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Graphene is an excellent piezoresistive material. The gauge factor of graphene mirrors
the sensitivity of electromechanical devices. This paper mainly studies the gauge factors
of different layers of graphene under different deformation conditions. Specifically, a
theoretical model was combined with linearized Boltzmann transport equation, and the
density function theory (DFT) to explore how the layer number of graphene affects
sensitivity. The results show that monolayer graphene is slightly more sensitive than
two-layer graphene, and significantly more sensitive than three-layer graphene and four-
layer graphene. In particular, monolayer graphene remains highly sensitive under large
deformation conditions, which gives monolayer graphene a significant advantage over
other layers of graphene. Furthermore, a microelectromechanical system (MEMS)
pressure sensor was proposed with monolayer graphene, and compared with previous
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similar sensors with multilayer graphene in terms of sensitivity.

1. INTRODUCTION

Graphene, which was experimentally discovered in 2004 [1,
2] is more robust and flexible than other materials. This novel
material has attracted a lot of scientific interests [3-6] and
becomes significant topics. A number of excellent properties
have been found theoretically and experimentally [7-10],
making graphene a very promising material in various fields.
So far, a great amount of effort has been invested to apply
graphene in electronic devices, such as flexible touch screens
[11], high frequency transistors [12], and high sensitivity
sensors [13-15]. The development of electronic devices is
primarily motivated by the continuous improvement of
performance. Therein, sensitivity is a key evaluator of the
performance of electronic devices. The gauge factor mirrors
the sensitivity of electronic devices, which are designed using
the electromechanical properties of graphene. To make these
devices more sensitive, many researchers have probed deep
into the gauge factor of graphene.

Previous experiments on the gauge factor of graphene show
that the factor is negatively correlated with the number of
layers [16, 17]. Various ways have been adopted to modulate
the gauge factor of graphene, such as modifying active
molecules on the surface [18], changing the morphology or
sensing mechanism [19], and doping graphene. Despite the
extensive experimental works, the experimental data were
obtained under specific experimental conditions, and are
susceptible to environmental factors, which are difficult to
eliminate. To make matters worse, graphene is extremely
sensitive to environmental factors like temperature, humidity
and gas adsorption. To capture the exact sensitivity of
graphene, it is important to remove the influence of
environmental factors. In particular, the effect of the layer
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number on the sensitivity of graphene must be studied
theoretically, in order to guide the design of graphene-based
electronic devices.

This paper presents a theoretical model using linearized
Boltzmann transport equation. Drawing on the density
function theory (DFT), the gauge factors of different layers of
graphene were calculated under different deformation
conditions, and used to evaluate the effect of the layer number
on the sensitivity. On this basis, a microelectromechanical
system (MEMS) pressure sensor was proposed with
monolayer graphene, and compared with previous similar
sensors with multilayer graphene in terms of sensitivity.

2. MATERIAL AND METHODS
2.1 Theoretical analysis

The charge carrier density and mobility in strained graphene,
and thus the gauge factor, can be described accurately by a
theoretical model using linearized Boltzmann transport
equation [20]. The charge carrier density in graphene is
approximately proportional to the inverse of the squared Fermi
velocity:

N, (&)~1/v,(e)’ (1

Considering the scattering mechanism of defects, the
dependence of the mobility on the Fermi velocity can be given
by:

He() ~ v () @)

Thus, the resistivity is approximately proportional to the
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inverse of the squared Fermi velocity [21]:

p(&)~1/v,(e)’ 3)

The resistance of a strained graphene can be defined by:
L 1

R: e
pW

- (e )L
2gN,u, 1+, )W

“)

where, £, and ¢,, are strain components in the x and y
directions of the graphene, respectively; ¢ is the basic unit of
charge; L' and W are the length and width changes of the
strained graphene, respectively.

In addition, the gauge factor, which reflects the sensitivity
of the graphene material, can be determined by:

AR

R

G= 3

2.2 DFT calculation

To illustrate the sensitivity of graphene with different layers,
a DFT method was employed to calculate the Fermi velocity
of strained graphene. The primitive cell of each graphene
system was constructed using two carbon atoms.
Approximately 30 A of vacuum was added onto the graphene
to separate repeated cells along the ¢ axis. To simply
calculation, the graphene surface was meshed into £ 10x10
grids using one mesh point along the ¢ direction.

2.3 Device fabrication

The research team purchased a 0.5 mm-thick commercial
single-crystal silicon wafer, which was grown in the [110], and
obtained a Trivial Transfer Graphene from ACS Material,
Nanjing XFNANO Materials Tech Co., Ltd. (XFNANO),
which is a monolayer graphene coated by poly methyl
methacrylate (PMMA).

The experimental devices were fabricated by the standard
techniques. Firstly, the silicon nitride membrane was
deposited to the thermally oxidized silicon wafer, forming a
200 nm-thick electrical isolation layer. Next, 50 nm of Cr and
250 nm of Au were evaporated to the silicon nitride layer for
the contact. After that, the electrode patterning was acquired
by photolithography and chemical etching. Again, it is pivotal
to ensure that devices have the ability of electromechanical
sensing. To this end, 1,400 pm-wide square cavities defined
with photoresist were etched 450.3 pm deep into the silicon
layer at the backside of the wafer. Then, a piece of glass was
bonded with the wafer backside for sealing gas in the cavities,
creating a pressure difference between the inside and outside
of the cavities. In the end, the monolayer graphene was
transferred onto the above-mentioned substrate. The graphene
with PMMA was rinsed in de-ionized water and picked up
with the chip. The chip was baked for 20 min at 100 °C such
that the graphene adheres to the silicon nitride layer and the
gold electrodes. Moreover, the PMMA was dissolved by
acetone, followed by ethyl alcohol and de-ionized water
rinsing. The chip was again baked for 10 min at 50 °C to dry
the graphene. For imaging the graphene, its patterning was
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defined by photolithography and etched through an O plasma
process.

2.4 Material characterization

In recent years, atomic force microscope and Raman
spectrometer become powerful tools for characterizing and
metering solid materials at the nanoscale. To verify the quality
of graphene on the chip surface, these tools were employed to
detect the roughness and layer number of graphene.

2.5 Measurement

The gas pressure was captured by referring to the readings
on a Mensor pressure controller. In the Argon atmosphere, the
positive gas pressure was loaded on an operating device,
resulting in a pressure difference between the outside and
inside of its cavity. The pressed cavity membrane then bent,
causing the graphene to deform. In this way, the device
sensing function is achieved. In addition, the
electromechanical measurements were obtained by a
multimeter, combined with the pressure controller.

3. RESULTS AND DISCUSSION

According to Boltzmann's theory, the sensitivity of
graphene can be explained by the relative change of Fermi
velocities of the same material under different deformation
conditions. The initial Fermi velocity varies with the layer
number of graphene. In general, the monolayer graphene has
a higher initial Fermi velocity than the other graphene systems.
It is the difference between the initial Fermi velocities that
results in the sensitivity difference between graphene systems.

The gauge factors, an indicator of device sensitivity, for
different layers of graphene were calculated by the theoretical
model in Section 2.1 and compared in Figure 1. Figure 1(a)
shows that the monolayer graphene was highly sensitive under
all strain conditions. In particular, its sensitivity remained high
despite serious deformations, giving monolayer graphene a
significant advantage over other layers of graphene. Figure 1(b)
shows that the two-layer graphene was not as sensitive as
monolayer graphene across the range of strains. The sensitivity
of the two-layer graphene was low under partial strain
conditions. Figure 1(c) shows that the three-layer graphene
had a low sensitivity across the entire strain range. The
sensitivity was particularly low in the presence of large
deformation. Figure 1(d) shows that the four-layer graphene
bore the same features as the three-layer graphene. Figure 2
summarizes the mean gauge factors in the strain range shown
in Figure 1 to broadly compare the sensitivities of different
layers of graphene. It can be seen that the monolayer graphene
was slightly more sensitive than the two-layer graphene, and
significantly more sensitive than the three-layer and four-layer
graphene. These results provide a theoretical basis for
improving the sensitivities of graphene electromechanical
devices.

To test the sensitivity of the monolayer graphene, a sensitive
element of graphene MEMS pressure sensor was fabricated
by the standard techniques described in Section 2.3. The
schematic of the device is shown in Figure 3. The lateral view
provides the basic structure of the device. It can be seen that a
multilayer component membrane, consisting of silicon and
silicon dioxide and silicon nitride (SiNx), serves as the



Daosen Liu, Shengsheng Wei, Dejun Wang/ J. New Mat. Electrochem. Systems

structural element in this pressure sensor. The suspended
membrane was poised because the sealed cavity has the same
pressure inside and outside, in the absence of external factors.
When a differential pressure is applied, the membrane deflects
and deforms into a concave shape. The top view in Figure 3
presents the pattern of the graphene on the SiNx membrane
after being etched by O, plasma. From the top view, it can be
seen that the only resistance of the monolayer graphene
exhibited a meander pattern. The graphene resistance was
above the cavity, acting as sensitive element. The pressure was 000 00 004 006 005 010 0J2
sensed when the only graphene resistance is strained, because Strain

the suspended membrane deforms due to the pressing device. (d) Four layers

The atomic force micrograph and the Raman spectrum of the
graphene are shown in Figure 4. Although the micrograph
indicates that the graphene is smooth, there were a few
pollutants on the graphene surface. The Raman spectrum
suggests that the monolayer graphene had few defects.
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Figure 4. Characterization of device

To evaluate the sensing performance of the device based on
the only monolayer graphene resistance, a new pressure sensor

was developed based on above sensitive element (Figure 5 (1)).

It can be learned that the sensor consists of four monolayer
graphene resistances with the meander patterns. These
resistances are symmetric to the sensor center. The original
values of these resistances are equal, for every meander pattern
is as same as the one of only monolayer graphene resistance in
Figure 3. Therein, a pair of graphene resistances above the
cavity act as sensitive elements, but the rest are not above the
cavity and remain constant. A direct current (DC) source and
a multimeter were connected to the above circuit (Figure 5(2)),
forming a Wheatstone bridge based on the monolayer
graphene with meander patterns. The R in Figure 5(2)
represents single graphene resistance as sensitive element, and
the Ry represents constant graphene resistance. The voltage
output A4V of the Wheatstone bridge can be expressed as:

AV =2UR, (R, +R)-U (6)
where, U 1is the voltage of the DC source. The
electromechanical performance of the proposed sensor was
measured by combining the electromechanical measurements
for the only monolayer graphene resistance as sensitive
element in Figure 3 and theoretical analysis by the equation (6)
for this sensor [22]. As shown in Figure 5, the test data at 5 V
demonstrate that the voltage output increased linearly as the
differential pressure rose from 0 to 70 kPa. From Figure 5, it
can be seen that the voltage output of the sensor could reach
up to 14.1 mV when the pressure rose to 70 kPa. Its sensitivity
was about 4.03x10-/kPa. Figure 5 also provides the excellent
fitting for the group data.
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Figure 5. Voltage output as function of the differential
pressure for the proposed sensor
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In practice, graphene as a sensitive element shows different
sensitivities, depending on the layer number. In this paper,
monolayer graphene is taken to prepare the graphene MEMS
pressure sensor, and the sensitivity of monolayer graphene is
realized at about 4.03x103/kPa in device applications.
Recently, few-layer graphene was used to prepare similar
sensors, and its sensitivity was measured at 1.94x107/kPa in
device applications [23]. Multilayer graphene was also
adopted to prepare the similar sensors, and its sensitivity was
around 3.33x1075/kPa in device applications [24]. Thus, the
device fabricated using monolayer graphene is more sensitive
than the devices fabricated with few or multiple layers of
graphene. This coincides with the above theoretical analysis
that monolayer graphene is more sensitive than multilayer
graphene.

4. CONCLUSIONS

In summary, this paper puts forward a theoretical model
using linearized Boltzmann transport equation. To disclose the
effect of the layer number on the sensitivity of graphene, we
theoretically studied the gauge factors of different layers of
graphene under different deformation conditions, by
combining the model with the DFT. The results show that the
monolayer graphene is highly sensitive under all strain
conditions. By comparison, the monolayer graphene is slightly
more sensitive than the two-layer graphene, and significantly
more sensitive than the three-layer and four-layer graphene. In
particular, the sensitivity of monolayer graphene remains high
under large deformations, giving it a significant advantage
over other layers of graphene. In addition, the superiority of
monolayer graphene was verified by contrasting the proposed
MEMS pressure sensor with previous similar sensors with
multilayer graphene. The research results can guide the design
of graphene electronic devices, and eliminate the blindness of
experimental studies on device applications.
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