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A B S T R A C T

In this work, we present a method for characterizing nano/micro membrane resonators through the analysis
of averaged interference fringes obtained from continuous light measurements. As the membrane vibrates,
the interference fringes display blurring and contrast reduction, from which we establish a direct relationship
between the vibration amplitude and the blurred area. This method offers a fast and straightforward approach
to characterizing membrane vibrations and determining the dispersion relationship. Additionally, it enables
the simultaneous extraction of multiple vibrational modes, providing mode numbers and phase differences
that can be used to reconstruct dynamic vibration profiles. Its efficiency and broad frequency range make it
particularly well-suited for high-frequency applications and rapid data collection.
1. Introduction

Nano/micro membrane resonators are critical components in var-
ious applications, including sensors [1,2], detectors [3], switches [4],
and filtering systems [5]. They also play a significant role in fundamen-
tal research areas such as optomechanics [6], nonlinear dynamics [7,8],
and other branches of physics [9,10]. Accurate characterization of the
vibrational properties of these resonators is essential for optimizing
their performance and understanding the underlying dynamic processes
that govern their behavior. Several optical techniques, including laser
Doppler vibrometry (LDV) [11,12], stroboscopic holography [13], and
interferometric methods [14,15], have been widely employed for vibra-
tional analysis due to their non-invasive nature. However, as resonators
become miniaturized and the demand for high-speed, wide-bandwidth
mechanical devices grows, there is an increasing need for methods that
can operate over a broader frequency range, handle larger vibration
amplitudes, and speed up data acquisition [3–7].

Despite their advantages, conventional optical techniques face sig-
nificant limitations. LDV [12] and interferometers, such as Michelson-
type interferometers [15,16], offer high temporal resolution and is
ultrasensitive to small deflections, but are often restricted to single-
point measurements and limited to small amplitudes. These limitations
necessitate, on the one hand, scanning across the surface to obtain full-
field data, which is time-consuming and may require complex control
systems and, on the other hand have limited applicability to study
nonlinear dynamics at large deflection amplitudes. Stroboscopic holog-
raphy, while capable of capturing full-field vibrational data in a single
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acquisition, relies on synchronization with the excitation frequency,
which can limit its application at higher frequencies and for dynamic
amplitude variations [13]. These constraints highlight the need for
alternative methods that can operate efficiently across wider frequency
and amplitude ranges while maintaining speed and simplicity in data
acquisition.

In this work, we present a method aimed at addressing these limita-
tions by offering a direct and fast approach to characterize membrane
vibrations. This method is based on the analysis of averaged inter-
ference fringes generated by continuous light measurements. As the
membrane vibrates, the interference fringes exhibit blurring and con-
trast reduction, which we use to extract full-field vibrational data
without the need for synchronized light sources or point-by-point scan-
ning. While this approach has been applied previously to large-scale
plates [17], we extend its application here to nano/micro membrane
resonators, demonstrating its capability to measure in higher frequen-
cies and resolve mode coupling phenomena at higher amplitudes.
The method enables straightforward and rapid analysis over a wide
frequency range and can easily handle larger vibration amplitudes.
Moreover, it allows for the extraction of multiple vibrational modes
simultaneously, providing mode numbers and phase differences, which
can be used to reconstruct dynamic vibration profiles.

2. Sample fabrication and measurement method

Our experimental setup, depicted in Fig. 1(a), is built upon a sus-
pended almost square-shaped silicon nitride (SiN) membrane framed by
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a silicon (Si) chip that is attached to a piezo element. It supports flexu-
ral vibration modes labeled with mode numbers (𝑛, 𝑚), where 𝑛 and 𝑚
count the deflection extremes along the 𝑥- and 𝑦-directions. Flexural
vibrations of the membranes are excited by applying an AC voltage
𝑉AC to the piezo. When the drive frequency 𝑓d of 𝑉AC approaches
the membrane resonator’s eigenfrequency 𝑓0 of flexural modes, the
membrane vibrates out of plane (denoted as 𝑧 axis), as shown in the
insert of Fig. 1(a). To demonstrate that the surface material of the
samples does not affect the method used to characterize membrane vi-
brations, some SiN membranes are covered with a monolayer graphene.
They yield similar measurement results as the bare SiN membranes.
In addition, in conventional methods like stroboscopic holography, the
drive frequency signal is typically provided by a lock-in amplifier,
which limits detection to the drive frequency or its harmonics. In
contrast, the proposed method allows the drive frequency signal to be
supplied by a standard function generator, as it does not rely on a lock-
in process. This enables the detection of vibrations at all frequencies,
providing a significant advantage when studying systems with complex
dynamics, such as subharmonically driven or parametrically driven
mechanical systems. More details of samples and experimental systems
can be found in our previous work [14,18–20] and the supplementary
material (SM).

To characterize the vibration properties of nanomembrane res-
onators, time-averaged interference patterns are obtained by using a
Mirau interferometer (optical profilometer ‘‘Photomap 3D’’ from Fogale
company) [13,19] and a digital holographic microscopy (DHM R-
2100 series from the manufacturer Lyncee) [21] under continuous-light
mode at room temperature. Both interferometers use a laser source with
a wavelength 𝜆 of around 640 nm.

Fig. 1(b) shows the interference fringes together with a camera view
of a graphene-covered SiN membrane obtained by Mirau interferometry
without mechanical excitation. The interference pattern shows parallel
fringes with clear contrast and almost constant intensity along their
length. The fringes are indicative of a slight inclination of the surface
with respect to the normal plane of the incident light beam (along the
𝑧′ axis). The angle between the 𝑧 and 𝑧′ axes is very small, allowing us
to approximate the in-plane coordinates as 𝑥 and 𝑦. The upper surface
of the membrane is flat and almost homogeneous. Specifically, the
intensity 𝐼 of the interference fringes depends on the reflectivity of
the membrane surface and the optical path length difference between
the incident and the outgoing light beams. At rest, i.e., without vi-
bration, the 𝐼 at a position 𝑀(𝑥, 𝑦) on the membrane surface changes
proportionally to 𝑍0(𝑥, 𝑦) which represents the optical path difference
between the incident and outgoing beams at rest and is parallel to
𝑧′. We now assume (without loss of generality) that the inclination of
the membrane is in 𝑥 direction only. This means that the interference
fringes are oriented along the 𝑦 direction. Then, 𝑍0(𝑥, 𝑦) is independent
of 𝑦 and linearly dependent on 𝑥 with a factor 𝑎: 𝑍0(𝑥) = 𝑎𝑥. The 𝐼
varies with 𝑀(𝑥, 𝑦) as:

𝐼0(𝑥) =
𝐼max − 𝐼min

2
sin(

4𝜋 𝑍0(𝑥)
𝜆

) + 𝐼max + 𝐼min
2

, (1)

which match the observations in Fig. 1(b) and Fig. 2(b). Here, 𝐼min and
𝐼max are the minimal and maximal intensity of the fringes, respectively.

When a 𝑉AC of 100 mV (𝑓d = 255.92 kHz) is applied to the piezo el-
ement, a flexural mode is excited to vibrate with a vibration amplitude
of around 300 nm (determined by the stroboscopic light measurement
shown in the SM). The flexural modes of membranes can be labeled
with mode numbers (𝑛, 𝑚), where 𝑛 and 𝑚 count the deflection extremes
along two sides of membranes. According to the stroboscopic light
measurement, only one deflection extreme is found cross the whole
membrane and in the center of the membrane, and therefore the
excited flexural mode is the (1,1) mode, i.e., the fundamental mode. As
depicted in Fig. 1(c), under continuous-light measurement, the time-
averaged interference fringes in the two ring regions blur and the
contrast of the fringes in other parts of the membrane is reduced,
especially in the center of the membrane.
2 
Fig. 1. (a) Schematic drawing of a suspended membrane resonator and the measure-
ment scheme. The experiment employs a Cartesian coordinate system, where the 𝑥
and 𝑦 axes lie in the plane of the nanomembrane, and the 𝑧 axis is perpendicular
to that plane and represents the out-of-plane vibration displacement. The incident
laser beam (along the 𝑧′ axis) is slightly inclined with respect to 𝑧, introducing a
very small angular deviation that accounts for the optical path difference. The origin
(0, 0) is defined as the bottom-left corner of the membrane, and the 𝑥 and 𝑦 axes are
aligned with its edges. The interference fringe patterns are recorded in this coordinate
system, where the spatial coordinates (𝑥, 𝑦) correspond to positions on the membrane.
(b) and (c) are the camera views and interference pattern on a membrane without and
with vibration amplitude of 300 nm under continuous-light mode, respectively. The
membrane is a SiN membrane covered with one monolayer of graphene. The thickness
of the SiN membrane is around 110 nm and its lateral size is 494 μm × 499 μm. All
measurements were performed in a vacuum chamber at pressure 𝑝 ≤ 0.01 mbar and
at room temperature.

This reduction in contrast can be implemented as an indicator of
the vibration amplitude and pattern [17]. For the case of a membrane
surface vibrating out of plane, each position 𝑀 has a time dependent
displacement 𝐴(𝑥, 𝑦, 𝑡) with respect to 𝑍0, and its position along the 𝑧′

axis at time 𝑡 is given approximately by 𝑍(𝑥, 𝑦, 𝑡) = 𝑍0(𝑥) + 𝐴(𝑥, 𝑦, 𝑡).
The intensity at position 𝑀 varies with time 𝑡 as:

𝐼(𝑥, 𝑦, 𝑡) = 𝐼max − 𝐼min
2

sin(
4𝜋 𝑍(𝑥, 𝑦, 𝑡)

𝜆
) + 𝐼max + 𝐼min

2
(2)

In a continuous-light measurement, the obtained interference pattern
is time-averaged. Therefore, the time-averaged intensity 𝐼ave(𝑥, 𝑦) is an
integral over 𝐴(𝑥, 𝑦, 𝑡) and time 𝑡 for each 𝑀(𝑥, 𝑦):
𝐼ave(𝑥, 𝑦) = 1

𝛥𝑡 ∫

𝛥𝑡

0
𝐼(𝑥, 𝑦, 𝑡) d𝑡

= 1
𝛥𝑡 ∫

𝛥𝑡

0

(

𝐼max − 𝐼min
2

sin
(

4𝜋 𝑍(𝑥, 𝑦, 𝑡)
𝜆

)

+
𝐼max + 𝐼min

2

)

d𝑡

(3)

When the vibration amplitude of 𝐴(𝑥, 𝑦, 𝑡) is large enough, 𝐼(𝑡) oscillates
between 𝐼max and 𝐼min and thus the difference of 𝐼ave among different
𝑀 becomes smaller, leading to the loss of contrast of the interfer-
ence fringes as well as to the blurring at some parts of the vibrating
membranes.

3. Characterization of the vibration of single flexural mode

When only one flexural mode is excited in the membrane resonator,
each position 𝑀 vibrates harmonically around 𝑍0 with the circular
frequency 𝜔 with an amplitude of 𝐴0(𝑥, 𝑦), and the 𝑍(𝑥, 𝑦, 𝑡) is:
𝑍(𝑥, 𝑦, 𝑡) = 𝑍0(𝑥) + 𝐴0(𝑥, 𝑦) sin(𝜔𝑡) (4)
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, as shown in Fig. 2(a). For the position 𝑀 with the lowest 𝐼0 (marked
by a purple dot as position I in Fig. 2 (b–d)), 𝐼ave becomes close
to 𝐼max+𝐼min

2 , when 𝐴0 is around 123 nm (labeled as 𝐴1 in Fig. 2(c)
and (d)). For position 𝑀 with 𝐼0 = 𝐼max+𝐼min

2 (marked by a red
dot as position II in Fig. 2 (b–d)), its 𝐼ave keeps the same value for
different 𝐴0, because the intensity changes symmetrically w.r.t position
II. Consequently, the averaged intensity difference between positions I
and II disappears and the interference fringes blur as shown in Fig. 2(d).
Note that the threshold amplitude 𝐴0 for the onset of the first blurring
is strongly dependent on the laser wavelength, with its value slightly
smaller than 𝜆∕5.

As 𝐴0 increases further to a value of around 190 nm (referred to
as 𝐴2 in Fig. 2), 𝐼max turns to relatively high intensity in position I.
Therefore, position I changes from dark to bright in the obtained time-
averaged pattern, as shown in Fig. 2(d). Since 𝐼max oscillates with the
increase of 𝐴0 for 𝑀 except at position II, the bright and dark fringes
in the time-averaged pattern also alternate with reducing contrast upon
increasing 𝐴0. Therefore, the blurring regions as shown in Fig. 1(c)
and Fig. 2(d) as well as in our previous work [15] can be considered
as contour lines for the vibration amplitude 𝐴0. When this feature is
implemented with the vibration properties of the nanomembrane, the
time-averaged interference fringes can be used as tool to characterize
the vibration patterns and thus the mode numbers of the flexural
modes.

Fig. 3(a)–(c) show the time-averaged interference pattern obtained
from the camera view, the extracted phase diagram and the contrast
image when the membrane vibrates in the (1,1) mode with a maximal
vibration amplitude of around 300 nm. The time-averaged interfer-
ence fringes, contrast image, and phase diagram in Fig. 3 (d–f) were
calculated based on the vibration profile of (1,1) flexural mode of
the square-shaped membrane resonator. The calculation integrates the
instantaneous interference intensity over one vibration period. The
out-of-plane displacement was simulated using a sinusoidal vibration
profile for the (1,1) mode, and MATLAB was used to compute the
time-averaged intensity and contrast maps. Detailed equations and pa-
rameters used in the simulation are provided in the SM. The calculated
images match well with the experimental results, which confirms that
the vibration amplitude of the nanomembrane can be estimated by
the time-averaged interference fringes easily and quickly. In addition,
this method allows for extending the frequency range to an unlimited
upper end. It offers a distinct advantage over other characterization
methods such as the stroboscopic light measurement which is lim-
ited by the switching time of the stroboscopic light source. These
advantages benefit the measurements requiring substantial time and/or
broad frequency ranges. For instance, Fig. 4 shows the application
of time-averaged interference fringes in characterizing the dispersion
relationship of a graphene-covered SiN membrane. The eigenfrequen-
cies of various flexural modes, labeled 𝑓0𝑖 for mode 𝑖, are efficiently
estimated by extracting the 𝑓𝑑 𝑖 value when a blurring of the time-
averaged interference fringes occurs in the positions with high absolute
deflection. The estimated 𝑓0𝑖 values (blue dots in Fig. 4) exhibit a linear
relationship with the wavelength 1∕𝜆m of the respective flexural mode.
They are consistent with those obtained from measuring the frequency
response curves of the flexural modes using vibrometry (purple stars
in Fig. 4). This linear relationship aligns with previous studies on
thin nanomembranes with relatively high prestress [19,20]. In such
membranes, the frequency dispersion is primarily dominated by the
stress within the membrane, while the effect of the bending stiffness
is negligible. For the given membrane here, the slope of the fitted
line is 28.91 ± 0.32 kHz⋅ mm which is very close to the fitted value
28.87 ± 0.21 kHz⋅ mm obtained by determining 𝑓0𝑖 from the frequency
response curves acquired by vibrometry measurements [18].

The time-averaged interference fringes provide a fast and efficient
method for determining the eigenfrequencies of nanomechanical res-
onators. The acquisition time depends on the vibration frequency and
the camera’s refreshing rate, which in our setup is typically in the
3 
Fig. 2. (a) illustrates the relationship between the time dependent position 𝑍(𝑡) along
the 𝑧-axis at time 𝑡, with the vibration frequency set to 500 kHz. (b) Dependence
of the intensity of the interference fringes on the position of a homogeneous flat
plane. The red dot (labeled as position I) lies within the destructive interference
region, while the purple dot (labeled as position II) is positioned in the transition
region between constructive and destructive interference. (c) Dependence of the time-
dependent intensity of the interference fringes at position 𝑍. At position I, the intensity
periodically varies as time progresses. When a single flexural mode is excited, 𝑍 follows
the trajectory shown in panel (a) as a function of time. The dotted and dash-dotted
lines denote the range that position I reaches under vibration amplitudes 𝐴1 and 𝐴2,
respectively. (d) Development of the interference contrast distribution with vibration
amplitude 𝐴 obtained by integrating 𝐼(𝑡) over time for different positions on the flat
plane. When the vibration amplitude is 𝐴1, the contrast between constructive and
destructive areas is small and thus a blurring occurs. As the vibration amplitude further
increases, the areas of constructive interference turn to destructive interference and vice
versa. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

order of milliseconds. The processing time is minimal, as it involves
simply detecting the blurring of interference fringes and recording
the corresponding drive excitation frequency. This process allows the
drive frequency sweep rate to be set at the maximum refreshing speed
of the camera, enabling rapid acquisition. In comparison, vibrometry
measurements (as shown in Fig. 4) require recording a full frequency
response curve, which typically takes several minutes or longer. An-
other widely used method, stroboscopic holography, measures vibra-
tion profiles by capturing quasi-static images at multiple phases of
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Fig. 3. (a) The interference fringes under camera view. The 𝑉AC = 100 mV and 𝑓d
= 255.92 kHz. (b) and (c) are the extracted phase diagram and contrast image from
panel (a), respectively. (d–f) are the calculated interference fringes, phase diagram and
contrast image when the (1,1) mode is excited to 𝐴0 = 300 nm.

Fig. 4. The dispersion relation of the graphene-covered SiN membrane resonator. The
eigenfrequencies are characterized by observing the appearance of the blurring area in
the time-averaged images of the interference fringes in continuous-light measurement
(blue circles) and by measuring the frequency response curves (purple asterisks). The
standard deviations of 𝑓0𝑖 obtained from the two measurement methods are primarily
influenced by a temperature-induced frequency drift and the measurement procedures.
For the continuous light measurement, the uncertainty is estimated to be less than
0.1%. The vibrometry measurement provides higher accuracy but is more susceptible
to temperature fluctuations because of the longer acquisition times. The detailed
measurement methods and analysis of the standard deviation can be found in the SM.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

the vibration. To achieve sufficient contrast, each phase requires av-
eraging over several tens of vibration periods. In practice, obtaining
vibration profiles at a single drive frequency with stroboscopic holog-
raphy typically requires several hundreds of milliseconds to several
minutes. By contrast, the time-averaged interference fringe method
provides a real-time and significantly faster alternative for identifying
the eigenfrequencies.

4. Characterization of the vibration in mode-coupling regime

The averaged interference fringes are also able to provide the
vibration information when more than one flexural mode vibrates
simultaneously. In Fig. 5, the fundamental mode (1,1) mode of a SiN
4 
membrane is driven by a strong excitation 𝑉AC = 1 V from off-resonance
below its linear eigenfrequency to high-amplitude states above it. Panel
(a) and (b) are the frequency response curves in the center and quarter
part of a SiN membrane (as marked in the images) measured by the
stroboscopic light mode of the interferometer (DHM R-2100, Lyncee).
When the drive frequency 𝑓𝑑 is between 370 to 376.1 kHz, a shark-
fin shaped response is also observed for the second harmonic of 𝑓𝑑
(2𝑓 ) in panel (b) and for the third harmonic of 𝑓𝑑 (3𝑓𝑑), which
indicates that the flexural modes with eigenfrequencies close to 2𝑓
and 3𝑓𝑑 are coupled into the vibration sequentially. The downward
jumps observed in Fig. 5(a) and (b) occur at the harmonics (2𝑓 and
3𝑓 ) of the drive frequency, where the coupled flexural modes decouple
from the vibration. This behavior is validated by both the nanomem-
brane profiles obtained through stroboscopic light measurements and
the time-averaged interference fringes. In contrast, the 1𝑓 response
corresponds to the vibration amplitude of the (1,1) mode in the selected
area and remains in a high-amplitude state, even after the responses
at 2𝑓 and 3𝑓 show downward jumps. The eigenfrequency of the (1,1)
mode can still be approximately identified within the range of the
drive frequency where the 1𝑓 vibration amplitude begins to increase
significantly, despite the presence of the mode-coupling effects.

Besides, the spiky shape of the 1𝑓 response is reflected by peaks
in the third harmonic of 𝑓𝑑 (3𝑓 ), demonstrating that other flexural
modes are excited additionally. These signals are much more pro-
nounced in the quarter position (panel (b)) than in the center of the
membrane (panel (a)). The sharp peaks in the frequency response
curves are attributed to the presence of vibration amplitudes at fre-
quencies that differ from the drive frequency or its harmonics. In
stroboscopic light measurements, holographic acquisition for a single
phase of the vibration period is repeated multiple times to achieve
an adequate signal-to-noise ratio. When the vibration frequency coin-
cides with the drive frequency or its harmonics, the membrane profile
remains consistent across repeated acquisitions. Consequently, the in-
tegral holography captures the membrane’s profile accurately for that
phase. However, when a vibration frequency component is present
outside the drive frequency or its harmonics, the repeated acquisi-
tions yield inconsistent holograms. These inconsistencies result in a
time-averaged effect during the stroboscopic light measurement, where
the acquired hologram does not represent a single vibration phase
accurately. This imperfection introduces an error during data post-
processing, manifesting itself as sharp peaks or dips in the frequency
response curves.

Traditionally, a series of quasi-static profiles of the membrane mea-
sured under different phases in one vibration period or a ring-down
measurement are necessary to determine which flexural modes are
coupled in the mechanical system. In this work, we demonstrate that
the mode numbers as well as the phase difference between the coupled
flexural modes can be quickly estimated by the measurements of time-
averaged interference fringes. Fig. 5 (c-h) demonstrate the contrast
images of time-average measurements on the whole membrane with
increasing 𝑓𝑑 . The 𝑉AC = 1 V and the 𝑓𝑑 is 371.6, 372.4, 373.2, 373.8,
375.7 and 376.0 kHz for panel (c-h), respectively. From Fig. 5(c) and
(d), we observe that the contrast images deviate from the ring shape
and an additional diagonal feature appeals, indicating that the (2,2)
mode is coupled into the vibration. By doing the simulation for various
phase differences between the (1,1) and (2,2) mode as shown in Fig. 6
and Fig. S3 in the SM, we show that the difference on the patterns in
Fig. 5(c) and (d) are not only due to the slight amplitude difference but
also the phase difference between the two vibrating flexural modes. By
using the mode numbers and phase differences, the dynamic vibration
profiles can be reconstructed, for instance, in MATLAB, as shown in the
SM.

The mode numbers and phase differences between coupled flexu-
ral modes in a nanomembrane mechanical resonator are critical for
understanding and controlling the system’s vibrational behavior. The
mode numbers provide key information about the spatial mode shapes,
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the frequency-mode number relationship, and the mechanisms of mode
coupling [22–24]. The phase difference between these modes further
governs how they interact, determining whether they interfere con-
structively or destructively understanding these parameters enables
precise tuning of coupled modes, allowing for improved stability, re-
duced energy dissipation, and enhanced control in applications requir-
ing fine-tuned vibrational states [22,24–26].

The pattern keeps varied at different detunings. As shown in Fig. 5(f)
and (g), with a high response appearing in 3𝑓 , the vibration pattern
of (3,3) mode is added into the observed contrast images, indicating
that not only (2,2) mode but also (3,3) mode have been coupled into
vibration. Once the responses at 2𝑓 and 3𝑓 drop, the contrast image
reverts to a ring-shaped pattern, as shown in Fig. 5(h).

Moreover, time-averaged interference fringes cannot only be used
to characterize the vibration properties of a nanomembrane, but can
also be combined with other measurement techniques, such as strobo-
scopic light measurements. For instance, by observing contrast images
during stroboscopic illumination, one can quickly and easily determine
if any flexural modes are vibrating at other frequencies or if the
nanomembrane is in a chaotic state. Using the time-averaged inter-
ference fringes as a complementary approach enhances the overall
measurement efficiency and provides additional information on vibra-
tions in the nonlinear regime. However, care has to be taken when
determining absolute deflection amplitudes from the time-averaged
data, since the interference fringes may lead to a systematic under-
estimation of the actual amplitudes while correctly reproducing the
mode shapes [23]. In addition, the proposed method can be applied
to MEMS resonators with various geometries or complex structures,
provided that interference fringes can be captured with sufficient con-
trast and sufficiently small uncertainties. One aspect that may require
further consideration is the potential variation in material or surface
reflectivity, which could influence the contrast and quality of the
interference fringes. To mitigate this risk, interference fringes of the
structure in a static, non-vibrating state can be initially recorded to
calibrate surface reflectivity and material properties. This approach
enhances the robustness of the method when applied to structures with
heterogeneous surfaces or unconventional designs.

5. Conclusion

In this work, we demonstrate a method for characterize nano/micro
membrane resonators by analyzing averaged interference fringes ob-
tained from continuous light measurements. The technique effectively
establishes a direct relationship between the vibration amplitude and
the blurring of the interference fringes, providing a simple and efficient
approach to characterizing membrane vibrations without frequency
limitations. We also present that the developed method is particularly
advantageous for rapid data acquisition by measuring the dispersion
relationship of the membrane resonator, as it allows for full-field
measurements without the need for synchronized light sources or point-
by-point scanning. Additionally, it enables the extraction of infor-
mation on multiple vibrational modes in the mode coupling regime,
including mode numbers and phase differences, which can be used to
reconstruct dynamic vibration profiles. This capability offers a com-
prehensive understanding of complex vibrational behaviors. As a side
remark, the nonlinear optical transduction phenomena occurring in the
time-averaged data used in this work, may also result in misinterpreta-
tion of the interference patterns [15]. Therefore a careful comparison
with either stroboscopic data acquisition or non-optical methods [8]
is necessary to separate artifacts from real mode shapes. Overall, the
presented method is well-suited for applications requiring fast and
broad-frequency-range characterization of membrane resonators. Its
ability to capture both high-frequency vibrations and complex mode
coupling phenomena makes it a valuable tool for advancing the study
of nano/micro-scale mechanical systems.
5 
Fig. 5. (a) and (b) are the frequency response curves of a SiN membrane resonator
measured in the center and quarter of the membrane, respectively. The thickness of the
SiN membrane is around 300 nm and the side length around 570 μm. The measurements
are performed in the stroboscopic light mode for 𝑉AC = 1V. The insets show the contrast
images of the SiN membrane without drive power. The measurement points are marked
by squares. (c)–(h) are the contrast images of time-average measurements on the whole
membrane at 𝑉AC = 1 V. The drive frequency is 371.6, 372.4, 373.2, 373.8, 375.7 and
376.0 kHz, respectively.

Fig. 6. (a) and (b) show the calculated contrast images when (1,1) and (2,2) modes are
excited simultaneously and have phase differences of 𝜋∕2 and 2𝜋∕3, respectively. The
vibration amplitudes of (1,1) and (2,2) modes are set as 1300 and 450 nm, respectively.
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