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Graphene “microdrums” on a freestanding
perforated thin membrane for high sensitivity
MEMS pressure sensors

Qiugu Wang,a Wei Hongb and Liang Dong*a

We present a microelectromechanical system (MEMS) graphene-based pressure sensor realized by trans-

ferring a large area, few-layered graphene on a suspended silicon nitride thin membrane perforated by a

periodic array of micro-through-holes. Each through-hole is covered by a circular drum-like graphene

layer, namely a graphene “microdrum”. The uniqueness of the sensor design is the fact that introducing

the through-hole arrays into the supporting nitride membrane allows generating an increased strain in the

graphene membrane over the through-hole array by local deformations of the holes under an applied

differential pressure. Further reasons contributing to the increased strain in the devised sensitive memb-

rane include larger deflection of the membrane than that of its imperforated counterpart membrane, and

direct bulging of the graphene microdrum under an applied pressure. Electromechanical measurements

show a gauge factor of 4.4 for the graphene membrane and a sensitivity of 2.8 × 10−5 mbar−1 for the

pressure sensor with a good linearity over a wide pressure range. The present sensor outperforms most

existing MEMS-based small footprint pressure sensors using graphene, silicon, and carbon nanotubes as

sensitive materials, due to the high sensitivity.

1. Introduction

Graphene is a promising material for applications in micro-
electro-mechanical systems (MEMS) owing to its atomic thick-
ness, fast electron mobility,1,2 and high Young’s modulus.3–5

Because a single layer of graphene is impermeable to standard
gases including helium6,7 and has strong adhesion to silicon
oxide (SiO2) substrates,8 graphene has been suggested as an
atomic thickness pressure sensor,7 a separation barrier
between two distinct regions,9,10 and a high-performance
drumhead resonator.11 Recently, chemical vapor deposition
(CVD) has enabled large-area uniform formation of single and
few-layer graphene sheets on different substrates.12–14 This
ability, in conjunction with well-developed patterning and
transferring methods for graphene sheets,15–23 has opened up
new opportunities for developing graphene-based sensors and
actuators. Strain induced electrical–mechanical coupling in
graphene is widely reported.17,24–29 At present a few MEMS-
based graphene pressure sensors have been
demonstrated.7,30–32 In a pioneering work on graphene
pressure sensors, a graphene membrane was suspended over a

shallow well etched into a SiO2 layer grown on a silicon sub-
strate, where the piezoresistive effect provided a direct electri-
cal readout of pressure to strain transduction and was
demonstrated to be independent of crystallographic orien-
tation.7 Another remarkable pressure sensor design involved
forming a graphene membrane on a silicon nitride (SiNx)
membrane suspended over a micromachined silicon base.30,31

Also, a different pressure transducer was developed by using
graphene flakes to cover an array of wells engraved into a fixed
SiO2 layer grown on a silicon substrate.32 The aforementioned
graphene-based MEMS pressure sensors have a compact sub-
mm2 footprint or even smaller. In another category of
graphene-based pressure sensors, a large area graphene–
polymer composite and laser-scribed graphene foam have
been used as sensitive materials.33,34 These sensors provided
tremendous sensitivity, but had a large sensing area in the
order of square centimeters or even larger.

In this paper, we report on a high sensitivity, small area
MEMS pressure sensor using few-layered graphene on a flexi-
ble perforated SiNx thin membrane (Fig. 1(a and b)). The SiNx

membrane acts as a supporting layer for the graphene memb-
rane and has a periodic array of microsized through-holes
(Fig. 1(d)). Therefore, an array of circular drum-like graphene
structures, namely graphene “microdrums”, are formed above
these through-holes (Fig. 1(e)). Compared to the previously
reported sensor designs using a standalone graphene
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membrane7 and an imperforated nitride–graphene composite
membrane31 as sensing elements, the introduction of the
microsized through-hole array into the supporting membrane
allows generating an increased membrane strain locally in the
graphene layer over the holes (Fig. 1(c)). Further reasons which
add to obtaining a large strain change in graphene and thus a
high pressure sensitivity of the sensor include the facts that
the perforated membrane deflects more than an imperforated
counterpart membrane of the same dimensions, and that the
graphene microdrums are pressurized to bulge up under an
applied pressure.

To prove this device concept, we fabricated a perforated
SiNx square membrane (490 × 490 µm2) by depositing 200 ±
2.7 nm thick nitride on a silicon substrate and patterning with
2.5 µm-diameter holes, followed by removing silicon below the
membrane. Subsequently, a few-layered graphene membrane
(∼2 nm thick or ∼6 atomic layers) was transferred on the perfo-

rated nitride membrane.18 The nitride membrane was pre-
treated with oxygen plasma to improve the van der Waals
interactions between the graphene and nitride membrane.35–37

After that, the graphene resistor pattern was patterned with
the help of a metal shadow mask. Lastly, metal contacts were
formed by using the shadow mask evaporation of gold. See the
Methods section for details of device fabrication. To test the
fabricated device, the backside of the device was adhered to
the outlet of a Plexiglas-based air channel. Air pressure was
applied from the inlet of the air channel using a programma-
ble syringe pump. A commercial differential pressure sensor
was used to measure differential pressures applied across the
sensitive membrane. See the Methods section for details of the
testing setup.

Fig. 1(d) shows the surface coverage of graphene on the per-
forated nitride membrane suspended over the micromachined
silicon base. Only a few pinholes were observed in the gra-

Fig. 1 (a) Schematic of the proposed MEMS pressure sensor using a graphene membrane on a perforated SiNx thin membrane formed on a micro-
machined silicon base. (b) Optical image of the fabricated pressure sensor. (c) Simulated deformation of the membrane and shape distortion of the
through-holes. (d, e) SEM images of the graphene membrane on the perforated SiNx membrane. The white arrows in (e) indicate the locations of
some pinholes in the graphene. The inset of (e) shows the standalone circular graphene microdrums. (f ) Optical images of the sensor before and
after applying a differential pressure of 400 mbar. (g) Measured surface profile of the graphene-perforated SiNx composite membrane along the line
A–A’ across the center of the membrane. The measurement was conducted using an Ambios XP-100 Stylus contact surface profiler.
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phene membrane (see arrows in Fig. 1(e)), which may be intro-
duced during the graphene deposition and/or the transfer
process. To confirm that the graphene membrane stayed
bonded with the nitride membrane within a range of applied
pressures, we performed a contact profile measurement
(Fig. 1(f )). Fig. 1(g) shows that the measured maximum deflec-
tion of the composite membrane is 14.1 µm at a differential
pressure of 400 mbar. Let us assume that the pressurized gra-
phene is totally detached from the supporting membrane.
Then, according to mechanical simulations, a maximum
deflection of 46 µm will be expected at the center of the memb-
rane, which is much larger than the measured deflection men-
tioned above. Therefore, it was likely that the graphene
adhered well to the nitride membrane. In fact, no detachment
of the graphene from the perforated nitride membrane was
observed even when the membrane popped out under an air
pressure of ∼600 mbar.

The piezoresistive effect of the graphene sensor was
measured with a Wheatstone bridge circuit (Fig. 2(a)). A small
input voltage of 20 mV was applied across the junctions of two
shunt resistive circuits. The total resistance of the graphene
sensor Rtot is composed of Rg of the graphene on the sus-
pended square membrane, Rg1, Rg2, Rg3 and Rg4 of graphene in
the surrounding regions, and the contact resistance Rc
between the metal contacts and graphene. The measured Rtot
for twelve devices varied between 1170 Ω and 1256 Ω, which
presumably arose from slight manufacturing inconsistencies
during the graphene patterning and transferring steps for
these devices. The device given in Fig. 2(a) had Rtot = 1215 Ω at
room temperature (23 °C). The relative resistance change of

the sensor ΔRtot/Rtot can be related to the output and input vol-
tages (Vout and Vin) of the sensor by eqn (1):

Vout ¼ Vin
R3

R3 þ Rtot
� R2

R1 þ R2

� �
ð1Þ

where R1 and R2 were chosen to be the same and R3 was
adjusted until a balanced bridge circuit was obtained. The
output voltage variation is quasi-linearly proportional to ΔRtot

and described as:

Vout
Vin

� ΔRtot

4Rtot
ð2Þ

Based on the equivalent circuit of the sensor shown in
Fig. 4(a), Rtot is expressed in eqn (3):

Rtot ¼ Rg1 þ 1
1
Rg3

þ 1
Rg

þ 1
Rg4

þ Rg2 þ 2Rc ð3Þ

The dimensions for different regions of the patterned gra-
phene (Fig. 2(a)) are as follows: 224 × 978 µm2 for Rg1, 201 ×
978 µm2 for Rg2, 500 × 261 µm2 for Rg3, and 500 × 246 µm2 for
Rg4. As a result, the relationship between ΔRtot and ΔRg is
obtained in eqn (4):

ΔRtot � ΔRg

1þ Rg

Rg3
þ Rg

Rg4

� �2 ð4Þ

Based on the dimensions of each resistive element in
Fig. 2(a), the graphene on the suspended square membrane is

Fig. 2 (a) Schematic of the equivalent circuit of the graphene sensing element connected into a Wheatstone bridge circuit. (b) Voltage response of
the device to stepwise increasing differential pressures. (c) Voltage response of the device to rapid increase and gradual decrease in the applied
differential pressure.
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estimated to be Rg = 1473 Ω. The relative resistance change of
this part of the graphene can be written as ΔRg/Rg = 3.6ΔRtot/
Rtot. As Rg3 and Rg4 are in parallel with Rg, their values can
largely influence the measured electrical signal. If Rg3 and Rg4
become too low (or graphene in the side regions is too wide),
the output voltage signal will be greatly suppressed. However,
in our design, the two parallel resistors Rg3 and Rg4 are not
totally removed. The reason for keeping Rg3 and Rg4 is from a
practical standpoint as follows. As mentioned earlier, our fab-
rication process utilized a metal shadow mask to form the gra-
phene pattern on the device surface. Although using the metal
shadow mask simplified the device fabrication process, the
accuracy of aligning the shadow mask and the suspended SiNx

thin membrane was relatively low (∼100 µm). To avoid mis-
aligning the edges of the graphene pattern into the perforated
SiNx membrane region, we intended to leave graphene on the
two side regions (Rg3 and Rg4) of the device (otherwise, signifi-
cant air leakage may occur at the membrane). Therefore, the
present design scarified the sensitivity of the sensor but
gained the simplicity of the device fabrication. By optimizing
the fabrication processes, it is possible to further increase the
sensitivity of the device.

2. Results and discussion

Fig. 2(b) shows the output voltage normalized to the input
voltage of the device responding to an increase in the step-like
differential pressure. The output voltage rose with an increas-
ing air pressure applied to the graphene-perforated memb-
rane. At a differential pressure of 350 mbar, 0.067% relative
change was observed at the output voltage, corresponding to
0.97% change in the resistance. The rapid rise of the output
signal indicates an immediate piezoresistive response to the
pressure applied to the membrane. Based on the noise floor of
the output signal shown in Fig. 2(b), the noise equivalent
pressure resolution of the sensor is about 30 mbar, which can

be further improved by optimizing the detection circuit, e.g.,
using a low-pass filter and a low-noise amplifier.

Fig. 2(d) shows the results of cyclic pressure testing for the
device. The experiment involved rapidly applying differential
air pressure to the sensitive membrane by pumping air and
then gradually releasing the pressure. In Fig. 2(c), the pressure
pump time was controlled from 7 s to 1.5 s while the pressure
release time was decreased from 18 s to 2 s by adjusting the air
pumping and withdrawal speed of the pressure control appar-
atus. It is clear that upon applying an air pressure, the output
voltage was able to quickly follow the sudden increase of the
internal pressure and then go back to the baseline. The
response time here is mainly determined by the pump and
vent speed, so the actual response time is expected to be
faster.

Fig. 3(a) shows the response of Vout/Vin to applied differen-
tial pressure. In order to investigate the influence of tempera-
ture on the sensitivity, the device was measured at different
temperatures. At 23 °C, a good linearity was observed and a
sensitivity of 3.88 × 10−5 mV mbar−1 was obtained. The gauge
factor G of graphene for the sensor was estimated by

G ¼ ΔR=R
ΔL=L

¼ 4:4 at 350 mbar. Here, the average strain of the

suspended square membrane was calculated to be 0.22% for
14.3 µm deflection at the center of the membrane.38 The
obtained gauge factor of the graphene used here is comparable
to other reported CVD-grown graphene.7,26,31 For example, the
reported gauge factor is 2.92 for the standalone graphene,7 6.1
for the graphene on the poly(dimethylsiloxane) substrate,26

and 1.6 for the graphene on the SiNx membrane.31 As the
environmental temperature increased from room temperature
to 70 °C, the response of Vout/Vin showed an overall increase
and had a good linear dependence on the applied pressure.
The slopes of the linearly fitted curves at different tempera-
tures were almost unchanged, indicating that within the tested
temperature range, the temperature variations actually did not
degrade the sensitivity of the device. Fig. 3(b) plots the change
of the graphene resistance with an increasing temperature.

Fig. 3 (a) Voltage response of the sensor as a function of applied differential pressure at the temperatures of 23 °C, 40 °C, 55 °C and 70 °C. (b) Rela-
tive change of graphene resistance as a function of environmental temperature without applying any differential pressure. The error bars in (a) and
(b) were obtained by taking the standard deviation of six measurements for the device with the initial resistance of graphene Rg = 1215 Ω at 23 °C.
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A nonlinear positive temperature coefficient of the graphene
resistance is observed, which is similar to the previously
reported result.2 At 70 °C, the resistance of graphene increased
by 2.3% compared to that at 23 °C.

We studied the roles of the perforated SiNx membrane and
the graphene microdrums over the through-holes in determin-
ing the sensitivity of the sensor. First, the mechanical
responses of the graphene coated perforated nitride memb-
rane to different applied pressures were visualized using a 3D
optical surface profiler (ZYGO Newview, Middlefield, CT). As
shown in Fig. 4(a), under 415 mbar differential pressure, the
membrane was deformed into a convex shape with a
maximum out-of-plane deflection of 14.3 µm at its center. The
measured surface profiles of the membrane under other differ-
ential pressures were also given in Fig. 4(b). For a square
imperforated nitride membrane, the maximum out-of-plane
deflection δ with respect to differential pressure P can be
described with the following equation:39,40

P ¼ B1tσ0
ða=2Þ2 δþ

B2 f ðvÞtE
a=2ð Þ4ð1� vÞ δ

3 ð5Þ

where B1 and B2 are dimensionless constants, σ0 is the initial
stress, E is Young’s modulus, a is the side length of the square
membrane, ν is the Poisson ratio, f (ν) is a geometry function,
and t is the thickness of the membrane. B1 = 3.45, B2 = 1.994,
ν = 0.22, and E = 239 GPa were taken from ref. 40 and 41. Pre-
vious research shows that the perforated membrane can be
replaced with an imperforated one with a modified elastic
modulus in the numerical calculation.42 Thus, eqn (5) can also

be applied to the perforated membrane. Fig. 4(c) shows the
fitted results for the graphene coated perforated membrane, as
well as the graphene coated imperforated counterpart memb-
rane with the same dimensions for comparison purposes. It
was found that σ0 = 58 MPa and f (ν) = 0.32 for the perforated
membrane, while σ0 = 41 MPa and f (ν) = 0.65 for the imperfo-
rated one. By using the obtained deflection equations for both
the perforated and imperforated membrane, the ratio of
maximum deflection between the perforated and imperforated
membrane can be expressed by eqn (6):

dperforated
dimperforated

¼ 0:533� P0:08 ð6Þ

Under a differential pressure of 415 mbar, the imperforated
membrane with graphene had a maximum deflection of
11.7 µm, which was 2.6 µm lower than that of the perforated
membrane with graphene. Eqn (6) also indicates that the
further increasing differential pressure will not significantly
improve the deflection of the graphene coated perforated
membrane compared to the imperforated counterpart memb-
rane, and therefore, will have some but limited effect on
improving the pressure sensitivity of the device.

Next, we conducted mechanical simulations to illustrate the
strain distributions in both the perforated and imperforated
SiNx membranes, each including a ∼2 nm thick graphene
layer. The simulations were carried out through a finite
element method based commercial package (COMSOL Multi-
physics). Limited by computational power, a reduced model of
side length 200 µm was calculated for the purpose of illumi-

Fig. 4 (a) Measured 3D surface profile of the graphene coated perforated nitride membrane under 415 mbar differential pressure. (b) Deflection
profiles of the membrane across the middle line of the perforated membrane (parallel to the side of the membrane) under various differential press-
ures. (c) Maximum deflection at the center of the membrane as a function of differential pressure for the perforated and the imperforated
membranes. The black and red dots are the experimental data. The black and red lines are the fitted curves obtained using eqn (5).
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nating the working mechanism. According to eqn (5), assum-
ing that there is zero initial stress in the SiNx membrane, the
maximum out-of-plane deflection of the membrane will be
proportional to a4/3/t1/3. Therefore, under the same differential
pressure, the strain developed in the SiNx membrane with a
real side length a = 490 µm should be higher than that simu-
lated with the reduced model of side length a = 200 µm. While
the strain of the membrane can be further increased by using
a larger and thinner membrane, the increased strain will also
lead to local cracks or even pop-out of the membrane under a
low differential pressure, thus lowering the allowed maximum
pressure of the sensor. Also, in our device fabrication, when
the perforated thin SiNx membrane had a side length of more
than 750 µm, the membrane was not able to initially stay flat
but tended to bend downward, possibly due to the initial
stress of the thin and relatively complex membrane perforated
by an array of through holes. Therefore, we set the side length
to 500 µm for the membrane, with which the maximum
allowed pressure was around 600 mbar. Under a 500 mbar
differential pressure, the imperforated membrane had a
maximum areal strain of 0.14% at the center of the membrane
with a deflection of 3.49 µm (Fig. 5(a)). For the perforated
membrane, a similar strain distribution was observed. In the
non-hole areas of the membrane the maximum areal strain
was found to be 0.15%, which was only slightly higher than
that observed in the imperforated counterpart membrane.
However, the maximum areal strain in the graphene layer over

the holes reached 0.34% at the center of the membrane with a
maximum deflection of 4.13 µm. Therefore, the maximum
strain in the hole areas was as high as 2.27 times that occur-
ring in the non-hole areas of the perforated membrane. Fur-
thermore, the average areal strain along the line across the
center of the perforated and imperforated membranes was
0.203% and 0.12%, respectively (Fig. 5(c)). Although the
maximum deflection of the perforated and imperforated
membranes differed only by 18.3% (3.49 µm vs. 4.13 µm), the
average strain in the perforated membrane increases by 62.4%
(0.203% vs. 0.12%) due to the introduction of the through-
holes into the SiNx membrane.

We further investigated the effect of the hole diameter and
period on the mechanical properties of the membrane. Here,
the filling factor is defined as the ratio of the area of all the
holes to the area of the whole membrane. As shown in
Fig. 5(c), given the same filling factor, the period of holes has
almost no influence on the deflection and average areal strain
of the membrane. As the filling factor or the total hole area
increases, the deflection and the average areal strain of the
membrane continuously grows. For example, with an increas-
ing filling factor from 0.28 (of the present device) to 0.46, the
average areal strain only increases from 0.20% to 0.24%. A sig-
nificant increase in the areal strain is observed from 0.24% to
0.40% as the filling factor increases from 0.46 to 0.72. To
achieve a filling factor of 0.72 for the device with a period of
4.5 µm, the hole diameter should increase from the present

Fig. 5 (a) Simulated areal strain under a differential pressure of 500 mbar for the imperforated (left) and perforated (right) membranes. The z co-
ordinate and the color scale show the amplitude of the areal strain. (b) The areal strain along the line across the center of the perforated and imper-
forated membranes. (c) Maximum deflection and average areal strain of the perforated membrane along the line across the center of the membrane
as a function of the filling factor of the holes. Here the filling factor is defined as the ratio of the area of all the holes to the area of the whole memb-
rane. The period of the holes was fixed to be 4.5 µm or 8.0 µm while the diameter of the holes gradually increased.
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2.5 µm to 4 µm. However, two practical issues have played a
role in restricting the hole size. First, the larger size holes may
induce more pinholes in the graphene drums when transfer-
ring the graphene onto the membrane,23 thus resulting in
more air leakage. Second, with a filling factor of 0.72, the dis-
tance of two neighbouring holes would be only 500 nm, which
may lead to easy cracking or even pop-out of the membrane
under an applied differential pressure. Therefore, while the
sensitivity of the device can be improved further by introdu-
cing larger size holes in the SiNx membrane, the present
design with 2.5 µm-diameter through-holes is considered safe,
conservative, and able to compromise between the sensitivity
and robustness of the device.

Furthermore, as the differential pressure was applied to the
graphene coated perforated membrane, the graphene micro-
drums over the holes also bulged into a curved shape. To illus-
trate how this bulging factor affected the pressure sensitivity of
the device compared to the in-plane membrane strain, let us
imagine a state when the strain in the pressurized SiNx mem-
brane is suppressed, i.e., the holes stay in the plane and main-
tain the original circular shape with a diameter of 2.5 µm.
Simulations showed that, under 500 mbar differential
pressure, the graphene microdrum will deflect by 9.1 nm at its
center and an average strain of 0.0035% will be obtained over
the whole microdrum. The magnitude of this strain is about
two orders of magnitude lower than the aforementioned
maximum strain of 0.34% in the microdrum. Therefore, the
bulging of the pressurized circular graphene had a limited
influence on the overall strain change of the microdrum. As a
matter of fact, the previously reported graphene-based
pressure sensors employed the bulging effect of the graphene
suspended over the wells in the fixed substrate, thus offering
relatively low sensitivity.32 From the comparison between the
effects of the membrane strain and bulging, it is evident that
the inhomogeneous membrane strain of the perforated mem-
brane was the key to the improved pressure sensitivity of the
device.

Table 1 compares our device with recently reported gra-
phene-based MEMS/NEMS pressure sensors. Generally, the
sensitivity of piezoresistive pressure sensors can be calculated

using S ¼ ΔR
R� P

. Our sensor has a sensitivity of 2.8 × 10−5

mbar−1 which outperforms most of the reported graphene,
polysilicon, and carbon nanotube based MEMS/NEMS

pressure sensors.7,31,32,38,43–46 Specifically, the present sensi-
tivity is higher than the 2.96 × 10−6 mbar−1 of the standalone
graphene membrane-based sensor7 and the 6.67 × 10−6

mbar−1 of the sensor using the graphene meander patterns on
the imperforated SiNx membrane.31 As mentioned above,
another previous pressure sensor used a graphene membrane
suspended over the wells made in a SiO2 layer on the bulk
silicon substrate, where the resistance variation only came
from the bugling effect of the graphene. The resulting sensi-
tivity of that sensor was about 32 times lower compared to our
sensor.

3. Methods
3.1 Device fabrication

The device fabrication started with a 3-in double side polished
silicon wafer (p-type). A 200 nm thick SiNx layer was formed
on both sides of the wafer by plasmon enhanced chemical
vapor deposition (Fig. 6(a)). Etch windows were then created
on the back side of the wafer with photolithography and reac-

Table 1 Performance comparison among MEMS pressure sensors

Device structure Dimensions (µm2) Sensitivity (mbar−1) Ref.

Graphene on suspended perforated SiNx membrane 490 × 490 2.8 × 10−5 This work
Suspended graphene 6 × 64 2.96 × 10−6 Smith, et al., Nano Lett., 2013 7

Graphene on suspended imperforated SiNx membrane 280 × 280 6.67 × 10−6 Zhu, et al., Appl. Phys. Lett., 2013 31

Graphene on fixed perforated layer on silicon substrate 110 × 220 0.88 × 10−6 Hurst, et al., Transducers, 2013 32

Carbon nanotubes 100 × 100 1.06 × 10−6 Hierold, et al., Sens. Actuators, A, 2007 44

Polysilicon on suspended polysilicon diaphragm 100 × 100 1.5 × 10−6 Kalvesten, et al., MEMS, 1998 43

Polysilicon on suspended silicon oxide diaphragm 400 × 400 1.29 × 10−6 Yang, et al., Tamkang J., Sci. Eng., 2005 45

Boron doped silicon in crystalline silicon diaphragm 470 × 470 3.2 × 10−6 Zhang et al., IEEE Sens. J., 2007 46

Fig. 6 Schematic of the fabrication processes for the device.
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tive ion etching of SiNx (Fig. 6(b)). Subsequently, an array of
2.5 µm diameter holes were patterned in the SiNx layer on the
front side of the wafer with the same method as that used in
the last step (Fig. 6(c)). After that, an anisotropic etch of
silicon substrate with tetramethylammonium hydroxide
(20.0 wt%, 78 °C, Sigma-Aldrich, St Louis, MO) was performed
to create a suspended nitride membrane (490 × 490 µm2)
(Fig. 6(d)). The wafer was then diced into 6 × 6 mm2 pieces for
the following processes. A commercially available CVD-grown
graphene film on a 25 µm thick nickel foil (1 × 1 cm2, Univer-
sity Wafer, Boston, MA) was used as the sensitive material of
the device. Only one side of the foil was coated with graphene.
To transfer the graphene film to the suspended nitride memb-
rane, we used the poly(methyl methacrylate) or PMMA based
transfer method following the protocol given in ref. 18. In this
step, the nickel foil with graphene was drop-coated with
PMMA (molecular weight ∼996 000 by GPC, Sigma-Aldrich, dis-
solved in chlorobenzene with a concentration of 46 mg mL−1)
(Fig. 6(e)). The foil was then cured at 180 °C for 1 min, fol-
lowed by etching away the nickel substrate by FeCl3 solution
(0.1 g ml−1, Sigma-Aldrich, St Louis, MO) for 20 h (Fig. 6(f )).
After that, the PMMA-graphene stack was picked up and
washed with deionized water, and then, was placed on the
SiNx membrane treated with oxygen plasma (Fig. 6(g)). Finally,
the PMMA substrate of the graphene film was etched by
PMMA remover (Nano remover PG, MicroChem, Westborough,
MA) (Fig. 6(i)). Next, the graphene resistor was patterned in an
oxygen plasma etcher with the help of a shadow mask made of
aluminum prefabricated by a high-precision milling machine
(Supra CNC Mill, CNC Masters, Irwindale, CA) (Fig. 6( j)).
Then, another aluminum shadow mask was machined and
placed on the device to make gold contacts by e-beam evapor-
ation of a 200 nm gold layer (Fig. 6(k)). In these shadow mask
based patternings, careful alignment between the shadow
mask and the device was needed. Finally, the device was rea-
lized (Fig. 6(l)).

3.2 Measurement setup

The backside of the device was adhered to the outlet of an
acrylic glass based microfluidic channel with structural
adhesives. Air pressure was applied from the inlet of the air
channel using a programmable syringe pump (KDS210P, KD
Scientific, Holliston, MA). A commercial differential pressure
sensor (MPX5500DP, Freescale Semiconductor, Austin, TX) was
used to measure differential pressures applied across the
sensing membrane. A feedback circuit was used to enhance
stability of the pressure control system. The output voltage
signal of the commercial sensor was recorded by a data acqui-
sition device (DI-245, DATAQ Instruments, Akron, OH) and
then was converted to a differential pressure. The graphene
sensor was connected into a Wheatstone bridge circuit as
shown in Fig. 2(a). An input DC voltage of 20 mV was applied
across the bridge circuit. The small voltage was applied to
avoid excessive heating of graphene. The output voltage from
the graphene sensor was recorded with a digital multimeter
(34401A, Agilent Technologies, Santa Clara, CA).

4. Conclusions

In conclusion, we have demonstrated a graphene based small
area MEMS pressure sensor formed by transferring large area
CVD-grown graphene onto a suspended SiNx membrane perfo-
rated by an array of through-holes. The large voltage response
of the sensor was majorly due to the large strain change of the
graphene suspended over the through-holes under an applied
differential pressure across the membrane. The measured sen-
sitivity has demonstrated that the devised new pressure sensor
structure excels in providing high sensitivity that outperforms
many other existing graphene based counterpart sensors.
Future work includes optimizing fabrication processes to
reduce the number of pinholes in graphene, improving the
yield of transferring graphene membrane to suspended nitride
membrane, and designing a low-noise electronic readout
circuit for the sensor.
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