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Abstract. Statistical analysis of microelectromechanical system (MEMS) resonator devices in an early stage
of device fabrication is challenging since actuation and sensing of the frequency-dependent response charac-
teristics are often impossible before electrical connections are established. Photo-thermal actuation and optical
readout using laser Doppler vibrometry (LDV) are powerful techniques to overcome this problem, enabling a
fast, contactless device characterization and thus generating a high amount of data for statistical analysis. This
paper reports on a tailored measurement setup for the contactless characterization of pure, monocrystalline sili-
con MEMS resonators at the wafer level. The presented system combines a precision stage for the movement in
all three dimensions, a lightweight vacuum chamber, a laser diode for actuation, and a laser Doppler vibrometer.
Details on the hardware and software solutions are discussed, and the high potential of the described setup is
demonstrated by measuring hundreds of devices fabricated on one silicon-on-insulator (SOI) wafer. First tests
show that thickness variations in the silicon device layer influence the resonance frequency of devices across
the wafer and that different loss mechanisms dominate different out-of-plane modes in plate-shaped MEMS
resonators.

1 Introduction

During the fabrication process of microelectromechanical
systems (MEMSs), intolerance in device geometries and ma-
terial properties are inevitable, independent of their appli-
cation field. This is due to the use of challenging batch-
compatible fabrication steps, e.g., thin film deposition,
lithography, and etching. In this context, the differences be-
tween the manufactured device and the intended specifica-
tions may fall within acceptable limits, or if not, the de-
vice may fail to meet the required standards and thus will
be rejected. Within the fabrication process, the moment of
identifying and rejecting devices based on tolerance require-
ments needs to be as early as possible to save costs and time.
This is especially true for the large-volume production of sil-
icon MEMS devices at the wafer level, where the field of
statistical metrology gained increasing importance since the
1990s (see Duane and James, 1996). But in small produc-
tion series as well as academia, limited time and financial
resources make extensive manual studies on hundreds of de-
vices on one single wafer impossible. Consequently, in sci-

entific studies (e.g., Pfusterschmied et al., 2016, 2020; Clark
et al., 2005; Gaidarzhy et al., 2007; Tao et al., 2014), only
one or few devices are measured, so no statistical analysis
of the measurement results can be performed. Other studies,
like Pfusterschmied et al. (2019), need to use a lot of math-
ematical effort to do statistics for a low number of measure-
ments, hence limiting the analysis of the actual device con-
cept. Even in the scientific field, the investigation of MEMS
devices at the wafer level is highly relevant as it simplifies
data collection and enables profound interpretations of the
experimental results. For that purpose, a fast, contactless, and
non-destructive measurement technique for resonantly oper-
ating MEMS devices is laser Doppler vibrometry (LDV) (see
Rothberg et al., 2017). Preliminary work on the automation
of LDV measurement on devices at the wafer level was done
Gennat et al. (2013) and Kurth et al. (2007). Here, a com-
bination of LDV and a semi-automatic probe station allows
for fast resonance-frequency measurements of a large num-
ber of devices in a reasonable amount of time. The devices
are actuated capacitively with contact needles from the probe
station.
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The measurement setup presented in this work extends the
previously mentioned approach by adding a vacuum chamber
and the photo-thermal actuation principle via a laser diode.
Doing so, the devices under test (DuTs) can be studied with-
out vacuum packaging and without parasitic viscous losses,
which is especially relevant for any chip-scale high-Q ap-
plications. In contrast to electrostatic, electromagnetic, and
piezoelectric actuation and sensing principles (see Algamili
et al., 2021), the bare resonator can be studied since no ad-
ditional layers are needed, even when the resonator mate-
rial is non-conductive. The photo-thermal actuation enables a
unique contactless device characterization at the wafer level
and the step-by-step monitoring of MEMS during the fabri-
cation process.

This paper aims to introduce a time-efficient, contactless
device characterization setup which allows a statistical anal-
ysis of MEMS resonators at the wafer level. Even more, this
work evaluates the setup on single-side clamped plate-shaped
MEMS resonators with different geometries made of single-
crystalline silicon (SCSi). The high amount of measurement
data is demonstrated by a scan of different resonance modes
of 460 devices on a 4′′ wafer.

2 Experimental details

Single-side clamped plate-shaped MEMS resonators are fab-
ricated from the device layer of a silicon-on-insulator (SOI)
4′′ wafer. The device layer is 〈100 〉-oriented phosphorus
doped silicon with a thickness of 2± 0.5 µm. A 500 nm thick
buried oxide layer between the device and wafer handle is
used as an etch stop for the Bosch process when the device
layer as well as the handle layer are micromachined. Dry
etching with the Bosch process is performed in an Oxford
Plasmalab 100 deep reactive-ion etcher (DRIE). Figure 1a
shows an optical micrograph of different resonators on the
wafer labeled by their width (W ) and length (L) as the ge-
ometry changes for 300 devices. Exemplarily, a 330 µm wide
and 200 µm long resonator is shown in Fig. 1b. Additionally,
160 plate-shaped MEMS resonators with the very same ge-
ometry of 200 µm width and 330 µm length are fabricated on
the same wafer.

The devices are actuated photo-thermally using a Thor-
Labs laser diode with a wavelength of 635 nm and a typi-
cal optical output power of 2.5 mW (model LPS-635-FC).
The mechanical response of the resonator is measured opti-
cally with a Micro System Analyzer (MSA) 500 from Poly-
tec GmbH with a vertical scanning head and an adjustable
measurement laser with a wavelength of 633 nm. The scan-
ning head is equipped with a bright field objective with a
zoom factor of 10 and a corresponding field of view of
0.9 mm× 0.67 mm. Additionally, to the measurement laser,
the optical fiber of the actuation laser diode is mechanically
integrated into the scanning head of the MSA, making a pre-
cise manual adjustment of the actuation position possible.

After converting the optical signal to an electrical signal in
the vibrometer controller of the MSA, the internal MSA sig-
nal analyzer or an external lock-in amplifier (Zurich Instru-
ments HF2LI) is used to process the data. The external lock-
in amplifier increases the flexibility of the setup as well as
the measurement precision.

MEMS device characterization is performed under vac-
uum conditions to avoid dominating gas damping. A Pfeiffer
rotary vane pump (DUO 3 M) is placed below the table and
connected to the chamber with a flexible tube (inner diame-
ter 25 mm). For quality factor determination, pressure levels
of about 5×10−3 mbar ensure that gas damping has less im-
pact, as reported by Schiwietz et al. (2023), and Kulygin et
al. (2008).

3 Results

3.1 Measurement setup

The measurement setup schematically shown in Fig. 2 and
as a photograph in Fig. 3 consists of several key elements de-
scribed subsequently. The LDV scanning head and an XYZ
stage are mounted to the same vibration-damped table. The
XYZ stage is assembled from a vertical (X-VSR20A) and
two horizontal (X-LSM100A and X-LSM150A) stages by
Zaber, controlled via a script due to a serial connection to a
PC. Mounted to the X stage, a custom-built vacuum chamber
can be positioned very precisely below the scanning head of
the LDV setup. The vacuum chamber is designed to fit wafers
with a diameter of 100 mm or smaller snippets and is sealed
with a coated glass window optimized for low reflectance
in the range of 425 to 675 nm. Four ports in the vacuum
chamber ensure reliable connections of the vacuum pump,
pressure gauge, and electrical connections, respectively. The
electrical signal is processed by the vibrometer controller of
the MSA and analyzed by either the internal MSA signal an-
alyzer or an external lock-in amplifier. Furthermore, the driv-
ing frequency and amplitude of the actuation laser can be ad-
justed with both the MSA signal generator and the lock-in
amplifier.

The workflow is illustrated in Fig. 4, starting from the fab-
rication of MEMS resonator devices with out-of-plane reso-
nance modes (A1) via the placing of the wafer in the vacuum
chamber (A2) with the additional needed pre-adjustment of
the microscope settings (A3) and the setup of the reference
coordinate system, including the number of devices to be
measured (A4). Subsequently, to these manual steps, the al-
gorithm proceeds for every device of interest by automati-
cally performing a rough lateral positioning (B1) followed
by the auto-focus (B2) and the contour detection of the ac-
tual resonator geometry (B3). This enables the exact posi-
tioning of the resonator anchor region relative to the position
of the actuation laser (B4) and, consequently, the exact po-
sitioning of the measurement laser at the location of inter-
est. Since plate resonators show a high amplitude at the cor-
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Figure 1. (a) Optical micrograph of single-side clamped plate-shaped MEMS resonators with different geometries. Every device is labeled
according to its width (W ) and length (L) in micrometers. (b) SEM image of a 330 µm wide and 200 µm long resonator.

Figure 2. Schematic of the LDV measurement setup. The labeled
parts follow the information processing, starting at the MSA signal
generator (I-a) and the lock-in amplifier (I-b), generating the driv-
ing signal for the actuation laser (II). The fiber of the diode laser
is mechanically integrated into the scanning head (III) so that the
light goes through the lens, and the coated glass window goes into
the vacuum chamber (IV) and actuates the DuT (V). The position-
ing of the device below the microscope is performed with the XYZ
stage (VI). Furthermore, the response characteristics of each res-
onator are measured using the measurement laser (VII) and pro-
cessed by the vibrometer controller (VIII). Detailed analysis of the
resonance properties of the device is performed by the MSA signal
analyzer (IX) and the lock-in amplifier (I-b), both connected to a
PC (X).

ners of the resonator independent of the out-of-plane eigen-
frequency, the measurement laser is moved to one of the
corners to start the wide-band frequency measurement (B5).
Next, a peak detection is performed in the measured fre-
quency spectrum (B6). If resonance peaks are found, the
algorithm changes the control of the actuation laser to the
lock-in amplifier, enabling a precise narrow-band frequency
sweep around the corresponding peak frequency (C1) from
which the mode-specific quality factor is extracted by fitting
a Lorentzian function to the data. Optionally, scan points can
be defined across the resonator (D1), and an area scan can be
performed (D2).

The position of the resonators is precisely known from the
design of the lithography mask. Nevertheless, several steps
are needed to get a sharp microscope image of the resonator
in the correct position for the photo-thermal actuation. First,
the system moves to the resonator position laterally on the
wafer, according to the mask design (rough positioning B1).
Anyhow, related to imperfections in the resonator fabrica-
tion, stress in the thin film, or tolerances in the stage move-
ment, the resonator might not be in the focal point, and the
correct lateral position might be off by up to tens of mi-
crometers, as shown in Fig. 5a. Second, an auto-focusing
step (B2), as illustrated in Fig. 5b, is performed to get the
maximal signal level of the LDV detector and sharp res-
onator edges to perform the final exact positioning (B4) of
the resonator relative to the actuation laser. This feedback
loop leads to the precise positioning of each individual de-
vice under the microscope of the MSA scanning head and
an accurate photo-thermal actuation within a few microme-
ters, as shown in Fig. 5c. The exact positioning is done with
contour detection (B3) by an image recognition tool. Hence,
the position of the measurement laser can be set close to
the corner of the resonator, also with micrometer accuracy.
Subsequently, wide-band frequency measurements (B5) are
performed, containing the resonance modes of interest. An
example measurement is shown in Fig. 6. The data show a
range from 50 to 500 kHz and are the basis for the decision
regarding whether a found peak corresponds to an actual res-
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Figure 3. Photographs of the tailored, LDV-based measurement setup from different view angles in panels (a) and (b). The components
labeled with Latin numbers from I to X are described in the caption of Fig. 2.

onance mode or originates from parasitic environmental im-
pact from different sources such as thermal noise, vibrational
sources such as vacuum pumps, or electromagnetic sources
from other labor equipment.

If a found peak is determined to be a resonance mode (B6),
due to a threshold value of the peak height above the noise
level and a minimum peak width of more than 1 Hz at half
maximum, the algorithm switches the drive of the actuation
laser from the MSA signal generator (I-a) to the lock-in am-
plifier (I-b) to perform a narrow-band frequency sweep (C1).
Three examples of this measurement performed with the
lock-in amplifier are shown in Fig. 7. Since the quality fac-
tor of a resonance mode is a device parameter of utmost im-
portance, it is extracted from the resonance curve by fitting
a Lorentzian function. The used fitting curve related to the
transfer function X(f ) of the driven, damped harmonic os-
cillator is multiplied with the frequency f in Eq. (1) to allow
for a fitting procedure of the measured data in the velocity
domain (V (f )= fX(f )).

V (f )= C+A
f√

f 2+
(
Q
f0

)2(
f 2− f 2

0
)2 (1)

The fitting parameters are a constant offset C, the amplitude
A, the center frequency of the peak f0, and the quality fac-
tor Q. The resonance curve in Fig. 7a is an example of a
frequency response, which can be fitted in high accordance
with the function in Eq. (1). Even though another resonator
with the same geometry is measured for the resonance curve
in Fig. 7b, there is a difference in the peak frequency of 59 %.
This drastic change cannot be explained by variations in the

resonator height due to uncertainties in the device layer thick-
ness and thus exceeds the calculated frequency range for the
device geometry, which is also discussed below in Fig. 9.
Rather, this result shows that the described setup can be used
to spot devices on the wafer with divergent properties. Fi-
nally, the Lorentzian fitting cannot lead to conversion for ev-
ery resonator’s frequency response, as shown in Fig. 7c. In
further studies, resonance curves with this specific shape can
be investigated to gather new insights into the field of non-
linear features in MEMS devices. There are several possible
causes for such a vibrational response of the resonator, in-
cluding not only geometric nonlinearity, nonlinear damping,
and inertial nonlinearity (see Lifshitz and Cross, 2008), but
also intermodal coupling, causing internal resonances (see
Asadi et al., 2018). In the scope of this work, resonance
curves with this behavior are excluded from further analysis
of the quality factor. Optionally, area scans at the found res-
onance frequency can be performed within the algorithm by
choosing a specific bandwidth. The scan points for the area
scan use the information from the contour detection (B3),
and the number of points in x and y directions can be cho-
sen. The overall measurement time per resonance mode on
a single device, including peak detection, frequency sweep,
and grid scan is in the range of 1 min depending on the nec-
essary filter settings of the lock-in amplifier and the chosen
number of grid scans for mode identification.

3.2 Analysis of resonance frequency and quality factor

Figure 8 demonstrates the results of the automated measure-
ment of 460 devices fabricated on one SOI wafer. The gained
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Figure 4. Process flow for the analysis of MEMS resonator devices
with respect to out-of-plane resonance modes. The devices are fab-
ricated from a thin film of interest (A1) at the wafer level. Subse-
quently, the wafer must be loaded into the vacuum chamber (A2),
and the microscope needs to be adjusted (A3). Before starting an
automated measurement cycle, the user must set up a reference co-
ordinate system and choose the number of devices measured (A4).
The algorithm performs a loop for the number of devices with the
following steps: rough positioning – auto focus – contour detection
– exact positioning – wide frequency band measurement – peak de-
tection (B1–B6). For every found peak, a narrow-band frequency
sweep is performed using a lock-in amplifier (C1), and if activated,
scan points on the resonator are defined, and an area scan for the
mode shape analysis is performed (D1 and D2).

data of the first Euler–Bernoulli mode are shown as squares
(resonance frequency) and circles (quality factor), while un-
measured DuTs are marked with a red X. In some cases, the
resonance frequency is measured correctly, while the qual-

Figure 5. Plate resonators with different geometries are placed in
a regular grid with an x distance of 2450 µm and a y distance of
4400 µm. This information is used for the rough positioning step in
panel (a). Subsequently, the auto-focus procedure is performed us-
ing the signal level of the measurement laser as a reference. There-
fore, the laser spot is placed in the substrate region of the device
to avoid problems with broken resonators (red circle). The sharp
device contour in panel (b) is necessary for the contour detection
algorithm, which provides the information on the plate size and the
position of the corners to do the exact positioning for the actuation
laser (yellow circle) in panel (c). Overall, the travel range from one
device to the start of the measurement on the next device takes 10
to 15 s depending on the bow of the wafer and the corresponding
movement in the z direction.

ity factor cannot be extracted from the resonance curve due
to nonlinearities in the devices (see Fig. 7c). For these de-
vices, the circles representing the quality factor are also re-
placed with a red X. Across the wafer, there are areas that
show a certain tendency toward lower or higher resonance
frequency. Due to the constant length of the devices, this
behavior shows that even small deviations in the thickness
of the SCSi thin film can be displayed with this technique
since the resonance frequency is proportional to the height
of the device. Quality factors do not follow the same trends
but seem to change more randomly from device to device,
which may arise from the fabrication process of the device
layer as well as the devices, where, e.g., contaminants on the
surface can affect the quality factor. For example, the eighth
device in the sixth row shows extraordinarily high resonance
frequency and quality factor values, which is also shown in
Fig. 7b. The microscope image inserted in Fig. 8 reveals con-
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Figure 6. The frequency band from 40 to 540 kHz of a 800 µm wide and 200 µm long resonator contains several visible peaks, which can
be resonance peaks (green tick) or perturbations from different sources such as thermal noise, vibrational sources such as vacuum pumps,
or electromagnetic sources from further labor equipment (red cross). The algorithm in Fig. 4 (B6) makes decisions based on the peak height
and peak width at half maximum if the found peak is stored and used for the subsequent steps.

Figure 7. Typical resonance curves of the first Euler–Bernoulli mode of SCSi plate resonators measured with a lock-in amplifier (C1) under
vacuum conditions (about 5× 10−3 mbar). In panel (a) an example of a fit in high accordance with the Lorentzian function is shown. For
panel (b), a resonator with the same dimensions as in panel (a) leads to a difference in the peak frequency of 59 %. This can be used to detect
devices out of tolerance. The measured resonator in panel (c) shows nonlinear behavior, and the Lorentzian fitting does not converge. The
measured resonance curves (dots) are fitted with a Lorentzian function (dashed line) to determine the quality factor.

tamination on the resonator surface, which causes deviation
from the expected result.

Further measurements of other out-of-plane resonance
modes are performed within the same measurement run,
where wide bandwidth measurements for the devices also
show higher-order modes according to the resonator geom-
etry. With increasing frequency from 20 up to 320 kHz, four
modes are found, as shown in Fig. 9. The order of the modes
for the 330 µm long and 200 µm wide plate resonators and
the corresponding mean resonance frequencies are summa-
rized in Table 1. The ratio of standard deviation over mean
resonance frequency is constant for all modes, giving addi-

tional indication on the presence of local device layer thick-
ness variations. A finite-element method (FEM) simulation
of a 330 µm long and 200 µm wide SCSi plate resonator us-
ing COMSOL Multiphysics shows good agreement with the
measured mean resonance frequencies as the first four eigen-
modes are calculated from a FEM simulation for the device
with a thickness of 1.8 µm and reported in Table 1. In addi-
tion, the blue hatched area in Fig. 9 highlights the frequency
range calculated by a sweep of the device thickness in the
FEM simulation from 1.5 to 2.1 µm, hence within the tol-
erance range stated by the wafer manufacturer. Overall, the
measured quality factor in the range from 10 000 to 80 000 is
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Figure 8. The LDV measurement of the first Euler–Bernoulli mode of all devices on a wafer is shown. As presented in Fig. 5, the devices
on the wafer are single-side clamped plate-shaped silicon resonators. The wafer is separated into the upper area (above the black line) with
devices with a length of 330 µm and the lower area (below the black line) with devices with a length of 200 µm. For every device on the
wafer, the resonance frequency and the quality factor are shown as squares and circles, respectively. Unmeasured DuTs are marked with a
red X. The different areas have separate color bars as the resonance frequency depends on the resonator length.

expected for SCSi MEMS resonators, as has been reported
in the literature for decades (e.g., Bienstman et al., 1996;
Nguyen and Howe, 1999; Cioffi and Wan-Thai, 2005; Kuly-
gin et al., 2008). Despite this agreement, the scatter diagrams
of the modes look different. The data for the first and second
Euler–Bernoulli modes seem to be uniformly distributed. In
contrast, the first and second torsional modes show a linear
trend of increasing quality factor with resonance frequency.
Accordingly, due to this result and the large difference in
the mean quality factor, the modes are expected to experi-
ence different dominant loss mechanisms. Thermoelastic dis-
sipation (TED) is the possible reason for the reduced quality
factor of the Euler–Bernoulli modes since Chandorkar et al.
(2009) state that TED is negligible for pure torsional modes
due to the reduced mechanical deformation of the resonator.

4 Conclusions

A tailored measurement setup to monitor variations of device
geometries, as well as material properties, has been devel-
oped, allowing for the collection of the frequency-dependent
response characteristics of many devices time-efficiently for
statistical analysis. In contrast to solutions where the LDV
measurement head is mounted to a semi-automatic probe sta-

tion described in Gennat et al. (2013) and available on the
market, the actuation is performed without contact as a diode
laser is used to actuate the devices photo-thermally. The con-
ducted single-point LDV measurements are done to identify
resonances and extract quality factors from Lorentzian fits.
In doing so, any electrical wiring is avoided for an early-
stage characterization during the fabrication process flow.
The devices are measured under vacuum conditions of about
5× 10−3 mbar in a custom-built vacuum chamber.

The presented setup is a powerful tool for studying many
devices during the design process of new MEMS devices and
for research applications. Here, the large number of mea-
surement points enables a profound statistical analysis, thus
strengthening the scientific statements and giving insights
into the physical phenomena of each DuT.

With the described setup, it is possible to study a large
variety of device geometries since different bright field ob-
jectives can be used with the scanning head. The range
of supported objectives from Polytec GmbH ranges from a
zoom factor of 1 with the corresponding field of view of
9 mm× 6.7 mm and a laser spot diameter of (1/e2)< 55 µm
to a zoom factor of 100 with a corresponding field of
view of 0.09 mm× 0.067 mm and a laser spot diameter of
(1/e2)< 1 µm. A limiting factor is the actuation power of
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Figure 9. A detailed study of 160 devices, in the upper area of the wafer discussed in Fig. 8 in the frequency band ranging from 20 to
320 kHz, shows four different resonance modes. The plate-shaped resonators with a length of 330 µm, a width of 200 µm, and a height of
2± 0.5 µm are measured under vacuum at a pressure level of about 5× 10−3 mbar. The blue hatched area highlights the frequency range
calculated by FEM simulations when sweeping the device thickness from 1.5 to 2.1 µm.

Table 1. Order of the modes and corresponding eigenfrequencies calculated with FEM simulations for a mean thickness of 1.8 µm and the
measured mean frequency for 160 devices.

Mode shape FEM frequency Mean frequency σ σ /mean
[kHz] [kHz] [kHz]

First Euler–Bernoulli 23.4 23.4 1.6 0.068
First torsional 86.1 81.5 6.8 0.083
Second Euler–Bernoulli 145.7 146.8 10.4 0.071
Second torsional 286.2 273.0 18.1 0.066

the diode laser effectively transferred to the DuT and avail-
able to drive the resonance mode. This is especially relevant
for the described wide-band frequency measurements, where
the laser power is split into all actuated frequencies. To in-
crease the power density per measured frequency, the wide
frequency band is split into several bands and measured in-
crementally. With this approach, the measurement time in-
creases, but the size of measurable device dimensions can
also be increased.

The measurement setup will be used for prospective stud-
ies as MEMS resonators with out-of-plane resonance modes
are of broad interest in semiconductor research and indus-
try. Different device designs can be studied concerning loss
mechanisms and nonlinear effects in the resonator. These
gained insights can lead to improvements in MEMS res-
onator design for new applications and further miniaturiza-
tion. In addition, the described setup shows high potential to

study the influence of coatings, surface, and material treat-
ments on the vibrational properties of MEMS resonator de-
vices. In the future, studying different device geometries
might also lead to the identification of interesting devices for
the investigation of all kinds of linear and nonlinear inter-
modal coupling effects. However, it will make it necessary
to improve the vacuum system for devices more affected by
fluid damping due to the remaining pressure in the vacuum
chamber. For that purpose, a turbomolecular pump can be
used next to the chamber connected via a vacuum tube, or
a lightweight model can be mounted to the chamber. To im-
prove the cost efficiency of the presented system, the mea-
surement time could be further reduced by performing ring-
down measurements for the extraction of the quality fac-
tor instead of narrow-band frequency sweeps. Furthermore,
basic single-point laser Doppler vibrometers without an ad-
justable measurement laser can be used when the whole de-
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vice positioning process is performed with the XYZ stage, or
an approach with position-sensitive detectors (PSDs) instead
of LDV could be an option.
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