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Abstract— Suspended vibrating membranes play a vital role
as structural elements in electromechanical resonators and form
the foundation of modern acoustic transducers. The realization
of large scale mechanical resonators based on large and thin
membranes, however, still faces several challenges. In this paper,
a simple and reproducible process has been developed to transfer
millimeter-scale circular and square membranes composed of
∼2.5 nm of graphene and a thin film of ∼370 nm of poly(methyl
methacrylate). The uniqueness of the demonstrated fabrication
technique is the ability to produce high yield and non-ruptured
suspended membranes with exceptional diameter (side length)
to thickness aspect ratios of ∼10 000. One of the perceived
advantages of building a mechanical resonator from a bilayer
structure, in which materials have different mechanical and
thermal properties, is that such a structure can enable the
use of electrothermal transduction to drive the resonator into
resonance and tune its resonant frequencies. Due to the large
area of the fabricated membranes, resonant frequencies within
the audio range have been obtained. The frequency tuning
response of circular and square membranes has been found to be
influenced significantly by the magnitude of the applied voltage.
A downward shift of the resonant frequency and an increase of
the amplitude of vibration have been observed in response to the
increase of the applied dc and ac voltages. The demonstrated
fabrication technique and tuning mechanism could be employed
as a platform for potential acoustic and audio applications.

Index Terms— Audio resonator, bilayer membrane, electro-
thermal tuning, graphene, PMMA.

I. INTRODUCTION

THE practical use of acoustic devices has been expanded
to cover a wide range of applications including, but not

limited to, microphones, earphones, loudspeakers, and hearing
aids. Most modern acoustic transducers use membrane-like
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structures (i.e. a diaphragm) as vibrating elements to con-
vert one form of energy into another. The overall perfor-
mance of a vibrating membrane is determined by its design,
material’s properties and driving/actuation mechanism. For
audio sensing applications, the membrane should be designed
in such a way that the audible frequency range (20 Hz
– 20 kHz) is covered. Various shapes of vibrating mem-
branes have been created including rectangular, square and
perforated designs. However, the circular shape is the most
popular design for the membrane of modern microphones [1].
From a materials standpoint, different types of materials
have been used as structural membranes for audio trans-
ducers. For instance, most existing microphones use mem-
branes made from silicon, silicon nitride, and polysilicon [2].
In addition to the use of silicon-based materials, cochlear
implant devices utilize membranes made of piezoelectric
materials such as lead zirconate titanate (PZT), aluminum
nitride (AlN), polyvinylidene fluoride (PVDF), and fluoride
trifluoroethylene (P(VDF-TrFE)) [3]. However, the traditional
materials used in the commercial audio transducers have
some drawbacks related to the material properties such as
flexibility, strength, stress, and compatibility. An alternative
material that has attracted great attention in both academia and
industry is the carbon-based material of graphene. Graphene
is an extraordinary two-dimensional (2D) material that has
shown superiority over other known materials in the field of
micro- and nanoelectromechanical systems (MEMS/NEMS)
due to its exceptional properties. For example, a few studies
have been reported recently using graphene-based membranes
to realize audio transducers including a loudspeaker [4],
microphones [5]–[7], and earphones [8], [9]. However, the
membrane used in these studies is either relatively thick (more
than 60 layers), which might possibly inherit the properties of
graphite instead of graphene, or it is transferred and attached
to a thick supported substrate.

To exploit the outstanding properties of graphene thin-films
in resonators-based devices, a thin-film of graphene sheet is
required to be isolated from its growth substrate and suspended
freely. From the fabrication point of view, however, making
defects-free and large-area suspended membranes of graphene
is extremely challenging. Mechanically, a thin-film of mono
or multilayer graphene is sufficiently fragile that it can be
wrinkled or ruptured easily during the fabrication process.
The challenge becomes even greater with the increase of
graphene sheet area. The most critical step in the fabrication
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Fig. 1. Schematic diagram of the fabrication process for the desired substrate of graphene-PMMA resonator: (a) SiO2 deposited, (b) Al sputtered and
patterned, and (c) SiO2/Si etched and cavities created.

process is to transfer graphene from its growth substrate
to the substrate of interest without damaging the graphene
membrane or the surface of the target substrate. Despite all the
enormous efforts that have been made on the developments
of graphene synthesis and transfer methods, there are still
undoubtedly a number of challenges facing the production
of high-quality graphene films on a large scale. The dif-
ficulties appear when processes such as solvent rinsing or
dry annealing are involved in the fabrication. The graphene
films prepared by currently available approaches [10]– [13]
suffer from many problems, most of which are: small size,
low yield, residue defects, sagging, buckling, folding, and
rupturing. Therefore, the possible solutions to overcome these
issues are either increasing the thickness of the membrane or
reducing its size (area). However, increasing the membrane’s
thickness might have an influence on the output performance
of the device in such a way that leads to a decrease in the
vibration displacement and sensitivity [5]. In addition, one
of the main limitations of reducing the vibrating structures
dimensions to the nano- and micro-scale is that these micro
and nanodevices can operate at high-frequency dynamic range
(i.e. MHz - GHz) only [14]– [16]. Such devices will not
be suitable for audio frequency applications. Another out-
standing challenge in graphene-based devices is driving them
into resonance and tuning their frequencies over a desired
range. Although electrostatic actuation is the most widely
used method of driving in the vast majority of existing
graphene-based resonators [15], [17], issues such as design
complexity, large driving voltage, nonlinearity, short circuiting,
and pull-in instability are the main drawbacks associated with
this actuation approach.

In this study, we aim to address the following issues:
the ability to fabricate/transfer successfully an ultra-large and
thin film of graphene using a damage-free transfer technique,
to achieve an operating frequency within the audio range
using electrothermal transduction mechanism, and to make
graphene-based membranes tunable over a desired range of
frequencies with a relatively small tuning voltage. Therefore,
a simply designed resonator made from ultra-large graphene-
polymer membranes has been demonstrated in this study. First,
to enable the graphene-based resonator to be operated at low
frequency regime (e.g. 20 Hz – 20 kHz), large membranes on
macro-scale size with large aspect ratio of area to thickness
have to be suspended over a cavity. We have demonstrated a
simple and reproducible fabrication technique to transfer large
graphene-based circular membranes with a diameter of 3.5 mm

and square membranes with a side length of 3 mm on top
of a cavity. In this technique, a thin film of poly(methyl
methacrylate) (PMMA) has been attached to the graphene
sheet to act as a mechanical supporting layer during and after
the transfer process. The PMMA thin film will not be removed
after the transfer, thus the final structure of the resonator will
be in the form of a bilayer membrane.

In addition, to overcome the limitations associated with the
existing electrostatic and other actuation/tuning approaches,
electrothermal transduction has been employed as an alterna-
tive option. In particular, graphene possesses superior thermal
conductivity (∼ 2000 − 5300 W/mK) [18], [19] and negative
coefficient of thermal expansion (∼−7 × 10−6 K−1) [18],
which allow graphene-based mechanical resonators to be actu-
ated and tuned electrothermally. Electrothermal actuation of a
bilayer system relies on the difference in the coefficient of
thermal expansion for different materials.

In general, the main advantage of using bilayer membranes,
which are made from an ultra-thin sheet of graphene with
high strength and durability and a thin layer of PMMA
that has lower density and elasticity than graphene, is to
enhance the durability of the bilayer structure, and lower
the frequency of operation. Also, unlike conventional mate-
rials in audio sensing, graphene is known for its low heat
capacity per unit area and high thermal conductivity, which
can induce joule heating more effectively. In such a case,
better performance with sufficient sensitivity is expected for
graphene-based resonators. Moreover, frequency tuning and
tuning sensitivity of graphene-polymer membranes have not
been investigated comprehensively in the literature. Frequency
tuning is of great value to audio transducers, especially for
hearing aids as well as for other sensing applications such
as terahertz modulators [20], self-sustained oscillators [15],
plasmonic filters [21], and frequency mixers [14]. Importantly,
we show in this work that the electrothermal transduction can
be used to tune the resonant frequency of the bilayer mem-
branes and increase their vibration amplitude with relatively
small tuning voltages. Compared to other audio transducers
that require high voltage (e.g. 100 V [4], 200 V [7]) for
operation, the tuning voltage range used in this work is
significantly smaller (i.e. 1 – 9 V).

II. EXPERIMENTAL SECTION

A. Preparation of Desired Substrate

Fig. 1 shows a schematic diagram of the process flow for
the fabrication of the target substrate. First, a dielectric layer
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(c)

(a) (b)

(d)
Fig. 2. Schematic illustration of the transfer process of graphene-PMMA on a substrate with 3.5 mm-diameter circular cavities. (a) PMMA spin coated on
graphene/copper. (b) Copper foil etched in FeCl3. (c) Water evaporated from transferred membrane. (d) Final structure of graphene-PMMA resonator.

of 250 nm of silicon dioxide (SiO2) has been deposited on a
p-type silicon substrate by chemical vapor deposition (fig. 1a).
To create electrode pads for electrothermal actuation/tuning,
a layer of 500 nm of aluminum metal has been deposited
on top using a DC sputtering system and patterned by a
lift-off process (fig. 1b). After spin coating and patterning
of photoresist, circular cavities with a diameter of 3.5 mm
and depth of 380 μm have been created via deep reactive
ion etching (DRIE) by etching the oxide layer and through
the whole depth of the silicon substrate (fig. 1c). The same
procedure described above has been applied to create square
cavities with a side length of 3 mm.

B. Transfer of Graphene-PMMA Membrane

Fig. 2 shows a schematic illustration of the transfer process
of graphene-PMMA membrane to the target substrate. In this
work, a multilayer (∼ 2.5 nm) graphene film synthesized on
copper foil by chemical vapor deposition (CVD) has been
used. To support the graphene sheet during and after the
transfer, a thin layer of ∼ 375 nm of PMMA (molecular
weight ∼996000 with a concentration of 4% in chlorobenzene)
has been spin coated and annealed at 80 °C for 5 minutes
(fig. 2a). The sample has been left for 24 hours to dry fully in a
cleanroom environment. Next, copper etchant solution of ferric
chloride (FeCl3) has been used to etch the copper foil (fig. 2b).
After being cleaned by rinsing in deionized water (DIW)
many times, the floating graphene-PMMA membrane has been
scooped out and transferred to the target substrate. Since
the transferred membrane is suspended over an open cavity,
a water droplet will be trapped into the cavity, and due to
capillary effects, this may cause a rupture of the transferred
membrane. Here, we have used a simple and effective tech-
nique that can tackle such stiction-related failures. For this

Fig. 3. (a) Optical micrograph of the suspended membrane over a square
cavity. (b) SEM image of the membrane in contact with the actuation/tuning
electrode.

step, two metal bars with an appropriate height (e.g. 30 mm)
are placed securely on a hotplate at 80 °C. Then, the entire
stack of graphene-PMMA-substrate was placed on the metal
bars creating a bridge-like structure (fig. 2c). In this case,
the stack will not be in direct contact with the hotplate, and
instead the heating that comes from the hotplate will dry the
sample slowly until the water liquid is evaporated completely.
After this step, the membrane-bearing substrates samples have
been transferred to another hotplate and annealed at 140 °C
for 10 – 20 seconds to stretch the suspended membrane over
the cavity (fig. 2d). As shown in figure 3, this technique
leads to a feasible production of ultra-large bilayer membranes
without causing a rupture of the entire membrane or burning
the PMMA supporting layer.

III. RESULTS AND DISCUSSION

A. Characterization and Testing Setup

Fig. 3a shows an optical image of the transferred graphene-
PMMA membrane suspended over a square cavity with a side
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Fig. 4. Measured amplitude of vibration versus resonant frequency shift for circular and square membranes with respect to the applied voltage.
(a, b) Frequency response measured at a constant AC voltage of 1 V and a DC tuning voltage ranging from 1 to 9 V. (c, d) Frequency response measured at
a DC voltage fixed at 1 V and an AC tuning voltage varying from 1 to 9 V.

length of 3 mm. A scanning electron microscope (SEM) image
of the square membrane in contact with the actuation electrode
is shown in fig. 3b. The membranes have been driven into
resonance by applying an input AC voltage superimposed on a
DC bias voltage to the actuation electrodes. Under atmospheric
pressure and room temperature conditions, the dynamic vibra-
tion of both circular and square membranes have been detected
optically using a laser Doppler vibrometer (LDV). Since the
most sensitive audio frequencies of the audible region are
located within the range of 10 Hz – 8 kHz, the LDV results
reported in this work are limited to the fundamental frequency
within that range only. Therefore, an excitation signal has
been swept through the frequency range of interest (10 Hz–
8 kHz) while applying a discrete Fourier transform (FFT) to
the excitation signal. Moreover, the amplitude of vibration
has been measured experimentally by applying a sinusoidal
excitation signal at the resonant frequency. To investigate the
dynamic tuning of the membranes using electrothermal trans-
duction, the resonant frequencies and amplitude of vibration
have been monitored while changing the applied input voltage.

For all measurements, the input voltages have been applied
between the tuning electrodes labelled 2 and 5 in fig. 2d. It is
expected in such a scenario that the electrical current will flow
through the center area of the suspended membrane, targeting
the anti-nodal points of the fundamental resonant mode and
consequently maximizing the vibration amplitude [22].

B. Dynamic Tuning: Frequency Spectra

To investigate the dynamic tuning of graphene-PMMA
membranes using electrothermal transduction, a combination
of different AC and DC voltages have been applied to the
actuation/tuning electrodes. The electrothermal tuning has
been performed for both circular and square resonators. First,
the AC voltage has been kept constant at an amplitude of 1 V
while sweeping the DC tuning voltage from 1 to 9 V. Second,
the DC voltage has been held at 1 V while varying the applied
AC voltage from 1 to 9 V. The frequency response of the
membranes to the applied voltages is shown in fig. 4.

In general, with the application of electrothermal tuning
voltages of 1 – 9 V, the frequency response of both circular and
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Fig. 5. Vibration amplitude of circular and square membranes as a function of the applied voltage (a, b) DC and (c, d) AC. Insets are the tuning sensitivity
of the membranes estimated from frequency shift with respect to the applied voltage.

square membranes has been found to be linear, which can be
seen from the symmetric curves of resonance shown in fig.4.
Such good linearity is likely to be related to the relatively small
tuning voltages used in our resonator devices. The possibility
for graphene-PMMA membranes to exhibit nonlinear effects
when applying tuning voltages higher than 10 V is not covered
in this work. From the entire frequency spectra measurements
shown in fig. 4, it can be observed clearly that the increase
of the applied voltage (DC or AC) leads to a downward
shift of the fundamental resonant frequency accompanied
by an increase of the amplitude of vibration. For example,
the resonant frequency of circular and square membranes has
been found to shift downward maximally by ∼ 9 % and ∼ 5 %
respectively in response to a DC tuning voltage of 9 V. The
measurements of the vibration amplitude of circular and square
membranes as a function of the applied voltage is shown
in fig. 5.

C. Tuning Sensitivity

To evaluate the efficiency of the electrothermal tuning used
in this work, the tuning sensitivity of our bilayer mem-
branes has been estimated based on the experimental data
obtained from frequency response measurements. The insets
in fig. 5 depict the tuned resonant frequency ( f ) measured

at different amplitudes (1 – 9 V) of the applied AC and
DC voltages. The fitted linear curves in the insets represent
the estimated tuning sensitivity (� f /�V ) of the measured
devices.

Overall, a significant influence of the applied voltage ampli-
tude on the frequency tuning response has been observed for
both circular and square membranes. This effect can be seen
clearly in two ranges of the applied voltage: the first range
is from 1 to 5 V and the second range is from 5 to 9 V.
In general, the amplitude of vibration and tuning sensitivity
have been observed to be higher in the second range compared
to the first range.

In case of the circular membranes, it has been found that
increasing the DC tuning voltage in the first range of 1 – 5 V
leads to a vibration amplitude of ∼ 8 nm/V accompanied by
a tuning sensitivity of 18 Hz/V, see fig. 5a. In the second
range of 5 – 9 V, however, the amplitude of vibration and
tuning sensitivity have been found to be about three times
and two times greater, respectively, than in the first range. For
frequency tuning under different AC voltages, similar behavior
to the DC case has been observed (fig. 5c). Both the amplitude
of vibration and tuning sensitivity are observed to be greater
by three times in the second range of the applied AC voltage
than that in the first range. Therefore, it is deduced that the
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Fig. 6. (a) Estimated tension of circular (blue lines) and square (redlines) membranes with respect to the tuning voltage. (b) FEA simulations of maximum
absolute temperature induced electrothermally in a circular membrane at different tuning voltages. Insets in b(top) show the temperature distribution profile
along the membrane diameter (top left) and a simulated 3D image of the membrane with heat distributed in the middle (bottom right).

circular membranes exhibit higher vibration amplitude and
better tuning sensitivity in the second range of 5 – 9 V of
the applied voltage. In addition, by considering the overall
trend of the observed response from the first to the second
range, the applied AC voltage seems to be more influential in
this regard.

In case of the square membranes, an amplitude of vibration
of ∼ 1.28 nm/V and a tuning sensitivity of 23 Hz/V have
been achieved in the first range of the DC tuning voltage
(fig. 5b). Comparatively, the implementation of the DC tuning
in the second range would make the square membranes exhibit
a vibration amplitude of 2.4 nm/V and tuning sensitivity more
than three times larger. When different AC voltages are applied
(fig. 5d), the observed behavior is almost similar to the DC
tuning case, as the second range of the applied AC voltage
results in an increase of the vibration amplitude of 3.4 nm/V
compared to ∼ 1.3 nm/V in the first range. The tuning
sensitivity in the second range has been found to be more than
three times greater than that in the first range. It is concluded
therefore that the performance of the electrothermal tuning
of the square membranes shows relatively larger vibration
amplitude and better tuning sensitivity in the second range
for both DC and AC applied voltages.

In general, the highest tuning sensitivity of 82 Hz/V has
been induced in the square membrane in the second range of
the DC tuning voltage, while the largest amplitude of vibration
of ∼ 22 nm has been achieved for the square membrane
at an AC voltage of 9 V. From the electrothermal tuning
observations accomplished in this work, it can be concluded
that it is more effective to perform the frequency tuning of the
graphene-PMMA bilayer membranes under a DC bias voltage
rather than an AC voltage. These results are consistent with
other studies reported for electrothermally actuated silicon
carbide MEMS resonators [23]. From the device design point
of view, the square membranes have shown better tuning
sensitivity than the circular ones when different DC bias
voltages are applied. On the other hand, both the circular and

square membranes show almost similar behavior under the
application of an AC voltage.

It is worth pointing out that the measured quality (Q)
factor of our bilayer resonators is relatively small (i.e. ∼ 8
for circular membranes and ∼ 5 for square membranes).
It is believed that the small Q observed here is due to
several sources of energy dissipation such as air damping,
thermoelastic damping, anchor and surface losses, membrane
size, and possibly modal frequency [24], [25].

D. Effect of Tension

In the electrothermal tuning of the graphene-PMMA bilayer
structures, a downward shift of the resonant frequencies and an
increase of the amplitude of vibration for circular and square
membranes have been observed. This dynamic tuning behavior
is likely to be related to the membrane tension. In general,
the in-plane pre-tension is dominant in the membrane structure
while its out-of-plane bending rigidity can be negligible. How-
ever, in addition to the pre-tension (Ni ) that can be considered
as a built-in tension at room temperature, a thermal tension
(Nt ) can be induced in the membrane from the Joule heating
during electrothermal actuation/tuning. Therefore, by taking
into account the built-in tension as well as the thermally
induced tension, the resonant frequencies of the circular and
square membranes can be expressed as follows:

fmn(circular) = αmn

2π R

√
Ni + Nt

ρe f f te f f
(1)

fmn(square) = βmn

2πa

√
Ni + Nt

ρe f f te f f
(2)

where R and a are respectively the radius and side length
of the membrane, te f f and ρe f f are respectively the effective
thickness and density of the bilayer membrane materials [22],
and αmn and βmn are the dimensionless coefficients of the
resonant mode (m and nare the number of nodal lines). From
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these equations, it can be seen that any variation in the
membrane tension results in a shift of the resonant frequency.
In order to estimate the magnitude of tension induced in the
membranes, different values of resonant frequencies obtained
from measurements have been applied in equations 1 and 2.
Hence, the tension of circular and square membranes have
been calculated and plotted in fig. 6a. The analytical cal-
culations are based on the following parameters of circular
(α01 = 2.405, R = 3.5 mm, ρe f f = 1.05 × 103 Kg/m3,
te f f = 373 nm) and square (β01 = 4.443, a = 3 mm,
ρe f f = 1.05 × 103 Kg/m3, te f f = 373 nm) membranes.

Fig. 6a shows a clear decrease in the membranes tension
with the increase of the tuning voltage. The tension of circular
membrane has been found to decrease from ∼ 1.9 N/m at
1 V to ∼ 1.7 N/m at DC tuning voltage of 9 V. The tension
reduction of the square membrane, on the other hand, has
been found to be relatively larger. For example, the square
membrane shows tension reduction of ∼ 0.4 N/m as the DC
tuning voltage increases from 1 to 9 V. Under AC tuning
voltages, however, the magnitude of tension reduction has
been estimated to be smaller than that of the DC tuning
voltages. Therefore, the downward frequency shift that has
been observed in our bilayer circular and square membranes
is highly likely to be consistent with the reduction of thermally
induced tension [22], [26].

The source of the reduction of the membrane tension could
be attributed to the Joule heating phenomenon. When a voltage
is applied to the actuation electrodes, electric current will
pass through the whole bilayer membrane and generate heat.
The generated heat will cause a temperature gradient (�T )
within the bilayer structure. Since graphene and PMMA have
different coefficients of thermal expansion, the temperature
gradient within the entire membrane thickness will induce a
mechanical strain, hence thermal tension in the membrane.
When the thermally induced tension is modified, the mechani-
cal stiffness of the bilayer structure will be altered accordingly.
In order to investigate the effect of tuning voltage on the heat
generated in the graphene-PMMA membranes, finite element
analysis (FEA) simulations of electrothermal tuning have been
performed with CoventorWare. The material properties used
in the FEA simulations are presented in Table I. In the
simulation, a voltage (1 – 9 V) has been applied between the
two actuation electrodes (inset bottom right in fig 6b) while
applying a film convection boundary condition. In this case,
an air flow has been applied to the top and bottom surfaces of
the membrane to allow heat to convert away from the model.
The simulation has been performed using a convection heat
transfer coefficient of 0 W/m2, a room air temperature (i.e.
ambient temperature) of 293 K, and air flow velocity (ambient
flow) of 1 × 106 μm/sec. In addition, radiation heat transfer
has been considered in the model and hence emissivity of
0.1 has been used. Fig. 6b illustrates the simulation of the
maximum absolute temperature and the profile of temperature
distributed along the circular membrane diameter (inset) as
a function of the tuning voltage. It can be seen that the
induced maximum temperature increases significantly with the
increase of the tuning voltage. An increase of the maximum
absolute temperature of ∼ 1.5 % (from 303 to 460 K) has

TABLE I

PARAMETERS OF THE MATERIALS USED IN ELECTROTHERMAL
SIMULATIONS OF GRAPHENE-PMMA MEMBRANES

been achieved corresponding to the increase of the tuning
voltage from 1 to 9 V. In addition, the simulated profile
of the temperature distributed along the membrane diameter
has been found to be symmetric (insets in fig. 6b). The
part most influenced by the induced temperature seems to be
the middle active area of the membrane. In addition, it can
be seen that the distributed temperature of the membrane
remains constant at the supported area (frame) with a gradual
increase at the area in which the membrane is suspended. The
temperature reaches its maximum value at the middle part of
the membrane, and hence creating a profile with a dome-like
shape.

From the measurements, calculations and simulations,
we can conclude that the increase of the applied voltage
from 1 to 9 V leads to a reduction of the membrane ten-
sion and hence a downward shift of the resonant frequency.
Although the graphene sheet can achieve an extremely high
tunability [16], the relatively small tunability that have been
observed in our bilayer membranes is possibly because of
the fact that the change in tension provided by the polymer
supporting layer of PMMA is dominant [15], [27]. In addition,
the presence of the PMMA layer, as well as the quality
of the contact between metal electrode pads and membrane,
might influence the dynamic tuning response of the mea-
sured devices. Furthermore, it is possible that the differ-
ent response of circular and square membranes might be
related to the differences in their boundary and clamping
conditions.

IV. CONCLUSIONS

We have developed a straightforward and simple process
for the fabrication of low frequency electromechanical res-
onators using a bilayer structure based on a graphene-polymer
membrane. Ultra-large multilayer graphene membranes with a
thickness of ∼2.5 nm supported by a thin film of ∼ 370 nm
of PMMA have been realized experimentally on a millime-
ter scale using a simple and reproducible transfer process.
The bilayer membranes have been transferred onto circular
cavities with a diameter of 3.5 mm and square cavities with
a side length of 3 mm. The demonstrated graphene-PMMA
resonators have very large diameter (side length) to thick-
ness aspect ratios of ∼ 10,000, which allow the resonator
to vibrate within the audio range achieving a minimum
resonant frequency of ∼ 4.5 kHz. The difference in the
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thermal properties of graphene and PMMA have enabled the
resonant frequencies of the bilayer membranes to be tuned
electrothermally. The dynamic tuning of the resonators has
been investigated electrothermally by applying a combination
of AC and DC voltages. The applied AC and DC voltages with
ranges of 1 – 5 V and 5 – 9 V have revealed a significant
impact on the frequency tuning response. With the increase
of the applied voltages, a downward shift of the resonant
frequencies accompanied by an increase of the vibration
amplitude have been observed. Square membranes have shown
better tuning sensitivity than the circular ones for different
DC tuning voltage ranges while both types of membranes
exhibit almost similar increase in tuning sensitivity for the
different AC tuning voltage ranges. The fabrication technique
reported in this work can be applied to realize large suspended
membranes made from other 2D materials. Furthermore, the
obtained results indicate that the graphene-polymer resonators
can achieve low frequency vibration within the audible region,
holding promise for the development of reliable and high
sensitivity transducers for a wide range of acoustic and audio
applications such as microphones and hearing aid devices.
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