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a b s t r a c t

We study transport properties of massive Dirac electrons tunneling through a strained bar-
rier in graphene junction. The interplay of strained barrier and gap opening in graphene is
focused. As an interesting result, we find that the applied strain in the barrier would cause
a maximum conductance for some strain values leading to ‘‘strain filtering effect’’. Perfect
strain filter is predicted at the Fermi level approaching the energy gap. The selected strain
value is found to be tunable by the gate voltage at the barrier. The strain filtering effect
does not occur when graphene is gapless. The gate-controlled strain filter is almost linearly
dependent on gate voltage for large strain. Our work reveals the potential of graphene for
application of strain sensor or filter device.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene, a monolayer of graphite, has become a promising material for nanotechnology [1–5], after discovered [6].
Graphene transistor operated at 100–300 GHz was reported [1] and the first graphene-based integrated circuit has been real-
ized [7]. One of the special electronic properties is that its charged carriers mimic the behavior of the two-dimensional Dirac
fermions where the speed of light is replaced by its Fermi velocity [8,9]. In general, Dirac electrons in graphene act like mass-
less fermions, satisfying energy–momentum relation of E = vFp where E, vF � 106 m/s and p are energy, Fermi velocity and
momentum, respectively. Dirac electrons in monolayer graphene may become massive by means of substrate-induced band

gap [10,11] which may yields energy–momentum relation, E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvFpÞ2 þ D2

q
, where m ¼ D=v2

F plays the role of a relativistic

mass. Graphene grown on hexagonal boron nitride (h-BN) substrate may yield energy gap of about 53 meV [11], due to dif-
ference in energy levels in sublattice A and B. Graphene is a good nano-material having elastic property sustaining uniaxial
strain beyond 20% [12,13]. Mechanical strain would generate filed-like vector potential with the same magnitude but oppo-
site signs �(+) for electrons in k� (k0�) valleys [14–17]. The band structure would be shifted in the momentum space by
strain field. Pseudo magnetic field greater than 300 T was observed in graphene nanobuble grown on a platinum (111) sur-
face [18]. The electronic band structure can be controlled by external applied strain, applicable for nano-electro-mechanical
devices [19–21] such as pressure sensor device [20] and strain sensor [21]. As one of topics of interest, electronic currents
passing through strain barrier in gapless graphene junctions have drawn much attention [16,17,22–29]. The interplay of
strain and real vector potential leads to valley polarization [22,23]. Adding Zeeman field into the barrier also gives rise to
spin and valley polarizations [17,24]. The Josephson junction with strain barrier was recently studied [24,25].
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In gapped graphene, electrons are massive-like Dirac fermions. Their velocity may be tunable by varying their energy,
unlike that in gapless graphene that electron’s velocity does not change. The transport properties in gaped graphene system
have drawn much attention [30–34]. In this paper, we investigate Dirac electron tunneling through a strained barrier in
which they are massive, possibly induced by substrate [11]. Effect of the interplay of mass and applied strain on the conduc-
tance of junction is focused. We will show that ‘‘strain filtering effect’’ may occur when the charged carriers are massive. This
result may be important for strain sensor device.

2. Model and scattering process

The electronic model, normal graphene (NG)/strain-graphene (Strain-G)/normal graphene (NG), is depicted in Fig. 1(a)–
(c). Graphene is assumed to be grown on a substrate, for example h-BN-substrate [11], to induce band gap of 2D, while in the
barrier with thickness L, there is modeled as no energy gap because of no interaction between graphene and the substrate.
Uniaxial strain in armchair direction is assumed to be applied only into the barrier. The uniaxial strain in the armchair direc-
tion may create pseudo vector potential only in the x-direction as of the form [14–17,22–24]

~ApseudoðyÞ ¼ k
c

evF
hd;0iHðyÞHðL� yÞ; ð1Þ

where H(y) is a unit step function, k ¼ 1ð�1Þ stands for electrons in k� (k0�) valleys and ‘‘c’’ is speed of light. The formula of
strain-induced energy interaction ‘‘d = 3.37t0 � strain’’ is adopted, based on the formula in Refs. [17,24], where t0 ffi 2.7 eV is
hoping energy [35]. In the barrier, charged carrier is also tuned by gate voltage �VG to get the potential function defined as
U(y) = eVGH(y)H(L � y). The current of the junction is assumed to flow in the y-direction.

To combine Dirac mass [30–34] and strain effect [14–17] on transport property, the Hamiltonian used to describe the
motion of electrons near the Dirac point in the system may be given by the following

Ĥk ¼ vF~r � ~̂pþ krzMðyÞ þ r0UðyÞ þ k
evF

c
~r �~Apseudo; ð2Þ

where ~r ¼ hrx;ry;rzi are standard vector of Pauli spin matrices acting on pseudo-spinor field w, energy gap function is
M(y) = DH(�y) + DH(y � L) and r0 is a 2 � 2 unit matrix. The momentum operators is usually given as
~̂p ¼ �i�hh@=@x; @=@y; 0i. Plane wave solution can be determined using Eigen equation

x

y

2Δ 2Δ
E GE eV−

substrate-induced
gap

substrate-induced 
gap

applied strain

graphene

L

NG NGStrain-G

(a)

(b)

(c)

Fig. 1. Schematic illustrations of (a) junction of graphene on substrate-induced band gap with applied strain in the thickness of barrier L, (b) local strain at
the barrier being applied in the armchair direction and (c) electronic band structure normal and strained-regions. The gate voltage, excited energy and
energy gap are given by �VG, E and Egap = 2D, respectively. The current flows in the y-direction, or in the armchair direction.
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