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ABSTRACT: The resonance frequency of membranes depends
on the gas pressure due to the squeeze-film effect, induced by the
compression of a thin gas film that is trapped underneath the
resonator by the high-frequency motion. This effect is particularly
large in low-mass graphene membranes, which makes them
promising candidates for pressure-sensing applications. Here, we
study the squeeze-film effect in single-layer graphene resonators
and find that their resonance frequency is lower than expected
from models assuming ideal compression. To understand this
deviation, we perform Boltzmann and continuum finite-element
simulations and propose an improved model that includes the
effects of gas leakage and can account for the observed pressure
dependence of the resonance frequency. Thus, this work provides
further understanding of the squeeze-film effect and provides further directions into optimizing the design of squeeze-film pressure
sensors from 2D materials.
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The hexagonal structure of graphene gives rise to unique
electronic properties, which has attracted considerable

interest in the scientific community.1 Moreover, the strong
bonds between the carbon atoms make this material one of the
strongest materials ever measured.2,3 These properties, in
combination with a low mass per area, high flexibility, and gas
impermeability, make graphene an interesting material for
sensing applications.4−19 Graphene pressure sensors using the
squeeze-film effect promise high responsivity, while at the same
time considerably reducing the sensor area compared to state-
of-the art sensors.9,10 Squeeze-film pressure sensors compress a
gas in a shallow cavity underneath the vibrating membrane,
which raises the stiffness of the system by an amount that
depends on the gas pressure.20−27 If the membrane vibrates at
sufficiently high frequencies and if the compression is
isothermal, then the resonance frequency, ω, of the graphene
membrane has a pressure dependence that can be described
by10
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where ω0 is the mechanical resonance frequency in vacuum, p
is the ambient gas pressure, g0 is the distance between the
moving membrane and the fixed substrate, and ρh is the
membrane’s mass per square meter. Due to the ultralow ρh of
single-layer graphene, large shifts in frequency ω can be

expected from eq 1. Although eq 1 describes the pressure
dependence of the resonance frequency at low pressures well,
significant deviations from this equation are observed at
pressures above 100 mbar, which are presently not under-
stood.10 To clarify these observations, a more in-depth
understanding of the squeeze-film effect in these nanoscale
systems is required.
Here, we study the squeeze-film effect on single-layer

graphene membrane resonators as a function of pressure for
different types of gases. A clear, gas-dependent, deviation of the
frequency response from the behavior predicted by eq 1 is
found in the 100−1000 mbar pressure range. Both the
experiments and simulations show that the onset of the
deviation is correlated to the quality factor of the resonance,
which can be accounted for by the gas leakage out of the gap
region with a rate that is characterized by a single relaxation
time. This work therefore provides a deeper understanding on
squeeze-film dynamics and its effect on atomically thin
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membranes. The results can contribute to improving the
operation and design of squeeze-film pressure sensors.
The samples consist of suspended single-layer graphene

grown by chemical vapor deposition which are suspended over
a dumbbell shaped cavity (Figure 1a,c,d) and of which the
graphene over one-half of the dumbbell is broken. Since the
other half of the graphene dumbbell remains intact, a venting
channel is created toward the environment, and this prevents
pressure differences from forming across the membrane’s
surface, thus preventing resonance frequency shifts due to
pressure-induced membrane tension.4,7,10 The venting channel
therefore ensures that any frequency shift can be attributed to
the squeeze-film effect. The fabrication process to produce
these samples is identical to that reported in several previous
works28−32 and described in more detail in Supporting
Information section S1. The sample is mounted in a chamber
which can contain different gases at a controlled pressure. The
membrane is opto-thermally actuated, and its motion is read
out using the optical setup shown in Figure 1b. By fitting a
damped harmonic oscillator model to the frequency responses,
the natural resonance frequency and the quality factor is
extracted as a function of pressure (Figure 1e,f). More details
regarding the samples, experimental setup, and data analysis
can be found in the Supporting Information S1.

Figure 1g shows the pressure-dependent resonance
frequency for 8 different gases on a 5 μm diameter drum.
For all gases, the resonance frequency increases as a function of
pressure due to the squeeze-film effect. It is observed that the
total frequency shift depends on the type of gas: gases with a
high molecular mass such as CF4 and SF6 show a lower shift
than gases with a low molecular mass such as He and Ne.
Furthermore, while most gases show a monotonic increase of
the resonance frequency with pressure, SF6 also shows a
decrease in resonance frequency at high pressures. Both the gas
dependence and the decrease in resonance frequency are not in
agreement with eq 1, and we will study this in more detail.
Since the vacuum resonance frequency (ω0) can change up

to 20% between consecutive measurements (Figure 1g), it is
convenient to rescale the measured resonance frequency as a
function of pressure. We therefore define a dimensionless
squeeze-film stiffness Δ that rescales the measured pressure-
dependent resonance frequency ω, based on eq 1:

ω ω
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Δ = −
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2 0
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where pref is a reference pressure chosen to be 1000 mbar, ρh
for single-layer graphene is 7.70 × 10−7 kg/m2, and g0 is

Figure 1. Graphene samples used in the experiment and the experimental setup to actuate and detect their motion. (a) Top view and cross-
sectional view of a graphene resonator on a dumbbell-shaped cavity. The cross-sectional view shows a schematic drawing of the resonator’s motion,
highlighting where compression of the gas occurs due to the squeeze-film effect. (b) Interferometric setup used to actuate and detect the motion.
(c) Scanning electron microscopy image of a representative device used in this study. The bottom half of the dumbbell is broken, while the top half
is whole. (d) Optical microscopy image of a part of the chip, showing the coverage of graphene over the chip’s surface and the macroscopic defects
which helps one part of the dumbbell to break. (e) Measured amplitude of motion for a 5 μm diameter membrane as a function of frequency in a
10 mbar helium environment, and a fit (red lines) to the first resonance peak and the low-frequency background using the procedure described in
Supporting Information section S1. The measured amplitude is corrected for any delays in the electronic components of the experimental setup. (f)
Same as (e), but at a higher pressure of 1000 mbar. The background at low frequencies originates due to thermal effects, as explained in Supporting
Information section S1. (g) Pressure-dependent resonance frequency for 8 different gases measured on a 5 μm diameter drum.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c02237
Nano Lett. 2021, 21, 7617−7624

7618

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02237/suppl_file/nl1c02237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02237/suppl_file/nl1c02237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02237/suppl_file/nl1c02237_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02237/suppl_file/nl1c02237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02237/suppl_file/nl1c02237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02237/suppl_file/nl1c02237_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02237?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


measured to be 300 nm. This dimensionless stiffness Δ allows
us to compare the squeeze-film effect for different measure-
ments, even when the vacuum resonance frequency of the
resonator has shifted.
Figure 2a shows the measured dimensionless squeeze-film

stiffness Δ as a function of pressure for three different gases

from the same drum as Figure 1g; the results on 5 other gases
are shown in the Supporting Information S2. To analyze the
deviations from the linear behavior in Figure 2a, we fit a
polynomial to the Δ of helium, Δ = A1p + A2p

2 + ..., where the
order is increased until we obtain a reasonable fit in the whole
pressure range. In this case, the fit was made using a second
order polynomial. For the squeeze-film effect in the ideal case,
meaning described well by eq 1, we expect that Δ = p

pref
.

However, since the mass of the single-layer graphene can
deviate significantly from theory33,34 and is unknown to us, we
assume that in the ideal case Δ scales linearly with pressure p.
This behavior is represented by the black line in Figure 2a,
where we only plot Δlin = A1p. For all the gases in Figure 2a, we
observe that Δ is similar up to 100 mbar and described well by
this linear behavior. However, at higher pressures, a significant
gas dependence of Δ is observed, and all gases show a lower
stiffness than expected. We do not find significant gas-
dependence in the linear part of the squeeze-film stiffness
(see Supporting Information section S6). This confirms our
notion that the gas compression is well-approximated as
isothermal, because in the adiabatic case the stiffness would
depend on the number of degrees of freedom of the gas
particles.22 Furthermore, this rules out that the observed
frequency shift can be attributed to mass loading from the
potential flow of the gas on the top surface.
The quality factor as a function of gas pressure is shown in

Figure 2b. For all gases, the quality factor decreases as a
function of pressure due to friction with the gas, with a similar
slope on a logarithmic scale. Throughout the pressure range
studied here, low-density gases tend to show less dissipation
than high-density gases. At any pressure, the quality factor
changes with less than an order of magnitude as a function of
the molecular weight of the gases. In the 40−100 mbar

Figure 2. Measured squeeze-film stiffness and quality factor as a
function of pressure and gas for a 5 μm diameter single-layer graphene
drum. (a) Dimensionless stiffness Δ as function of gas pressure for 3
different gases. The linear behavior line in both figures is obtained by
fitting a polynomial to the helium response and plotting only the
linear part. (b) Quality factor of the fundamental resonance as a
function of pressure for 3 different gases. The dashed line shows Q ∝
p−1 at low pressures.

Figure 3. Stiffness deviation as a function of dimensionless parameters. (a) Dimensionless stiffness deviation measured on a 5-μm diameter drum as
a function of quality factor for 8 different gases, (b) as a function of Reynolds number, (c) as a function of Knudsen number, and (d) as a function
of squeeze number.
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pressure range, deviations can be observed in the quality factor,
which can be attributed due to imprecisions arising from the
fitting, since the amplitude in this pressure range is low (see
Supporting Information section S1). At low pressures, we find
that Q ∝ p−1, as expected for the free molecular regime.35 At
high pressures, however, the quality factor is higher than this
trend which is in agreement with other works that show the
same effect at higher pressures.10,35

To examine the cause of the reduced stiffness at high
pressures, we compare the experimental results to several
dimensional numbers describing the properties of the fluid
flow or the mechanics of the resonator. For each gas, we define
the dimensionless stiffness deviation as Δdev = Δ − Δlin. The
dimensionless stiffness deviation is then compared to other
dimensionless numbers: first, the quality factor of resonance,
and second, the Reynolds number, that gives the ratio between
inertial and viscous forces. For an oscillating flow, this is
defined as21

ωρ

μ
=Re

gg 0
2

(3)

where ρg is the density of the gas and μ is the viscosity. The
third dimensionless number is the Knudsen number, which
characterizes the degree of gas rarefaction and is defined as

λ=Kn
g0 (4)

where λ is the mean free path of the molecules of the gas. The
fourth dimensionless squeeze number is defined by Blech:21,36

μω=Sq
R

pg
12 2

0
2

(5)

Figure 3 shows the result of the analysis for a 5-μm diameter
drum for all eight gases used in this study. Additional data sets
with different drums are shown in the Supporting Information
S2. For easier comparison, the horizontal axis of the quality
factor, Knudsen number, and squeeze number are reciprocal
such that the left-hand side of the graph corresponds to low
pressure and the right-hand side corresponds to high pressure.
In all graphs, the stiffness deviation is initially zero and then
goes toward negative values; this corresponds to the deviations
from the linear behavior discussed above.
To identify the main parameter that determines the

deviation from linear behavior, we compare the values of Q,
Re, Kn, and Sq at a value of Δdev,trans = −0.005. This represents
a significant deviation from linear behavior that exceeds
experimental uncertainties. Although the exact parameter
choice for Δdev,trans will affect the quantitative values, it will
not affect the qualitative conclusions and comparison.
Determining the transition point for each gas and each drum
used in this study (including those presented in the Supporting
Information S2), we find that the transition occurs at Q = 3.81
± 1.07, Re = 0.55 ± 0.38, Kn = 0.82 ± 0.55, and Sq = 94.3 ±
71.7 where the error bars represent the standard deviation. The
relative standard deviations σ for each parameter are σQ = 28%,
σRe = 50%, σKn = 69%, and σSq = 76%. This analysis shows that
transition point where the stiffness deviates from the ideal
linear behavior is thus most strongly associated with a certain
number of the quality factor (Qtrans ≈ 3.8), since this shows the
smallest relative spread compared to the Reynolds, Knudsen,
and squeeze numbers.
The experimental analysis reveals that eq 1 is no longer valid

when the quality factor is lower than approximately 3.8.
However, due to experimental uncertainties, we cannot fully
rule out that this effect still originates from transitions in the
fluid flow characterized by the Reynolds, Knudsen, or squeeze
number. Therefore, we use simulations using two approaches

Figure 4. Simulated dimensionless stiffness deviation as a function of (a) the mechanical quality factor, (b) the Reynolds number, (c) the Knudsen
number, and (d) the squeeze number.
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and analyze them in a manner similar to that used for the
experimental data. The first approach employs finite element
simulations by solving the compressible unsteady Stokes
equation for the gas together with Navier’s equation for the
solid membrane using the eigenfrequency solver of COMSOL
Multiphysics.37,38 An axisymmetric slice of the drum is
considered in this continuum model (see Supporting
Information section S3). No-slip boundaries were imple-
mented on the solid surfaces. The second approach includes
the effects of gas rarefaction by simulating the system using the
frequency-domain Monte Carlo Method.39,40 This approach
solves the Boltzmann Transport Equation (BTE), and should
therefore provide more accurate results for low gas pressures.
The simulations are benchmarked against a previously
published data set10 from a 5 μm diameter drum from 31-
layer graphene over a 400 nm deep cavity, which is shown in
the Supporting Information section S3. While both the BTE
and continuum simulations show the experimentally observed
deviations in the stiffness, the BTE simulations are computa-
tionally expensive at high pressures. We therefore choose to
perform the comparison to the dimensionless numbers with
different gases on the continuum simulations only in regions
where the Knudsen number is smaller than 1. For the BTE
simulations, we only performed simulations on He, CO2, and
SF6 below 200 mbar for this analysis.
The analysis on the simulated data is shown in Figure 4.

This reveals that there is a single quality factor of Q ≈ 5 where
the transition takes place indicated by the dashed line in Figure
4. The simulations also show that the point Δdev = −0.005 is
not at the same Reynolds or Knudsen number, confirming that
the Q-factor is the strongest correlated to the point beyond
which deviations from eq 1 start to increase. Comparing the
dimensionless stiffness deviation shift to the case of the 5 μm
diameter drum in the experiments (Figure 3), the deviations
found in the simulation are similar to those of a function of
Reynolds and Knudsen numbers, with transitions taking place
in similar ranges. However, we observe a much smaller spread
in the squeeze number in the simulations compared to the
experimental data; this may be attributed to slip-flow effects in
the experiment that alter the degree of squeezing of the gas,
since these slip flow effect are not included in the model.
The experiments and simulations thus both show a smaller

squeeze-film stiffness effect compared to eq 1, and the
transition is point is associated with a certain value of the
quality factor. To investigate why this happens, we constructed
a simple 1D model for the motion of the membrane in the
frequency domain:

ω ω β− + = Δx x p2
0
2

(6)

where β is a proportionality constant and the change in gas
pressure Δp is related to the displacement x as17

ω
τ

γ ωΔ + Δ =i p p i x
1

g (7)

where γ is another proportionality constant. This equation is
equivalent to the linearized Reynolds equation,21 where the
lateral position dependence of the pressure has been projected
onto one generalized coordinate Δp. The relaxation of Δp after
the membrane compresses the gas is approximated with a
single characteristic leak time constant τg. A similar approach
has been taken in the free molecular regime, where τg is the
random walk diffusion time.41 Solving this coupled system (eqs

6 and 7) gives complex eigenvalues (see Supporting
Information section S4):

ω ω
ρ

σ
σ ρ

σ
σ

= +
+

+
+

p
g h

i
p

g h1 1
2

0
2

0

2

2
0

2
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where σ = τgω is a dimensionless number describing the
compression of the gas, which compares the time scale of
compression 1/ω to the pressure relaxation time τg. For σ≫ 1,
eq 8 becomes equal to eq 1. However, for lower values of σ, the
resonance frequency (as determined by the real part of eq 8)
becomes smaller than that in eq 1. Using that the quality factor

ω ω=Q ( )/2 ( )f , we find (see Supporting Information
section S4):

ξ
ξ

=
+ +

Q
1 1

2f

2

(9)

where

ξ σ

σ σ
=

+ +ω

ω
( 1)0

2

sqz
2

2 2

(10)

where ω =
ρ
p

g hsqz
2 a

0
. The quality factor thus depends on two

dimensionless numbers: the dimensionless number σ and the
relative shift in resonance frequency ωsqz/ω0.
Equation 8 predicts a relation between the stiffness and

damping due to the squeeze-film effect for a certain fixed σ. To
verify this relation, we define the relative stiffness deviation,
which can be related to the dimensionless number σ as shown
in the Supporting Information section S5:

Δ =
Δ − Δ

Δrel
lin

lin (11)

This equation is inverted to obtain σ and then substituted
into eqs 9 and 10, which results in a relationship between the
quality factor Qf and relative stiffness deviation Δrel where the
only free parameter is the pressure pa (assuming ρh and g0 are
known). Figure 5 shows this relationship at fixed pressures
compared to the results of the continuum simulation. The
trend predicted by eqs 9−11 is in qualitative agreement with
the results from the continuum simulation at pressures of 300
and 600 mbar. However, at 1000 and 3000 mbar, the single
relaxation time model predicts lower quality factors than those
obtained by the continuum model. The simplifications behind
the single relaxation time model may account for this
difference, since the continuum model can take multiple time
scales into account. The relation between Δrel and the quality
factor revealed in Figure 5 explains why the stiffness deviations
are more strongly correlated to the quality factor of resonance
instead of the dimensionless numbers describing the fluid flow.
From the model, we conclude that the cause of the

deviations from eq 1 is the effect of gas leakage, leading to
relaxation times that are not long enough compared to the
period of oscillation to be neglected. These effects modify the
dimensionless number σ and reduce the resonance frequency
with respect to eq 1. This reduced responsivity can be
mitigated by either increasing the resonance frequency or the
leak time constant τg. One approach to achieve a higher
resonance frequency may be to clean the graphene membrane
to reduce the mass. In Supporting Information section S3, we
show both continuum and BTE simulation results for a helium
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atmosphere in the case of clean single-layer graphene (with a
mass of 7.70 × 10−7 kg/m2) and a 31-layer device in nitrogen,
presented in ref 10. These simulations suggest that if the
graphene is cleaned in order to reduce the mass that the
responsivity of the squeeze-film pressure sensors will
significantly improve. We attempted to clean the single-layer
graphene in this study by argon annealing at 400 °C; however,
this resulted in destruction of the drums.
In the future, eq 8 can be used instead of eq 1 to understand

the effects of gas leakage on the responsivity of squeeze-film
pressure sensors. Furthermore, we find that in 2D materials the
quality factor of resonance is a better indication of these
leakage effects than the dimensionless squeeze number, which
can be attributed to the onset of slip-flow effects in the near-
continuum regime where these sensors operate. Their behavior
crucially depends on the exact value of τg, which is determined
by the exact geometry of the device17 and the properties of the
gas flow. Therefore, the simulations on a device level, such as
the continuum and BTE simulations presented in this work,
are crucial to understand the behavior of these sensors.
In conclusion, we studied the squeeze-film effect in single-

layer graphene resonators in different gases and found a lower
resonance frequency than expected. By examining the
experiments and simulations of the device, we find that the
transition toward this lower resonance frequency regime is
correlated to the quality factor of the resonance. We explain
this by a one-dimensional mechanical model and show that
this is related to a low value of the dimensionless number σ.
This suggests that to improve future squeeze-film pressure
sensors from graphene the resonance frequency and the leak
time constant need to be increased. The experiments and
simulations thus provide an improved understanding into the
fluid-structure interaction at the nanoscale and provides a
means to better engineer future sensors from suspended 2D
materials.
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