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ABSTRACT

As a consequence of their high strength, small thickness, and high flexibility, ultrathin graphene membranes show great potential for pressure
and sound sensing applications. This study investigates the performance of multi-layer graphene membranes for microphone applications in
the presence of air-loading. Since microphones need a flatband response over the full audible bandwidth, they require a sufficiently high
mechanical resonance frequency. Reducing membrane thickness facilitates meeting this bandwidth requirement, and therefore, also allows
increasing compliance and sensitivity of the membranes. However, at atmospheric pressure, air-loading effects can increase the effective
mass, and thus, reduce the bandwidth of graphene and other 2D material-based microphones. To assess the severity of this performance-
limiting effect, we characterize the acoustic response of multi-layer graphene membranes with a thickness of 8 nm in the pressure range from
30 to 1000 mbar, in air and helium environments. A bandwidth reduction by a factor �2:8� for membranes with a diameter of 500 lm is
observed. These measurements show that air-loading effects, which are usually negligible in conventional microphones, can lead to a substan-
tial bandwidth reduction in ultrathin graphene microphones. With analytical and finite element models, we further analyze the performance
limits of graphene microphones in the presence of air-loading effects.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0191939

Graphene, and other 2D materials, hold significant promise in
the MEMS (micro-electromechanical system) sensor field, thanks to
their unique physical properties.1 Several studies have explored the
effect of pressure on the eigenfrequency of graphene membranes,
resulting in large bandwidths up to tens of MHz.2–4 Over the past
5 years, research has demonstrated that increasing the membrane size
by using multi-layer graphene can further increase the potential for
microphone and speaker applications, showcasing promising perfor-
mance.5–8 However, when increasing sensitivity, by reducing mem-
brane tension or increasing membrane diameter, the resonance
frequency and bandwidth of the microphones reduce. As a conse-
quence of this trade-off, the only route toward higher performance is
reducing the membrane thickness. However, when reducing the

thickness of the membranes operating at atmospheric pressure, they
become more susceptible to an air-loading effect that is called “added
virtual mass increment” (AVMI) in the fluid–structure interaction lit-
erature.9,10 Although this effective mass increase is negligible in most
conventional microphones, we will demonstrate here that it can
become a substantial factor in graphene microphones.

First, we will discuss the devices and experimental procedure.
Second, we will characterize the frequency response of the devices as a
function of pressure in both air and helium. Then, we will compare the
experiments to AVMI theory and finally we will use models to analyze
the implications for the performance limits of graphene microphones.

Free-standing multi-layer graphene membranes with an average
thickness of 8 nm are grown on Si=SiO2 (1000nm)=Mo (50nm) by a
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low-pressure chemical vapor deposition process.11 After releasing the
graphene by etching the molybdenum sacrificial seed layer, the mem-
branes are transferred on a silicon wafer with circular holes that are
created by deep reactive ion etching.5 These membranes are
completely free from polymer residuals since no polymer supports
have been used, which is relevant since the polymers are often a source
of additional mass that can affect the membrane dynamics. As a result
of the transfer approach, the membranes demonstrate differing pre-
tension values for the same thickness (tm) and radius (R).

In Fig. 1, an optical microscope image of a multi-layer membrane
with a radius of 250lm is shown. On the right of it, side-view and
top-view images of the membrane by a scanning electron microscope
(SEM) are shown. The top view image shows that the membranes con-
tain small holes with diameters of less than 100nm. We hypothesize
that these holes might be formed during the graphene CVD process or
after Mo etching and transfer, where weaker grains can be punched
out. We estimate that these holes can help to prevent static pressure
build-up across the membranes but are too small to have a substantial
effect on the high-frequency acoustic response of the membranes.

The crystallinity of the multi-layer graphene is investigated using
a Horiba HR800 Raman spectrometer featuring a 514.4 nm Arþ laser
and a 100� objective with a NA of 0.9. Figure S1 (supplementary
material) displays the Raman signature of the multi-layer (ML) gra-
phene.6,12,13 The emergence of the D peak within the spectrum, with a
ratio ID=IG ¼ 0:2, is characteristic for the graphene growth process
and is not linked to contamination or damage induced by the device
fabrication procedure. An atomic force microscope (AFM) from
Cypher Asylum Research is employed to determine the multi-layer
graphene thickness of tm¼ 8 nm in the air topography mode as in pre-
vious works.5,6

A schematic of the characterization setup is shown in Fig. 2. The
eigenfrequency of the fundamental mode of the membrane is mea-
sured using a single-point laser Doppler vibrometer (LDV) setup,
which includes a Polytec OFV-534 laser head and an MSA-500
decoder. The laser spot is focused on the membrane center, where the
most significant displacement is expected for the fundamental mode.
The motion is excited by a piezo-shaker positioned beneath the mem-
brane that is driven by an AC voltage in the frequency band of interest.
The experiments are performed inside a pressure controlled vacuum
chamber over a pressure range of 30–1000 mbar. A Moku:Lab system
generates the AC voltage and analyzes the LDV signal. A computer

with python scripts is used to control all the experimental parameters
and data acquisition via the Moku:Lab.

Figure 3(a) shows three measurements of the dependence of the
fundamental resonance frequency f01 as a function of pressure for
multi-layer graphene membranes with a radius of R¼ 250lm and a
thickness of tm ¼ 8nm. Measurements B and C are performed on the
same membrane in air and helium gas, while measurement A is per-
formed in air on a membrane with a lower pretension. Figure 3(b)
shows the frequency response data corresponding to case B in Fig. 3(a).
This waterfall plot illustrates the variation in displacement magnitudes
across the entire frequency spectrum (2–30kHz) at different pressures
(30–1000 mbar) for a membrane characterized by n0¼ 0.007N/m.

In vacuum, the fundamental resonance frequency of a membrane
is given by

f01 ¼ 2:405
2pR

ffiffiffiffiffiffiffiffiffiffi
n0

qmtm

r
: (1)

For all three cases, the resonance frequency drops with increasing pres-
sure, an effect that has not been observed experimentally in gases and
cannot be accounted for by Eq. (1). However, the effect is well-known
in the field of fluid–structure interactions,9,10,14 where the resonance
frequency of a plates and membranes in contact with a liquid is signifi-
cantly reduced. The presence of the fluid, which is acoustically excited
by the membrane, increases the effective inertia of the membrane.

The air-loading effect, thus, leads to an additional virtual mass,
which is captured theoretically by the additional virtual mass index
(AVMI) factor b that is given by

b ¼ C
qf
qm

R
tm

; (2)

where qf is the density of the fluid or gas, qm is the density of the mem-
brane, and C¼ 0.65 is the nondimensional AVMI (NAVMI) factor for
the fundamental resonance mode for a clamped circular plate.9,10

Thus, in the presence of air, the effective mass density of the mem-
brane increases by a factor 1þ b resulting in a pressure dependent res-
onance frequency f01ðPÞ,

f01ðPÞ ¼ 2:405
2pR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0

qmtm þ qf ðPÞR

s
; (3)

FIG. 1. Graphene membrane characterization. The optical microscope image of
free-standing graphene with a radius R¼ 250 lm. The inset shows a top view of
the membrane and a side view of a broken one.

FIG. 2. Experimental setup. The schematic illustrates the experimental configura-
tion, wherein the ML-Gr is actuated through a piezo-shaker controlled by an AC-
voltage (frequency sweep) generated by a Moku:Lab system. The membrane fre-
quency response is analyzed by a Laser Doppler Vibrometer that is connected to
the Moku:Lab. A pressure controller is used to perform and monitor the upward
pressure sweeps.
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where the pressure dependent gas density is given by qf ðPÞ ¼ P
CpT

and
Cp is the specific heat capacity of the gas with Cp;helium ¼ 2076:9
J/(kgK) and Cp;air ¼ 287:5 J/(kgK).

To validate the hypothesis that the resonance frequency reduction
is due to air-loading, we plot Eq. (3) as solid lines in Fig. 3 and also
include Comsol finite element method (FEM) results. The good agree-
ment between simulations and measurements, both in air and helium
gas, give us confidence that the observed effects are, indeed, due to a
large effective mass enhancement by air-loading, leading to a reso-
nance frequency reduction of more than a factor of 2. We note that
since Cqf =qm ¼ 4:6� 10�5 is very small for air and graphene, the
factor b from Eq. (2) is often small, such that air-loading is too insig-
nificant to be observed. We observe it here because of the large aspect
ratio R=tm ¼ 31 250 of the membrane that is enabled by the low
thickness of graphene. In addition to the virtual mass increase due to
the air-loading, we note that air-damping can also affect the resonance
frequency and bandwidth of microphones. In a simplified mass–
spring–damper model, the damped resonance fd can be estimated as
follows:

fd ¼ f01

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1

4Q2

r
: (4)

Considering the lowest Q-factor measured for sample A (Q¼ 1.92) at
�1000 mbar, it follows from Eq. (4) that this damping will lead to a
maximum decrease in bandwidth fd of 4%, which is substantially
smaller than total frequency shift observed in Fig. 3.

Additionally, it is important to highlight that condenser micro-
phones are coupled with a read-out circuit as application-specific inte-
grated circuit (ASIC), providing a constant bias voltage (Vbias) to the
electrodes. This Vbias introduces electrostatic forces, leading to “electro-
static softening,” which notably decreases the resonance frequency,
further influencing the dynamic response of the system.

After having established the relevance of air-loading for the per-
formance of graphene microphones, we now use models to estimate
the effects on the ultimate performance of these membranes.
Assuming that we have a fabrication method to adjust the pretension

freely, we adjust it to a value n20kHz to satisfy the requirement that the
resonance frequency of the membrane is f01ð1000mbarÞ ¼ 20 kHz, to
ensure that the bandwidth of the microphone is large enough to cover
the full audible band. Using Eqs. (1) and (3), we calculate and plot in
Fig. 4(a) the resulting pre-tension n20kHz for graphene membranes of
different radius R and thickness tm.

Notably, as evident from the difference between the curves with
(continuous lines) and without air-loading (dashed lines), the influence
of air-loading becomes more apparent for larger radii and thinner
thicknesses. From these pre-tension values that are set by the band-
width requirement, we can now assess in Fig. 4(b) the mechanical
compliance and sensitivity of the membrane. The linear compliance
Sm of a circular membrane is defined as the average membrane deflec-
tion divided by the pressure difference across the membrane and is
given by Sm ¼ R2=ð8n0Þ and is called the mechanical sensitivity5,15 of
the microphone. Thus, using the pre-tension values from the curves in
(a), the sensitivity of the graphene membranes in the presence of air-
loading in Fig. 4(b) is plotted using

Sm;20 kHz ¼ R2

8n20 kHz
¼ 2:4052

32p2 � ð20 kHzÞ2 qmtm þ PairR
CpT

� � : (5)

An interesting observation from Fig. 4(b) is that for a higher thick-
ness or in the absence of air-loading, the sensitivity Sm;20kHz is inde-
pendent of the membrane radius, because n0 / R2 to ensure a
constant resonance frequency according to (1), while Eq. (5) causes
Sm / n0=R2 ¼ const. Reducing the membrane thickness increases
the sensitivity up to the point where air-loading limits further
improvement and we have in the small thickness limit that Sm;20kHz

¼ ð 2:405
2p20kHzÞ2

CpT
8PairR

. Since the AVMI factor b / R
tm
, this point is

reached at higher thickness for large radius membranes, and there-
fore, the maximum achievable sensitivity Sm is highest for the small
radius membranes in Fig. 4(b).

However, despite their potential record sensitivity, there is a
drawback to making the membranes small: small membranes become

FIG. 3. Frequency reduction in f01 as a function of increasing pressure due to the air-loading effect. Three measurements are performed on ML-Gr membranes with
R¼ 250lm and tm¼ 8 nm. Membranes A and B are measured in air, and membrane C is a measurement of the same membrane as in B in helium gas. The reported results
exclude experimental data points (case C) above 25 kHz due to the limitations of the piezoelectric transducer used in our experiments. Note that the lowest pressure plotted is
3 kPa. Lines and stars represent analytical and finite element simulation results based on the “Multiphysics” physics that couples the “Thermoviscous Acoustics, Frequency
Domain” and “Membrane” modules. (b) Waterfall plot presenting results from membrane B in air.
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mechanically nonlinear earlier under high pressure. This causes them
to become less sensitive and results in harmonic distortion when
sound pressure levels become high. The mechanical nonlinearity is
given by this following equation:16,17

DP ¼ 4n0
R2

z þ 8Etm
3R4ð1� �Þ z

3 ¼ DPlin þ DPnl; (6)

where E is the Young’s modulus and � is the Poisson’s ratio of the
membrane material. To prevent substantial nonlinearities from occur-
ring at a maximum operating sound pressure DPmax, one needs to
keep the center deflection z smaller than a limiting value zlim, such that
the pressure from the z3 nonlinear term stays smaller by a factor
a ¼ DPnl=DPlin than the linear term. Then, we obtain for small a (we
use a ¼ 0:1), a limit to the amplitude and sensitivity:

zlim ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a
3R4ð1� �Þ
16EtmSm

s
; (7)

DPmax � zlim=ð2SmÞ; (8)

S3m;max �
3aR4ð1� �Þ
ð8DPmaxÞ2Etm

: (9)

So, besides the limit on the sensitivity set by the bandwidth limitation
of 20kHz, there is another sensitivity limit set by the maximum allow-
able nonlinearity a of the response at the maximum operating pressure
DPmax, given by (9) which we plot in Fig. 4(c) with DPmax ¼ 1 Pa, and
E¼ 1 TPa, � ¼ 0:16 for graphene. It is seen that whereas the maxi-
mum sensitivity reached by small membranes is highest in Fig. 4(b),
the sensitivity of large membranes is highest in Fig. 4(c). So an opti-
mum radius can be found that is a compromise between bandwidth,
sensitivity, and nonlinear distortion performance. Making the mem-
brane thinner, however, tends to be beneficial in general, although it
might affect robustness and manufacturability.

Let us finally estimate this robustness, considering that there is a
maximum yield strain16 ey ¼ 2

3 z
2
y=R

2 of the material, which was found
to be ey ¼ 0:012 for graphene,18 such that the maximum deflection
the membrane can sustain (neglecting pretension) is zy ¼ R

ffiffiffiffiffiffiffiffiffiffi
1:5ey

p
,

which corresponds to a maximum yield pressure DPy ¼ 8Etmz3y=
½3R4ð1� �Þ� obtaining

DPy ¼
ffiffiffiffiffi
24

p
Etme3=2y

Rð1� �Þ : (10)

Thus, for a graphene membrane that should survive a pressure differ-
ence of DPy ¼ 105 Pa, the aspect ratio of the membrane should stay
lower than R=tm < 76� 103. For the membranes under study, we
have R=tm ¼ 31:5� 103 and satisfy this requirement.

In addition to the previously discussed considerations regarding
the maximum yield pressure (DPmax), we conducted pressure robust-
ness tests on four membranes. These membranes, each based on the
same multi-layer graphene with a radius (R) of 350lm, were subjected
to static pressure applied through a nozzle corresponding to each
membrane. The observed pressure robustness values were 1� 105,
0:86� 105, 0:4� 105, and 0:64� 105 Pa.

It is notable that these values are lower than the estimated maxi-
mum yield pressure (DPy) based on Eq. (10), which is expected to be
DPy ¼ 1:75� 105 Pa. This discrepancy may be attributed to variations
in the maximum yield strain and Young’s modulus of the multi-layer
graphene employed in this work. The mechanical properties of the
material are notably influenced by the synthesis method employed and
different clamping geometries.19 Furthermore, the presence of holes, as
illustrated in Fig. 1, could potentially contribute to a further reduction
in the maximum yield pressure of the proposed membranes compared
to the value predicted by Eq. (10).

In conclusion, in this work, we experimentally examine the effects
of the air-loading on the sensitivity of multi-layer graphene mem-
branes and present both analytical and FEM models to account for the
observed pressure dependence of the resonance frequency, based on
the AVMI factor. The study reveals that air-loading can significantly
alter the resonance frequency, with observed reduction in the reso-
nance frequency of more than a factor of 2 with respect to the vacuum
value. Using the experimentally validated model, the research also puts
forth an estimate for the maximum mechanical sensitivity for multi-
layer graphene microphones, including bandwidth constraints and
effects of air-loading. A short analysis of the limitations posed by non-
linear mechanics of the membrane is also presented, leading to an
overall conclusion that reducing the membrane thickness is in general
favorable for increasing the microphone sensitivity, although below a
certain thickness further improvement is limited by the air-loading

FIG. 4. Pre-tension and sensitivity for flat audible bandwidth based on the proposed analytical model. (a) Minimum pre-tensions required to achieve a flat bandwidth within the
maximum audible frequency range (f01 ¼ 20 kHz), considering different radii and thicknesses. The results are presented both with and without the air-loading effect. (b) The
maximum mechanical sensitivity at atmospheric pressure is shown in accordance with the findings presented in (a), using Eq. (5). (c) To limit the nonlinearities in the pressure–
deflection response, the amplitude at the maximum operation pressure should be constrained. This constraint also limits the maximum mechanical sensitivity Sm;max, which is
plotted here for different graphene membrane geometries, for a ¼ 0:1 and DPmax ¼ 1 Pa.
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effect. For the radius of microphone membranes, the situation is less
straightforward, and an optimum radius needs to be determined from
a trade-off between linearity, bandwidth, and other device parameters,
such as capacitance, electrical sensitivity, and pull-in voltages require-
ments. Thus, this work provides a framework of equations than can
facilitate multi-objective optimization of microphone membranes for
operation close to their performance limits.20

See the supplementary material for details regarding Raman char-
acterization (PDF 1) (S1) and Comsol modeling (PDF 1) (S2).
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