisby 25 mm by 2 mm in size and polished withuin alumina
setup: a pneumatic pressure rig which was designed to appgowder on both sides. A thin layer of Pt was sputtered on
a uniform uniaxial stress to the tested sample and a chargene entire face for the bottom electrode. On the other side, a
integrator. The stress rig consisted of two identical aluminunv.5 mm diameter top electrode was also formed with sput-
components machined with cavities 1 cm in diameter. Thaered Pt. The sample was then poled at 100 °C for 10 min
sample was placed between the aluminum fixtures with caviunder an electric field of 20 kV/cm. PZT thin films were
ties both above and beneath it. The two cavities were Corbrepared by the So|-ge| method. The procedure for the prepa-
nected so that the pressure inside them was always equahtion of the sol-gel films can be found elsewh&tarhe
O-rings were used on both sides of the sample for sealingypstrate used was platinum-coated, oxidized silicon wafer
To reduce the surface friction, Parker O-lube lubricant wasyii 4 thin titanium adhesion layer. The composition of the
applied between the O-ring and the sample. By mtroducmg”m was PHTig4eZrs)Os Which is at the morphotropic
high—pressur(_a hitrogen gas into these .cavities simultaneous| hase boundary. Tob electrodes were formed by sputtering a
forces_were imposed which acted ur_uformly gnq equally o hin platinum layer through a shadow mask with an array of
both sides of the sample, thus a uniform uniaxial compres: . holes. The back of the sample was polished
sive stress was applied to it. Similarly, releasing the pneu—l'.6 mm d|amet§r o'€s. . . b P

with 1 um alumina powder. Air dry silver epoxy was used to

matic pressure resulted in a uniaxial stress of opposite sign. o .
The pressure inside the two cavities was measured usin ntact the top and bottom electrodes of the thin film capaci-
. Poling was performed at room temperature.

Omega PX602 pressure transducers. The pressure appliedt )
this experiment was in the range from 0 to 1.2 MPa. Because 1h€ double-beam interferometer measurementsif

the applied force was balanced everywhere across the facd both bulk and thin film PZT samples were made using a
of the sample, the application of pneumatic pressure woul@yStem described elsewhére.A Z3-2 piezoelectricds,

not bend the sample even if it had an initial curvature due tdneter (Institute of Acoustics, Academia Sinicavas also

the thermal expansion coefficient mismatch between the piUsed to measure thiy; value of the bulk PZT sample. The
ezoelectric film and the substrate. Another advantage of uglielectric constant and loss factor were measured using an
ing pneumatic pressure is that a uniaxial stress can be oli#P4192 LCR meter, and the ferroelectric hysteresis loop was
tained without the need to align the stress rig, even thougimeasured using a RT66A ferroelectrics tegRadiant Tech-

the film thickness is much smaller than the lateral dimensiomologies.
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20 prTT T e produced by the pneumatic pressure at the steady state. For
' 1 ' : ! the same reason, a compressive in-plane stress arises when
pressure is released from the cavity, since the unbalanced
O-ring restoring forces cause the O-rings to slide back to-
wards their original positions. Sinak; andd;; have oppo-
site signs in PZT, the piezoelectric charges induced by the
normal component of the stress and the in-plane stresses add
: ; . : to each other. With the decrease in the in-plane stress over
g b B b b time, the total amount of induced charge also decreases. Fi-
so 100 150 200 250 300 nally, at steady state, both stresses are constant and the signal
Time (sec) no longer changes with time. At this point, the in-plane stress
FIG. 2. Charge response of the bulk PZT sample to applied pneumati®vas at its minimum since a majority of it had been released
pressure. through O-ring deformation or recovery. Since the induced
charge measured at this stage contains the smallest signal
induced by the in-plane stress component, it was used to
approximate thels; coefficient using Eq(1).
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Ill. RESULTS AND DISCUSSION

A. Measurements on bulk PZT . .
2. Remnant in-plane stress analysis

To evaluate the remnant in-plane stress level at stabili-

The charge response of the bulk PZT sample upon apeation and the error in the calculateld; introduced by that
plying and releasing pressure was investigated first to studgtress, a calibration was done by comparing the calculated
the stress state induced by pneumatic pressure. As shown dh; values with values measured by other techniques. A bulk
Fig. 2, when pressurized gas was introduced into the rig, th®ZT ceramic sample measured using the Berlincourt method
induced charge quickly reached a maximum, followed by aand double beam interferometry gadg; values of 305 and
continuous asymptotic decrease, until it stabilized after abous02 pC/N, respectively, indicating a very good agreement
90 s. The measured pressure in both cavities was equal ahetween these two techniques. However, the calculdtgd
constant throughout the signal stabilization. The signal meafrom the pneumatic pressure method was always larger than
sured after releasing pressure was very similar to the signahose values, showing an appreciable amount of remnant in-
on applying pressure, and the final values of the signal aplane stress present at stabilization. Depending on the experi-
stabilization were almost equal in magnitude, though oppomental conditions which controlled the in-plane stress, the
site in sign. It should be emphasized here that the variatiocalculatedds; values were about 3%—10% larger than those
of the measured induced charge was not due to the leakageeasured by the other two techniques. To eliminate this er-
either from the PZT sample or the electronics. This was veri+or, a detailed investigation was made on both the factors
fied by applying a constant normal load to this sample. Awhich controlled the magnitude of the remnant in-plane
step signal was indeed obtained, as expected. This result istress as well as how to reduce it by optimizing the design of
dicated that the time dependence of the induced charge olhe pressure rig and the measurement procedure.
served on the oscilloscope was caused by some kind of Since the frictional force is given by= uN, whereu is
change in the stress applied to the PZT sample. Since thée friction coefficient between the two surfaces &hid the
pressure was constant inside the cavities, there was rforce parallel to the surface, any factor which influenges
change in the stress which was perpendicular to the sample affects the friction. In our experiments, the following fac-
plane. Obviously the pneumatic pressure also generated aors were found to be particularly important in friction con-
additional stress component, and this stress was time depefnel: the O-ring compressiofi.e., the percentage reduction in
dent. dimension in the clamping directi@nlubrication, sample

We have demonstrated that the in-plane stress induceslirface roughness, the O-ring cross-sectional area and the
by friction between the O-ring and the sample surface wa®-ring hardness. Figure 3 shows how the measured pressure-
the origin of the above observatidh.The friction arises induced charge was affected by O-ring compression. The
when there is a pressure change introduced into the cavitieeesults indicated that the remnant in-plane stress dropped
Increasing the pressure increases the force acting on theith decreasing O-ring compression. This was due to a
O-ring parallel to the surface and pushes the O-rings outsmallery when the O-ring was less clamped. Therefore very
wards. This force generates surface friction on both sides amall O-ring compression was favorable in this application,
the sample, so that an equivalent tensile in-plane stress &specially since a little leakage of gas from the cavities is
created. The in-plane stress decreases over time as the pngarmitted. Since rubber has an inherently high friction coef-
matic pressure acting on the O-ring leads to O-ring slidingficient with almost all metallic and nonmetallic surfaces, ad-
O-ring sliding reduces the net force acting on the O-ring byequate lubrication is very important, especially for pneu-
creating a restoring force via deformation. Eventually thematic seal applications. A good lubricant can form a strong
in-plane stress stabilizes as a force balance on the O-ring fim on the sample surface which the O-ring cannot wipe
reached. The net result is that in addition to the desired comaway, thus reducing the friction coefficient. It was found in
pressive stress normal to the wafer surface created by presur experiment that the friction was greatly reduced by the
surizing the cavities, remnant tensile in-plane stress is alsapplication of lubricant, and reliable measurements were ob-

1. Charge response and stress analysis
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& L a 7 % anling
s 59 _ -6 S / Sample
S F - b > 1 3 O-rlngs g
B sal 14 8 §
< 5.8 — . ] o & g
0 :A, - - :
é 57F o ugJ = Pneumatic Force P=0
L 1 —> O-ring Restoring Force Compressive in-plane stress
5_6|||||||||||||||||||||||||||_0 — -
0 2 4 6 8 10 12 14 - Surface Friction Force
O-ring Compression (%) —» -
FIG. 3. Effect of O-ring compression on measured pressure-induced charge. (a)
O-ring compression was calculated &k { d.)/dy, whered, is its original
diameter andl, is the dimension in the clamped direction. The error in the
calculatedds;, was estimated by comparing the calculatkd value with
that measured by Berlincourt meter.
tained only when the sample was properly lubricated. Fric- _P=0 P=P,
. . L . No in-plane stress Tensile in-plane stress
tion was also reduced by polishing the sample surfaces using
1 um alumina powder. The smoother the surface, the smaller App,y pressure — =
the remanent in-plane stress. Smaller remnant in-plane
stresses were also obtained when an O-ring with a smaller Sample - =
cross-sectional area was used, since this reduced the pneu- O-rlngs
matic force acted on it. The reduction of friction through use ﬁ g
of a harder O-ring is due to its smaller friction coefficient. &
Under the best experimental conditions used to reduce P=0 P =Py (<P2)
: Compressive in-plane stress Compressive in-plane stress
the in-plane stress component, g value calculated from -
. - —
the measured pressure-induced charge exceeded that mea- Release
i i 0H—
sured by Berlincourt meter and interferometry by about 3% ive = Pressue < ul

4%. This suggests that the error irdg coefficient derived

from this measurement would be under 5%. However, this

optimized condition was not always readily achievable. As a
: . . (b)

result, there was a relatively larger scatter in the derlgd

value, and sometimes errors as large as 10%—15% were obtG. 4. Remnant in-plane stress produced by pneumatic pressure @aring

served. procedure in which pressure was switched between OPanéb) procedure
with a remnant in-plane stress self-compensation mechanism.

3. Self-compensation of remnant in-plane stress

To further improve the accuracy of tliR; measurement stress, and accurath; values can be obtained. One way to
and more importantly, the reliability of this charge-pressurereach this condition is to preload the cavities with a pressure
measurement technigue, a measurement procedure for refid= P, which is higher tharP; and then reduce the pressure
nant in-plane stress self-compensati®iPSSQ was devel- to P=P; [Fig. 4b)]. By doing so, a compressive remnant
oped. In this method, the charge contribution from the in-in-plane stress was imposed on the sample due to the O-ring
plane stress induced charge could be totally eliminated byecovery. After stabilization, the pressure is then released to
manipulating the remnant stress levels. Figure 4 shows sch&=0 and the induced charge is measured between the steady
matically how this method works. states aP=P,; andP=0.

In the previous section, where the induced charge was The dependence of the remnant in-plane stre$, ain
measured during switching the pressure betwBei® and the preloading leveP, was investigated for the purpose of
P=P; [Fig. 4@)], the remnant in-plane stress at the two controlling the magnitude of the remnant in-plane stress. Fig-
steady states were of opposite sign. The change in in-planre 5 shows that the induced charge measured between
stress between the two measurement states is fundamental®y= P, and P=0 decreased with an increase in the preload-
responsible for the inflatedi;; values. The idea of the ing pressurdi.e., asP, increased If Q' is the charge which
RIPSSC method is to tailor the remnant in-plane stress sis due to the normal component of the strésalculated us-
that they are of the same sign and magnitude in the twdéng the ds5 value obtained from the Berlincourt measure-
steady states. If this is achieved, then there will be no changmen), then the measured char@evas equal t@Q’ when the
in in-plane stress between the two steady states. The inducedeloading pressure, was about two times the value Bf.
charge is then only that due to the normal component of th&his indicates that the remnant in-plane stres®atan be
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FIG. 5. Influence of the preloading pressi#gon the measured charge for

a pressure change froR= P, to P=0. Q is the measured pressure-induced FIG. 7. Influence of O-ring compression on the measlygecoefficient of
charge, andQ’ is the charge due to the normal component of the stressbulk PZT-5A. The effectiveness of stress compensation is clear.
evaluated using thds; value measured by Berlincourt meter.

sions(which were not used in actudh; measurementsvere

controlled by the preloading pressufg, and the remnant intentionally applied to the O-rings. As the O-ring compres-
in-plane stress level is controlled mainly by the pressuresjon increased, friction increased and so did the remnant in-
change between the two steady states. This is reasonalffane stress, as indicated by a considerable incrd&8é) in
since the friction is proportional to the pressure changethe calculatedis; value when the RIPSSC method was not
Thus, one might expect that the remnant in-plane stress dugmployed. On the other hand, there was only a 2% variation
to the friction would also be proportional to the Change Ofin the measured33 value from zero Compression up to 17%
pressure. compression when the RIPSSC method was used. Practi-

Using the RIPSSC method, a linear relationship betweerally, this is very important in the routine application of the
the induced charge and the applied pressure was obtainggchnique, making the measurements much more consistent

(see Fig. 6. d33 for the bulk PZT-5A ceramic sample derived and the measurement procedure much more convenient.
from the slope of the curve was 304 pC/N, which was in very

good agreement with the value obtained by both the Berlin- o
court method and interferometry, indicating that the influ-B- Méasurement on PZT thin films

ence of surface friction on thé;; measurement was elimi- The charge response of PZT thin films as the cavity pres-
nated by the RIPSSC method. sure was changed was very similar to that observed in bulk
In addition to enhancing the measurement accuracy, theamplegFig. 2), indicating that the stress state applied to the

RIPSSC method also made thg; measurement much less thin film was the same as that for the bulk sample. Using the
sensitive to variations in the remnant in-plane stress. FigurIPSSC method described in the previous section,dthe

7 shows the influence of the O-ring compression on the meaoefficient of several PZT thin films was measured. Figure 8
surement results with and without remnant in-plane stresshows the induced charge as a function of the pressure
self compensation. In this experiment, very large compreschange for a Jum PZT film poled at 150 kV/cm for 1 min.

The relative dielectric constant and the remanent polarization
of the film were 930 and 22C/cn?, respectively. From the

10 T T T T T slope of the line, the effective,; value of the thin film was
_d33 =304 pC/N from the slope
8 -du = 305 pC/N by Berlincourt meter b
i daa =302 pCIN by interferometry : 250‘ LI I Y I B L L B L AL B B
S sl ] - Effective d_ = 94 pC/N 1
2 8[ i 200— . =P ) ~
o I (without in-plane stress compensation E
g L ] C ]
g T ] 5. [ ]
5 af - 2 1500 .
L 1 . r ]
L ] & T ]
2L - ] & 100f- -
» | | | Lol | ] 50— # Effective d_ = 88 pC/N -
0 1111 1141 11 | I O B L1 11 1111 1t 1 N a3 ]
0 61 02 03 04 05 06 07 C | | (in-Pla;"e stress‘ compenlsated) 1
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1
Pressure (MPa) 0 0.2 0.4 0.6 0.8 1 1.2

Applied Pressure (MPa)
FIG. 6. Charge induced in a bulk PZT-5A ceramic specimen as a function of

applied pressure. Measurements were made with the remnant in-plane strdsi$s. 8. Induced charge as a function of pressure change fopm PZT
self-compensation method. film poled at 150 kV/cm for 1 min.
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TABLE I. Elastic properties of PZT film and silicon substrdsee Refs. 16 and 17

851 PZT sz PZT 553 PZT Ysi<1oo) Ysi<110) Yave
(1002 m4N) (1002 mdN) (1002 m?N) (GPa  (GPa (GP3 wvs(100 Vsi119  Vave

13.8 —4.07 —5.80 130 169.5 149.7 0.28 0.064 0.172

calculated to be 88 pC/N. Again a 7% error in the effectivetively, sﬁ andd;; are the compliances and piezoelectric co-
ds3 value occurred when the RIPSSC method was not usecfficients of the thin film, and¥ and » are Young's modulus
Since double-beam interferometry is currently the mostand Poisson’s ratio of the substrate. Because of the lack of
widely accepted technique for thin fildy; measurement and compliance data for PZT thin films in the literature, data for
most of theds; values reported in the literature were mea-an undoped bulk PZT ceramic with the same Zr/Ti ratio was
sured by that method, a direct comparison betweendtie used as an approximatidhFor the calculation, the Young’s
value from our method and interferometry is necessary. Thenodulus and Poisson’s ratio of the substrate were taken as
same electrode used for the data in Fig. 8 was measurdtlie average of the values in tH&00 direction and(110
using double beam interferometry. An effectidg; value of  direction, which are the maximum and minimum in-plane
84 pC/N was obtained. Again the two techniques gave veryalues for a(100) silicon wafer'’ Table | gives the values
closeds; values, further confirming the validity of the charge used for this work. Substituting them into Eq®) and (3)

measurement technique. yields:
Given the fact that the RIPSSC method and interferom- )
etry yielded almost the sames; value for a bulk PZT da3(Cp) =dzst 1.13, (4

sample, it is our belief that the small difference in ihg ,
values obtained for the thin film was due to the different d33(dp) =dz3+0.96dg;. ®
boundary conditions under which the two measurementgubtracting Eq(4) from Eq. (5) yields

were made. As was mentioned before, thin film piezoelectric

measurements yield an effective value of the piezoelectric  d34(dp)—djs(cp)=—0.235;. (6)

coefficient, due to the clamping effect of the substrate. The ) ]
effective ds; value of a thin film on a substrate is related to SINc€ the typicalls, value for these PZT films was around

the unclampedi,; value via the elastic and piezoelectric ~40 10 —50 pC/N;" the difference in effectivels; measured
constants of the film and the substrate in a manner whichY direct piezoelectric effect and converse piezoelectric ef-
depends on the boundary conditions. Since the boundarFCt was estimated to be around 9-10 pC/N using(BR.
conditions for the direct piezoelectric measurement used here HOWeVer, in the real measurements, the boundary condi-
and a converse piezoelectric measurement such as interfdfonS deviate somewhat from the conditions used in the
ometry are quite different, different effectivy; values are above model. Expenmen?al _results from single beqm inter-
expected even when the same film is measured by the twigrometry measurements indicate that the substrate is bent by
techniques. Lefki and Dormans analyzed the boundary cont-he piezoelectric thin film during electrical excitatiht!

ditions for these two situations and predicted that the effec@king the assumption that the in-plane strain was zero dur-

tive value given by the direct piezoelectric effect should bel"9 the converse piezoelectric measurement invalid. In addi-

larger than the effective value given by the converse piezolion, during the direct piezoelectric measurement the sub-

electric effect> Our results agree with this prediction and Straté was not free to expand parallel to the plane because the
are the first direct experimental observation of the influenc@€riPhery of the substrate was not subjected to the pneumatic
of boundary conditions on the effectivl of piezoelectric ~ Pressure. Thus, the model represents two extremes for the
thin films. boundary conditions and gives a maximum for the difference
To quantitatively evaluate the difference in the effectiveln €ffective ds;. The discrepancies between the measure-

ds; measured by direct and converse methods, the moddnents for the two techniques should and do fit between these

developed by Lefki and Dormans was adopted as a first ag20unds. _
proximation. In this model, the in-plane strain of the film Kholkin et al. also used the above model to explain the

was taken to be zer@ssuming the film was totally clamped difference between thd;; coefficients of bulk ceramic and

: : : thin film in PZT and Ca-modified lead titanateCT).*® The
in-plane by the substratéor the converse piezoelectric mea- . el " -
surement, and it was equal to the in-plane strain of the sulfiss Coefficient was significantly smaller in PZT thin films
strate(assuming the substrate was free to expand and isotrdl@n that in PZT ceramics with the same composition, while

pic) for the direct piezoelectric measurement. The effectivd” PCT, thin films and bulk material gave very simildgs
das for these two boundary conditions are giveriby values. This was attributed to the effect of the boundary con-

, e & ditions on theds; coefficient obtained in a converse piezo-
dga(Cp) =dsz—2d31S14/(S11+ S, (20 electric measurement. For thin films, the effectilg value

) L E E, E is related to both the unclamped; andds; of the piezoelec-
da3(dp) = dsa— 2dax(S1aT »/Y)/ (511 FS15). © tric material in a way similar to what is described in E4).
Heredj,(cp) anddj(dp) represent the effectivds; mea-  However, PCT is a very anisotropic material anddig co-
sured by the converse and direct piezoelectric effect, respeefficient is about 20 times larger than tllg; coefficient.
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(4) As-deposited sol-gel 52/48 PZT thin films showed
very weak piezoelectricity with al;; value less than 10
pC/N. Theds; value increased with poling field and satu-
rated when the poling field exceeded three times the coercive
field. Typical d35 values at saturation for m films were
about 100 pC/N.

(5) A direct comparison between thh; values mea-
sured by double-beam interferometry and this technique in-
dicated the influence of the mechanical boundary conditions
on the effectiveds;. The effectived;; measured by the di-
rect piezoelectric effect was slightly larger than that mea-
sured by the converse piezoelectric effect. A quantitative
evaluation was made and the calculation was in agreement

with the experimental result.

FIG. 9. Induced charge of a gm PZT 52/48 film as a function of poling
field.
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