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Effects of Sample Geometry on Electric-Field-Induced Displacements 
in Pt/PZT /Pt/Si02/Si System Investigated by Finite Element Method 
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Electric-field-induced displacements of PZT film capacitor Pt/PZT /Pt/Si02/Si(100) were ca.!culated by 
finite element method with various parameters of sample geometry. Sample geometric parameters were 
the diameter of top electrode rPTE ranging from 0.2 f..Lm to 1000 f..Lm, PZT film thickness tpzT ranging from 
0.5 f..Lm to 10 f..Lm and whether PZT film was continuous or side-etched. The thickness of the substrate 
(Si02/Si(100)) tsub was 300 f..Lm. Surface longitudinal displacements and net longitudinal displacements 
of the PZT film were computed out, which corresponded to strains measured using an atomic force mi
croscope (AFM) and a. double beam interferometer (DBI), respectively. Five types of effects that prevent 
measurement of the intrinsic d33 using AFM were clarified. For measurement of the intrinsic d33 , both 
smaller cPTE (less than iPZT) and side-etch treatment were essential; however this condition is difficult to 
be satisfied experimentally. Thus, the second best condition was suggested. 
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1 INTRODUCTION 

In case of materials research for ferroelectric 
micro electromechanical systems (MEMS), it has 
been important to measure electric-field-induced 
displacements and to evaluate piezoelectric con
stants (particularly longitudinal piezoelectric con
stant d33 ) of ferroelectric films. Currently, sev
eral techniques such as atomic force microscopy 
(AFM)1- 5l , interferometry6-s) and direct meth
ods9l have been employed to evaluate the electric
field-induced displacements. The double-beam in
terferometer6l has been the most precision tech
nique; however it has needed a well-skilled oper
ator and some sample processing. Thus, among 
these techniques, AFM has been the most effective 
technique for materials research, because AFM is 
easy to operate and has sufficient sensitivity. 

Nevertheless, there has been some doubt 
whether piezoelectric constant d33 evaluated from 
AFM-measured strain. has been intrinsic d33 or 
not. For instance, AFM-measured d33 has de
pended on the diameter of top electrode5l . More
over, in general, reported values of effective d33 

have widely dispersed. 
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In this study, we calculated electric-field
induced displacements of PZT film capacitor by 
finite element method (FEM) and evaluated d33 

with various parameters of sample geometry. Five 
types of effeets which prevent precision measure
ment of d33 using AFM will be discussed. 

2 THE SIMULATION MODEL 

3-dimensional FEM analyses were performed 
using a commercial software (Dynus Co. Ltd., 
PiezoPLUS). Electric-field-induced displacements 
were calculated using ~static analysis mode, be
cause applied field frequencies for AFM measure
ments (Hz rv kHz) are sufficiently lower than the 
mechanical resonance frequencies of thin film ca
pacitore disks ( > MHz). Columnar FEM mod
els consisted of 5 layers as shown in Fig. 1: 
Pt/PZT /Pt/Si02 /Si(100). These models had 
three parameters. First parameter was the diame
ter of the top electrode (cPTE), which wa.s ranging 
from 0.2 f..Lm to 1,000 ttm. Second parameter was 
the thickness of the PZT layer (tPZT ), which was 
ranging from 0.5 f..Lm to 10 f..Lm. Third parameter 
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Table 1 Summary of FEM model structure. 

diameter thickness num. of elements 
component (pm) (Mm) along thickness 

Pt top-electrode rPt = 0.2, 0.5, 1, 2, 5, 10, 20, 0.1 5 
50, 100, 200, 500, 1000 

PZT(52/48) 
rPt X 1 (for side-etched model) 

0.5, 1, 2, 5, 10 20 
rPt X 10 (for non-side-etched model) 

TE 

PZT 
BE 

Si02 
Si 

Pt bottom electrode rPt X 10 

Si02 rPt X 10 
Si single crystal rPt X 10 

Fig. 1 Schematic drawings of FEM models. 

was "whether PZT film was continuous or side
etched". The diameters of the whole FEM models 
were 10 times as large as 4JTE· As a mechanical 
boundary condition, the side faces of the models 
were clamped. A periodic boundary condition was 
applied in the rotation direction with a period of 
30 o so as to reduce computing time and to achieve 
more fine meshes. The parameters of the model 
structure are summarized in table 1. 

Piezoelectric constants (d'f; ), compliances 
(s~), perrnittivities (s'f;) and density of pure 

PZT(52/48) ceramics15l were substituted for 
these constants of the PZT film. Here, d33 of 
PZT was 223x1o-12 m/V15). The mechanical 
constants of other materials are sun1marized in 
table 2. After the FEM calculations, d33 (AFM) 

was computed from a longitudinal displacement 
at the center of the top-electrode surface. This 
value corresponds to d33 estimated from AFM
measured strain. d33 (nct) was also calculated 
from PZT film deformation in the film thickness 
direction on the center axis of the model. This 
value corresponds to d33 estimated from a lon
gitudinal strain measured by the double-beam 
interferometer. 

0.1 5 
10 

299 25 

Table 2 Mechanical properties of non
piewelectric materials for FEM calcula
tions. 

d E 

Pt 21.44 10) 0.168 ll) 0.377 ll) 

Si02 2.20 12 l 0.073 12l 0.165 12> 

Si 2.33 13l 0.127 14l 0.278 14l 

d: density (103 kg/m3 ) 

E: Young's modulus (1012 N /m2 ) 

a: Poisson's ratio 

3 RESULTS AND DISCUSSION 

Figure 2 shows the subtraction of d 33(AFM) from 
d33(net) as a function of 4JTE, which was cal
culated with the side-etched models with vari
ous tpzT. The result for the continuous models 
was almost the same with it. If 4YTE was equal 
to tpzT or below, d33(nct) - d33 (APM) was nearly 
zero, indicating that AFM-measured d33 is simi
lar to DBI-measured d33 on this condition. With 
increasing 4JTE from tpzT, d33(nct)- d33(AFM) 

rose to a stationary value of approximately 
50xl0-12 m/V (tpzT < 4JTE < 20 x tpzT), kept the 
constant value (20 x tpzT < 4YTE < 200 f.liil), and 
rose rapidly again (200 fLm < 4JTE ). Thus, the de
pendences of d33(nct) d33(AFM) in 4JTE were dis
tinguished by four regions with three boundary: 
4JTE = tpzT, 4JTE = 20 X tpzT and 4JTE = 200 fLm. 
Here, it should be noted that the boundary, 
4JTE = 200 fUll, was independent of the PZT thick
ness, while other two boundaries were propor
tional to 4JTE· The additional calculations with a. 
parameter of the substrate thickness tsub pointed 
out that this boundary depended on the aspect ra
tio of 4JTE to tsub and was around 4JTE = 0.5 x tsub· 
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Fig. 2 Subtraction of AFM-measured d33 

(d33(AFM)) from DBI-measured d33 (d33(nct)) 

as a function of the diameter of the top electrode 
(<PTE), which was calculated with the side-etched 
models with various tpzT· 

From detailed inspection of the sample defor
mations, it was found that the rapid increase of 
d33(net)- d33(AFM) with <PTE over 200 tUn was at
tributed to a substrate bending effect: substrate 
bending motion due to a lateral piezoelectric ef
fect, which has been reported by A. L. Kholkine 
et al 6) . If the aspect ratio of the top-electrode 
diameter to the substrate thickness is too large, 
a vertical displacement caused by the substrate
bending motion is not negligible. Thus, in a range 
of large <PTE (> 0.5xtsub), the displacement mea
sured by AFM is dominated by the surface bend
ing motion and d 33(AFM) no longer correspond to 
the intrinsic d33 . It must be noted that the false 
displacement due to the substrate-bending effect 
strongly depended on mechanical boundary condi
tions for the FEM simulation. This implied that 
AFM-measured longitudinal strain easily changes 
with sample holding conditions, if <PTE is large. 
The substrate-bending displacement is negligible, 
if 0TE is reduced enough or if the field-induced 
displacement is measured by DBI. 

The investigation of the sample deformations 
also revealed that the stationary difference be
tween d33(AFM) and d33(nct), which was found on 
the condition of 20 x tpzT < 0TE < 200 J-tm, was 
due to local backside displacement of the PZT ca
pacitor. If there is no substrate and the PZT ca
pacitor is totally free, the backside displacement 
is equal to the surface one. The asymmetry be
tween the surface displacement and the backside 
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Fig.3 DBI-measured d33 (d33(net)) as a function 
of the diameter of the top electrode (<PTE), which 
was calculated with the side-etched models with 
various tPZT· 

one was attributable to the existence of the sub
strate. As described above, if 0TE was small below 
tpzT, d33(AFM) was almost equal to d33(nct), imply
ing that the backside displacement was negligible. 
This is because the substrate was able to be re· 
garded as a perfect rigid body, if 0TE was small 
enough. 

Figure 3 shows d33(nct) as a function of 0TE 
calculated with the side-etched models with var
ious lPZT· If 0TE was equal to tpzT or be
low, d33 (nct) was equivalent to the bulk value: 
d~3lk = 223x10- 12 m/V. As <Pn; increased from 
tpzT, d33(nct) declined and finally reached a sta
tionary value of around 140xlo-12 m/V indepen
dent of the PZT thickness. This stationary value 
was obtained if 0TE was larger than 20 x tpzT· 

This difference between d~glk and d 33(nct) was 
caused by a clamping in the lateral directions by 
the substrate. 16l It has also been reported that the 
stationary d33 value, in this case 140xl0-12 m/V, 
depends on both d31 and the Poisson's ratio of 
the piezoelectric film in principle. 16l This in-plane 
clamping effect is negligible, if the aspect ratio of 
<PTE to tpzT is 1 or less. 

Figure 4 shows the subtraction of d33(nct) for the 
continuous models from d33(nct.) for the side-etched 
models as a function of <PTE, which was calculated 
with various tpzT· This subtraction represents the 
effectiveness of the side-etch treatment. If 0TE 

l th 20x t cl cont.. det.chcd was was arger , an ·PZT, '33(nct)- '33(net) c 
almost zero, indicating that the side-etch treat
ment has no effect. on this condition. As 0TE 
decreased cl cont. - dotchod gradually increased 

' ' 33(nct) 33(nct) ' · ' ' 
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Fig. 4 Subtraction of DB I-measured d33 ( d33(nct)) 

for the continuous models from d33(net.) for the 
side-etched models as a function of the diameter 
of the top electrode (<hE). 

exhibited local maximal values at <hE =2xtpzT, 
and finally rose drastically (c/Jcm <0.5xtPZT)· 

A detailed investigation of the sample de
formations revealed that the drastic increase 
of dcont. detchcd 'th d . "' b l 33(net) - 33(net) WI ecreasmg 'f'TE e ow 
0.5xtpzT was due to an edge-clamping effect: the 
continuous PZT film clamped the edge of the ca
pacitor disk and prevented the whole disk from 
elongating longitudinally. In case of side-etched 
model, the capacitor disk was deformed almost 
freely, because of the absence of the continuous 
PZT film. Thus, the side-etch treatment is essen
tial if cPTE is smaller than 0.5 x tpzT· 

The sample deformation also clarified that an 
in-plane clamping caused by the continuous PZT 
layer was the origin of the difference between 
d cont. d dctchcd b . d th d. . f 33(net) an 33 (net) o serve on e con 1t10n o 
cPTE > 0.5xtPZT with the local maxima. The side
etch treatment also eliminate. this effect. 

4 CONCLUSIONS 

Electric-field-induced displacements ofPZT film 
capacitor Pt/PZT /Pt/SiQ2/Si(100) were calcu
lated by finite element method with various pa
rameters of sample geometry. Five effects which 
prevented precision measurement of d33 using 
AFM were clarified by FEM calculations: (1) the 
substrate-bending effect (0.5 xtsub < cPTE ), (2) the 
local backside displacement (tpzT < cPTE; const. if 
20xtpzT < cPTE), (3) the in-plane clamping by the 
substrate (tpzT < cPTE.i const. if 20xtpzT < .PrE), 
(4) the in-plane clamping by the continuous film 
(cPTE < 20xtPZT) and (5) the edge-clamping effect 
(cPTE < 0.5xtpzT ). The substrate-bending effect 
and the local backside displacement were negligi
ble, if the displacements were measured by DBI. 
The side-etch treatment were effective to eliminate 

the in-plane clamping by the continuous film and 
the edge-clamping effect. 

For measurement of the intrinsic d33 , both 
smaller cPTE (less than tpzT) and side-etch treat
ment were essential; however this condition is dif
ficult to be satisfied experimentally. Thus, the sec
ond best condition, 20XtpzT < cPTE < 0.5Xtsub was 
suggested. On the second best condition, AFM
measured displacements depended only on d31 and 
Poisson's ratio of PZT and was relatively indepen
dent of sample geometric parameters, particularly 

<fJTE· 
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