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For an optimized performance of micro electromechanical systems (MEMS) double-clamped bridge-type reso-
nators for mechanical strain sensing, a modified sputter process was developed which exploits the influence of
varying sputter pressure during deposition on the intrinsic stress component of functional thin films. In detail,
four different, polycrystalline aluminum nitride layers, synthesized with different sputter parameter sets were
characterized related to their microstructure with techniques, such as X-ray diffraction, scanning electron mi-
croscopy and atomic force microscopy, respectively. Furthermore, the intrinsic thin film stress and the longi-
tudinal piezoelectric coefficient were evaluated. The best performing layers were integrated in the fabrication
process of two MEMS resonant strain sensor devices to study the stress-related impact on the resonant device
performance. The initial static buckling of the sensor devices was studied by white light interferometric mea-
surements, whereas the frequency response as a function of externally applied as well as intrinsic strain was
analyzed by laser Doppler vibrometry. The behavior of the sensor devices was compared to theoretical predi-
cations and the influence of intrinsic thin film stress on the resonance frequency as a function of strain was
studied. With a precise tailoring of the intrinsic film stress, a responsivity of ~17000 is measured, representing

an improvement by a factor of ~5 compared to state-of-the-art resonant strain sensors.

1. Introduction

Aluminum Nitride (AIN) thin films are widely used as piezoelectric
material for MEMS devices due to the compatibility of AIN with com-
plementary metal oxide semiconductor (CMOS) fabrication processes
and its outstanding material properties like high temperature stability
[1], high breakdown voltage [2] and high electric resistance [2]. Its
moderate piezoelectric constant of dz3 = 4 —5pCN~! compared to PZT
with ds3 ranging from 50pCN~! to 520pCN~! [3,4], makes AIN less
suitable for actuation purposes but combined with a low permittivity of
& ~ 10 (PZT: &, = 200 —1500 [3,4]), AIN excels in sensing applications
when exploiting resonance effects as demonstrated in liquids for e.g.
viscosity measurements [5] or particle monitoring [6,7]. Other appli-
cations comprise energy harvesting [8,9], piezoelectric micromachined
ultrasonic transducers [10] or surface acoustic wave devices [11]. To
increase piezoelectric coefficients, AIN is often alloyed with other ele-
ments like scandium, yttrium [12,13], ytterbium [14] or a combination
of magnesium and niobium [15], only to name a few dopants.

Beside the piezoelectric properties, another important parameter
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when targeting MEMS applications is the intrinsic thin film stress.
Depending on the deposition technique and the parameters used, the
thin film stress in polycrystalline AIN can range from compressive to
tensile stress levels [16-18]. Compressive stress can lead to delamina-
tion of the thin film during fabrication [19] or warped structures when
integrated in mechanically soft structures like microbridges [20] or
cantilevers [21,22] where excessive stress can even lead to complete
failure of the cantilever, and thus the whole device. Tensile stress can
lead to cracking of the thin film [23] which in turn can lead to electrical
short circuits given the capacitive structure of the transducer. From a
device perspective, thin film stress influences the static bending char-
acteristics of mechanical components [24] as well as the resonance
frequency spectrum making it difficult to tune the device to the
application-related specifications. As thin film stress may change over
time through relaxation, the devices performance is prone to parasitic
drift effects [25,26].

Mechanical stress can originate from various sources, e.g. lattice
mismatch [22,27,28], atomic peening [29] or from different thermal
expansion coefficients of substrate and the deposited thin films[30],
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occurring either due to temperature loads during fabrication or during
temperature variations when operating the device. As AIN additionally
often exhibits a stress gradient along the thickness of the thin film [21], a
compensation of the overall stress is in some applications not sufficient,
so that the stress gradient has to be tuned. Additionally, several publi-
cations have reported that tensile stress can increase piezoelectric
coupling in AIN thin films [31-34]. Therefore, it is necessary to find
ways to reduce the residual stress in AIN thin films, which are discussed
in the following.

One way to influence the residual stress of AIN is by varying the
thickness of the thin film, as various publications have shown that an
increase in thickness can change the overall stress from compressive
towards tensile [18,22,35]. But as the MEMS device performance is
typically dependent on the overall thickness of the piezoelectric trans-
ducer element [36], increasing the latter parameter of AIN thin films
might be limited.

Other publications have shown that other sputter parameters also
influence the resulting thin film stress, like the substrate temperature
during sputtering [22], sputter gas composition [22,37,38] or substrate
bias during sputtering [16,33,34].

Several publications have shown that sputter pressure has a great
influence on the residual stress in aluminum nitride thin films. In gen-
eral, increased pressure leads to lower overall stress [39,40], which can
be attributed to the decreased kinetic energy of the sputtered particles,
due to the reduced mean free path under higher sputter pressure. This
reduced kinetic energy also decreases the mobility of the adatoms on the
substrate surface [41] and thus reduces the thin film stress. However,
the piezoelectric coefficients often decrease in parallel due to the lower
crystal quality of the deposited thin films [42,43]. Therefore, when
studying the influence of different growth conditions, besides the re-
sidual stress, also other material parameters e.g. the piezoelectric co-
efficients, need to be monitored, which often is neglected.

To combine the previous mentioned advantages of different sputter
pressures during deposition, Tabaru et al. developed an enhanced two
step sputter process. This reduces residual stress and simultaneously
guarantees high piezoelectric coefficients of ScAIN thin films [44],
where managing residual stress is more challenging, due to incorpora-
tion of larger scandium atoms into the AIN crystal lattice. While layers
sputtered at low pressure showed both very high piezoelectric co-
efficients and very high compressive stress, thin films sputtered under
high sputter pressure resulted in thin films with low stress but also
reduced piezoelectric coefficients. Therefore, Tabaru et al tried to
combine the advantages of both deposition conditions by sputtering a
seed layer with low pressure, followed by a high-pressure sputter step
without turning off the plasma during the deposition process. The thin
film sputtered during this second step inherits the same crystal orien-
tations as the seed layer but features significantly reduced overall stress.
They attribute this effect to atomic peening during the first phase and a
selective layer-by-layer adsorption of incoming atoms with lower energy
levels during the second phase of the process.

In this work, we focused on the sputter deposition of pure AIN thin
films and their influence on piezoelectric resonant microbridges for
mechanical strain sensing. Therefore, it is not only important to attain
AIN thin films with high piezoelectric coefficients, but also to reduce the
residual stress of the whole stack to a minimum to avoid buckling of the
microbridges. This was attained by introducing a modified sputter
process, whereas the two-step process of Tabaru et al. served as refer-
ence. Finally, after fabricating several AIN thin films under different
deposition conditions for stress reduction they were compared to their
compressively stressed counterparts synthesized with a standard sputter
process.

2. Sensor principle and theoretical model

The sensor device consists of a microbridge (MB), which is a doubly
clamped beam structure and which is excited resonantly. Doing so,
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resonances or modes form at different frequencies, which depend not
only on the resonator design, but also on the externally applied strain,
similar to an acoustic guitar where the pitch of the string can be tuned by
in- or decreasing the stress through the tuning pegs. The modes have
been labeled according to Leissa’s nomenclature [45], where the name
consists of a two digit number. The first number describes the number of
nodal lines along the microbridge’s length and the second number
corresponds to the nodal lines along the microbridge’s width. As we are
only discussing classic Euler-Bernoulli modes, which have no nodal line
along the width, the second number is always 0. Therefore, the first
flexural mode is named "20", the second flexural mode "30" and so on.

Bouwstra et al. analyzed the frequency behavior of strained micro-
bridges and developed an analytic expression to predict the frequency
changes [46]. In the latter study, the authors started from the
Euler-Bernoulli beam equations and the standard equations for un-
strained flexural modes (1). Next, they incorporated the dependence on
an externally applied force F and hence, the strain ¢ for a range including
a buckled and non-buckled state of the microbridge. The strain value
which separates those two states is called buckling point at the strain
value ¢c and will be discussed in detail in the results section.

As we are interested in the frequency as a function of strain f;(¢) for
our devices, we start directly with this dependency and omit the force
dependency, where f,(0) is the resonance frequency of the mode n at
zero strain.
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With the moment of inertia for a beam with a rectangular cross
section ] = A e h? « 127! and E being the modified Youngs modulus to
account for the suppression of the in-plane dilation accompanying axial
strain. The coefficient y, accounts for the contribution of the applied
axial force to the modal stiffness, relative to the contribution of the
flexural rigidity and k, represent the eigenvalues of the frequency
equation for a double clamped Euler-Bernoulli beam [46]. This equation
only accounts for values of €, where the expression below the square root
is > 0. The value of ¢ where the square root is exactly 0 is also called
buckling point or critical strain value. At this point the microbridge
changes its state from being buckled to being flat or vice versa, which will
be discussed in more detail below when characterizing the fabricated
microbridges. For ¢ < ec, Bouwstra et al. found that the frequency of the
first and second flexural mode behave according to (4) and (5),
respectively.
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Furthermore, center deflections of the unloaded beam 2z and the
loaded beam y are introduced in [46] which have an influence on the
frequency close to the critical strain value ¢¢ as follows:
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The values for the material properties used in the model were taken
from literature and the geometric dimensions have been determined
with scanning electron microscopy analyses for these samples under
test. Important parameters can be found in Tables 1 and 2. The averaged
values for the Youngs modulus E, the Poisson ratio v and the density p
have been related to their thickness according to:
hSi hAlN hAu hCr
X = 22X+ X0y A+ X+ X 9
h5+hA/N+hA+hc 9
with X being a placeholder for E, v or p.
When combining Egs. (7)-(9), the shift in resonance frequency at a
given mode is plotted as a function of applied strain and discussed in
Fig. 10 together with measurement data of the fabricated devices.

3. Experimental details
3.1. Deposition and characterization of aluminum nitride thin films

AN thin films were synthesized with a DC magnetron sputter system
from “Von Ardenne LS730S” at a temperature below 100 °C on p-type
(100) silicon wafers with different parameter sets listed in Table 3.
Deposition parameters differ only in the back pressure of the pure ni-
trogen atmosphere in the sputter chamber while keeping all other pa-
rameters fixed such as plasma power, target-substrate distance, or gas
flow rate. Within the first and second set constant pressure values of
0.2Pa and 0.6Pa were selected for a deposition time of 1465s and 1928s.
The third and fourth set target to fabricate stress-reduced AIN thin films,
whereas the third contained an abrupt change from 0.2Pa (for 406s)
directly to 0.6Pa (for 1350s). In contrast, the fourth set consisted of two
phases. First, the pressure was kept constant at 0.2Pa for 406s to create a
seed layer. Then the pressure was gradually increased from 0.2Pa to
0.6Pa over a time period of 1138s without interrupting the sputter

Table 1
List of all parameters used in the model including description, units and values
with references when taken from literature.

Parameter  Description Value Ref.
E Youngs modulus (YM) 182 GPa -
Es; YM of silicon 169 GPa
[471
Ean YM of AIN 252 GPa [17]
E, YM of gold 69 GPa
Au g [48]
Ecr YM of chromium 210 GPa
[49]
v Poisson Ratio (PR) 0.28 -
Usi PR of silicon 0.27
[50]
VAIN PR of AIN 0.24
[17]
VAu PR of gold 0.42 (511
o]
ver PR of chromium 0.21 [52]
o)
E Modified YM to account for the suppression 197 GPa
. o h . [46]
of the in-plane dilation accompanying axial
strain.
P density 5993kgm 3 -
i Density of sili -3
Psi ensity of silicon 2300kgm [53]
PaN Density of AIN 3100kgm 3 [(54]
ol
Pau Density of gold 19000kgm 3 (53]
Per Density of chromium 7190kgm 3 -
h MB thickness 1.57um -
l MB length 1500um -
w MB width 100um -
z Center deflection of the unloaded beam 1.68/21.83um -
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Table 2

Eigenvalues of the frequency equations k,, the coefficients y, and the frequency
ratios of higher flexural modes related to the first flexural mode at zero strain
condition according to [46].
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Fig. 1. Pressure variation as a function of time for the AIN thin films sputtered

under standard conditions and with modified pressure conditions for stress-
reduced thin film synthetization.

process. The timings and pressure values for all four sets are depicted in
Fig. 1. Additionally, a tailored substrate holder was used to enhance the
thermal connection during sputtering between the substrate and the
holder as reported in [55,56]. This leads to more reproducible deposi-
tion conditions and allows to fine tune stress more reliably. Prior to the
thin film deposition, the 6’’ aluminum target was sputter cleaned at a
chamber pressure of 0.6Pa in a pure argon atmosphere and at a power of
800W at the closed shutter for 1 min. For reasons of comparison, all AIN
thin films were fabricated with a nominal thickness of 512 + 12nm.

Morphological and microstructural characterization of the AIN thin
films was done with a Hitachi SU3080 scanning electron microscope
(SEM) containing a field emission gun and a secondary electron detec-
tor. The images were taken at an acceleration voltage of 3 —5kV and an
emission current of 5mA. Additional measurements were done with a
Brucker Dimension Edge atomic force microscope (AFM) in combination
with the scanning probe microscopy data analysis software Gwyddion,
to evaluate the surface topography on a scan area of 0.5x0.5um? and to
calculate the root mean square of the surface roughness Rgus. The grain
size diameter was determined by taking the size of a randomly placed
line and dividing it by the number of crossed grains on images taken by
SEM and AFM in combination with ImageJ.

The X-ray diffraction (XRD) measurements were performed on a
Malver PANanlytical X'Pert PRO. It was equipped with a copper tube
operated at 45 kV and 40 mA, with a source to target distance of
140 mm and an X'Celerator detector with an active length of 2.546. For
the incident beam a 0.04 rad soller slit, a 2° anti scatter slit and a 0.5°
divergence slit were used and the diffracted beam was limited by a
0.04 rad soller slit. Bragg-Brentano scans of all samples were performed
within the 26range from30°to45°.

The piezoelectric coefficient dss was measured with a piezometer
PM300 from Piezotest Ltd. which is based on the Berlincourt method
[57]. To decrease the electrical contact resistance between the sample
and the electrodes of the piezometer, Al pads with a diameter of 1mm
were sputter-deposited on the topside, whereas the backside was coated
fully with 200nm of Al. Nine pads of each sample were measured with a
maximum deviation of +0.5pC N1
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Fig. 2. (a) Schematic overview of the material stack used for the MEMS microbridge resonator. (b) Cross-sectional SEM image of the stacked layers forming the

resonating microbridge.
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Fig. 3. (a) Optical micrograph of a fabricated and mounted MEMS microbridge resonator, including bond wires and PCBs. (b) SEM image of a MEMS microbridge.

(a)

(Gl

Fig. 4. (a) Optical micrograph of the measurement setup including the LDV (I) and (b) the custom-built strain measurement setup (II) with the bending cantilever

(I11) and the MEMS sensor device (IV).

The dielectric constant & was calculated from the capacitance
measured with a Hioki IM3536 LCR Meter using the same Al pads as
described before.

Thin film stress measurements were performed with a MX 203-6-33
wafer geometry gauge from E + H Metrology, which estimates the wafer
bow capacitively by determining the distance between the wafer and
nine separated counter electrodes at nine different locations. From these
data the software calculates according to Stoney's equation [58], the
thin film stress with the actual thin film thickness, which was measured
at each sample with SEM.

3.2. Sensor design

The sensor devices were fabricated from a silicon on insulator (SOI)

wafer serving as substrate. The SOI wafer has a handle layer thickness of
300um, a buried oxide (BOX) thickness of 680 nm and a device layer
thickness with 330nm. The topside of the device layer was coated with a
stress-compensated passivation layer of 230nm silicon oxide and 90nm
of silicon nitride. On top of the SOI wafer a conventional stack of bottom
electrode, piezoelectric layer and top electrode was deposited as shown
in Fig. 2(a-b). The bottom electrode consisted of a 50nm chromium layer
and a 150nm gold layer both deposited via electron beam evaporation.
The piezoelectric AIN layers were deposited as described above with the
low-pressure and the pressure-sweep parameter sets. The other two
parameter sets (high-pressure and two-step process) were further
investigated, as from pre-investigations the piezoelectric coefficients of
these thin films turned out to be too low. Prior to the deposition of the
piezoelectric thin film, the aluminum target was in-situ sputtered for
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Fig. 5. (a) Bragg-Brentano scans of sputtered AIN thin films with varying sputter pressure. (b) Rocking Curve measurements of the (002)-peak around 36° for each

curve in (a).

60 s under pure argon atmosphere for cleaning purposes. The top elec-
trode was realized with the same thicknesses as the bottom electrode. All
layers were patterned by a standard lift-off process using photo resist.
The handle and device layers were patterned by deep reactive ion
etching. To remove the buried oxide and release the microbridge
structure an etching step with hydrofluoric acid was performed. The
wafer was diced with a wafer saw and the individual chips were cleaned
in multiple acetone and isopropanol baths.

The MEMS sensors consist of a microbridge with dimensions of
1500x100x1.6um. An optical micrograph showing the PCB connected by
bond wires is given in Fig. 3(a), whereas a SEM image provides a more
detailed view on the microbridge as illustrated in Fig. 3(b). Each chip
has been glued onto a test setup and was bonded to PCBs which provide
electrical connection for the measurement equipment.

The measurement setup to characterize the sensor device is shown in
Fig. 4. To evaluate the device’s frequency responses as a function of
applied strain ¢ a laser Doppler vibrometer MSA400 from Polytec (I) was
used. The device was excited with the built-in frequency generator,
providing a chirp signal generating frequencies from 1kHz to 1MHz with
an amplitude of 0.1V. The strain ¢ has been varied by a custom-built
strain measurement setup (II), consisting of a bendable cantilever
beam (III) made of aluminum. The sensor device (IV) is glued onto the
surface of the cantilever beam by an EC101 two component resin from
Polytec and connected with wire bonds to self-built PCBs (V) which
provide connectors for the frequency generator. If the cantilever is bent
down, the sensor strain is tensile in nature, indicated by a positive sign
and vice versa. The bending is automated via a Nema 17 stepper motor
(VD) from Stepperonline which is controlled by an Arduino Mega with a
motor driver board which itself can be controlled via a python script
from the PC. The spindle which is turned by the stepper motor has a
pitch of 1mmrev—! and together they provide a resolution of 0.05 rev-
olutions which translates to 50ym minimum tip displacement of the
aluminum cantilever.

4. Results and discussion

4.1. Microstructural and electro-mechanical characterization of AIN thin
films

To determine the crystallographic quality Fig. 5 shows the Bragg-
Brentano scans of the X-ray diffraction measurements for 26
= 30° —45° for all four parameter sets of the sputtered AIN thin films.
High quality piezoelectric AIN thin films show a (002) peak indicating a
wurtzite crystalline microstructure without the presence of any other
peaks e.g., (100) or (101) [59-61].

The thin film sputtered at a chamber pressure of 2ubar shows a
pronounced (002) peak, indicating c-axis oriented crystallites extending
perpendicular to the device surface. This is also confirmed by the

piezometer measurements showing a ds; of 4.14pCN-!. The crystal
growth along the (002) direction in AIN thin films is often accompanied
with high intrinsic stress as already described above, in this case shown
by a high compressive stress of 6 = — 722MPa, which makes the
integration in MEMS devices challenging.

In contrast, the sample sputtered with 6ubar shows a substantially
reduced compressive stress of 6 = — 102MPa, but also a reduced ds3 of
0.61 pCN~!. The Bragg Brentano scan shows a (002) peak with reduced
intensity and an additional peak at 38.1° indicating the presence of
crystallites with a (110) direction. Additionally, a measurement of the
rocking curve of the (002)-peak for each of the four curves was per-
formed and shows that the low-pressure sample has the lowest FWHM
with 5.44° followed by the pressure-sweep with 10.37°. The other two
samples have a very high FWHM of 12.98° and 27.79° for the 2-step-
pressure sample and the high-pressure sample, respectively. The
Bragg-Brentano scans and the rocking curve confirm the low crystal-
linity and hence the poor piezoelectric performance of the samples
fabricated with higher pressure.

When comparing the two processes selected for stress reduction, we
can see that both show a distinct (002) peak but the two step process
additionally shows a peak at 38.1° again indicating a mixed crystallo-
graphic phase configuration, similar to the sample sputtered with 6ubar.
This shows, that while the process with the gentle pressure sweep takes
up the crystal structure from the underlying seed layer, in the two step
process the crystal growth changes if the sputter pressure is modified
abruptly. This impact can also be seen in other film parameters, such as
biaxial stress and piezoelectric coefficients. While both processes reduce
the compressive stress of the resulting thin film, the two-step process
results in a dzz of only — 1.47 pCN~!, while an enhanced d33 of
5.76pCN~! is achieved when applying the pressure sweep.

Fig. 6 shows SEM images in cross-sectional as well as in top view of
all four differently sputtered AIN thin films. While all four layers show a
clear crystal structure in the upper part of the thin film only the low-
pressure and the pressure sweep samples show crystal growth starting
from the bottom. The high-pressure sample appears to have an amor-
phous starting layer leading to an irregular growth of grains of about
100 — 150nm, before developing to the well-known regular, columnar
growth in the top part. In contrast, the two-step sample shows a finely
grained bottom layer of 148nm as intended and a larger grained top
layer of 352nm with a clearly visible cut between those two layers. The
thin film with the pressure sweep shows a very similar structure to the
low-pressure sample with grains starting from the bottom and extending
over the film cross-section to the top surface.

From the surface images we can see that the high pressure and the
two-step sample appear similar and have larger grains with more
extended dark areas between the grains, shown in Fig. 6(b) and (c). This
originates from the higher surface roughness, which AIN thin films
sputtered with higher pressure typically exhibit [62]. The higher surface
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Fig. 6. SEM images of the cross-section and the surface in top view for all four samples sputter with different parameter sets.

roughness is also confirmed by the AFM images in Fig. 7(b) and (d) with
Rrus = 5.12nm for the high-pressure sample and Rgys = 1.98nm for the
two-step sample. The samples sputtered with low pressure shown in
Fig. 6(a) and the pressure-sweep sample shown in Fig. 6(d) also show a
similar microstructure with finer grains and less pronounced grain
boundaries, which again might result from a lower surface roughness of
Rrms = 0.53nm and Rgys = 0.81nm determined by the AFM measure-
ments in Fig. 7(a) and (c), respectively. The attained grain diameters

show a similar trend with higher, lateral mean grain diameters with
higher scattering variability for the high-pressure sample and the
two-step sample than for the low-pressure and the pressure-sweep
sample, which are in the expected range according to various pub-
lished results [59,63,64]. Exact values of the measurements can be
found in Table 4. These results confirm the trend of various publications
which showed that higher sputter pressure leads to both larger grains
and higher surface roughness [59,64,65]. Furthermore, Kar et al. who
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Fig. 7. AFM images of thin films deposited with all four different parameter sets.
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Fig. 9. (a) Two frequency responses of a MEMS sensor device with different externally applied strain values and (b) resonance frequencies as a function of externally

applied strain for the first two flexural modes.

studied AIN thin films sputtered under varied sputter pressure showed
similar surface structures to our low- and high-pressure samples in their
SEM analysis [64].

Table 4 summarizes the measurement results, including XRD

measurements, piezoelectric coefficient ds3, thin film stress o, film
thickness day and parameters for the surface morphology Rgus and

dgrain .



M. Schlogl et al.

60
SN 20
x N —
40 AN i
N -1 x
Ay
Py x,})
20 -
X
b 4
01— } |
C
(© 100 =
40 M2
>~ ;0-/
80 { 7=~ e
jN: w
T 60 r’,
+
"y oF
40 1; . Lt
+ * Y4
eri o
P10 [ I 4
T T T
-0.2 0.0 0.2
e/ mmm™1

Sensors and Actuators: A. Physical 349 (2023) 114067

30 1
601 7 ,w"
& R
N
I 40 A
X
~ w
Y "
04w
v = =y = = vy
0 T T T
LJ
60 o o/
150 1 o # %%
& \0' « ..,
T o
X »
< 100 - o
= s
° ° 0% 4
o /
e —— = oS ®
50 1 | - o.o" !
-0.2 0.0 0.2
e/mmm™1
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Table 3
Sputter parameters for AIN thin films deposited for standard conditions and for
stress reduced thin films.

Low High 2 Steps Pressure
Pressure Pressure Sweep
Sample Nr. S1 S2 S3 S4
Sputter Pressure 0.2 0.6 0.2+ 0.6 0.2 +0.2-0.6
/ Pa
N, Flow / sccm 50 50 50 50
Target Substrate 65 65 65 65
Distance / mm
Power / W 800 800 800 800
Sputter Time / s 1465 1928 1756 (406 + 1544 (406 +
1350) 1138)
Thickness / nm 523 511 524 (148 + 500 (150 +
376) 350)
Table 4
Various measured parameters of all four AIN thin films.
Wafer Low High 2 Steps Pressure
Pressure Pressure Sweep
6/ MPa =722 -102 -389 -170
ds; /pC N7! 4.14+0.3 0.61 +£0.1 1.47+03 576+0.5
duy / nm 523 511 514 500
& 10.4 11.9 11.2 10.8
XRD Intensity 18,973 6224 17,677 23,170
XRD 26 / degree  36.079 36.225 36.214 36.161
XRD FWHMpgc / 5.44 27.79 12.96 10.37
degree
Rpys / nm 0.53 5.12 1.98 0.81
dgrain / MM 19.2+31 36.6 £12.5 329+42 192+37

4.2. Sensor characterization

To determine the impact of the developed stress-reduced AIN thin
film on device level, fabrication-runs both based on silicon on insulator
(SOI) wafers were performed with the two parameter sets, whereas one
comprises the low pressure and the second the adapted pressure sweep
approach, as described in the Experimental Section.

After fabrication, the devices sputtered with low pressure AIN show
buckling with a deflection of the bridge center in the range of 10 —
15um, as demonstrated by the white light interferometric measurements
in Fig. 8(a). In contrast, microbridges where the functional AIN layer is
sputtered with the adapted pressure sweep indicate no buckling and
remain flat, as depicted in Fig. 8(b). The insets show a 2D scan over the
whole surface of the microbridge, while the plotted data represent the
line scan along the axis of the microbridge. The irregularities along the
line scan marked with a (*) most likely result from phase changes of the
reflected white light due to the presence of materials with different
optical properties on the surface (i.e. from AIN to Au) [66].

The bottom- and top electrode show a tensile stress of 177MPa and
164MPa, respectively. The residual stress of the full stack can be
calculated by the sum of the individual stress values of each layer
multiplied by its relative thickness in %. This results in a compressive
stress for the low-pressure sample with a value of —293MPa and for the
pressure-sweep sample the stress changes to a tensile value of 6.6MPa,
explaining the white-light interferometric measurements with one
microbridge being buckled, while the other is not, although both
piezoelectric layers are compressively stressed.

The mechanical stress state of the microbridge represented either by
a buckled or flat topography has a huge influence on the frequency
behavior of the resonator, which will be discussed in the following.

Two frequency response characteristics of the vibrational displace-
ment d, measured with the LDV in the range of 1 —60kHz for the device
sputtered with low pressure aluminum nitride for two different exter-
nally applied strain values, are shown in Fig. 9(a). The resonances for the
vibrational modes 20 and 30 are clearly visible. The frequency values at
the resonance peaks are determined, by taking the frequency at the
maximum displacement and then they are plotted as a function of strain
¢ to evaluate the corresponding frequency shifts. Fig. 9(b) shows these
frequency values as a function of ¢ for devices manufactured with both
sputtering parameter sets, i.e. the low pressure in blue and the pressure
sweep in red for the modes 20 and 30. The 20 mode has a frequency
minimum fc at a critical strain value ec for which f(e) > fcVe. In
contrast, the 30 mode shows rising frequency values for ¢ > ¢¢ and
within the measurement accuracy constant frequency values for ¢ < ec.
At this critical strain value, the microbridge changes its state from flat to
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buckled. Therefore, we refer to strain values where ¢ < ¢ as buckling
regime and for strain values where ¢ > ¢¢ as the tensile, non-buckling
regime. The critical strain values are different for both devices, origi-
nating from the different amount of intrinsic compressive stress and
hence, from the buckling state after fabrication. The minimum values
associated with these frequencies where the critical strain occurs are
also different, which will be discussed in more detail later. First, we will
analyze the general behavior of the frequency as a function of strain for
several modes and compare these findings with the values predicted by
the theoretical model.

Fig. 10 shows the resonance frequencies as a function of strain of
both devices for the modes 20 in (a), 30 in (b), 40 in (c) and 60 in (d),
whereas the 50 mode could not be measured, due to the low signal of
this particular resonance. The curves have been normalized so that ec
=¢ecp =0 for reasons of comparison. Additionally, the theoretical
predictions given by Egs. (1) and (2) are inserted. The resonance fre-
quencies of the modes 20 and 30 for both devices overlap for € > 0.05.
For higher order modes, however, the device with higher intrinsic stress
give higher resonance frequencies in comparison to the stress-reduced
device. Additionally, the deviation of the 60 modes is higher than for
the 40 mode, which leads to the assumption that stress has a larger
impact on higher order compared to lower order modes. Comparing the
model to the measured data we can see that while the model fits nearly
perfectly to the data of the 20 mode, the accordance gets worse for
higher order modes. A possible explanation for this deviation is the error
made with the introduction of y,, which is a coefficient for the contri-
bution of the applied axial force to the modal stiffness, relative to the
contribution of the flexural rigidity and k, which represents the eigen-
value when solving the frequency equation of an Euler-Bernoulli beam
[46]. These values are estimated at zero axial force and neglect effects
like shear deformation, dynamic elongation of the beam due to the vi-
bration and different forms of damping, therefore allowing for addi-
tional error for higher order modes and higher values of strain,
respectively.

For ¢ < —0.05 the mode shapes are difficult to be identified for two
reasons, mode veering and the influence of the static buckling deflection
onto the dynamic vibrational displacement.

Mode veering refers to an effect where the resonance frequencies of
two modes approach each other, but instead of crossing, they stay
separated but exchange their mode shape [67,68]. In this exchange
zone, which is also called transition zone, the typical mode labeling
convention cannot be applied due to the irregular mode shape patterns,
when regular modes exchange their mode shape [69,70]. In Fig. 10 we
can already see that the model predicts such transition zones in the
buckling regime, whenever the 20 mode crosses other modes.

The other interfering effect is the static buckling deflection resulting
from the external applied strain or the intrinsic thin film stress. When the
microbridge resonates, the dynamic vibration is superposed onto the
static deflection, resulting in a non-regular mode shape [71-74]. As the
buckling deflection gets larger the further we strain the microbridge into
the buckling regime, the more the measured mode shapes get distorted,
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~
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- o
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leading to difficulties in assigning the right modes.

For the strain range —0.05 < ¢ < 0.05 the first and second flexural
mode are investigated separately, as depicted in Fig. 11(a-b). The 20
mode of the pressure sweep sample has lower frequency values around
and at ¢, than the low-pressure sample. This has been explained in the
model of Bouwstra et al. by an initial deflection 2, which shifts the value
of the frequencies around ec to higher values (compare Eq. (7)).
Although, their extended model which includes the initial deflection
shows the same behavior like our microbridges qualitatively, the model
is only valid in a very narrow range around &:

—-13< < 1.

(10)

4n2El
EAP

As our data suggests that the influence of the initial buckling is much
stronger than predicted by the model, we could not fit the data to the
extended model.

For ¢ < —0.05 both curves seem to approach the model as far as this
can be evaluated due to the difficulties of identifying the modes as
described before. For the 30 mode the same behavior as for the 20 mode
is around &c. For € < —0.05 the pressure-sweep sample approaches ~
8kHz which is in good agreement with the model, whereas the low-
pressure sample approaches ~ 18kHz. This deviation indicates that the
modeled initial deflection is not sufficient to explain all effects of thin
film stress, especially in the buckling regime.

For higher modes we can see that in the non-buckling regime the data
for the two different devices increasingly diverges from the model with
increasing mode order. In the buckling regime we see a similar behavior,
but due to mode veering it is even more difficult to estimate the correct
frequency behavior and to give proper explanations.

4.3. Responsivity

As the microbridge is initially buckled after fabrication, which shifts
&c towards higher values of ¢ compared to unbuckled microbridges, the
initial working point ewp is in the buckled regime of the sensor device
which is not suitable for strain sensing as the frequency is ambiguous
when crossing ec. One way to circumvent this is by pre-straining the
device when mounting it to the structure under test or during packaging,
both challenging tasks. Obviously, another way is to adapt the thin film
stress in a way that e¢ is modified such that its working point is set to a
desirable value.

With this said, we can define the relative responsivity of the sensor
device, as the slope of f(¢) related to the base frequency fp at € (Eq. (11)).

_y
R_foe

Fig. 12(a) shows the responsivity R(¢) for the modes 20, 30, 40 and
60 for the pressure sweep device and for the model. Although higher
modes have a higher slope, lower mode numbers show higher relative
responsivities due to the lower frequency-level of the mode. For ¢ > 0.1,
the data is in good agreement with the model, but for values ¢ < 0.1 the

an
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Fig. 11. Frequency of the resonance peaks for the 20-mode (a) and the 30-mode (b) for low-pressure and the pressure sweep sensor devices.
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Fig. 12. (a) Responsivity of various modes for the pressure sweep device. (b) Comparison of the responsivity of the 20-modes for the low pressure and the pressure

sweep device.

model diverges from the calculated data as the initial deflection is not
incorporated in the model.

Fig. 12(b) shows the comparison of the mode 20 of the pressure
sweep devices (orange), the low-pressure sample (blue) and the model
(black). Similar to f(¢) (compare Fig. 11) where the frequency at the
critical strain value reached a lower minimum for devices with lower
initial buckling or stress, the responsivity reaches a higher maximum.
For the 20 mode this makes the pressure-sweep device more than twice
as responsive as the low-pressure sample with Rpressure—sweep =~ 17000
compared to Riow—pressure = 6500.

Comparing our results with [75], where the devices were fabricated
the same way as our low-pressure sample apart from different thick-
nesses for the deposited materials, we could increase the responsivity by
a factor ~4.8 and ~ 1.8 for the pressure-sweep sample and the
low-pressure sample, respectively. This increase comes from a combi-
nation of three factors. Beside the decreased intrinsic stress as explained
before, the increased length and the decreased thickness of the beam
directly increase the resonance frequencies of the microbridge in the
base Egs. (1) and (2) and hence the responsivity. The contributions of
the increase in length from 1000um to 1500um and the decrease in
thickness from 3um to 1.6um onto the responsivity can be estimated
from Egs. (1) and (11) and result in a factor of ~ 2. The reduced factor of
1.8 for the low-pressure sample most probably originates from the
higher influence of the intrinsic stress on thinner and longer bridges,
which results in a higher initial deflection and hence a lower respon-
sivity for strain values close to e¢. This shows that the device perfor-
mance in case of a MEMS resonant strain sensor strongly depends on the
residual stress and making it obvious that a sputter process for tailoring
thin film stress is mostly needed.

5. Conclusion and outlook

In this study, a modified sputter process for stress-tailored AIN
deposition with high piezoelectric constants is presented to improve the
performance of a MEMS resonant strain sensing device which is sensible
to buckling due to the intrinsic stress component. Various deposited AIN
thin films were studied by characterizing their thin film morphology by
XRD, SEM and AFM. The measurements showed that a pressure sweep
starting from low-pressure of 0.2Pa and finishing at 0.6Pa supported by
an AlIN seed layer sputtered with 0.2Pa resulted in thin films which
exhibit a reduced stress of —170MPa compared to —722MPa when
deposited with standard conditions. Simultaneously, the piezoelectric
coefficient ds3 showed high values of 5.76pCN~! which could not be
reached with thin films sputtered only under high pressure of 0.6Pa.

Subsequently, the low-pressure and the pressure-sweep thin films
were used to fabricated MEMS resonant strain sensors and impact of
intrinsic thin film stress component on the device performance were
studied, by white light interferometric measurements and by charac-
terizing the frequency responses as a function of external strain. The

10

MEMS sensors fabricated with the stress reduced AIN thin film showed a
responsivity of 17000 while the standard low-pressure sensor devices
reached a corresponding value of 6500, which represents an increase by
a factor of ~ 5. Compared to the latest results published in literature on
resonant strain sensors both MEMS devices exceeded the responsivity of
state-of-the-art sensors substantially, independent of their AIN fabrica-
tion route, demonstrating their outstanding performance for future low-
power applications.
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