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Abstract
This report discusses the use of COMSOL Multiphysics to simulate the behaviour of piezo-
electrically actuated MEMS resonators called trampolines. After building the proper geometry
and optimising the mesh, a series of simulations will be done to study the mode shapes of the
trampoline’s membrane in order to find the best one suited for potential applications. Their
frequencies will be computed along with the effect of residual stress in the silicon nitride on
those frequencies.
The highest actuation voltage will be determined next and the geometrical optimisation of the
actuation and detection electrode will take place through various stationary studies in which
no residual stress is introduced and a the measurement of charges in a piezoelectric material in
COMSOL will be discussed.
Finally, the optimisation of the same geometrical parameters will be repeated, this time adding
the residual stress in the simulation in order to determine if those optimal parameters are af-
fected by the stress.
It is however important to note that this project will be executed in the context of the COVID-19
sanitary crisis.
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1 Introduction
The goal of this project is to optimise through various COMSOL simulations the geometry of
piezoelectric MEMS resonators called trampolines. Those resonators are suspended membranes
of low-stress silicon nitride actuated and then sensed by piezoelectric material. In this instance,
the piezoelectric material is aluminium nitride (AlN) sandwiched in between two layer of plat-
inum (Pt). The first task will be to compute the different resonance modes of the structure to
determine the optimal excitation frequency in order to obtain the maximum displacement. In a
second time, the optimal dimensions of the piezoelectric electrodes will be investigated in order
to have the highest actuation and biggest measured signal. The process will finally be repeated,
this time adding the residual stress in the silicon nitride in order to observe how it affects the
optimal dimensions of the electrodes.

2 Simulations

2.1 Geometry and Mesh building

Geometry

The construction of the geometry in COMSOL is straightforward and is created using rect-
angles, the array tool and some trigonometry to position the different elements properly. The
trampoline consists of a square membrane with four arms attached to each corner of the mem-
brane. The arms are clamped to the substrate. The parameters used to built the geometry in
COMSOL can be seen in Figure 1.

Figure 1: Schematic showing the parameters used to define the
geometry in COMSOL.

The electrodes, as mentioned previously, are composed of two layers of platinum for the con-
tacts and a layer of aluminum nitride in between that acts as the piezoelectric material. The
geometrical parameters can be seen on Figure 2.

1



Figure 2: Schematic showing the parameters used to define thick-
ness of the electrodes in COMSOL.

The default parameters that will be used in the next simulations can be seen on Table 1. Unless
it is specified, all simulations will be done using those parameters.

Parameter Dimension [µm]
l_arm 200
w_arm 30
w_tr 100

l_elec_act 100
w_elec_act 20
l_elec_detec 100
w_elec_detec 20

t_ALN 0.1
t_SIN 0.5

t_PT_top 0.025
t_PT_bot 0.05

Table 1: Table showing the default values of each parameters used in the geometry.

Mesh

Building the mesh proved to be more complicated than expected and time consuming. Indeed,
it is the basis for a fast and well executed simulation, thus a lot of time was dedicated to be
sure the mesh generated correctly according to the geometry and was efficient. Said geometry
was partitioned into rectangles when possible using work planes to facilitate the mapping of the
mesh. Finally, the four corners of the membrane could not be mapped with rectangles so the
free triangles tool was used. The final mesh can be seen on Figure 3.
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Figure 3: Image of the finalised mesh generated in COMSOL.

2.2 Analysis of the resonance modes

The first goal was to analyse the shape of the different resonance modes. The first 6 modes are
computed without any residual stress applied. The resulting mode shapes can be seen in Fig.4
to 9 below.

Figure 4: COMSOL simulation
showing the first resonant mode
of a simple trampoline.

Figure 5: COMSOL simulation show-
ing the second resonant mode of a
simple trampoline.
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Figure 6: COMSOL simulation show-
ing the third resonant mode of a
simple trampoline.

Figure 7: COMSOL simulation show-
ing the fourth resonant mode of a
simple trampoline.

Figure 8: COMSOL simulation show-
ing the fifth resonant mode of a simple
trampoline.

Figure 9: COMSOL simulation show-
ing the sixth resonant mode of a
simple trampoline.

From Figure 4 to 9, it can be observed that the most suitable resonant mode is the first one
seen on Figure 4. Indeed, this mode produces the biggest displacement of the central membrane
with all four arms of the trampoline being subjected to the same displacement. In addition,
the movement of the membrane is uniform. Its frequency for the default simulation parameters
is 18774 Hz. All of these points are advantages in a number of potential applications for the
trampolines such as resonator devices. Another useful mode that could be excited to produce
displacement of the central membrane is the fifth mode seen on Figure 8. It has a frequency of
excitation of 112890 Hz which is almost ten times higher than the first mode. Thus, this could
be a higher frequency alternative to the first mode shape. The other modes produce various
displacement of the arms but as it can be seen, the central membrane remains mostly static.
The frequency of each of those mode shape can be seen in Table 2 below.
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Mode Shape Resonance frequency [Hz]
1 18774
2 53539
3 53722
4 86474
5 112890
6 163870

Table 2: Table showing the frequency of each mode shape.

Since the first resonant mode seems a good fit for potential applications as it generates the
biggest and most uniform membrane displacement, the next simulations where the eigenfre-
quency is used will be done using this mode in order to reduce the computational time.

2.3 Eigenfrequencies versus width of the trampoline

Next, the width of the trampoline was varied from 100µm to 240µm in order to observe how
the frequency of the first mode changed. The other parameters are kept at their default values
of larm = 200µm and warm = 30µm and no stress is applied. The resulting eigenfrequencies are
then plotted and can be seen in Figure 10.

Figure 10: Plot showing the relation between the eigenfrequency of the membrane and the
width of the membrane.

The plot from Figure 10 is expected. The resonant frequency decreases as the width of the
membrane increases. This relation can be confirmed using the following expression of the
resonant frequency:

f0 =
1

2π

√
keff
meff

(1)
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The mass and the stiffness can be expressed as functions of the width wtr:

meff ∝ ρ · V = ρ · tSiN · w2
tr; keff ∝ EI

t3SiN
=

Ewtrt
3
SiN

w3
tr

(2)

The resonant frequency’s expression can then be rewritten in terms of wtr:

f0 ∝
1

2π

√
E · t3SiN

ρ · w4
tr · tSiN

=
tSiN

2π · w2
tr

√
E

ρ
∝ 1

w2
tr

(3)

The 1
w2

tr
relation obtained clearly confirms the plot on Figure 10.

2.4 Study of the residual stress

Silicon nitride layers are usually deposited using a method called low-pressure chemical vapour
deposition or LPCVD in short. This technique heats a reactor at high temperature that can
reach up to 825°C1in order to deposit the desired layer of material. Upon cooling down, this
layer is subject to shrinkage because of its coefficient of thermal expansion that results in a
residual stress in the silicon nitride. That stress can have a value up to 250 MPa according
to the CMi website1. In the next simulation, the effect of stress on the eigenfrequency of the
trampoline will be investigated. Values ranging from 0 MPa to 250 MPa will be used.

Effect of the residual stress on the eigenfrequency

The eigenfrequencies of the trampoline are once again computed but this time with a parameter
sweep allowing the residual stress σSIN to be varied from 0 MPa the 250 MPa in steps of 50
MPa. The results have been plotted on Figure 11.

Figure 11: Plot showing the relation between the eigenfrequency of the membrane and the
residual stress in the silicon nitride. The width of the membrane is varied from 100 µm to
240µm.

From the resulting plot from Figure 11, one can see that the eigenfrequency increases almost
linearly as the residual stress in the silicon nitride increases.

1https://www.epfl.ch/research/domains/cmi/cmi-home-page/equiment/thin-films/centrotherm-furnaces/
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2.5 Stationary Study

The next simulations steps were conducted in order to optimise the geometrical dimensions of the
electrodes. All the simulations conducted in this subsection will be done using a stationary study
and using the default parameters that are summed up in Table 1 unless explicitly mentioned.
Firstly, the actuation voltage, the electrode’s length and width will be swept in order to obtain
the biggest maximum displacement of the membrane. Secondly, the length and width of the
detection electrode will also be swept to obtain the maximum charge at the output.

Actuation voltage

To observe the effect of the actuation voltage on the displacement of the membrane, a parametric
sweep was used with voltages from 1mV up to 10V. The resulting displacement of the membrane
can be seen on Figure 12. In this simulation, the default parameters are used and can be seen
in Table 1.

Figure 12: Plot showing the relation between the maximum displacement of the membrane and
the applied actuation voltage.

The plot shows a linear relation between the maximum displacement and the actuation voltage
up until a voltage value of 4V. Past that value, the curve is not linear which indicates the
simulation is working in the non-linear regime of the membrane. Indeed, when the displacement
of the membrane is equal to the thickness of the layer, the system is entering in a non-linear
deformation regime which might not be desired. Attention must also be drawn to the fact
that the maximum applied voltage must not exceed the breakdown voltage of the material. It
is stated in the literature that the breakdown voltage of aluminium nitride is 151 [kV/mm]2.
Considering the thickness of the AlN layer, the maximum voltage applicable is given by the

2T. Ruemenapp and D. Peier, "Dielectric breakdown in aluminium nitride," 1999 Eleventh International Sym-
posium on High Voltage Engineering, London, UK, 1999
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following relation:

U = tAlN · 151 · 103 = 100 · 10−6 · 151 · 103 = 15.1V (4)

For the following simulations, an actuation voltage of 10V was chosen to provide the biggest
displacement without overcoming the breakdown voltage of the AlN.

Actuation electrode optimisation

In the next stationary study, the geometrical parameters of the actuation electrode were op-
timised. First, the length of the electrode was swept using a parametric sweep with 2µm steps
from 2 to 198µm and the maximum displacement was plotted.

Figure 13: Plot showing the relation between the maximum displacement of the membrane and
the actuation electrode’s length. larm = 200µm.

As it can be seen on Figure 13, as the length of the electrode increases, the maximum displace-
ment of the membrane gets larger as well. A maximum displacement value can be seen at a
length of 170µm. Increasing the electrode’s length further generates smaller deflection of the
membrane which is not desirable. This can be explained by the fact that the stiffness of the
membrane increases resulting in a decrease of the maximum displacement of the membrane.
Indeed, as the piezoelectric material gets bigger, the displacement caused by the material will
increase but on the other hand, as the arm of the trampoline gets covered by the electrode, the
stiffness of the arm will get larger. At a certain point (170µm), the effect of the larger stiffness
will overcome the effect of the longer piezoelectric material.
In conclusion, the optimal electrode’s length is set to 170µm or 85% of the length of the tram-
poline’s arm.

The process is then repeated with the width of the electrode. By using a parameter sweep
with 2µm increments and ranging from 2 to 28µm, a plot of the maximum displacement of the
membrane as a function of the electrode’s width was established.
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Figure 14: Plot showing the relation between the maximum displacement of the membrane and
the actuation electrode’s width. warm = 30µm.

As expected, Figure 14 shows that the wider the actuation electrode, the largest membrane’s
displacement is obtained. The width of the actuation electrode will therefore be determined as
optimal when it matches the width of the trampoline’s arm.

Detection electrode optimisation

The next simulations aim to determine the optimal geometrical dimensions of the detection
electrode. This time, the maximum displacement of the membrane is not of interest but rather
the charges generated at the electrode’s surface. The charges can be measured in two different
ways in COMSOL. The first method is to integrate the charges on the electrode’s surface
using a terminal and an electrical circuit. In order to achieve that, an integration function is
created by right-clicking on the first component "comp1" and clicking on "Integration" under the
"Component Couplings" tab. The detection surface of the piezoelectric material is then selected.
Next, a variable called "charg_overA" is created in the "Variables" tab and "intop1(es.nD)" is
entered as the expression of the variable. This variable can now be accessed from the results to
plot the charges integrated over the electrode’s surface.
As accessing this variable without creating an electrical circuit would lead to the wrong number
of charges being measured, the next step was to establish an electrical circuit in COMSOL. The
schematic of the circuit can be seen on Figure 15. It is composed of a resistor of arbitrary value,
a ground node and an "External I - Terminal". This External I - Terminal is then linked to the
terminal created in the "Electrostatics" module. It was found that this electrial circuit will force
COMSOL to compute the real number of charges generated on the surface of the electrode.
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Figure 15: Schematic of the electrical circuit needed to compute the number of charges on the
detection electrode’s surface.

The plot on Figure 16 shows the number of charges detected with the help of this first method.

Figure 16: Plot showing the relation between the detection charges and the detection electrode’s
length. larm = 200µm. The charges are obtained using the first method with the electrical
circuit.

The second method uses a floating potential group in COMSOL that will output directly the
voltage detected at the electrode. This voltage can then be converted to charges using the
following relations:

Q = CU (5)

With Q the number of charges, U the potential and C the capacitance of the piezoelectric
material expressed as:

C =
ϵ0ϵrA

d
(6)

In this case, A is the area of the electrode A = welec · lelec, ϵ0 = 8.854 · 10−12[F/m], ϵr = 9.2 for
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aluminium nitride3 and d is the aluminium nitride layer thickness d = 100nm. The resulting
charge generated using this method can be seen on Figure 17

Figure 17: Plot showing the relation between the detection charges and the detection electrode’s
length. larm = 200µm. The voltage is obtained directly using the floating potential group in
COMSOL and converted to a number of charges.

The first observation to be made is that the two methods used to measure the number of charges
lead to similar values, thus confirming that both are valid as a measurement method and that
the obtained values are indeed correct. This second method of charges measurement through
the floating potential group will therefore be used in the next simulations as in that case, the
electrical circuit is not needed. In a real device, the signal measured would be the current
generated at the detection electrode. This is indeed possible to simulate using the relation:

I = 2πQf0 (7)

Where Q is the charge and f0 the actuation frequency. In this case, the actuation frequency is
the first eigenfrequency. The eigenfrequency does not vary a lot as the geometric parameters
are swept. This means that the current is proportional to the charges and to simplify the next
simulations, the charges will be measured and will give a good representation of the expected
output signal.
The second observation that can be made in both Figure 16 and 17 is that the detected number
of charges increases as the length of the detection electrode increases. A maximum displacement
can be found at different values between 150 and 170µm. Past that flat part of the curve, the
charge decreases, indicating once again that the stiffness is getting larger and past a certain
value, the benefit of a larger electrode gets mitigated by the increased stiffness.

Finally, the width of the detection electrode is also optimised. This is also done using a para-
metric sweep in COMSOL with 2µm steps and values from 2 to 28µm. The length of the arm

3High-Temperature Dielectric Properties of Aluminum Nitride Ceramic for Wireless Passive Sensing Applic-
ations, Jun Liu & Al., Sensors, 2015
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is 200µm, the width of the arm is 30µm and the length of the electrode is set to 170µm. The
resulting plot can be seen on Figure 18

Figure 18: Plot showing the relation between the detected charge and the detection electrode’s
width. warm = 30µm. The voltage is obtained directly using the floating potential group in
COMSOL and converted to charges.

This plot shows that the larger the width of the electrode, the highest the number of detec-
ted charges will be. Therefore, the optimal value will be set to the maximum width of the
trampoline’s arm which is 30µm in this case.

2.6 Stationary Study with residual stress

In order to study the influence of the residual stress caused by the deposition of the silicon
nitride, the geometrical dimensions optimisation steps have been repeated for varying values of
stress.

Actuation electrode optimisation with residual stress

With a voltage applied of 10V, the length of the actuation electrode is swept from 2 to 198µm
in 2µm steps and the maximum displacement of the membrane is computed. The residual stress
in the SiN is varied from 50 to 250 MPa in 50MPa increments. The resulting plot is shown in
Figure 19
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Figure 19: Plot showing the relation between the maximum displacement of the membrane and
the actuation electrode’s length for varying values of residual stress. larm = 200µm.

From Figure 19, it can be seen that for low residual stresses, the optimal length of the actuation
electrode remains around 170µm. When the residual stress increases past 150MPa, the first
peak around 30µm suggests that the optimal electrode’s length changes to that value as the
resulting maximum displacement is the biggest. It is important to note that with larger residual
stresses, the curve flattens and multiple optimal values can be chosen. A value of 170 µm will
be chosen to be consistent with the case without residual stress.
An interesting observation can be made from the plot on Figure 19, peaks appear every 30µm
in a periodic manner. A "zoom" on one of the peak can be seen on Figure 20.

Figure 20: Plot showing the relation between the maximum displacement of the membrane and
the actuation electrode’s length. larm = 200µm. The range of electrode’s length have been
shortened in order to see one of the peaks in details.

13



To investigate the origin of this unexpected periodic feature of the plot, the simulation was
redone using this time an arm and electrode width of 20µm. The width is changed here because
in Figure 19, the arm and electrode width was 30µm which is the same value as the period of
the peaks, that way it will show if a correlation between this period and the width exists.

Figure 21: Plot showing the relation between the maximum displacement of the membrane and
the actuation electrode’s length. larm = 200µm.

Figure 21 above clearly shows that the periodic peaks are not linked to the width of the arm or
the electrode as the peaks are still separated by 30µm even tough the width has been changed
to 20µm.
One last simulation was done to understand the origin of the curve on Figure 19. This time,
the width was reset to 30µm but the length of the arm was changed to 100µm.
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Figure 22: Plot showing the relation between the maximum displacement of the membrane and
the actuation electrode’s length. larm = 100µm.

As Figure 22 shows, the exact same pattern appears with peaks every 30µm. This means that
this effect is not due to the geometry of the electrode but rather another external influence. This
external effect might be caused by the residual stress as on Figure 19, the peaks did not appear.

To continue with the optimisation, the width of the electrode is swept from 2 to 28µm with the
same 10V applied to the actuation electrode. The length of the trampoline arms is still 200µm
and the maximum displacement is computed.
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Figure 23: Plot showing the relation between the maximum displacement of the membrane and
the actuation electrode’s width. warm = 30µm.

As seen on Figure 23, the same conclusion can be drawn from the simulations without the
residual stress. Indeed, the electrode’s width needs to be the largest in order to produce the
biggest displacement. The optimal value will therefore be 30µm which is the width of the
trampoline’s arms.

Detection electrode optimisation with residual stress

The same process is repeated for the detection electrode and the charge detected is computed
using the floating potential group in COMSOL and then converting the voltage to charges. A
voltage of 10V is applied to the actuation electrode, the length of the trampoline’s arm is 200µm
and the width of the arm is 30µm.
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Figure 24: Plot showing the relation between the number of charges detected and the detection
electrode’s length. warm = 30µm.

The plot on Figure 24 suggests that the optimal detection electrode’s length is obtained when
it equals the length of the arm, in this case 200µm. One can see that no matter the value of the
residual stress, this optimal value remains the same. The same observation as in Figure 19 can
be made because periodic peaks appear every 30µm. Once again, those peaks are attributed to
the effects of the residual stress on the displacement of the membrane.
To further investigate the shape of the curve, the same simulation will be repeated but this time
by measuring the current at the detection electrode. Indeed, in the final device, the charges will
not be measured but rather the current passing trough the detection electrode. The resulting
plot can be seen on Figure 25.

Figure 25: Plot showing the relation between the current detected and the detection electrode’s
length. warm = 30µm.
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The plot on Figure 25 shows that the shape of the curve does not change and the periodic
peaks are still present. As explained before, the eigenfrequency varies little as the length of
the electrode increases, thus the charges are simply multiplied by the frequency which does not
change the shape of the curve. The periodic pattern can still be attributed to the residual stress.

Finally, the width of the detection electrode can be varied from 2 to 28µm in order to see
which value produces the biggest detected voltage. The width of the trampoline’s arm is 30µm
and its length is 200µm.

Figure 26: Plot showing the relation between the number of charges detected and the detection
electrode’s width. warm = 30µm.

The resulting plot shows that the detected charge strictly increases as the width of the electrode
increases. Therefore, the optimal value for the width of the detection electrode is the maximum
value once again, in this case 30µm. In addition, the plot shows that for each value of the
residual stress, the width producing the highest number of charges stays 30µm.

Optimal parameters verification

The optimal parameters assuming larm = 200µm, warm = 30µm and V0 = 10V are summed up
in Table 3 below.

Parameter Optimal value without stress [mum] Optimal value with stress [mum]
l_elec_act 170 170
w_elec_act 30 30
l_elec_detec 150 - 170 200
w_elec_detec 30 30

Table 3: Table summing up the optimal dimensions of the electrodes. The length of the arms
is assumed to be 200µm and the width of the arms 30µm. The actuation voltage is set to 10V.
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In order to verify that the optimal parameters improve the detection of the signal and to see
what current is expected at the electrode, a last stationary study was done using first some
arbitrary values for the geometrical dimensions of the electrode and then the optimal values.
The current generated on the detection electrode will then be computed for both cases. The
simulations were done without applying the residual stress on the silicon nitride.
First, let’s consider the following arbitrary dimensions of the electrodes:

• l_elec_act = l_elec_detec = 30 µm

• w_elec_act = w_elec_detec = 15 µm

The stationary study using these parameters outputs a generated charge of 1.18 · 10−15C and
the eigenfrequency is 46325Hz. This gives a current of 5.27 · 10−10A or 0.527pA.

Using the optimal parameters seen in Table 3, the computed charge is 4.04 · 10−13C and the
eigenfrequency is 42231Hz. The resulting current is 1.07 · 10−7A or 0.107µA.
Comparing the two current, the optimal geometrical dimensions generate a current about 200
times bigger than the arbitrary values.

3 Conclusion
In this report, COMSOL simulations were made to study the behaviour of a piezoelectrically
actuated square membrane called a trampoline. The first simulations allowed to analyse the
different mode shapes and determine which of those would be most suitable for potential ap-
plications requiring the maximum displacement of the membrane. The first mode seemed to
produce the biggest displacement along with the fifth mode that offers less deflection but a
higher frequency.
The frequencies of this mode were then computed in various conditions such as different mem-
brane sizes and multiple values of residual stress in the silicon nitride.
The next simulations were aimed toward optimising the geometrical dimensions of the actu-
ation and detection electrode. At first, the most suitable actuation was determined taking into
account both the breakdown voltage of the silicon nitride and the non-linear displacement re-
gime of that material. Then the optimisation took place at first without any residual stress
introduced. For the actuation electrode, an optimal length of 170µm was found for an arm
length of 200µm as increasing the electrode’s length further led to the stiffness being too large.
The width of the electrode, as seen in all the results, must be the biggest in every case. As a
conclusion, the width of the electrode will always be the same width as the trampoline’s arms
to maximise the displacement and the detection. As for the detection, the method to compute
the charges generated at the detection electrode have been discussed in details as an electrical
circuit needs to be built in COMSOL. This method was then verified against another technique
involving a floating potential to make sure the same amount of charges was measured. In the
real device, the measured signal would be the current generated at the detection electrode but
as it is proportional to the charges and as the eigenfrequency vary only by a small amount
when changing the geometrical dimensions of the electrode, the measurement of the charge was
sufficient and faster to obtain proper results. The optimal length of the detection electrode was
found out to be between 150 and 170µm. Past those values, the stiffness of the arm increases
too much and the displacement decreases.
Finally, the optimisation process was repeated by adding the residual stress in the silicon ni-
tride to see if the results would change. For both the length of the actuation and the detection
electrodes, a periodic pattern of peaks appeared and was unexpected. Through various simu-
lations, it was determined that this pattern does not originate from the geometrical parameter
of the trampoline but rather from the effects of the residual stress on the displacement of the

19



membrane. In addition to creating this pattern, the residual stress also influences the optimal
geometrical parameters although it is important to note that the residual stress was particularly
difficult to model properly in COMSOL and the displacement generated by the stress was an
order of magnitude bigger than that generated by the actuation electrode.
The optimal values summed up in Table 3 do not take into account the access holes in the mem-
brane that would be necessary to fabricate the structure in the cleanroom. Those apertures
are used to release the membrane during the etching process but those values might be used
as a good starting point to design such membranes and attempt to obtain the highest detected
signal. If time permitted, a more extensive analysis of the frequency domain would have been
needed to fully understand the mechanisms at play in the actuation and detection as well as the
effects of the residual stress but the stationary studies provide a first insight into the behaviour
of the piezoelectrically actuated trampolines.
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