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Vertical Tunneling Graphene Heterostructure-Based
Transistor for Pressure Sensing
Nayereh Ghobadi and Mahdi Pourfath, Senior Member, IEEE

Abstract— In this letter, a pressure sensor based on the vertical
tunneling graphene field-effect transistors (VTGFETs) is proposed and theoretically analyzed. The proposed sensor consists
of a graphene-hexagonal boron nitride (hBN) heterostructure.
Molecular dynamic simulations are used to evaluate the strain
distribution and stress-strain relation of the sensor. The device
characteristics of VTGFET under pressure are investigated,
by employing an atomistic tight-binding model along with the
nonequilibrium Green’s function formalism. The dependency of
the tunneling current variation and the sensitivity on the number
of hBN layers, bias voltages, and temperature are studied and
appropriate parameters for optimal performance are calculated.
A nonlinearity error of 3.2% within the range of 30 GPa and a
sensitivity of ∼1300 pA/A/Pa for a VTGFET with six layers of
hBN are predicted.
Index Terms— Graphene, tunneling transistor, pressure sensor,
quantum transport.

I. I NTRODUCTION

G

RAPHENE has attracted much attention due to its
excellent electronic, physical, mechanical, and thermal
properties. This material shows an extreme stiffness with
Young’s modulus of 1 TPa and a fracture strength of
about 130 GPa [1] and super flexibility and stretchability up
to 20% [2]. These factors render graphene as a promising base
material for nano electro mechanical systems, for example
for pressure sensing. The discovery of graphene in 2004 has
triggered an unprecedented leap in the research on ultrathin
two-dimensional crystals. Famous examples include hexagonal
boron nitride (hBN) and molybdenum disulfide (MoS2 ).
hBN is an insulating isomorph of graphene, where boron
and nitrogen atoms are organized in hexagonal rings, with a
bandgap of 6 eV and a lattice mismatch with graphene of
only 1.7%. hBN is comparable with graphene in terms of
thermal conductivity and mechanical robustness [3]. Hybrid
devices of graphene with insulating hBN have attracted the
attention of scientists. Such a hetero-structure has recently
been employed as a tunnel barrier in vertical graphene-based
transistors [4]. The source and drain contacts of this structure
are made of graphene and the tunneling barrier is composed
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Fig. 1. (a) The sketch of the simulated VTGFET structure. All hBN layers
are arranged in the Bernal (AB) stacking. A 300 nm layer of SiO2 , that
corresponds to the realized structure in Ref. [4], is used as the gate oxide.
The device area is 20nm 2 . A two-electrode structure is assumed for improved
electrical characteristics [5]. The drain-source bias voltage, VB , gives rise to
the tunneling current through the hBN layers. (b) The displacement of atoms
in the studied structure under pressure. (c) The stress-strain relations of the
VTGFET under compressive loading along the vertical direction at various
numbers of hBN layers. (d) The comparison of MD simulation results with
experimental data of Ref. [6].

of hBN. The operation of this device is based on the voltage
tunability of the density of states in graphene and of the
effective height of the tunneling barrier. In this structure,
the current is due to the tunneling of carriers and exponentially increases as the thickness of the dielectric or interlayer
distance of hBN layers decreases. This phenomenon makes
VTGFET attractive for sensitive pressure sensing. Moreover,
due to atomic thickness and lateral size of VTGFETs which
can be scaled down to 10 nm [4], a footprint in the scale
of nm3 can be obtained which is much smaller compared to
conventional MEMS sensors. In this work, the characteristics of VTGFET-based pressure sensors are comprehensively
investigated and optimization studies are performed.
II. A PPROACH
The sketch of the studied VTGFET is shown in Fig. 1(a).
The applied gate voltage, VG , controls the tunneling current
between source and drain by modulating the tunneling barrier
height and carrier concentration. By applying pressure the
sheets undergo displacement and the relative positions of
atoms and interlayer distances are modified. We have utilized
molecular dynamic (MD) simulations to obtain the vertical
compressive strain-stress relation of VTGFETs. Based on
the calculated strain values from MD simulations, the
tight-binding parameters are modulated accordingly.
Thereafter, the calculated interlayer distances and atomic
structure of the device under pressure are used in the
non-equilibrium Green’s function (NEGF) formalism [7] to
obtain the electrical characteristics of VTGFETs as a function
of the applied pressure.
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For MD simulations the large-scale atomic/molecular
massively parallel simulator (LAMMPS) package has been
used [8]. Periodic boundary condition is applied along the
in-plane two directions. For interactions of carbon atoms in
graphene sheets, the reactive empirical bond order (REBO)
potential [9] is adopted. For describing the interaction
between B and N atoms in boron nitride sheets, the Tersoff-like
potential with the parameters proposed by Albe et al. [10] was
chosen. The long-range or interlayer interactions are characterized using the Lennard-Jones 12-6 (LJ12-6) potential with the
parameters from Ref. [11]. For large distances where atoms
are not covalently bonded to each other and the interaction
is due to van der Waals force, the LJ12-6 potential can be
used. Even under strain values of about 20%, the C, B and
N atoms of different layers are not close enough to interact
covalently with each other and the interactions between them
are still due to van der Waals force. In our simulations
we assumed a unit-cell in the size of 4.26 nm × 4.67 nm.
The height of the unit-cell depends on the number of hBN
layers, where the thickness of each layer is assumed to
be 3.35 Å [3], [12]. The simulated cell is firstly relaxed
to a minimum energy state with the conjugate gradient
energy minimization. Then, in order to obtain stress-strain
relation, the uniaxial strain is applied in the following way:
the two graphene sheets are fixed in the vertical direction
but are allowed to move in the lateral directions. Then the
top graphene layer is pushed in a constant velocity along
the axial direction, which results in a constant engineering
strain rate of 0.05 ps−1 [13]. All the simulations are carried
out at 300 K with the Nose-Hoover thermostat [14]. The
Velocity-Verlet time stepping scheme is used with an
integration time step of 0.5 fs.
The tight-binding parameters are adopted from Ref. [5].
In order to describe the modulation of the hopping parameters
with the bonding length, the model proposed in Ref. [15] is
employed

 2
1
d0
t (d0 )
t (d) =
d
1 + exp[46(d/d0 − 1)]

(d/d0 )4.33 exp[4.33(1 − d/d0 )]
, (1)
+
1 + exp[−46(d/d0 − 1)]
where d0 and d are the undeformed and deformed bonding
length/interlayer distance, respectively. This model gives more
accurate results than the Harrison’s model in describing the
bonding length dependency of hopping parameters in layered
structures [16]. For atomistic and quantum mechanical description of carrier transport in the VTGFET, the NEGF method
is utilized [7]. The electrostatic potential is self-consistently
evaluated [5].
III. R ESULTS AND D ISCUSSIONS
Fig. 1(b) shows the displacement of atoms under pressure.
For a pressure range up to 60 GPa, a maximum compressive
vertical strain of 20% occurs at each layer. Since graphene is
a two-dimensional material, the vertical strain (ε) is defined
as the ratio of the interlayer distance variation to that of the
unstrained (ε = (d0 − d)/d0 ). The stress-strain relations of the
studied structure at various numbers of hBN layers are shown
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Fig. 2. (a) The drain current as function of the applied pressure (the inset
shows the logarithmic scale) with 4, 5, 6 layers of hBN. (b) The variation of
the tunneling current and sensitivity as functions of the temperature.

in Fig. 1(c). To validate our approach, the results of graphite
are compared with experimental results [6] (Fig. 1(d)). The
good agreement of our simulation results with the experimental data for graphite confirms the accuracy of our
MD simulation approach. To obtain the stress-strain curve of
Gr/hBN/Gr heterostructure, however, we have used the same
simulation approach and the only difference is the employment
of widely used Gr/hBN/Gr potential parameters [10], [11].
It should be noted that experimental values are very sensitive
to the presence of stacking faults, defects, and impurities and
slight deviations in theory and experiment are expected. The
stress increases approximately linearly with the compressive
strain at small strain values. Thereafter, it increases approximately quadratically with the strain. To obtain the same strain
value, a larger stress is required as the number of layers
increases which is due to stronger van der Waals interactions.
The modulation of the tunneling currents with the
applied pressure are depicted in Fig. 2(a). To obtain the
non-linearity error, straight lines are fitted to the curves
in Fig. 2(a), using the least square method. In the range
of 30 GPa, the maximum non-linearity errors for sensors
with 4, 5, and 6 layers of hBN are 0.94%, 3.25%, and
3.19%, respectively. An important characteristic of a pressure sensor is its insensitivity to temperature variation. For
this purpose we performed MD and NEGF simulations at
various temperatures. Fig. 2(b) shows the tunneling current
as a function of temperature under the pressure of 30 GPa.
There are two phenomena that affect the tunneling current.
Firstly, based on the Landauer formula, the tunneling current
increases due to a more broadened Fermi-distribution function of carriers at higher temperatures. Secondly, at a
constant pressure, sensor undergoes larger strain at higher
temperature which is due to smaller elastic constant [17].
The temperature dependency of the tunneling current and
the sensitivity are about 0.05%/°C and 0.01%/°C close
to T = 300K, respectively.
An important figure of merit for a sensor is its sensitivity.
The sensitivity of a pressure sensor can be defined as
S=

ID /ID
,
P

(2)

where ID = I D (P = P0 ) − I D (P = 0) is the tunneling
current variation due to pressure. The effect of the applied
biases on the characteristics and sensitivity of the sensor with
6 layers of hBN is depicted in Fig. 3(a)-(c). The sensitivity peak occurs at FG = −1V/nm and VD = 0.9V which is
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essential to choose an appropriate value of N which results
in an acceptable value of sensitivity and detectable tunneling
current concurrently. As the current increases with the area of
device, one can increase area to get detectable current values.
As a rough estimate for sensors with nano-scale dimensions,
6-8 layers of hBN lead to simultaneous detectable tunneling
current and acceptable sensitivity.
IV. C ONCLUSIONS
Fig. 3. (a) The drain current, (b) the drain current variations, and (c) the
sensitivity of a VTGFET-based pressure sensor as functions of the applied
gate and drain voltages.
TABLE I
T HE S ENSITIVITY AS A F UNCTION OF THE N UMBER OF hBN L AYERS

equal to 1293 pA/A/Pa. As can be seen in Fig. 3(a) and (b),
an increase in the gate and drain biases results in
larger ID and ID . Therefore both terms in the numerator and
the denominator of Eq. (2) increase with an increase in bias
voltages. The sensitivity peak, however, is determined by the
slope of the numerator and the denominator variations. The
sensitivity decreases in the region with large gate and drain
voltages due to a larger tunneling current that increases the
denominator of Eq. (2). On the other hand, at smaller biases,
the variation of the denominator is larger than that of the
numerator which results in a larger sensitivity. The temperature
dependency of the sensitivity is also depicted in Fig. 2(b).
Furthermore, we investigated the effect of the number of
hBN layers on the sensitivity of the sensor. The sensitivities
for sensors with different hBN layers at FG = −1V/nm and
VD = 0.9V are listed in Table I. The sensitivity increases
with the number of hBN layers. Sensors with smaller number
of hBN layers have larger ID which increase the denominator
of Eq. (2). On the other hand, at a constant pressure, sensors
with larger number of hBN layers undergo smaller strains
(Fig. 1(c)) which result in smaller ID and as a result the
reduction of the numerator of Eq. (2). If a device with N hBN
layers under the pressure P endures a strain equal to ε,
the tunneling barrier thickness under the pressure P varies
from d0 = (N + 1)3.35 Å to d = (N + 1)(1 − ε)3.35 Å.
As the tunneling current has an exponential relation with the
tunneling barrier, ID ∝ exp (−αd) where α is a constant,
the sensitivity of the device with N hBN layers can be
written as S(N) ∝ ID (P)/ID (0) ≈ exp (α(d0 − d)) =
exp (α(N + 1) × 3.35 × ε). In order to find the optimum
value of N with the largest sensitivity, one must
have S(N) = S(N + 1). Under the same pressure P,
the strain for a device with N + 1 hBN layers can be
approximated as ε − ε. Using this approximation the
required number of hBN layers for maximum sensitivity is
N = (ε/ε) − 2. It can be inferred from the Fig. 1 that
under the stress of 30GPa, the sensor undergoes a strain of
about 0.15. ε is of the order of 10−3 which results in N
to be of the order of 100. However, this value leads to too
small tunneling current for electrical detection. Thus, it is

A pressure sensor based on VTGFET is proposed. MD and
atomistic NEGF simulations are employed for the analysis and
optimization of such sensors. The results indicate a sensitivity
of about 1300 pA/A/Pa and a temperature sensitivity of
about 0.05 %/°C close to T = 300 K can be achieved
for a sensor with 6 hBN layers. As the number of hBN
layers increases the sensitivity increase, but the non-linearity
increase and the tunneling current can become smaller than
the detectable range. Excellent characteristics along with the
possibility of scaling these sensors to nanometer dimensions
make them excellent candidates for sensitive pressure sensing
in nano electromechanical systems.
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