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Abstract

The method used by SolMateS to determine the effective piezoelectric coefficient d3; e of
Pb(Zr,Ti)O5 (PZT) thin films from cantilever displacement measurements is described. An
example from a 48 cantilever dataset using different cantilever widths, lengths and crystal
alignments is presented. It is shown that for the layer stack of our cantilevers, the multimorph
model is more accurate compared to the bimorph model for the ds; ¢ determination.
Corrections to the input parameters of the model are further applied in order to reduce the
geometrical error of the cantilever that is caused by its design and processing, as well as
correction to the measured tip displacement caused by resonance amplification. It is shown

that after these corrections, the obtained d3; ¢ values are still up to 10% uncertain as the plate
behavior and the non-constant radius of curvature of the cantilevers lead to inconsistent results.
We conclude that quantitative determination of d3 ¢+ from the cantilevers is highly subjective
to misinterpretation of the models used and the measurement data. The true value of d3; ¢t Was

determined as —118.9 pm V.

(Some figures may appear in colour only in the online journal)

1. Introduction

Thin film piezoelectric micro-electromechanical systems
(MEMS) have received increased attention in recent
years. Bio-sensors, ultrasonic transducers, micro pumps,
accelerometers and energy harvesters are only a few examples
of novel applications in many different fields. In most of these
MEMS devices the piezoelectric effect is used for sensing and
actuation purposes. Among piezoelectric thin film materials,
Pb(Zr, Ti)O3 (PZT) is the best candidate because of its superior
piezoelectric properties. For the use of PZT thin films in
MEMS applications, accurate information is needed on its
piezoelectric behavior.

The piezoelectric coefficient d3; is an important input
parameter for the design and simulation of thin film MEMS

0960-1317/13/025008+07$33.00

devices. Other than bulk piezo ceramics, thin piezoelectric
films are clamped to the underlying substrate, reducing d3; to
the ‘effective piezoelectric coefficient’ ds| ;. Many methods
have been employed for either direct or indirect experimental
determination of ds; s, of which the cantilever method is
a popular technique due to its attributed simplicity [1].
The preferred routine is to determine the d3; e from the
dynamic displacement of fabricated cantilever structures upon
actuation, as this method approaches the working condition
of actual devices. Although the sensitivity is very high, this
technique also has its shortcomings. For calculating d3; ¢g from
the displacement, a model of the mechanical properties of the
cantilever is required. As the values for ds;.s depend on
the used model and its input parameters, especially Young’s
moduli, a one-to-one comparison of the results throughout
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the literature is not justified. An accurate determination of
the d3 ¢ value is required to reduce the discrepancy between
simulation and real actuation of a MEMS device regardless of
the dimensions, geometry and thin film stack.

Here, we outline the method used by SolMateS in order
to clarify the significance of the published d3;. values
determined from the dynamic cantilever actuation. We discuss
the difference between the commonly used heterogeneous
bimorph model and the multimorph model, which also
takes the effect of the buffer and electrode layers into account.
We also describe the corrections applied to ds; ¢ that are
caused by analytical errors and the change of dimensions
of the layers due to device processing. Although all these
corrections are applied for d3; i determination, we show that
the inconsistencies of the model still impede further accuracy
of results from the data set.

2. Experimental

The cantilever structures were fabricated using a 4 inch silicon-
on-insulator (SOI) wafer. The wafer was coated with a 500 nm
buffer layer of SiO, by wet oxidation. The 100 nm platinum
(Pt) bottom electrode was sputter deposited on an ultrathin
titanium adhesion layer. Onto this Pt coated SOIL, a 1 um
thick Pb(Zr,Ti)O3 (PZT) layer was deposited using a large
area pulsed laser deposition tool. This tool, developed by
SolMateS, is capable of depositing (0 0 1) textured PZT
films with a thickness homogeneity <5% on wafers up to
8 inches. The composition of the used PZT is close to the
morphotropic phase boundary. The PZT layer was covered by
a 100 nm Pt top electrode using sputter deposition. The wafer
was further processed into MEMS structures and diced into 12
separate pieces. The processing details are discussed elsewhere
[2, 3]. Each 2 x 2 cm? die includes over 100 cantilevers
with different dimensions and orientations. The widths of the
cantilevers are 50, 100 and 150 pm, the lengths vary from 100—
800 pm (increments of 100 pwm). The thickness of the Si beam
was 7.8 um, as determined with scanning electron microscopy
measurements (SEM) after device fabrication. The cantilevers
are aligned parallel to either the Si (1 0 0) or the (1 1 0)
crystal direction. As shown in figures 1(a) and (b), the top
electrode does not cover the full area of the cantilever. The
distance from the edge of the cantilever to the electrode area
is 10 um over the whole beam surface. This implies that only
a part of the PZT is used for the actuation of the cantilever.
Displacement measurements were performed using a Polytec
laser Doppler vibrometer (LDV). Although the equipment is
also capable of measuring static deflection it is outperformed
by the dynamic mode in terms of accuracy. A 3 V ac excitation
voltage was used at a frequency of 8 kHz. A positive 3 V dc
bias was used to ensure unipolar excitation. It must be noted
that no poling was applied to the PZT thin film prior to the
measurements. For high measurement reproducibility the laser
is always positioned on the edge of the top electrode area,
which is 10 um away from the edge of the cantilever. The
obtained deflection magnitude corresponds to the applied ac
amplitude of 3 V.

3. Theory

In the literature often the heterogeneous bimorph model is
used for modeling piezoelectric cantilevers. In this model, the
ds) coefficient can be calculated using the following formula
[4]:

3ds1855pts (15 + 1,)LPV

o s_%t; + 4sssptstl3, + 6sss‘,,tszt[2, + 4dssptit, + syt

ey

in which § is the cantilever displacement, s, and s, are the
mechanical compliances of the substrate and the PZT, ¢, and
t, are the thicknesses of the substrate and the PZT, L is
the length of the cantilever and V is the excitation voltage.
The compliance is related to the Young’s modulus E by
s = 1/E. The values for the Young’s moduli are listed in
table 1. Note that the Young’s modulus of silicon is anisotropic
between the (1 1 0) and (1 0 0) lattice directions. For PZT we
use the value of E = 95.2 GPa, which was evaluated from the
available experimental data by Pertsev et al [5]

The main drawback of the bimorph model is that it only
considers the cantilever beam material and the piezoelectric
layer. Typical MEMS devices consist of additional layers
such as diffusion barriers, stress compensation layers and
electrodes. To incorporate the effect of these layers in the
calculations, the multimorph model, as described by Weinberg,
is used [9]. First the neutral axis for the torque of the
multilayered structure is calculated:

> wEA;
TN EA
where z), indicates the z position of the torque neutral axis (z is
the direction perpendicular to the beam), the sum is over all
the layers in the device stack, z; is the position of the center of
layer i and A; = w;t; is the cross-sectional area of layer i. w is
the width of the layer and ¢ is the thickness of the layer. The
curvature of the cantilever is then given by:
1 E prw pd3] |4
R Y EA(?/12+272)
with R the radius of curvature, Z; the position of the center
of layer i with respect to the neutral axis and V the applied
voltage. The curvature of curve z(x) is expressed as d%z/dx*> =
1/R, in which x is the position along the cantilever. By solving
the equation for x = L the tip displacement can be obtained;
8§ =L%/2R.
In order to illustrate the difference between the bimorph
and multimorph model, the calculated tip displacement of a
500 um beam using a ds; value of —100 pm V™' and a 3 V
driving voltage is presented in figure 2. The thicknesses of the
layers are as mentioned in table 1, except for the thickness
of Si, which is varied. Significant differences in the results
are calculated between the two models, especially for thin Si
beams. When comparing the effects of the different layers in
the stack separately, the effect of the 100 nm top electrode
layer on the calculations is the largest (figure 2(a)). This is
the outermost layer and therefore much more strain is induced
in this layer when the cantilever bends. For thin Si beams,
the Pt layer dramatically reduces the displacement due to
the symmetric sandwiching of the PZT. The SiO, has a less
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Figure 1. Schematic representation of cantilever (a). SEM image of multiple cantilevers showing their different lengths and widths (b).
Schematic cross section of the cantilever (not to scale) showing the Wrg . that actuates the PZT (c).
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Figure 2. Calculated tip displacement of a 500 xm cantilever using a d3; value of —100 pm V~! and a 3 V driving voltage for the bimorph
and multimorph models. The influence of the individual layers in the multimorph model is shown by changing the simulated film stack (a).
Calculated bimorph tip displacement normalized to the calculated displacement by the multimorph model of the complete stack ().

Table 1. Values for materials parameters used [6, 7, 8].

Si(100) Si(110) SiO, Ptbottom PZT Pt top
E (GPa) 130.2 168.9 70 137.9 95.2 137.9
o (kgm™) 2329 2329 2200 21090 7500 21090
v 0.279 0.064 0.17 0.25 0.35 0.25
t (um) 7.8 7.8 0.5 0.1 1 0.1
w (um) w w w w wW-10 W-20

significant effect than expected because the layer not only
adds to the bending moment of inertia, but also results in less
bending strain in the Si due to the spacing created between
Si and PZT. If the SiO, as well as both Pt layers are not
taken into account in the multimorph model, the calculated tip
displacement coincides with the bimorph model as expected
(not shown). In figure 2(b), the normalized difference in tip
displacement between the two models is shown. For thick Si
beams (>10 pum) the difference is not pronounced. However,
for beam thicknesses smaller than 10 pum the discrepancy of
the two models increases rapidly up to about 100% at 1 pm.
This means that the d3 ¢ value calculated from the measured
tip deflection is significantly underestimated if the bimorph
model is used. The used Si beam thickness of 7.8 um in our

devices is small enough to cause an error of about 10% for
the bimorph model. Therefore, only the multimorph model is
used for the calculations further throughout this paper.

4. Results and discussion

A representative set of 48 cantilevers was measured on a single
die resulting in unique cantilevers, as all possible combinations
of the length, width and crystal orientation is present in the
data set. All devices were functional and were included in the
analysis. The displacement was measured three times for each
cantilever and the average value was used in the calculations.
Figure 3 shows the displacement of the cantilevers sorted
by length, width and crystal orientation. The displacement
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Figure 3. An overview of the tip displacement of the various
cantilevers sorted by width, length and crystal orientation.

increases for longer tip lengths as expected. On average the
beam displacement was 5% larger for cantilevers along the Si
(1 0 0) direction. This is qualitatively (but not quantitatively,
as discussed further on) understood by silicon’s lower Young’s
modulus along the (1 0 0) direction, resulting in beams that
are less stiff compared to those along Si (1 1 0). An increase of
the displacement with the increasing width was also observed.
This is attributed to the incomplete area coverage of the
top electrode, which is more significant for cantilevers with
smaller widths.

From the measured tip displacement, expressed as § =
L?/2R, combined with equation (3), the value d3 ¢ can be
obtained. Figure 4(a) shows the calculated ds; ¢ values using
the multimorph model for each cantilever. The anisotropic
Young’s modulus of Si has been incorporated in the
calculations. Although the displacement for beams along Si
(1 0 0) is larger, the ds; . values are consistently lower
compared to those along (1 1 0) crystal orientation. Also
a significant spread in d3; ¢ With respect to the cantilever
width is observed. Furthermore, the values are not linearly
dependent with respect to the length of the cantilevers. In
the next sections we apply corrections to the calculation of
d31 s that compensate for analytical errors and imperfect
device processing.

First the cantilever length that is used in the calculations
needs to be considered. As mentioned, the LDV measurements
are performed with the laser positioned at 10 um from the edge
of the tip. On the other hand, an unavoidable undercut during
the etching of the silicon in the fabrication process results in
longer length cantilevers compared to the design. Earlier we
found that the undercut is about 5 um for along Si (1 1 0),
whereas it is about 1 um along the Si (1 0 0) crystal orientation
[10]. Therefore x = L — 5 um or x = L — 9 pm has to
be used in the calculations for cantilevers along (1 1 0) and
(1 0 0) respectively. Figure 4(b) shows the d3 s corrected for
the cantilever length, reducing the spread in the data especially
for short cantilevers.

A large spread in the data is still observed for cantilevers
with equal length but varying width. Next, corrections for the
widths of the layers are introduced in the model. As discussed
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Figure 4. Uncorrected d3; values calculated with the multimorph
model (a). Correction for the length (b), width (c) and resonance
amplification (d).

previously, the width of the Pt top electrode is reduced by
20 um with respect to the width of the cantilever (design of
the structure). Also the width of the PZT layer was found to be
slightly reduced by 2 um due to an underetch of the photoresist
during the wet chemical etching process. The Young’s modulus
of PZT and Pt was reduced by the ratio between the width
of the material and the cantilever. In addition, a smaller top
electrode also means that only part of the PZT on the cantilever
is activated. We defined an effective width Wrg g which is
larger than the width of the top electrode to incorporate the
effect of electric field penetration in the PZT outside the top
electrode area, as shown in figure 1(c). This W is used as
a fit parameter to reduce the width dependence in the dataset
as much as possible. A value of W — 17 um is obtained for
W rE.etr, Which implies that 1.5 um PZT is active outside the top
electrode area, which seems a reasonable number considering
the 1 um thick PZT layer. The resulting d3; ¢ values, taking
the width correction into account, are shown in figure 4(c).
The increase in the observed d; s for long cantilevers can
be attributed to the dynamic deflection measurement. Ideally
the tip displacement should be measured quasistatically or at
least well below the resonance frequency of the device. The
resonance frequencies range from approximately 1 MHz for
the L = 100 um devices to 20 kHz for the L = 800 pwm devices.
Since the measurement frequency is 8 kHz, a significant
resonant amplification of the displacement is expected for the
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long cantilevers, which requires correction. The magnification
factor is based on the amplitude transfer function for a driven
harmonic oscillator. For these cantilevers, the quality factor
has earlier been determined to be above 250 in all cases [2].
Therefore the correction for displacement is calculated for an
oscillator without damping from M = (1 — (f/ fres)z)‘l. The
resonance frequency for all devices is calculated using the

analytical relation [11]:
C’t | Eg
. eff ( 4)
2L 12peff

with C = 1.875 a constant for the fundamental resonance
frequency, ¢ the device thickness, E.s the effective Young’s
modulus of the device (a weighted average of the layer
components also depends on the cantilever orientation) and
peit the effective density of the device (a weighted average of
the layer components). For some 800 pwm cantilevers, f.s was
also measured using the LDV and compared to the calculated
values. The difference was in the order of only a few per
cent, confirming the validity of the input parameters and the
previous corrections. Using the displacement correction factor,
the obtained d3 ¢4 values are presented in figure 4(d). It is clear
that the initially calculated d3 ¢ Was overestimated for long
cantilevers, as this correction levels the values from L = 400
to 800 pm.

The absolute values of dzef may be affected by
uncertainty in the input parameters of the model. The most
obvious errors are those of layer thicknesses and the Young’s
moduli. Except for ultrathin cantilevers (<1 pm), the thickness
error of the silicon beam is by far more significant compared
to the other layers. Therefore, we have chosen to check the Si
thickness by SEM rather than using the specified device layer
thickness of the SOI supplier, which can vary between £ 1 um
across the wafer. The thickness measurement with the SEM
results in an estimated error of 2% in the thickness, which can
result in an uncertainty of the ds ;. values by almost 5%.

The Young’s moduli of silicon are very well known [6].
This is less the case for Pt and SiO,, but their contribution to the
error in the ds . value is very small. It is the Young’s modulus
of PZT that is the most significant, as a 10% higher value
yields an 8% lower dj.f. It is not straightforward to obtain a
generic E-value for thin film PZT, as it is not only dependent on
the deposition method but on thin film composition, structural
properties, residual strain and not the least, an appropriate
method of determination as well. That is why a wide range
values, as for example in [12], from s‘lp = 37 to 400 GPa is
found in the literature. As often it is instead very tempting for
authors to use Berlincourt’s polycrystalline MPB bulk ceramic
value of E =72.5 GPa [13], with respect to d3 ¢ determination
as is, boosts the outcome. From reports over the last decade,
it has become evident that the Young’s modulus of PZT thin
films with MPB composition should be near 100 GPa [12]. Our
specific choice for E = 95.2 GPa as reported by Pertsev et al [5]
is based on the fact that our PZT ferro- and piezoelectric data
fit very well the thin film phase diagrams presented in this work
[14]. Furthermore, we determined the Young’s modulus of our
PLD deposited films on similar cantilevers earlier, as presented
here from the resonance frequency shift [10]. The obtained

frcs =

Table 2. Values for —d3; oy (pm V') and —e3 ot (C/N).

Along Si (1 10) Along Si (1 0 0)

100-800 pum 100-800 um

—diiert —€31eft  —d3lefr  —€31err
Min 102.6 15.1 922 13.6
Max 141.4 20.8 135.7 20.0
Mean 114.1 16.8 104.6 154
St. dev. 11.2 1.6 12.5 1.8
St. dev. In% 9.8 9.8 11.9 11.9
Counts 24 24 24 24

value of E = 99 GPa is very close and further strengthens the
validity of the Young’s modulus used in this work.

The corrected values for d3; ¢ are summarized in table 2,
together with the corresponding values for the transverse
piezoelectric coefficient ez; . The latter is calculated by
€31 eff = d}l!eff/(sp + 512),inwhich s, =—-3.7 x 10~ 12py-l [5]
The statistical spread between the selected set of cantilevers
is still quite large; i.e. 9.8% for Si(1 1 0). From the corrected
ds) or data in figure 4(d), it is seen that the 100 um length
cantilevers in particular deviate from the average. For some
of these cantilevers, their length is smaller than their width.
If these shortest cantilevers are omitted from the data set, the
standard deviation already drops to 6.1% for Si(1 1 0). In
general, one only considers cantilevers with L >> W. The main
reason is that zero stress along the width of the cantilever
beam is assumed, which results in anticlastic bending due to
Poisson coupling. However, since it is clamped at one end,
the Poisson deformation is prevented if the beam becomes
significantly short. Because of the additional stress along the
width of the cantilever, the plate modulus (PM) instead of
the beam modulus (BM) approximation should be used in
which the Young’s moduli and piezoelectric coefficient should
be replaced by E” = E/(1 — v?) and d3," = d3;(1 + v)
respectively [9]. No straightforward quantitative measure to
distinguish between the BM and PM approximation solely
based on the dimensions of the structure, is available. With
respect to the data set presented in this paper, the structures
should be considered both as plate and beam; their behavior
gradually moves over from one to the other [15]. We verified
this by carrying out full 3D finite-element simulations using
the COMSOL software package for the dimensions of the
Si beams only within our data set. From the simulations,
the resonance frequency was obtained and compared to the
analytical determined resonance frequencies from equation 4
for both BM (E" = E) and PM (" = E/(1 "— 1?)
approximation. In figure 5(a), the difference between the
analytical and calculated resonance frequencies is shown.
The data confirms that the BM is appropriate for our long
Si(1 0 0) cantilevers as it gives the smallest deviation from
the COMSOL simulation. As the beams become shorter,
the deviation for BM increases whereas that of the PM
decreases, suggesting a gradual change from one into the other.
Surprisingly, the difference between BM and PM is very small
for cantilevers along Si(1 1 0). The anisotropy in both E and
v results in almost similar values for E” = 169.6 GPa and
E = 168.9 GPa along the (1 1 0) orientation, making it rather
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Figure 5. Absolute differences between the analytical and simulated resonance frequencies (fre™~ and f.,"°™) for beam (BM) and plate
modulus (PM) of 100 um wide cantilevers along Si(1 0 0) (a). Deflection of 200, 400 and 600 um cantilevers due to pre bending with fitted
radius of curvature as specified (). Difference in displacement along the length of the 200, 400, 600 and 800 «m cantilevers

(Si(1 1 0), W =200 pm) between measured and fitted data with specified radius of curvature (c).

independent of the PM or BM approximation. This implies that
our data of the (1 0 0) oriented cantilevers is more uncertain. In
figure 5(a), the deviation for BM <1 0 0> is negative, meaning
that the used analytical model underestimates the resonance
frequency by a few per cent. As fi. is proportional to the
square root of E. equation (4), the calculated d3 ¢+ values are
underestimated even more than this. This mostly explains the
lower observed d3; ¢ values for (1 0 0) compared to (1 1 0)
directions.

A weak aspect of the model to determine dsje is
that it assumes a constant radius of curvature R for the
actuated cantilever. Using the scanning option of the LDV,
the displacement at point x along the length of the cantilevers
was measured. A curve with a constant radius was fitted to
the data; the difference between measured and fitted data is
shown in figure 5(c). It is clear that R is not constant along
x since for all cantilevers the radius of curvature is stronger
over approximately the first % of the cantilever length, whereas
over the last % the actual displacement drops rapidly compared
to the fitted average R. Likely because of drag due to the
actuation in air, this effect tends to increase as the cantilever
length gets longer, as is observed from the higher fitted R
values. Fitting curvature over only the first % of the cantilever
displacement yields R values that are much closer to each other.
In particular, the last 20 um of the electrode covered area on the
cantilever only weakly contributes to bending. Because of the
discontinuity of the edge of the top electrode, the displacement
difference drops off rapidly at the tip end. Best fitting results
were obtained on the 400 p«m cantilever. This fitted R is a more
representative value for the calculation of d3 ¢;f compared to
the displacement of the tip end. According to the fit, the tip
displacement, hence ds; o Was underestimated by 3.8%.

Finally, we discuss the effect of stress in the PZT film
caused by the difference in thermal expansion coefficient of
PZT and the Si substrate upon cooling after deposition [14].
This residual stress of about 100 MPa results in a tensile
strained PZT film that causes the cantilever to bend upward
after it is being released during the device fabrication process.
In figure 5(b), the initial bending measured using white
light interferometer of three cantilevers, is shown together

with the fitted curve with a constant radius. It can be seen
that the radius of curvature is lower for longer cantilevers,
which might be due to gravitation. Although the difference
may seem small, it implies that the strain in the PZT is
not uniform among the complete set of cantilevers. As the
PZT properties depend strongly on the strain state of the
PZT, the d3; ¢ can be significantly different [5]. It has been
experimentally demonstrated that a change in the (pre-) strain
of PZT results in increased piezoelectric properties [14,16].

Based on the corrections described in this paper, we
obtained a nearly uniform relative ds value for a large
data set of different cantilevers with different geometries. A
uniform value, independent of cantilever geometry, should
be expected as the individual layer thicknesses and material
properties are the same for each device. Especially since all the
cantilevers are located on a small area on the same die. Still
a scatter in the data remains because of uncertainties in the
application of the model and the strain in the PZT. Taking these
considerations into account, the calculated d3; ¢f of the 400 um
long and 100 um wide cantilever aligned along Si(l1 1 0)
is believed to yield the most reliable value from this data set.
The value of d3; e = —118.9 pm V1 is close to the mean
value of the complete (1 1 0) data set.

5. Conclusions

The true piezoelectric coefficient of SolMateS’ PZT material in
cantilever devices is determined to be d3j.;r = —118.9 pm v-L
We have shown that accurate d3;c determination using
dynamic actuated cantilever devices is only possible if there is
enough understanding about the following.

Model: it is shown that the bimorph model is in
general not accurate enough. Especially for
thin beams, the multimorph mode is the
best approximation. However, both models
rely on the assumptions of a constant
radius of curvature, which is in general not
the case. Furthermore, it should be clear
whether it is valid to use the beam or PM.
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Geometry: the final geometry of the cantilever is
affected by post processing of the devices.
This not only counts for the beam
material, but for the complete film stack
as each individual layer contributes to the
cantilever response. Especially for thinner
beams, this individual contribution can be
significant. Therefore, the exact thickness
and size of each layer is an important input
parameter for d3 ¢¢ determination.
dynamic displacement measurements can
be very accurate. However, the measure-
ment frequency should be far enough from
the resonance frequency of the device.
Otherwise corrections should be applied to
the deflection.

the multimorph model requires the input of
the Young’s modulus for each layer. The
value for PZT in particular is important. A
number taken from the literature without
consideration is a non-educated guess, as
in most cases it does not represent the PZT
material used.

it must be mentioned that once the d3 ¢ iS
determined, it is only valid for the specific
PZT material in the tested device. Although
the PZT thin film may be one and the
same, the locally determined ds; . only
represents that value for the complete
film provided the strain is uniform. The
same PZT with a different strain, for
example induced by the initial bending
of cantilever beams, may yield dissimilar
d31 efy-

Measurement:

Young’s modulus:

Strain:

With respect to reported dsc determination from
cantilever displacement, it appears that at least one of the
above aspects is not taken into account. This means that
the significance of the reported ds; i values throughout the
literature is, to a certain extent, questionable.
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