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The outstanding properties of graphene have laid the foundation for exploring graphene-like two-
dimensional systems, commonly referred to as 2D-Xenes. Amongst them, silicene is a front-runner
owing to its compatibility with current silicon fabrication technologies. Recent works on silicene
have unveiled its useful electronic and mechanical properties. The rapid miniaturization of silicon
devices and the useful electro-mechanical properties of silicene necessitates the exploration for po-
tential applications of silicene flexible electronics in the nano electro-mechanical systems. Using a
theoretical model derived from the integration of ab-initio density-functional theory and quantum
transport theory, we investigate the piezoresistance effect of silicene in the nanoscale regime. Like
graphene, we obtain a small value of piezoresistance gauge factor of silicene, which is sinusoidally
dependent on the transport angle. The small gauge factor of silicene is attributed to its robust
Dirac cone and strain-independent valley degeneracy. Based on the obtained results, we propose to
use silicene as an interconnect in flexible electronic devices and a reference piezoresistor in strain
sensors. This work will hence pave the way for exploring flexible electronics applications in other
2D-Xene materials.

I. INTRODUCTION

The unique electrical [1, 2], mechanical [3–5] and chem-
ical properties [6, 7] of graphene have paved the way
for exploration of graphene analogues like silicene, ger-
manene, phosphorene, to name a few. These 2D mate-
rials have outstanding properties; however, they face a
huge challenge in terms of their large-scale growth and
compatibility with the current device-fabrication technol-
ogy. Amongst them, silicene has the advantage over other
contenders because of its compatibility with the already
established silicon fabrication technology [8]. Apart from
the commercial advantages, silicene also possesses useful
electro-mechanical properties [9, 10] along with addi-
tional features such as strong spin-orbit coupling [11],
giant magneto-resistance [12], and tunable bandgap due
to applied electric field [13].
In the last few years, graphene has been rigorously ex-

plored for straintronics applications due to its excellent
electro-mechanical properties [5, 14–19] and exotic physi-
cal phenomena resulting from strain maneuvering [1, 20–
23] such as zero-field quantum Hall effect [20, 24], super-
conductivity [25], and unique Dirac cone dynamics [14–
16]. In many ways, silicene is identical to graphene. Like
graphene, silicene exhibits linear energy dispersion rela-
tion near the Dirac points [26, 27], zero band-gap [28],
and more importantly, a dynamically stable material [27].
Despite these advantages, straintronics application of

silicene remains unexplored. In this paper, we explore the
straintronics properties of silicene in the quasi-ballistic
transport regime (which corresponds to a length-scale
of around 100 nm - 200 nm) [29] for potential appli-
cations in future NEMS systems and flexible electronic
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devices.Various 2D materials with enhanced electrical,
optical and mechanical properties like graphene, dis-
play novel applications in NEMS systems such as refer-
ence piezoresistor [22] and ultra high-pressure sensitiv-
ity [23, 30, 31]. Because of the similarities between sil-
icene and graphene, the former is expected to contribute
to the field of NEMS sensors. The applications of flexible
electronics are pretty diverse, with fundamental criteria
being robust electronic and excellent mechanical response
to strain [32] followed by portability and manufacturabil-
ity [33], which are expected in silicene [8–10]
Using theoretical models derived from the integration

of ab-initio density-functional theory and quantum trans-
port theory, we investigate the piezoresistance effect of
silicene in the nanoscale regime. Like graphene, we ob-
tain a small value of piezoresistance gauge factor of sil-
icene, which is sinusoidally dependent on the transport
angle. The small gauge factor of silicene is attributed
to its robust Dirac cone and strain-independent valley
degeneracy. Based on the obtained results, we propose
silicene as an interconnect in flexitronic devices and a ref-
erence piezoresistor in strain sensors. In the subsequent
sections, we describe the mathematical models to extract
the hopping parameters of strained silicene and calculate
the gauge factors (GFs) along different transport direc-
tions.

II. SIMULATION SETUP

The device setup for the calculation of piezoresistance
gauge factor of silicene along different transport angles is
shown in Fig. 1(a). It consists of a silicene sheet placed
between the two contacts, source and drain. A uniaxial
strain of magnitude (s) varying from 0% to 5% is applied
along the armchair (AC) and zigzag (ZZ) directions, and
the resistance is simultaneously measured along different
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(a) (b)

FIG. 1. Schematic diagrams (a) depicting the piezoresistance
setup and (b) the quasi-ballistic transport of electrons in sil-
icene.

transport angles ‘θ’ (0◦ to 90◦) for applied voltage lying
between ±10 meV.
The device dimension along the transport direction

is nearly 100 nm. Hence, the electrons undergo quasi-
ballistic transport. Figure 1(b) shows quasi-ballistic
transport of electrons between the source and drain. In
the subsequent sub-sections, we obtain the tight-binding
parameters of the band structure of strained silicene
using density functional theory and further obtain the
gauge factor using Landauer quantum transport formal-
ism.

A. Extraction of hopping parameters of silicene

Silicene has a buckled honey-comb structure [28]. It
consists of two triangular sub-lattices, shown in Fig. 2(a)
by red (denoted by A) and blue (denoted by B) dots
respectively. These sub-lattices are non co-planar;
which gives silicene a buckled honey-comb structure.
Figure 2(b) depicts the first-Brillouin zone of silicene.
For a uniaxially strained silicene, the high symmetry
path is given by M1ΓM2K2M1K1ΓK2. Using ab-initio

calculations, we obtain the band structure of strained
silicene along this path in the linear elastic regime [34].
For 10 values of strain (≤ 7%), we carry out band
structure calculations and obtain the nearest neighbour
tight binding (TB) parameters as explained below. The
appropriate TB parameters for other (intermediate)
values of strain are taken from the line obtained by
fitting. The Slater-Koster (SK) parameter, Vppπ is
computed by fitting DFT data to a tight binding (TB)
model as implemented in by Nakhaee et al. [35]. We
model the SK parameter of strained and unstrained
silicene by the following exponential relation.

V
′

ppπ = V 0
ppπe

−β

(

|δ|
a0

−1
)

(1)

Here β is a parameter that determines the effect of strain
on the SK parameter. For the π band of graphene, it
is around 3 [36, 37]. The numerical value of β for the

(a) (b)

FIG. 2. (a) Top view and side view of silicene crystal lattice

with
−→

as
1 and

−→

as
2 as the primitive vectors, and δ as the buckling

constant. A and B represent the non co-planar sub-lattices.
ts1, ts2 and ts3 represent the nearest neighbour tight binding
parameters. (b) Schematic diagram depicting the high sym-
metry path M1ΓM2K2M1K1ΓK2 in the 1st Brillouin zone of
strained silicene

SK parameter, Vppπ is estimated by fitting the band
structure in the linear dispersion region ±0.2 eV energy
window to the TB model. Using this value of β, we
determine the hopping parameter of the strained lattice
using the relation.

tn = t0e
−β

(

|δ′n|
a0

−1
)

, (2)

where, t0 is the magnitude of hopping amplitude of un-
strained silicene and is taken to be 1.03 eV and δ′n is the
nearest neighbour position vector in the strained lattice.
As reported in [38], hopping amplitude is obtained by
fitting the parameter to experimental or computational
results, we take the current value by bench-marking with
our DFT results. In previous studies, the values of ‘t0’
used are -1.60 eV [39], -1.02 eV [40] and -1.03 eV [41].
The magnitude of hopping parameters of silicene as a
function of strain in the AC and ZZ directions are given
in Figs. 3(a) and 3(b) respectively. For uniaxial strains,
t1 = t3 6= t2. In the AC direction, t1, t2 and t3 decreases
whereas for strain in the ZZ direction, t2 increases and
t1, t3 decreases, with increase in the magnitude of strain.
The nearest-neighbour tight binding energy dispersion
relation for strained silicene is given by,

E(k) = ±|t2 + ts1e
−(i~k·

−→
as

1
) + ts3e

−(i~k·
−→
as

2
)|. (3)

B. Quantum Transport Model

Once the TB parameters are obtained, we use the Lan-
dauer formula [42] to calculate current-voltage character-
istics of silicene in the quasi-ballistic regime. The Lan-
dauer formula is expressed as

Isθ (V ) =
2q

h

∫ ∞

−∞

T s(E)[f1(E−µ1)−f2(E−µ2)]dE, (4)
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(a) (b)

FIG. 3. Variation of the nearest neighbour tight binding pa-
rameters as a function of strain along the (a) armchair, and
(b) zigzag directions.

where f1 and f2 are the Fermi functions, and µ1 and
µ2 are the Fermi-levels at the source and drain respec-
tively, T s is the transmission of strained silicene, q is the
electronic charge, h is the Planck’s constant, E is the
energy, and Isθ (V ) is the current along the transport di-
rection (θ) at an applied strain (s). Here, the voltage
varies from −10 mV to +10 mV.
The transmission T s(E) is the product of transmission

probability T (E) and mode density Ms
θ (E). The mean

free path in the linear regime depends on the relaxation
time near the Dirac cone [43] and in case of silicene it is
comparable to the length of the device [44]. So, the trans-
port in silicene is considered to be in the quasi-ballistic
regime. T (E) is expressed as

T (E) =
λ(E)

λ(E) + Ls

, (5)

where λ(E) is the mean free path as a function of energy
and Ls is the length of silicene channel.
We calculate the mode density of silicene from the band

structure using band counting method for 2-D Dirac ma-
terials [21, 22]. Figure 4 represents the constant energy
surfaces and modes along the transport direction (θ) for
different strains along AC and ZZ directions. The dotted
lines over the constant energy surface represent the trans-
verse modes, and the red and blue dots represent the for-
ward and backward propagating electrons, respectively.
The Dirac cone degeneracy for silicene in the first Bril-
louin zone is two [21, 45]. So, effectively the mode density
is calculated by considering the sum of forward and back-
ward moving electrons in a single Dirac cone [22], and is
mathematically expressed as

Ms
θ (E) = 2× ns

θ(E) (6)

where, ns
θ(E) is the number of transverse modes pass-

ing through the constant energy surfaces at energy ‘E’.
Transverse modes have a separation of 2π/ws, where ws

represents the width of strained silicene sheet and is equal
to ws = w(1 + s

100 ). Here w represents the width of the
pristine silicene cell. Thus, transmission is mathemati-
cally expressed as

T s(E) = T (E) ∗Ms
θ (E). (7)

The contacts are assumed to be ideal in our calcula-
tions. The energy range for this Fermi-Dirac distribu-
tion is from −0.2 eV to +0.2 eV, which is well within
the linear regime. The resistance is calculated from the
Landauer formalism, and is written as

Rs
θ =

dV

dIsθ (V )
(8)

The above equation is used to calculate the resistance at
different strain and transport angles. Using these values,
we can calculate Angular Gauge Factor (AGF). AGF is
expressed as:

(AGF )sθ =
(Rs

θ −R0
θ)

s ∗R0
θ

, (9)

where, Rθ
0 is the resistance at zero strain and Rθ

s is
the resistance at a particular value of strain s. As the
strain is applied throughout the transport angle (θ) so,
the AGF is the average of all GFs at different strains
along a particular transport angle. Thus, the average
AGF is expressed as:

(AGF )θ = (AGF )sθ (10)

III. RESULTS AND DISCUSSION

In this section, we obtain the piezoresistance gauge
factor of silicene along different transport angles using
the theoretical models discussed in the previous section
and rationalize our findings in terms of the change in
transmission due to the shifting and deformation of the
Dirac cones. Further, we discuss the implication of our
results in flexible electronics devices.

A. Effect of uniaxial strain on Dirac cones

Here, we analyze the effect of uniaxial strain on the
Dirac points of silicene. Energy close to the Dirac points
is responsible for electronic transport in the linear regime.
In order to understand the piezoresistance effect in sil-
icene, we need to understand how the Dirac points be-
have in silicene due to strain.
From the DFT band structure (see Fig. 5), we see a

shift in the position of Dirac points from their respec-
tive K-points due to strain. A similar shift of the Dirac
cones in silicene due to uniaxial strain is predicted by
Farokhnezhad et al. [46]. The shift in the Dirac points
DP1 and DP2 with respect to K1 and K2 at zero strain
and 5% strain along the AC and ZZ directions are shown
in Figs. 5(a), 5(b) and 5(c) respectively. The response of
the Dirac points DP1 and DP4, DP2 and DP3, and DP5

and DP6 are identical on application of strain along the
AC and ZZ directions [21]. For strain along the AC di-
rection, Dirac points denoted as 1 and 4 shifts inside the
Brillouin zone along the line joining the points K1 − Γ
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(a) (b) (c)

FIG. 4. Schematic diagram depicting the modes in constant energy surfaces at (a) 0% strain, (b) 5% strain along the armchair
direction, and (c) 5% strain along the zigzag direction. The dotted lines represent the direction of transverse modes, and the
red and blue dots represent the modes for forward and backward propagating electrons respectively.

(a) (b) (c)

FIG. 5. The relative shift in position of Dirac points DP1 and DP2 with respect to K1 and K2 at (a) 0% strain,(b) 5% armchair
strain, and (c) 5% zigzag strain along the line joining points 1 and 4, and 2 and 3 respectively. At 0% strain, the Dirac points
lie on the K-points, whereas at non-zero strain, the movement of the Dirac points is equal and opposite for armchair and zigzag
strains.

(see Fig. 5(b)) and rest of the Dirac points 2 and 3,
and 5 and 6 shifts outside of the Brillouin zone along
the line joining the points K2 −K3, and K5 −K6 respec-
tively (see Fig. 5(b)). In contrary to AC strain, strain
along the ZZ direction results in shifting of Dirac points
1 and 4 shifts away from the Brillouin zone, whereas the
other Dirac points 2 and 3, and 5 and 6 shift inside and
move closer to each other along the respective edges of
the Brillouin zone ( see Fig. 5(c)). The shifting of these
two sets of Dirac points is identical and opposite.

TABLE I. Shifting of Dirac cones from the K-points (in Å−1)
for armchair and zigzag strain

AC Strain ZZ Strain

Strain(%) K1 - DP1 K2 - DP2 K1 - DP1 K2 - DP2

0 0 0 0 0
2 0.0102 −0.0051 −0.0115 0.0064
5 0.0255 −0.0129 −0.0298 0.0170

Table I shows the magnitude of the Dirac-point shift

from the K-points. Thus, the Dirac points DP1 and DP2

are sufficient to study the effect of strain on the first
Brillouin zone, and the overall Dirac cone degeneracy is
two irrespective of the magnitude and direction of strain.
In addition to shifting of the Dirac points, uniaxial strain
deforms the shape of the Dirac cones into oval-shaped
cones (see Fig. 4). Unlike graphene, deformation of the
Dirac cones are not exactly the same for strain along the
AC direction or ZZ direction (see Fig. 6) [21].
Table II shows the value of the major and minor axes of
the deformed Dirac cones at E= 1 meV.

TABLE II. The major and minor axes of the deformed Dirac
cones (in Å−1) at E= 1 meV for armchair and zigzag strain

AC Strain ZZ Strain

Strain (%) DP1(Lx) DP1(Ly) DP2(Lx) DP1(Ly)

0 0.0005857 0.0005857 0.0005857 0.0005857

2 0.0005924 0.0005839 0.0005731 0.0006071

5 0.0006035 0.0005821 0.0005545 0.0006431
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FIG. 6. Energy color-map near the Dirac points: DP1 at (a)
0% and (b) 5% armchair strain, and DP2 at (c) 0% and (d)
5% zigzag strain.

B. Directional piezoresistance calculation

In this sub-section, we obtain the various transport
parameters such as transmission, current, resistance and
gauge factor as a function of the transport-angle and ap-
plied strain along the AC and ZZ directions in the quasi-
ballistic transport regime (since the mean free path of
silicene is around 20 nm [29]).
The transmission of silicene as a function of transport

angle (θ) with 0%, 2% and 5% AC strain is shown in
Fig. 7(a). Here, θ varies from 0◦ to 90◦. From the fig-
ure, we infer that with an increase in θ, the transmission
reduces due to the reduction in the value of mode den-
sity. In the case of ZZ strain, the transmission increases
with an increase in θ (see Fig. 7(b)). The plots of current
as a function of transport angle for AC and ZZ strains
have a similar pattern like the transmission (see Figs. 7(c)
and 7(d)). This is because the current is proportional to
the transmission at a particular energy [see Eq. (4)]. The
transmission remains constant at different transport an-
gles due to circular constant energy surfaces. Due to AC
strain, the value of Lx increases while Ly decreases, as a
result, the transmission has a higher value at θ = 0◦ than
unstrained silicene, and it decreases with an increase in
the transport angle. On the contrary, the value of Lx de-
creases while Ly increases for ZZ strain. Consequently,
the transmission along θ = 0◦ has a lower value than the
transmission of unstrained silicene along θ = 0◦. Thus,
the transmission increases with an increase in the trans-
port angle.
Further, we calculate the resistance as a function of

strain and transport angle from the I-V characteristics
obtained using the Landauer formula [Eq. (4)]. The plots
of resistance versus θ for AC strain and ZZ strain are
shown in Figs. 8(a) and 8(b) respectively. The value of
resistivity obtained in this work for a 1 µm wide silicene

(a) (b)

(c) (d)

FIG. 7. Plots of transmission and current as a function of
transport angle (θ) varying from 0◦ to 90◦ at 0%, 2% and 5%
strain along the armchair and zigzag directions

(a) (b)

FIG. 8. Resistance as a function of transport angle (θ) and
percentage strain along the (a) armchair, and (b) zigzag di-
rections. The strain insensitive transport angles are 81◦ and
34◦ in (a) and (b) respectively

in the quasi-ballistic regime is 2.42 kΩ (refer Table III).
Assuming transmission to be equal to one, we obtain re-
sistivity 0.404 kΩ. The value of resistivity of silicene (as-
suming transmission as 1) is less compared to the resistiv-
ity of graphene [21]. This is because the number of TMs
in silicene is more than graphene (for the sheet-width)
due to the larger size of its Dirac cones. In Figs. 8(a)
and 8(b), we see that the resistance remain constant at
the transport angles 81◦ and 34◦ for AC and ZZ strains
respectively (shown by red dotted lines). This is due to
no change in transmission value at the critical angles with
strain. Figures 9(a) and 9(b) depict the AGF as a func-
tion of the transport angle. The AGFs vary sinusoidally
with transport angle for the AC and ZZ strains. The
variation of AGF resembles a sinusoidal function similar
to the one obtained by Sinha et al. [22] for graphene.
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TABLE III. Comparison of various parameters of silicene and graphene

Silicene Graphene
Parameters T (E) = 1 T(E) < 1 T (E) = 1

Dirac cone radius (1 meV) (Å−1) 0.00029 0.00029 0.00018 [21]

Current (µA) 24.76 4.12 15.2 [21]

Resistance (KΩ) 0.404 2.42 0.659 [21]

The AGF is of the form of

AGF = −{Pcos(2θ) + Q} (11)

where P and Q are constants, and their values are
respectively 0.249 and 0.237 for AC strain, and 1.079
and -0.239 for ZZ strain.

C. Implications of the results

Table IV compares the piezoresistance GF of silicene
with some other prominent materials. From the table,
we infer that the GF of silicene is very small, whereas its
3D counterpart silicon has a very high GF.

TABLE IV. Comparisons of the GFs of various materials

Material GF Reference

Silicene 0.758 This work

Graphene 0.6 [22]

Silicon 200 [47]

Germanium 150 [47]

This is due to their different band structures at zero
strain and the robustness of the Dirac cones in the
presence of strain. The GF of silicene is considerably
lower than other semiconductors also. Hence, silicene
is not a good choice for piezoresistance strain sensors.
Nevertheless, silicene is an atomically-thin membrane
and is expected to have a high value of adhesivity (like
most of the similar 2D materials) [48] and elasticity [34].
Thus, silicene is expected to have a very high-pressure
sensitivity like graphene [23] and PtSe2 [49, 50] despite
a low GF.

The maximum change in normalized resistance of
silicene is plotted as a function of the percentage strain
in Fig. 9(c). Similarly, the plot for the maximum
change in normalized resistance of ballistic graphene is
shown in Fig. 9(d), from the value of GF obtained by
Sinha et al. [21]. From the plots, we infer that silicene is
strongly resistant to a change in resistance due to strain
thereby demonstrating a robust electronic characteristic.
Furthermore, silicene, which has high conductivity [51]
and high elastic limit [34], can be used as electrodes
and interconnects in flexible electronic devices. Due

(a) (b)

(c) (d)

FIG. 9. Plots of angular gauge factor (AGF) along with its
sinusoidal fit as a function of transport angle (θ) along the
(a) armchair, and (b) zigzag directions. Variation of the nor-
malized resistance with respect to strain for (a) silicene, and
(b) graphene.

to the industrial compatibility of silicene with silicon
fabrication technology [52], silicene has the potential
to beat graphene as an ideal choice for flexible electronics.

IV. CONCLUSION

In this paper, we investigated the piezoresistance of sil-
icene using ab-initio simulation and quantum transport
theory. We calculated the directional piezoresistance for
strain along the armchair and zigzag directions. We ob-
tained a typically small value of the directional piezore-
sistance (magnitude less than 1), which depended sinu-
soidally on the transport angle. The strain insensitive
transport angles corresponding to the zero gauge factors
are 81◦ and 34◦ for armchair and zigzag strains, respec-
tively. The small gauge factor of silicene was attributed
to its robust Dirac cone and strain-independent valley
degeneracy. Based on the obtained results, we proposed
silicene as an interconnect in flexible electronics. Further,
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this work can serve as a template for exploring flexible
electronics devices and their applications using other 2D-
Xenes.
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