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Abstract: The electric field induced deformations of thin piezoelectric, aluminium nitride (AlN) layers, on top of
a silicon substrate, were studied by numerical calculations and interferometric measurements. Our calculation
by finite element method demonstrates that substrate deformation under the top electrode may be comparable
to the deformation in the thin AlN layer, for a given applied voltage. Simulations also show the effect of a
clamped or free substrate condition and the relative contributions of d33 and d31 piezoelectric constants. A
Laser scanning vibrometry technique was used to measure deformations in the top surface with sub-picometer
vertical resolution. By comparing calculations and experimental data, quantitative information about both d31
and d33 constants can be obtained.
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INTRODUCTION

STRUCTURES AND SIMULATIONS

Certain acoustic wave devices and microelectromechanical
systems
(MEMS)
use
piezoelectric thin films as actuating elements. The
fabrication of these devices on conventional silicon
wafers is a common choice due to the possibility of
integration with mature technologies [1-3]. Among
the different piezoelectric materials, AlN is an
interesting candidate for this integration process. Its
good mechanical, chemical and dielectric
properties, as well as the compatibility with CMOS
technology, have determined its choice [4,5]. A
number of complex techniques have been used to
determine AlN piezoelectric properties, such as the
longitudinal piezoelectric coefficient d33 [6-11]. In
this work, the piezoelectric performance of sputterdeposited AlN thin films on thick silicon substrate
was simulated by FEM (Finite Element Model)
analysis and characterized by scanning laser
vibrometry. The simulation results show the
displacement profile of the top and bottom surfaces
of the thin film, as well as the displacement of the
top and bottom surfaces of the substrate, for a free
and a perfectly clamped structure. Besides,
different characteristics of the displacement profiles
were related to the transversal piezoelectric
coefficient d31. From an experimental point of view,
the scanning laser vibrometer data supported the
simulated results, with a good overall matching
between the experimental and the calculated
displacement profile of the top surface of the
structure. In order to take advantage of the
agreement between the experiment and the
simulation along this profile, a fitting procedure was
applied in order to evaluate the piezoelectric
coefficients d33 and d31 accurately.

Figure 1 shows a schematic cross section of the
metal-piezo-metal sandwich model for the
simulation section. The thickness of the AlN layer
and Si substrate is 2 µm and 640 µm, respectively.
The material of the electrodes is Molybdenum (Mo)
with a thickness of 0.2 µm for both electrodes. For
the experimental results, the main structure of the
samples is similar to the figure 1.

Top electrode
AlN film
Bottom electrode
Si (100)
Figure 1. Device cross sectional view.

Next, we present the results of the FEM calculation
for the structure of figure 1 with a perfectly clamped
bottom face of the substrate. Figure 2 shows the
results for a 200 µm square-shaped electrode and
an applied voltage of 17.6 V. Figure 2a shows a
cross sectional view perpendicular to the top
electrode surface and along its center. Only the 2
µm thick piezoelectric layer and a part of the 640
µm thick substrate are represented. Both
electrodes are removed as they follow the
deformation of the adjacent layers. The vertical
displacement along the Z axis is magnified for a
better view. The colour is also modulated following
the
total
displacement.
A
quantitative
representation is shown in figure 2b, where the Z
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displacement profiles of the top (solid) and the
bottom (dashed) surfaces of the thin film are plotted
against the X in-plane coordinate, whose origin is
taken at the center of the top electrode (X=0). The
origin of the vertical axis in this figure corresponds
to the situation of no deformation for the curve
under consideration.

AlN

Si

significant change in the substrate thickness below
the top electrode. This would not occur at a
perfectly rigid substrate. It is also worth mentioning
that there is no bending of the substrate due to the
boundary condition of perfect clamping.
Figure 2 also shows the profile of the top surface of
the film. This profile is characterized by different
features around the edges of the top electrode.
These features are the step in the displacement at
the edges of the electrode (S1) and the nonuniform displacement at both sides of the step,
characterized by the total displacement from edge
to center of the electrode and designated as S2 in
the inset to figure 3. The curvature of the top
surface of the film below the top electrode is a
result of the non-uniform displacement at both
edges, below the top electrode.

Figure 2a. FEM calculation of the deformation in AlN and
silicon. Cross sectional view perpendicular to the top
electrode surface. The vertical displacement along the Z
axis is magnified for a better view
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Figure 2b. Z displacement profiles (microns) of the top
(solid curve) and the bottom (dashed curve) surfaces of
the thin film against the X in plane coordinate, whose
origin is taken at the center of the top electrode (X=0).
The origin of the vertical axis corresponds to zero
deformation.
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The most important point to notice from this figure
is the displacement of the bottom surface of the
film. This displacement is far from being negligible,
with a value of 53 pm at the center of the electrode.
For comparison, the displacement on the top
surface is - 17 pm at the same place. Therefore, for
this electrode size, the total change of thickness in
the piezoelectric layer is distributed at the top and
the bottom surfaces. This fact brings out very
serious limitations to the determination of the
piezoelectric coefficient d33 from a measurement of
the displacement of the top surface of the structure,
as it is the case with laser scanning interferometry
and AFM. In the way figure 2b is presented, the
electric field induced change of the film thickness at
the center of the electrode is directly given by the
separation between the two curves at that point.
Besides, the displacement of the bottom surface of
the film is equivalent to the displacement of the top
surface of the substrate. Consequently, there is a
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Figure 3. Magnitudes of the steps at the edge (S1) and
from edge to center (S2) against d33 and d31.

Figure 3 demonstrates that S2 is mainly
determined by d31 and that is almost constant in a
wide range of d33 values close to those published
in the literature. On the other hand, S1 is affected
by both d33 and d31 with opposite trend, as
expected. This behaviour will allow us to obtain
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both piezoelectric constants from an independent
fitting of S1 and S3 to their experimentally obtained
magnitudes.

EXPERIMENTAL
The experimental electric field-induced out-of-plane
displacements were measured with a MSV 400
Polytec scanning laser Doppler vibrometer. The
sample was placed on a probe station and
electrical contacts to the top and bottom electrodes
of the structure were made using tungsten dc tips.
The system can scan a certain area of the device.

(a)

As
the
displacement
profile
measured
experimentally resembles very well all the features
of the simulated profile, it would be reasonable to
obtain the piezoelectric coefficients by fitting the
simulated profile to the experimental one. In this
way, the whole profile, and not only a particular
feature such as the step, would be used for the
evaluation of the piezoelectric coefficients, although
the results of figure 3 regarding steps S1 and S2
can be used as a guide. The measured profile must
not be affected by any resonance of the structure in
the tens of kHz range. According to our
measurements this implies the use of top
electrodes with a side of 200 µm or smaller, as well
as gluing the structure to a holder. The results
obtained under these conditions can be compared
to the simulations for a perfectly clamped structure.

(b)
Figure 4. Scanning laser vibrometer measured
displacement for a 2 μm AlN film on top of a 640 μm Si
substrate. The area shows part of a 200 μm side square
electrode and the surroundings, with the probe used to
apply voltage to the structure.

For measuring the surface out of plane
movements, the structure was excited by applying
a sinusoidal signal between the electrodes with a
given frequency. The amplitude of the applied
sinusoidal signal was 17.6 V (nominally 18V,
reduced by slight loading effects) in all the cases
presented in this work. The frequency of the
sinusoidal signal must be low enough and far
enough from any mechanical resonance so that the
experiment can be compared to the static model,
for a given voltage amplitude. The scanning laser
vibrometer was used to obtain an animation of the
movement of a scanned area that included the top
electrode and the surroundings for a structure
glued to an Al holder in an attempt to clamp the
bottom surface of the substrate, with a 2 µm thick
2
AlN film and a 200x200 µm square top electrode.
Figure 4 shows the displacements obtained from
the previous animation at (a) 17.6 V and (b) -17.6
V. The top electrode can be seen as well as the tip
contacting it. The parameters of the measurements
were given in the experimental procedure section.
In this case, the frequency of the sinusoidal signal
was 60 kHz, far from any mechanical resonance.
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Figure 5. Fitting to the experimental result with the
simulations. The solid line corresponds to the average of
different measured displacement profiles along a 200 µm
side square top electrode for a 1.8 µm AlN glued
structure. The dotted line is the calculated result for d33 =
5.5 pm/V and d31 = - 2.6 pm/V. The dashed line is the
simulation for d33 = 4 pm/V and d31 = - 2 pm/V.

Figure 5 shows a fitting example. The solid curve is
an average of the measured profiles over a
200x200 µm2 square top electrode for a glued, 1.8
µm thick, AlN structure. The sinusoidal excitation
signal had 17.6 V peak at 60 kHz. This curve is
characteristic of the many different measurements
performed in different samples. Two calculated
displacement profiles are also included in the
figure, associated with two sets of piezoelectric
coefficients. The dotted curve corresponds to
values for dij obtained from previous works. In this
case, the measured curve is less pronounced and
has lower vertical displacements than predicted by
the model. Next, we tried to find the values of d33
and d31 that best fit the experimental curve for this
sample; In our case, we found a good agreement
with the dashed curve, which corresponds to d33 =
4 pm/V and d31 = - 2 pm/V. With these values, the
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step at the edges of the top electrode and the
curvature under the top electrode are comparable
for both the experiment and the simulation. In this
way, the estimated piezoelectric coefficients are
deduced from a comparison between experiment
and theory that takes into account the whole
displacement profile and not only a particular point
or feature in the measurement.

CONCLUSIONS
AlN piezoelectric thin films were studied using FEM
simulations and scanning laser vibrometry, in terms
of the displacement generated by the voltage
applied between the top and bottom electrodes, on
top of a silicon substrate. Our calculations, taking
into account the compliance of the substrate,
predict a pronounced deformation of the bottom
surface of the thin film located below the top
electrode, and consequently of the top face of the
substrate, for the top electrode sizes commonly
used in the literature. Therefore, the thin film
thickness variation is thus the result of both the top
and bottom surface displacements. Since
techniques such as scanning laser vibrometry
measure only the displacement on the top surface,
the change in film thickness can not be directly
deduced. As a result, the immediate determination
of the piezoelectric coefficient d33 from the
measurement of the displacement of the top
surface of the structure is not straightforward. In
our case, based on the excellent agreement
between the experimental and the calculated
displacement profiles, the values of d33 and d31 in
AlN were deduced by applying a fitting procedure
that includes the different features of the profile
along the top electrode.
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