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ABSTRACT

Atomically thin two-dimensional materials, such as graphene, exhibit extreme high-pressure sensitivity compared to the commercially used
pressure sensors due to their high surface-to-volume ratio and excellent mechanical properties. The smaller piezoresistance of graphene
across different transport regimes limits its pressure sensitivity compared to other two-dimensional materials. Using membrane theory and
the thin-film adhesivity model, we show miniaturization as a means to enhance the overall performance of graphene pressure sensors. Our
findings reveal that ballistic graphene can be configured to measure ultra-high pressure (�109 Pa) with many-fold high-pressure sensitivity
than other contemporary two-dimensional materials. Based on these findings, we propose an array of ballistic graphene sensors with
extreme high-pressure sensitivity and ultra-high-pressure range that will find applications in next-generation nano-electro-mechanical
system pressure sensors. The performance parameters of the array sensors can be further enhanced by reducing the size of graphene mem-
branes and increasing the number of sensors in the array. The methodology developed in this paper can be used to explore similar applica-
tions using other two-dimensional materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0102356

I. INTRODUCTION

The discovery of piezoresistance in silicon and germanium in
1954 laid the foundation for silicon strain gauges.1 Following this
development, the first silicon diaphragm-based pressure sensor was
commercially introduced in 1958.2 Further progress in silicon fabrica-
tion processes, such as anisotropic etching,3–5 ion implantation,6

anodic bonding,7,8 and micro-machining processes,2 paved the way
for a reduction in thickness of the membranes and the sensor dimen-
sions. The entire class of sensors that came into being as a result of
these developments is known as thin-film micro-electro-mechanical
(MEMS) pressure sensors.

Thin-film MEMS pressure sensors are extremely useful for
pressure sensing due to their high sensitivity and compact size.9–11

The mathematical expression for pressure sensitivity (PS) of silicon
obtained by Gong and Lee9 predicts an increase in the PS with the
reduction in membrane thickness. Consequently, atomically thin
2D materials are expected to have very high PS and are considered
suitable replacements for conventional membranes in pressure
sensors. This fact was experimentally confirmed by Smith et al.10

and Wagner et al.11 on graphene and PtSe2, respectively.

Usually, 2D Dirac materials, such as graphene, have a lower
gauge factor (GF) than non-Dirac 2D materials, such as layered
transition metal dichalcogenides (TMDs), phosphorene, arsenene,
and to name a few, due to the presence of robust Dirac cones.12,13

Hence, non-Dirac 2D materials have higher PS than 2D Dirac
materials.11,14–19 Apart from PS, the performance of a membrane
pressure sensor is determined by its yield pressure (Pyp, pressure at
the yield point)9 and critical pressure (Pcr , the pressure required to
delaminate a membrane from the substrate).20 Among different 2D
materials, graphene is considered a strong contender for next-
generation pressure sensors because of its high elastic limit (nearly
20%),21–23 high adhesivity,20 and high impermeability.24 Despite
the excellent overall properties of graphene, recent studies have
shown many-fold higher PS of PtSe2 than graphene10,11 due to the
presence of bandgap in PtSe2.

25

In this paper, we intend to enhance the PS of graphene
further and bring it at par with that of the TMDs. We explore min-
iaturization as a means to enhance the performance of graphene
membranes for next-generation nano-electro-mechanical system
(NEMS) pressure sensors. The rapid advancement in the
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state-of-the-art lithography techniques has down-scaled MEMS
systems to the nanometer range (NEMS).26 The membrane
theory27,28 and the thin-film adhesivity model29,30 predict an
increase in the magnitude of strain and critical pressure of the
membrane, respectively, with dimension reduction. This will lead
to an overall performance enhancement and reduction in the
dimension of the graphene pressure sensor.

In Secs. II–IV, we develop a theoretical model to calculate the
pressure-induced strain within a membrane. Using it, we obtain the
PS and pressure range (PR) of graphene membranes in the ballistic,
quasi-ballistic, and diffusive regimes. The detailed derivations are
given in Appendixes A–E.

II. THEORETICAL MODEL

A. Simulation setup

The schematic diagram of the device setup meant to calculate
the PS of graphene is depicted in Fig. 1(a). We use a circular mem-
brane of variable radius a on different substrates to calculate the PS
of graphene in different transport regimes, namely, ballistic, quasi-
ballistic, and diffusive regimes. The pressure difference (up to
109 Pa) applied across the surfaces of the membrane and the corre-
sponding change in electrical resistance due to the deflection are
measured [refer to Fig. 1(b)]. The change in resistance with pres-
sure is used to calculate the PS.

B. Pressure sensitivity of graphene

Pressure sensitivity can be expressed as

P:S: ¼ GF � ε

P
, (1)

where GF is the gauge factor, ε is the strain, and P is the pressure
difference across the surface (refer to Appendix A). The PS
depends on GF and the ratio of strain and pressure. We measure
the deflection of the membrane as a function of pressure using
membrane theory27,28 and obtain the strain in the membrane.
Using the values of strain as a function of pressure, we calculate the
PS using the value of GF of graphene in different transport
regimes.12,13 Graphene has a very low GF across different transport
regimes. Thus, the PS of graphene can be increased by increasing
the ratio of ε

P. Since the elastic limit of graphene is very high,23 its

adhesivity with the substrate plays a vital role in defining the
maximum PR of the graphene sensor.

In Secs. II B 1–II B 3, we obtain the mathematical expressions
for strain as a function of pressure using the deflection of the mem-
brane as a function of pressure. Furthermore, we obtain the critical
pressure of graphene membranes of different dimensions on
various substrates to find the maximum pressure range.

1. Deflection of membrane

The deflection of the membrane (w) in the z-direction can be
approximated [see Fig. 1(b)] as

w ¼ w0 1� r2

a2

� �
, (2)

where w0 is the deflection of the center of the membrane, r is the
radius of the circle formed in the deflected membrane whose center
lies at the coordinates (0, 0, w), and a is the radius of the blister27

[see Fig. 1(b)]. The value of w0 can be calculated by applying the
principle of virtual displacement and relevant boundary condi-
tions27,28 (Table I). Thus, the expression for w0 is given by

w0

a
¼ � η

2
þ ζ

� �1
3þ � η

2
� ζ

� �1
3
, (3a)

ζ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ

3

� �3

þ η

2

� �2

s
, (3b)

ξ ¼ 4
7� γ

h
a

� �2

, (3c)

γ ¼ 3(ν � 1)
7� ν

� �
Pa
Eh

, (3d)

where ν, h, P, and E are, respectively, Poisson’s ratio, thickness,
pressure, and Young’s modulus of the graphene membrane.

2. Strain along the transport direction

An applied pressure across the surface of a circular graphene
membrane induces a non-uniform strain. Since we are working in
the sheet approximation of graphene (valid for graphene mem-
brane above 100 nm31 diameter), the strain does not depend on the
atomic arrangement.12,13,32 In order to calculate the PS using uni-
axial strain GF,12,13 we use an approximate method to calculate the
strain along the direction of current flow. As the deflections of all

FIG. 1. (a) Schematic diagram for device setup: a circular graphene membrane
of radius “a” on different substrates, used to calculate the pressure sensitivity of
graphene. (b) Schematic showing a deflected graphene membrane due to an
applied pressure across its surfaces.

TABLE I. Comparison of w0 values obtained here and by Koenig et al.
20

P (MPa) w0 (nm) (this work) w0 (nm)24

0.145 147 130
0.41 207 220
0.81 260 280

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 154501 (2022); doi: 10.1063/5.0102356 132, 154501-2

Published under an exclusive license by AIP Publishing



parallel paths (see Fig. 2), passing through the coordinates (xi, 0, 0)
are different for different values of xi. Thus, we compute the
average uniaxial strain of all these paths. We use a large number of
closely spaced paths so that the value of strain converges. The
detailed derivation of the expression for average strain along the
transport direction is given in Appendix B. The expression for
strain is given by

εi ¼ Li � L0
L0

, (4a)

εi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Y2

p

2
� 1þ 1

2Y
log jY þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Y2

p
j, (4b)

εavg: ¼ 1
N

XN
i¼1

εi, (4c)

where Y ¼ Ayi, A ¼ �2w0
a2 , and yi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � xi2

p
(see Appendix C for

detailed derivation). This approximation gives a quite accurate
value of PS since the PS depends on GF [see Eq. (1)], and the
values of GF of graphene for different types of strains are very
close.10,12,13,33

3. Adhesivity of graphene

Graphene is highly adhesive due to its ability to conform to
the topography of the substrates.20 Its high elastic limit22,23 along
with high adhesivity20,34,35 (see Table II) and impermeability24 is
useful for high-pressure sensing. The maximum PR of graphene
depends on its yield-pressure9 as well as critical pressure.20

The PS can be evaluated using Eq. (1), once the ratio of
average strain and pressure is obtained from Eq. (4). The critical

pressure of a membrane whose thickness is significantly less than
its diameter is given by

Pcr ¼ (17:4EhG3
a)

1
4

a
, (5)

where Pcr is the critical pressure, E is Young’s modulus, h is the
thickness of the membrane, Ga is the adhesivity, and a is the radius
of the circular membrane.29 Using Eq. (5), we obtain the critical
pressure of graphene on various substrates. This model accurately
predicts the critical pressure of graphene obtained by Koenig
et al.20 The critical pressure obtained experimentally by Koenig
et al. for a 2:5 μm radius graphene membrane on SiO2 is 1.14 MPa,
whereas the critical pressure predicted by Eq. (5) is 1.4 MPa, which
is pretty close to the experimentally obtained value.

III. RESULTS AND DISCUSSION

The performance of a graphene pressure sensor depends on
the membrane material and the substrate. The graphene membrane
determines the yield pressure (pressure at the yield point), whereas
the substrate’s adhesivity determines the critical pressure
(minimum pressure required to delaminate graphene from the sub-
strate). Because of the high elastic limit (more than 20%), yield
pressure is much larger than the critical pressure in a graphene
pressure sensor. Thus, the PR of a graphene sensor depends on its
interaction with the substrate.

Figure 3(a) shows an increase in the value of w0 with an
increase in the membrane radius “a,” which is evident from
Eq. (3). Further, in Fig. 3(b), we observe an increase in the yield
pressure with a reduction in the membrane radius. It is because the

strain in a deflected membrane is proportional to w2
0

a2 at a constant

pressure27,28 (see Appendix D) and the value of w2
0

a2 decreases as

FIG. 2. Schematic representation of methodology for average strain calculation
in a deflected membrane. The strain value is averaged over n discrete paths.
The top and side views of a single path passing through xi, 0 are shown.

TABLE II. Adhesivity of graphene on different substrates.

Substrate Adhesive energy (J m−2) Reference

Ni 72.7 36
Au 7.687 35
Pt 4.021 35
Cu 0.75 34
SiO2 0.45 20
h−BN 0.126 37

FIG. 3. (a) Displacement of the center of the membrane (w0) and (b) average
strain as a function of pressure for different membrane sizes. (c) Critical pres-
sure of graphene sensors as a function of radius for different substrates. (d)
Comparison of the critical strain of graphene on different substrates.
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radius “a” decreases [see Fig. 5(a)]. Since the value of yield strain of
graphene is independent of its dimension. So, the yield point is
reached at a higher pressure when its radius is smaller. The yield
pressures of 10 μm, 1 μm, and 100 nm are of the order of 108, 109,
and 1010 Pa, respectively.

Further, we obtain the critical pressure of graphene from
Eq. (5), which is inversely proportional to the radius “a.”
Consequently, we witness an increase in the critical pressure with the
reduction in radius [see Fig. 3(c)]. Figure 3(c) shows the variation of
critical pressure as a function of membrane size and substrate. The
figure concludes that critical pressure increases 100 times when its
radius reduces from 10 μm to 100 nm. Apart from the radius, the
critical pressure of graphene strongly depends on the substrate. In
general, graphene is more adhesive to metal substrates, such as
nickel, gold, and copper than amorphous insulators, such as SiO2.

38

Nickel has the highest adhesivity reported so far because of stronger
graphene–metal interaction and better lattice match.39

From Figs. 3(b) and 3(c), we infer that because of the large
yield pressure of graphene, the critical pressure determines the
upper limit of the PR. The critical strains of graphene on various
substrates are shown in Fig. 3(d). Out of them, graphene has the
highest critical strain of �10% with nickel which is within the
linear elastic limit of graphene.40

Using Eq. (4), we obtain the PS of ballistic, quasi-ballistic, and
diffusive graphene from the values of ε

P and GF in different trans-
port regimes. The value of PS per unit area lies between
10�11 and 10�10 mbar�1μm�2 for diffusive graphene, which is
close to the value of PS per unit area obtained by Zhu et al.41 and
Wang et al.42 for diffusive graphene. Figure 4 plots the PS per unit
area of ballistic, quasi-ballistic, and diffusive graphene and com-
pares their sensitivity with various commercially used membranes.
From these plots, we find that ballistic graphene (a ¼ 100 nm) has
a very high PS per unit area of nearly 2:5� 104 Pa�1 m�2. It is
approximately 25 times more sensitive than diffusive graphene

(10 μm) and five times more sensitive than quasi-ballistic graphene.
The miniaturization of graphene increases its PS per unit area and
significantly enhances the PR. The PS per unit area is proportional

to w2
0

a4 (see Appendix D). The value of w2
0

a4 increases as radius “a”
reduces [see Fig. 5(b)]. The maximum pressure that can be sensed
using ballistic, quasi-ballistic, and diffusive graphene is of the order
of 109, 108, and 107 Pa, respectively.

Despite a very small value of GF,10,12,13,33 graphene has a sig-
nificantly higher PS per unit area than silicon (103–104 times) and
GaAs (105 times) pressure sensors due to its high
surface-to-volume ratio.10 Hence, other atomically thin 2D materi-
als are also expected to have a high PS like graphene or even
more.11 Among them, TMDs are considered to be the leading
contender for replacing graphene due to their high GF (see
Table III). Nevertheless, the mechanical properties of graphene
are unparalleled, and no other thin-film material could compete
with it so far. The excellent adhesivity24 and mechanical proper-
ties23 of graphene give rise to its high PR. The value of PS per
unit area of a 2D sheet of PtSe2, is 104 Pa�1 m�2.11 Figure 4(d)
shows that the PS of graphene in the sub-micrometer length scale
is comparable to that of the PtSe2, despite the latter having a
high GF of �85.11 Thus, using the miniaturization of graphene,
we can design pressure sensors that have a very high PR and
high PS.

The higher value of PS per unit area of ballistic graphene does
not guarantee higher PS than quasi-ballistic and diffusive graphene
due to its smaller surface area. We propose a novel way to overcome
this limitation by forming a large array of ballistic graphene nano-
sensors from a graphene sheet instead of using a single large-sized
graphene sensor. By doing so, we effectively increase the overall PS
and PR of the graphene sensors. Figures 4(a)–4(c) show the forma-
tion of a single pressure sensor of radius 10 μm from a 20 μm edge
square graphene sheet, the formation of an array of pressure sensors
of radius 100 nm and 1 μm from a 2 and 20 μm square graphene
sheet, respectively, and the formation of an array of pressure sensors
of radius 100 nm from a 20 μm square graphene sheet. Note that we
consider an ideal case of the sensor array formation from a bigger
sheet of graphene, without taking into account the space required for
contacts, interconnects, and reference resistors. This assumption

FIG. 4. (a)–(c) Pressure sensitivity per unit area as a function of pressure for
membrane radii 100 nm, 1 μm, and 10 μm respectively. (d) Comparison of nor-
malized pressure sensitivities of ballistic, quasi-ballistic, and diffusive graphene
sensors with commercially used materials.10,11

FIG. 5. (a) w0=a vs pressure (P) and (b) w0=a2 vs pressure (P) at different
values of membrane radius “a.” The value of w0=a decreases as the radius “a”
decreases while w0=a2 increases as the radius “a” decreases. Plot (a) implies a
reduction in PS with a decrease in radius “a,” whereas plot (b) implies an
increase in the PS per unit area with a decrease in radius “a.”
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does not affect the relative PS calculation for different cases discussed
above as the percentage of sheet area required by the contacts and
the reference resistors is the same in each case. The relative PS of
array sensors and the pressure sensor formed from the same gra-
phene sheet is shown in Figs. 6(d)–6(f). The relative PS is highest
for a 100 nm radius pressure sensor formed from a 20 μm square
graphene sheet and is lowest for a 100 nm radius pressure array

formed from a 1 μm square graphene sheet. Hence, we conclude that
the smaller the radius of pressure sensors and the larger the size of
the graphene sheet, the more is the PS of the system. The advantage
of such a system is that a high PS and high PR are simultaneously
obtained. Based on these findings, we propose an array sensor of
radius 100 nm formed from a large graphene sheet connected to a
multi-channel Wheatstone bridge.

TABLE III. Thickness, Poisson’s ratio, Young’s modulus, elastic limit, and gauge factor of some common 2D materials.

Materials h (nm) ν E (N/m) ε (%) GF

Graphene 0.33549,52 0.1432 33553 >2023 0.3–10.310,12,13

Silicene 0.31354 0.3155 61.3353 554 −1.456
Phosphorene 0.957 0.70(zz), 0.18(ac)58 92 (zz), 23 (ac)58,59 260 12014,15

MoS2 0.6561 0.2562 175.563 344 −14816

MoSe2 0.864 0.2565 8045 2.566 170017

WS2 0.967 0.2365 17068 246 7018

WSe2 1.569 0.2165 132.870 2.547 300017

PtSe2 0.50771 0.2548 58.7672 248 −8511

ReSe2 0.6673 0.22374 92.474 319 50,19 −6019

FIG. 6. Schematics representations of: (a) a graphene pressure sensor of radius 10 μm formed from a square sheet of side 20 μm, (b) an array of graphene pressure
sensors of radius 100 nm or 1 μm formed from a square sheet of side 2 or 20 μm, respectively, and (c) an array of graphene pressure sensors of radius 100 nm formed
from a square graphene sheet of side 20 μm. The ratio of pressure sensitivities of: (d) sensors in sub-figures (b) and (a); (e) sensors of sub-figures (b) and (c); and (f )
sensors in sub-figures (c) and (a). Note: The percentage of graphene sheet area required for interconnects and reference piezoresistors is assumed to be the same in
each case. Hence, relative sensitivity plots in (d)–( f ) do not vary with a change in sensor design.
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In a n-channel Wheatstone bridge, n-channels or arms are
connected in parallel. Out of the n channels, n� 1 channels are in
an array configuration. Each channel contains a graphene pressure
sensor and a reference piezoresistor in series, as shown in Fig. 7(a).
The sensors and the reference piezoresistors are identical when the
pressure difference is zero across the sensors’ surface. The nth

channel is the reference channel and has two fixed equivalent resis-
tances in series. When pressure is applied to the sensors, the bridge
becomes unbalanced, creating a voltage difference between the
sensor (denoted by P) and the reference channels (denoted by P’).
The difference signals are fed to an adder to generate a collective
array signal.

The inset schematic of Fig. 7(a) shows the magnified view of
two adjacent channels of the proposed array sensors’ design. The
array sensors design consists of n� 1 channels on SiO2/Si wafer. The
pressure sensor Pn consists of a circular suspended graphene mem-
brane to apply pressure from the bottom. The reference piezoresistor
P

0
n has a suspended circular graphene membrane placed such that the

SiO2 layer is absent, but the silicon layer is present. Other channels

also have the same design. A square-ring-shaped nickel layer is placed
across the circular perforation of the pressure sensor. The gaps on the
square-ring divide the square nickel substrate. The separated nickel
layers do not make any physical contact with each other. The separa-
tion between ring is very small and is purposefully done to avoid
short-circuit of graphene membrane. The input voltage (Vin) and the
ground contacts are common for all channels as shown in Fig. 7(a).

The use of array sensors using graphene is highly advanta-
geous. The voltage output of a single graphene pressure sensor of
radius 20 μm is shown in Fig. 7(b), whereas in Fig. 7(c), an array of
graphene sensors of radius 1 μm are shown for n ¼ 1 and 100 and
in Fig. 7(d), an array of graphene membranes of radius 100 nm are
shown for n ¼ 1, 100, and 10 000. These figures conclude that the
output voltage of smaller-sized sensors when combined in the
multi-channel Wheatstone bridge configuration as an array of
sensors are many folds more sensitive than a single pressure sensor
of equivalent size. We notice a sharp increase in its PR (yellow
shaded region) also when multiple smaller sensors are used instead
of a single large graphene sensor is used.

FIG. 7. (a) Circuit diagram of a multi-channel Wheatstone bridge configuration for graphene array pressure sensors. Output voltage (Vout ) measured using n-channel
Wheatstone bridge shown in (a) for different numbers of pressure sensors (n) having radius (b) 10 μm, (c) 1 μm, and (d) 100 nm in an array configuration. The output
voltage and pressure range (represented by the yellow shaded region) increase by reducing the size of sensors and increasing the number of sensors in the array,
keeping the size of the original graphene sheet intact.
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The precise fabrication and operation of ballistic graphene
pressure sensors are complex despite their numerous advantages.
These impediments include diffusion at ultra-high pressure, resid-
ual strain in the membrane, and surface defects.

The relation between diffusion flux (J) and pressure gradient
across the graphene membrane is given by

J ¼ � D
kBT

dP
dx

; (6)

see Appendix E for a detailed derivation. At a pressure difference
of �100 KPa, the time taken for the gas to leak entirely through
monolayer graphene is 72 h.24 However, at ultra-high pressure
(�109), the pressure gradient will be significantly high across the
graphene membrane. This will lead to rapid gas diffusion through
the graphene membrane and possibly destabilize the read-out
signal. To avoid this problem, it is necessary to maintain an equi-
librium pressure difference across the membrane to facilitate
proper PS measurements.

It is pretty evident from Eq. (6) that the flux decreases with an
increase in the thickness, i.e., the number of layers of graphene.24,43

Thus, the diffusion flux may be slightly lower for PtSe2 and other
TMDs because of the thicker membrane. Nevertheless, their adhe-
sivity on various substrates38 and the elastic limit is significantly less
compared to graphene.19,44–48 So, despite a higher GF, the pressure
range will be significantly less than graphene. Thus, depending on
the requirement, i.e., high PS or ultra-high PR, a trade-off can be
made between the membrane’s thickness, radius, adhesivity, and GF.

Graphene sensor fabrication involves many complex steps.
Therefore, the sensors have surface defects, and residual strain is
also present. All these non-ideal conditions affect the overall per-
formance of sensors. The residual strain can usually be removed by
applying an offset pressure.

The graphene sensor discussed here is made up of small-sized
graphene membranes. Exfoliated graphene flakes are a few hundred
nanometers in size and are mostly defect-free.49 By using exfoliated
graphene, we can fabricate ballistic and quasi-ballistic graphene
pressure sensors free from surface defects. However, fabricating
large arrays of graphene sensors using exfoliated graphene is diffi-
cult. One possible way is to fabricate sensor arrays in numerous
graphene flakes and integrate them. In the case of graphene sensors
using CVD graphene, surface defects are more likely to be present
and will affect the sensor’s overall performance.

In Fig. 7(a), we see in the inset that graphene sheets are larger
than the circular membrane, and the resistance of the graphene on
the substrate must be included. This will lead to an increase in the
total resistance and reduction in the GF, as the change in resistance
will only occur in the circular membrane due to pressure. The mean
free path of suspended graphene is larger than graphene on substrates.
Therefore, the contact area of graphene on the substrate must be
minimum. Graphene on h-BN substrate has a very high mean free
path50 but has a very low adhesivity.37 Thus, h-BN is a good choice
for substrate in graphene pressure sensors when ultra-high PR is not
required. For high-pressure sensing, nickel substrate is the best.
However, due to the small mean free path of graphene on metals, the
graphene–nickel contact area must be small [see Fig. 7(a)]. Graphene
has a mean free path of 300 nm on SiO2. So, the entire setup could

be made on SiO2/Si wafer as shown in Fig. 7(a), which is conducive
for graphene exfoliation as well.

Graphene’s ability to sense pressure can be beneficial in many
other ways. A pressure sensor transforms pressure waves (sound
waves) into electrical signals, similar to how a microphone works.
Since graphene microphones have the advantage of being
resonance-free in the acoustic range,51 ballistic graphene array
nano-sensors can be instrumental in designing highly sensitive
microphones with high pitch and can eventually be useful in
modern smartphones.

Apart from this, the methodology used for analyzing ballistic
graphene pressure sensors in this paper can be used to explore
similar applications in other 2D materials. Among 2D materials,
Dirac materials have lower GF than TMDs due to the robust Dirac
cones.17 Hence, it is more likely that nanoscale TMD sheets will
have a larger PS than graphene, despite a smaller PR due to the
lower elastic limit of TMDs than graphene (see Table III).

IV. CONCLUSION

Motivated by the recent findings that showed the high-
pressure sensitivity of atomically thin materials such as graphene,
we explored the pressure sensitivity of miniaturized graphene mem-
branes on various substrates using the membrane theory and thin-
film adhesivity model. We used these findings on graphene mem-
branes of different dimensions on various substrates and found a
103-fold enhancement in the normalized pressure sensitivity per
unit area of ballistic graphene compared to commercial silicon
pressure sensors. Apart from pressure sensitivity, we showed that
ballistic graphene could sense ultra-high pressure of the order of
109 Pa. Moreover, we also found that ballistic graphene is 2–3 times
more sensitive than TMD, such as PtSe2, despite the latter having a
much higher gauge factor compared to graphene. Finally, this
paper concludes that a ballistic graphene pressure sensor is a
perfect blend of high-pressure sensitivity and ultra-high pressure
range. Based on these results, we proposed ballistic graphene array
sensors as next-generation NEMS pressure sensors for ultra-high
pressure sensing.
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APPENDIX A: EXPRESSION FOR PRESSURE
SENSITIVITY

Pressure sensitivity is expressed as

PS ¼ ΔR=R0

P
, (A1)

where ΔR is the change in resistance due to pressure P and R0 is
the resistance of membrane at zero strain. The right hand side of
Eq. (A1) can be written as ΔR

εR0
� ε

P. The quantity ε is the strain gen-
erated in the membrane due to pressure (P) and ΔR

εR0
is the gauge

factor (GF). Thus, Eq. (A1) simplifies into

PS ¼ GF � ε

P
: (A2)

APPENDIX B: DEFLECTION OF MEMBRANE

The pressure difference across the top and bottom surfaces
causes the membrane to deflect [see Fig. 1(b)]. The large scale
deflection of the membrane is approximated by the expression

w ¼ w0 1� r2

a2

� �
: (B1)

The radial displacement (u) can be approximately written as

u ¼ r(a� r)(c1 þ rc2), (B2)

where c1 and c2 are constant. The value of w0 can be easily com-
puted using the principle of virtual displacement. According to this
principle, change in mechanical energy is equal to work done by
the pressure to deflect the membrane.28 The mechanical energy of
a membrane includes strain energy and bending energy. On solving
the value of w0 using this principle, we obtain an analytical expres-
sion of w0 as a function of applied pressure, thickness, and radius
of the membrane.27,28

The value of strain energy of a circular membrane is given by

Vs ¼ πK
ða
0

	
ε2r þ ε2θ þ 2νεr þ εθ



rdr, (B3a)

K ¼ Eh
1� ν2

, (B3b)

εr ¼ du
dr

þ 1
2

�
dw
dr

�2

, (B3c)

εθ ¼ u
r
: (B3d)

On simplifying the above equations, we obtain the strain energy as

Vs ¼ πEh
1� ν2

1
4
c21a

4 þ 3
10

c1c2a
5 � 1

5
(3� ν)c1aw

2
0

�

þ 7
60

c22a
6 � 2

15
(3� ν)c2a

2w2
0 þ

2
3
w4
0

a2

�
: (B4)

The bending strain energy of a membrane is given by28

Vb ¼ 4πD(1þ ν)
w0

a

� �2
, (B5)

where D ¼ Eh3
12(1�ν2) is the bending rigidity. The work done by the

pressure to deflect the circular membrane is given by27

W ¼ πa2P
2

w0: (B6)

In equilibrium, the value of Vs is minimum with respect to c1
and c2. Using these conditions along with the principle of virtual
displacement,28 we obtain the value of w0. These conditions are
mathematically expressed as

dVs

dc1
¼ dVs

dc2
¼ 0, (B7a)

d(Vs þ Vb)
dw0

δw0 ¼ dW
dw0

δw0: (B7b)

On solving Eq. (B7), we obtain a cubic equation in terms of
w0 which is given by27

w3
0 þ

4h2

(7� ν)
w0 � 3(1� ν)Pa4

Eh
¼ 0: (B8)

Solving Eq. (B8) using Cardan’s formula, we get the value of w0

required in Eq. (2).

APPENDIX C: STRAIN ALONG THE TRANSPORT
DIRECTION

The strain (ε) along the transport direction is different at dif-
ferent portions of the circular membrane, as shown in Fig. 2. Thus,
we have to calculate the average strain in the membrane due to
applied pressure. We divide the circular basement of the deflected
membrane into a large number of parallel chord paths along the
transport direction. The strain in the geodesic arcs of the deflected
membrane along these chord paths are given by the difference in
the length of the geodesic arc and the length of the corresponding
chords.
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The length of the chord in an unstrained membrane passing
through (xi, 0, 0) is equal to L0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � xi2

p
. The length of the line

passing through the deflected surface is given by

Li ¼
ð ffiffiffiffiffiffiffiffiffi

a2�x2i
p

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ dw

dy

� �2
s

dy: (C1)

The value of strain εi can be written as

εi ¼ Li � L0
L0

: (C2)

On simplification of Eq. (C1) using Eq. (B1), we obtain

Li ¼ Y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Y2

p

2A
þ 1
2A

log jY þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Y2

p
j, (C3)

where Y ¼ ��2w0

ffiffiffiffiffiffiffiffiffiffi
a2�xi2

p
a2 and A ¼ �2w0

a2 . Further, using Eqs. (C2)
and (C3), we obtain the strain along the direction of transport.

APPENDIX D: PRESSURE SENSITIVITY PER UNIT AREA
OF GRAPHENE MEMBRANE

The PS of a graphene membrane is given by Eq. (1). The GF
of graphene is very small across different length scales due to the
presence of robust Dirac cones.12,13 According to Eq. (1), PS
depends on the magnitude of strain at a particular pressure. The
radial (εr) and tangential strains (εθ) are expressed as

εr ¼ 3� ν

4
w0

a

� �2
1� 1� 3ν

3� ν

r
a

� �2
� �

(D1a)

and

εθ ¼ 3� ν

4
w0

a

� �2
1� r

a

� �2
� �

, (D1b)

respectively,27 where ν is Poisson’s ratio. At any point in the
deflected membrane, strain components are directly proportional

to w2
0

a2 . Thus, PS is directly proportional to
w2
0

a2 , and PS per unit area is

directly proportional to w2
0

a4 .

APPENDIX E: EXPRESSION FOR DIFFUSION THROUGH
GRAPHENE

The ideal gas equation is given by

PV ¼ NkBT , (E1)

where N is the number of gas molecules, kB is the Boltzmann cons-
tant, P is the pressure, V is the volume, and T is the temperature.
Equation (E1) can be written as

P ¼ fkBT , (E2)

where f is the concentration of gas. Using Fick’s law, we can write

the diffusion flux as

F ¼ �D
df
dx

: (E3)

Here, D is the diffusion coefficient of gas and F is the gas flux.
From Eqs. (E2) and (E3), we obtain the relation between gas flux
and pressure gradient across graphene (assuming T is constant).
The mathematical relation between these quantities is given by

F ¼ � D
kBT

df
dx

: (E4)
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