
PHYSICAL REVIEW APPLIED 14, 034007 (2020)

Strain-Controlled Current Switching in Weyl Semimetals
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Applying strain to a Weyl semimetal (WSM) breaks its lattice symmetry and results in a valley-
dependent strain gauge potential. Here, we investigate the application of the strain potential to modulate
the valley and charge transport of a WSM-based n-p-n junction system. The strain potential, in combina-
tion with insulating barriers, enables modulation of the current and the realization of valley-asymmetric
transmission with a high on:off ratio. By considering the geometric optics of electron waves and the trans-
verse displacement of Fermi surfaces due to the strain gauge, we derive the critical strains for switching
the current, as well as for the onset of complete angular separation of the two valley currents. The ana-
lytical results are verified by numerical calculations of the tunneling transmission and conductance. We
also derive the expression for the subthreshold swing of the device, which can achieve values below the
thermionic limit by tuning the strain and barrier height.

DOI: 10.1103/PhysRevApplied.14.034007

I. INTRODUCTION

Extensive research is currently underway into gapless
two-dimensional materials such as graphene [1–3] and sil-
icene [4–6], whose linear dispersion near the Dirac points
can be described by the relativistic Dirac equation [7].
These materials have drawn much attention owing to their
exotic characteristics, such as gapless energy spectra [3],
high mobility, extraordinary quantum Hall effect [8,9],
and Klein tunneling [10,11]. However, the absence of a
band gap and the inability to fully modulate the conduc-
tance due to Klein tunneling make graphene inappropriate
for most electronic switching devices except in high-
frequency applications [12–18]. There have been attempts
to artificially induce band gaps in graphene by means such
as geometrical confinement [19]. However, these meth-
ods tend to degrade the electron mobility [20]. A recently
discovered topological state named the Weyl semimetal
(WSM) can be considered as the three-dimensional ana-
logue of graphene with a linear dispersion relation at low
energies but much higher carrier mobility [21]. Several
exotic characteristics have also been theoretically pre-
dicted and experimentally observed in WSM materials
[22–24]. A WSM possesses helical electron and holelike
states touching each other at points named Weyl nodes
in three-dimensional k space [22,25–28]. The presence of
all three Pauli matrices in the low-energy Hamiltonian
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about the vicinity of the Weyl points confers mobility and
robustness against perturbations to WSMs [29]. Unlike
graphene, the topological states in WSMs are preserved
by the translational properties of the crystal structure
[30]. However, similar to graphene, the presence of Klein
tunneling [10,31–35] in pristine WSM adversely affects
the conductance modulation, and thus the suitability of
WSMs for switching purposes. To resolve this issue, sev-
eral approaches ranging from band gap modulation [36]
to chemical deposition [37] have been proposed. How-
ever, all these approaches come with drawbacks, such as
mobility degradation and fabrication complexity. We thus
propose an alternative way to manipulate the transmis-
sion gap in WSMs by utilizing strain [38,39]. Strain can
be induced locally in WSMs by applying tension on an
appropriate substrate rather than on the WSM material
itself [40–42]. The application of strain breaks the lattice
symmetry and induces valley-dependent gauge potentials
in WSMs. Strain is used in combination with a barrier
potential, the latter of which cannot suppress Klein tun-
neling on its own. However, strain-induced gauge fields
can achieve this by displacing the Fermi surface and thus
overcome the switching limitations of Dirac-like materi-
als. The gauge fields also allow electron transmission to
be modulated in a valley-dependent manner. By consid-
ering the geometric optics of electron waves, we show
that the application of strain can result in the complete
angular separation of the two valleys, as well as a high
on:off current ratio. Strain engineering also allows the
modulation of the transmission gap, which is useful in opti-
mizing the switching characteristics of our WSM-based
device.
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II. MODEL AND THEORETICAL APPROACH

We consider a n-p-n junction based on a WSM under
the effects of strain. The schematic of our proposed model
is shown in Fig. 1. A metallic point source analogous to
the tip of a scanning tunneling microscope injects elec-
trons with net propagation along the x direction. Such a
point source can either be induced electrostatically or pat-
terned lithographically [14]. Different regions in the WSM
can be made into either p or n type by applying back-
gate voltages. Insulating barriers are placed at the first n-p
junction, and subtend an angle of βb at the point source.
These act to block transmission for electrons with incident
angles greater than βb. Such barriers have been proposed
in a graphene p-n junction in Ref. [14]. In that work, the
barriers were placed close to the normal incident direc-
tion to block Klein tunneling, which occurs predominantly
close to normal incidence, and thus suppress the off cur-
rent. However, there are drawbacks to this approach, as
there is significant leakage current from off-normal inci-
dence contributions as well as reduction of the on current,
resulting in a low on:off ratio. In contrast, in our proposed
model, the barriers block incident angles well away from
normal, thus ensuring a large on current. The off cur-
rent is suppressed by the combination of the barriers and
the application of strain, which causes a valley-dependent
shift of the Fermi surfaces, as we explain later. An impor-
tant component of our proposed setup is the application
of strain to the central region in order to modulate the
valley-dependent electron transmission. There are various
ways to induce localized strain in the desired segment
of the Weyl semimetal devices, e.g., by applying strain
through heteroepitaxial lattice mismatch [43] and dislo-
cations [44], light-induced shear strain [45], compressive
strain due to strong pinning of substrate [46], and back-
gate voltage-induced strain [47]. The WSM material can
also be continuously deformed by controlling the above
competing interactions by a combination of a scanning tun-
neling microscopy probe tip and the electric field from a

FIG. 1. Schematic diagram of n-p-n WSM junction with
strained central region. A metallic point source injects valley
unpolarized electrons into the central part of the device. Because
of the strain-induced valley-dependent gauge fields that result in
a negative refractive index, electrons associated with the K and
K ′ valleys experience angular separation in the drain region.

back-gate electrode. Such probe tip–induced deformation
results in a localized strain field in the WSM lattice [47,48].
Uniaxial lattice strain can be induced by applying tension
to the substrate beneath the central region. The resulting
lattice deformation modifies the nearest-neighbor hopping
parameters [49] and breaks the lattice symmetry. These
effects can be modeled by introducing a strain gauge poten-
tial [50–53] As(r) = A(0, 1, 0), where A is a parameter pro-
portional to the size of the strain. For instance, in Cd3As2,
A = 0.0372 ηu32 eV−1 Å

−2
, where η = ±1 is the valley

index and u32 is the Cauchy strain tensor component [54].
It has been experimentally shown that several WSM candi-
date materials such as Cd3As2 and Na3Bi can attain strains
of up to the critical values of 1.3% and 7.0%, respectively,
where the rotational symmetry of their crystal lattice and
hence the existence of Weyl points are preserved [55].
Moreover, it has been shown experimentally that terahertz
light pulses can be used to induce terahertz frequency inter-
layer shear strain on a Weyl semimetal of up to 2% uniaxial
strain amplitude, resulting in an equivalent gauge poten-
tial in the range of 3–39 meV [45]. Another experimental
group demonstrated a strain gauge field in the region of 5
to 55 meV in MoTe2 [56]. Recently, one group reported
that a critical strain of 112 meV can be applied to a WSM
without compromising its crystal integrity [57]. The WSM
junction can be described by the Hamiltonian

Hη = vF �σ ·
(

�p + η �As

vF

)
+ V0σ0, (1)

where vF = 1.5 × 106 ms−1 is the Fermi velocity, �σ =
(σx, σy , σz) are the Pauli matrices, σ0 is the 2 × 2 iden-
tity matrix, �p = (px, py , pz) are the momentum operators
along the x, y, and z directions respectively, and η = ±1
denotes the K and K ′ valleys, respectively. Here V0 is
the electrostatic potential difference between the n and p
regions, which can be modulated by the back-gate voltages
VG1–3 in the three regions. [We have made the approxima-
tion that the system is infinitely thick in the z direction
and neglected the quantum confinement effects. Several
groups have experimentally shown that in moderately thick
(e.g., greater than 25 nm) WSM samples, quantum con-
finement and transmission quenching effects are negligible
[45,58,59]. Recently, the WSM phase has been shown to
be preserved in strained WSM (Cd3As2) films with thick-
ness of 80 nm [59].] The respective wave functions in the
n and p regions can be expressed as

ψ
n/p
± (x, y, z) = ei(±kn/p

x x+kn/p
y y+kn/p

z z)

×
(

1,
kn/p

x + ikn/p
y

kn/p
z + (εn − Vn/p

0 )/vF

)�
, (2)

where ψn/p
+ and ψn/p

− denote the forward propagating and
reflected waves in the different segments, respectively, εn
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is the Fermi energy, and n and p indicate the unstrained
source and drain and strained central regions, respectively.
The model is translationally invariant along the y and z
directions, so that kp

y = kn
y + ηAs and kp

z = kn
z . The Fermi

wavevectors in the n and p regions can be expressed as

(kn/p
F )2 = (kn/p

x )2 + (kn/p
y )2 + (kn/p

z )2

=
(
εn − Vn/p

0

vF

)2

. (3)

On account of the strain, the central segment wavevec-
tors kp

x and kp
y become valley dependent. The incident

azimuthal and polar angles in the source n region are
given by φ = tan−1(kn

y/k
n
x ) and γ = tan−1(kn

z cosφ/kn
x ),

respectively. The corresponding refracted angles in the p-
type central region are given by θ = tan−1 (kp

y /k
p
x ) and

α = tan−1(kp
z cos θ/kp

x ). The total wave function in a spe-
cific region can be expressed as a linear combination of
the forward propagating and reflected waves. The valley-
dependent transmission probability Tη of the system can
be found by imposing wave function continuity at the
interfaces x = 0 and x = L.

In Fig. 2 we show geometric ray diagrams correspond-
ing to the electron trajectories in the system. As mentioned
earlier, two insulating barriers are inserted at the x = 0
interface and extend along the transverse ±y directions,
leaving a gap at the center that subtends an angle βb with
respect to the point source. Such insulating barriers can
be realized by using electron beam lithography [14,60].
Any electron beam incident upon the interface at an angle
larger than βb will be blocked by the barriers. Thus, in the
absence of strain-induced gauge fields (i.e., the on state),
carrier transmission is restricted to the incident angular

(a) (b)

On state Off state

FIG. 2. Schematic illustration of the switching mechanism of
our proposed model. (a) The on state occurs in the absence of
strain. All rays with incident angles less than either the blocking
angle, i.e., |φ| < βb, are transmitted through the central region
and collected in the drain region. The transmitted current is val-
ley unpolarized. (b) The off state is obtained under strain such
that |φK/K ′

c | ≥ βb, where βb is the blocking angle. Therefore, total
internal reflection occurs for incident angles within the range
−βb < φ < βb, while reflection at the insulating barriers occurs
for |φ| > βb, thus resulting in the suppression of transmission for
all angles.

range −βb < φ < βb [see Fig. 2(a)]. At normal incidence,
electrons can be transmitted to the drain region without
any backscattering due to Klein tunneling, thus resulting
in a relatively large on current. In the off state, strain
is applied to the central region and electrons experience
the strain-induced gauge potential As there. This causes
the electrons to be deflected away from normal incidence.
The transverse deflection is in opposite directions for the
two valleys. If the magnitude of As is large enough, elec-
tron transmission in the K and K ′ valleys is restricted to
φ > βb and φ < −βb, respectively. Under this situation,
the presence of insulating barriers results in electrons of
all incidence angles being reflected, and hence no current
is detected at the drain lead, leading to the off state [see
Fig. 2(b)]. This forms the basis of the strain-controlled con-
ductance switch in the WSM system.The strain-induced
transverse displacement and the resulting switch between
the on and off states can be explained by the kinemati-
cal analysis [61] of the incidence and refraction angles in
the kx-ky plane, as shown in Fig. 3. For the on state in
the absence of strain, the Fermi surfaces in the leads and
central segment with radii (εn − Vn/p

0 )/vF are all aligned
and centered on the same ky = 0 axis. The central Fermi
surface has a different radius from that in the source and
drain leads due to the different gate potentials Vn/p

0 . The
dashed line parallel to the kx axis in Fig. 3(a) reflects the
conservation of transverse momentum ky during the trans-
mission process. In the off state, the strain gauge potentials
shift the Fermi surfaces of the strained WSM along oppo-
site transverse ±ky directions for the K and K ′ valleys.
Therefore, the Fermi surfaces of the strained central region
corresponding to the K and K ′ valleys take the form of two
circles with the same radii (εn − Vp

0)/vF , but centered at
different points (0, ±As/vF , 0), as illustrated in Fig. 3(b).
A sufficiently large magnitude of As displaces the central
Fermi surfaces away from the kx axis such that there is no
transmission for incidence angles |φ| < βb. In other words,
the conservation of transverse momentum (represented by
the overlap between the Fermi surfaces of the source and
central regions) can only occur for incidence angles |φ| >

(a) (b)

On state Off state

n p n n p

As

n

FIG. 3. Schematic of the kinematical construction of the elec-
tronic transmission through the WSM junctions in the kx-ky plane
for the (a) on state and (b) off state.
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βb, which are blocked by the insulating barriers. There-
fore, the transmission is blocked, resulting in the off state.
In Fig. 3(b) we depict the situation at the threshold strain
value at the onset of the off state. The conservation of ky ,
kz and energy yields the following relation between the
incident and refracted angles:

[√
(εn − V0

p)2 − (εn − V0
n)2 sin2 γ

]
sin θ − vFηAs

= (εn − V0
n) cos γ sinφ. (4)

The above relation has a valley (η) dependence, which
in turn leads to the valley dependence of the electron
propagation. To view this schematically, the variation of
the refracted angles with respect to the incident angles
are plotted in Fig. 4 for different strain values. In the on
state, i.e., in the absence of the strain gauge potential,
there is no valley dependence and the refracted angles
for both the K and K ′ valleys are identical. Hence, both
the K and K ′ valley electrons follow the same trajec-
tories, which results in valley-independent transmission.
Moreover, electrons at normal incidence (φ = 0) are also
transmitted at normal incidence (θ = 0). This coincides
with the conventional Klein tunneling that is marked by
the absence of backscattering at normal incidence. The
resulting maximal transmission of carriers ensures a large
on current. In addition, we get only positive (negative)
refractive angles for positive (negative) incident angles.
This phenomenon corresponds to the presence of only pos-
itive refractive indices in the system in the absence of
strain. Note that transmission is blocked for incident angles
exceeding the blocking angle set by the insulating bar-
riers, i.e., |φ| > βb = π/3, and this applies for all strain

FIG. 4. Relation between incidence and refraction angles
under different strain gauge field strengths, with γ = 0, εn =
10 meV, and Vp

0 = 25 meV. The blocking angle is set at |βb| =
π/3. The upper and lower halves represent the K (solid line) and
K ′ (dotted line) valleys, respectively. Any incident angle greater
than the blocking angle |βb| is blocked by the insulating barriers.

values. A different picture arises when a strain gauge field
is applied. As mentioned earlier, the gauge field has the
effect of displacing the Fermi surfaces of the two valleys
in opposite directions in k space along the transverse ky
axis. This results in a split of the incident electron beam
into two valley-dependent refracted beams because of the
unequal refracted angles for the two valleys (see the curve
corresponding to As = 3 meV in Fig. 4). As the strength
of the strain field is increased, a range of incident angles
is blocked due to total internal reflection. From Eq. (4),
the strain and valley-dependent critical angles for the two
valleys are given by

φK/K ′
c = η sin−1

(
χ − vFAs

(εn − Vn
0) cos γ

)
, (5)

where χ =
√
(εn − Vp

0)
2 − (εn − Vn

0)
2 sin2 γ and η = +1

(−1) corresponds to the K (K ′) valley. The critical angles
corresponding to the two valleys are of opposite signs,
e.g., at As = 10 meV, φK

c = π/6 and φK ′
c = −π/6. In

combination with the insulating barriers, the transmitted K
and K ′ electrons are limited to the incident angular range
−βb < φ < φK

c and φK ′
c < φ < βb, respectively. With a

further increase in the strain strength, we reach a strain
value where the critical angle φK ,K ′

c goes to zero. This
critical strain-induced gauge is given by

|Ac| =
√
(εn − Vp

0)
2 − (εn − Vn

0)
2 sin2 γ

vF
. (6)

For the parameters in Fig. 4, Ac corresponds to As =
15 meV. Here Ac marks the onset of perfect coupling
between the transmitted incident angle and the valley
degree of freedom. As shown in Fig. 4, the allowed angu-
lar ranges span −βb < φ < 0 (0 < φ < βb) for the K (K ′)
valley. Under this condition, only electrons with negative
(positive) incidence angles are transmitted for the K (K ′)
valley, and hence the transmitted angular ranges for the
two valleys are mutually exclusive. Furthermore, the sys-
tem exhibits the phenomenon of negative refractive index,
in which a K valley electron with a negative incident angle
is transmitted at a positive angle, and vice versa for the
other valley. We also observe that, when the strain gauge
potential exceeds Ac, there is a transmission gap for inci-
dent angles φK

c < φ < φK ′
c in addition to the existing gap

for |φ| > βb due to the insulating barriers. For instance, in
Fig. 4, at As = 20 meV, which exceeds the critical value
of Ac = 15 meV, we have a transmission gap extending
over φK

c3 < φ < φK ′
c3 . This transmission gap widens with

increasing As. At some value of As, we have a situa-
tion where |φK/K ′

c | ≥ βb, such that the transmission gap
extends over the entire range of incident angles φ. Hence,
there is zero transmission into the central segment and the
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(b)(a)

FIG. 5. Transmission profiles for the K and K ′ valleys with
two different strain values (a) As = 0 meV, (b) As = 23.5 meV.
The red and blue curves represent the K ′ and K valley trans-
missions, respectively. The parameters used are γ = 0, εn =
10 meV, and Vp

0 = 25 meV. The dotted lines correspond to the
angles φ = ±βb subtended by the insulating barriers.

device switches to the off state. The strain gauge field
corresponding to this switch can be expressed as

Amin
switch = (vF)

−1
[√
(εn − Vp

0)
2 − (εn − Vn

0)
2 sin2 γ

− (εn − Vn
0) sinβb cos γ

]
. (7)

In Fig. 5 we plot the angular dependence of the car-
rier transmission, which exhibits strong valley and strain
dependence. Here, we fix the energy and barrier height
but vary the strain strength to demonstrate the switching
operation more clearly. In the absence of any strain gauge
field, the transmission profiles for the K and K ′ valleys
coincide with each another, and both are symmetric with
respect to the incident angle φ = 0, as shown in Fig. 5(a).
Perfect carrier transmission of T = 100% occurs at nor-
mal incidence, which is a signature of the conventional
Klein tunneling. This coincides with our on state. The

petal-like spikes in the transmission spectra correspond to
the resonant condition kp

x L = nπ , where n is an integer
and L is the width of the barrier region. Under the appli-
cation of a sufficiently strong strain (such that As > Ac),
the transmission profiles corresponding to the two val-
leys exhibit a complete angular separation, as illustrated
in Fig. 5(b). The carrier transmission probability decreases
significantly, almost to zero, in the vicinity of normal inci-
dence. There is a transmission gap within the angular
interval φK

c < φ < φK ′
c (corresponding to approximately

−60◦ < φ < 60◦). Within this incident angle range, the
wavevector in the central segment kp

x is imaginary, so the
wave function there becomes evanescent. Thus, we have
total internal reflection at the interface. There are still trans-
mission windows in the incident angular range −βb <

φ < φK
c (φK ′

c < φ < βb) for the K (K ′) valley. However,
with a further increase in strain (i.e., As ≥ Amin

switch) such
that φηc ≥ βb, the total suppression of electron transmis-
sion occurs. This defines the off state of our device and
ensures a minimal level of leakage current. The large Klein
tunneling current in the on state and almost total suppres-
sion of the current in the off state translates into a very
large on:off ratio. The energy gap in transmission and its
modulation by strain As and barrier height Vn/p

0 are plotted
in Fig. 6. In the presence of strain in the central segment,
the transmission is blocked over a certain range of electron
energy. The transmission energy gap becomes wider with
a larger strain potential [Fig. 6(a)]. This trend is consistent
with the larger transverse shift of the Fermi circle of the
central region with increasing strain gauge potential (see
Fig. 3). Thus, we require a much larger Fermi level shift
in order to increase the radii of the Fermi surfaces of the
three regions so as to achieve overlap in ky between the
Fermi surfaces. In Fig. 6(b) we show the effect of varying
the barrier height Vn/p

0 in modulating the transmission gap.
The increase in Vn/p

0 does not broaden the transmission
gap, but merely displaces the center of the transmission
gap. The latter trend may be readily explained by the fact
that the transmission gap occurs when there is internal
reflection of the electron wave function, a condition which
arises when kp

x is imaginary. From Eq. (3), we find that

(a) (b) FIG. 6. Transmission profile
with respect to Fermi energy
(εn) for different strain (As) and
barrier height (Vn/p

0 ) values for
the normal incidence case with
γ = 0 and (a) Vp

0 = 5 meV
and (b) Vp

0 = 15 meV with
Vn

0 = 0 meV.
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(a) (b)

(c) (d)

FIG. 7. Dependence of the
conductance G on the barrier
height (Vp

0) for various strain
magnitudes with εn = 10 meV,
Vn

0 = 0 meV, and blocking
angle βb = π/3. (a) A = 0 meV,
(b) As = 10 meV (c) As =
15 meV, and (d) G as a function
of As for Vp

0 = 25 meV.

kp
x is a function of (εn − Vp

0), thus explaining the role of
the barrier potential Vp

0 in displacing the transmission gap
along the electron energy axis. To explain the strain mod-
ulation of the transmission gap, we consider the maximum
of the valence band (i.e., left edge of the transmission gap)
and the minimum of the conduction band (i.e., right edge of
the transmission gap). The analytical expression for these
can be obtained from Eq. (5) by setting φc = βb, which
yields

EL/R
edge = sec2 βb[Vp

0 sec2 γ − vFAs sec γ sinβb

− Vn
0(sin2 βb + tan2 γ )+ ζ�], (8)

where � = sec2 γ (λ2 − vF
2As

2 − ρ)1/2 with λ = vFAs
sec γ + (V0

n − V0
p) sinβb and ρ = (V0

n − V0
p)2 tan2 γ .

Here EL
edge and ER

edge denote the left and right edges of the
transmission gap, respectively, and likewise ζ = ±1 corre-
sponds to the two edges of the gap. By taking the difference
between the two, the strain-dependent transmission gap is
given by

�ε = 2 sec2 βb( sec2 γ {[vFAs sec γ + (Vn
0 − Vp

0) sinβb]2

− (v2
FA2

s )− (Vn
0 − Vp

0)
2 tan2 γ })1/2. (9)

The above analytical expressions for the transmission gap
and its left and right edges are in agreement with the
numerical results shown in Fig. 6. Finally, we integrate
the transmission over all the incident angles to obtain

the on and off currents of the device, and the strain-
controlled switching between the two states. The ballis-
tic conductance of the device G is obtained from the
integral [10]

G = G0

∫ βb

−βb

Tη(εn − Vn/p
0 , kn/p

y ) cosφ dφ

×
∫ π/2

−π/2
cos2 γ dγ

∫ ∞

−∞

(
− ∂f
∂εn

)
dεn, (10)

where f is the Fermi-Dirac distribution function and G0 =
e2LxLyk2

F/8π
3 is the unit of quantum conductance (Ly and

Lz are the device length and width, respectively). We con-
sider here the low-temperature limit so that the temperature
derivative of the Fermi-Dirac distribution can be consid-
ered as a Dirac delta function. (See Appendix A for details
of the conductance variation at different finite tempera-
tures.) The allowed range of incident angles for our device
is limited to −βb < φ < βb rather than the general limit
−π/2 < φ < π/2, as mentioned in Eq. (10). In Fig. 7(a)
we show the conductance for the n-p-n junction device in
the absence of any gauge potentials (i.e., As = 0). In the
absence of strain gauge fields, there is no conductance gap,
although the conductance drops to zero at the specific value
of gate potential V0 = Vp

0 − Vn
0, which coincides with the

Fermi energy εn (in this special case, the resulting Fermi
surface in the central p region reduces to a point, resulting
in zero conductance). However, a conductance gap devel-
ops under the influence of the strain gauge field As, as
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shown in Figs. 7(b) and 7(c). In the presence of As, the con-
ductance is reduced significantly, especially for Vp

0 < εn.
A distinct conductance gap is seen, centered around εn.
In Fig. 7(d), the conductance is plotted as a function of
the gauge field for a specific barrier height (Vp

0) and Fermi
energy (εn). The conductance falls exponentially to almost
zero when As ≥ Amin

switch, where transmission is blocked for
all incident angles. The strong suppression of conductance
beyond Amin

switch improves the figure of merit of our transis-
tor, i.e., its Ion/Ioff = GAs=0/GAs=Amin

switch
ratio. This ratio can

be calculated numerically using the Landauer formalism
[62] stated in Eq. (10), and in our assumed range of param-
eters yields an Ion/Ioff ratio of the order of 1025 [see the
inset of Fig. 7(d)]. Additionally, the strain-induced gauge
potential also modulates the subthreshold swing (Ssub) of
the WSM-based switch. From Eq. (8), we can derive the
formula for the SS as

Ssub = kBT
q

ln(10) cos2 βb cos2 γ

×
(

1 − (Vp
0 − Vn

0)(sin2 βb + tan2 γ )− vFAs

�

)−1

.

(11)

Equation (11) shows the dependence of the SS on the strain
parameter (As). The [kBTln(10)/q] term of Eq. (11) is the
conventional thermionic limit of 60 mV/Dec [63], while
the strain-dependent factor represents the modification of
the Ssub. By tuning the strain gauge field and the barrier
height, we can obtain a Ssub less than 60 mV/Dec. In con-
ventional (i.e., nontunneling-based) transistors, the Ssub has
a lower limit of 60 mV/Dec (at room temperature) due
to diffusion-driven transport, which results in high static
power dissipation. In contrast, the application of strain
allows our device to beat the thermionic power limit, thus
paving the way for low power dissipation.

III. CONCLUSION

In conclusion, we propose a strained WSM-based n-
p-n junction system to achieve good switching and val-
ley filtering characteristics by exploiting the transverse
gauge potentials arising from the applied strain. The strain-
induced gauge fields cause opposite displacements of the
Fermi surfaces for the K and K ′ valleys, while the intro-
duction of insulating barriers allows us to manipulate the
carrier trajectories by blocking certain incident angles. The
combination of strain and insulating barriers enables mod-
ulation of the transmission leading to the angular splitting
of the two valley currents and a high on:off ratio. The
on current is kept high by exploiting the Klein tunneling
effect, while the transmission gap can be tuned to suppress
the off current to a negligible level. We analytically derive
the critical strains for switching the current, as well as for
the onset of complete angular separation of the two valley

currents. The analytical results are verified by numerical
calculations of the tunneling transmission and conduc-
tance. Finally, we derive the subthreshold swing and show
that it can be tuned by strain and barrier potential to break
the thermionic limit of 60 mV/Dec.
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APPENDIX: FINITE TEMPERATURE EFFECTS
ON CONDUCTANCE

In Fig. 7 of the main text, we considered the low-
temperature limit where the temperature derivative of the
Fermi-Dirac distribution can be approximated as a Dirac
delta function. Here, we plot the conductances at differ-
ent finite temperatures to explain the effect of temperature
on the device characteristics (see Fig. 8). At the low tem-
perature of 1 K, the conductance falls sharply with the
increase of strain values [Fig. 8(a)]. Moreover, a very small
off current is found in the vicinity of As = 22.5 meV,
which is an excellent match with the critical strain esti-
mated from Eq. (7) in the main text. At 10 K in Fig. 8(b),
we see similar trends as in Fig. 8(a) as the temperature
and hence the carrier thermal energy are very low. How-
ever, the situation becomes different at higher temperatures
when the carrier thermal energy is no longer negligible.
In Figs. 8(c) (100 K) and 8(d) (298 K), we note two sig-
nificant changes in the conductance variations. Firstly, the
on current slightly decreases, and the conductance slowly
falls with the increase of strain amplitudes up to a cer-
tain value. Secondly, the strain-induced gauge potential
required to restrict the junction conductance to a negligi-
ble limit (i.e., on the order of 10−7) is much higher than
the gauge field in the low temperature case. This incre-
ment of the strain potential values needed to switch off
the channel is required to nullify the higher thermal carrier
energy associated with the higher temperature. As a rule
of thumb, the required critical strain needed for switch-
ing at room temperature is on the order of Amin

switch + 3kBT,
where kB and T denote the Boltzmann constant and tem-
perature in kelvins, respectively. In the low temperature
range, the on:off ratio yields large values. A similar order
of on:off ratio can be obtained at room temperature settings
by using higher strain-induced gauge potential values. For
example, at room temperature, an on:off ratio on the order
of 107 can be obtained with a strain gauge potential on
the order of 95 meV [see Fig. 8(d)]. Recently, one group
reported that a critical strain of 112 meV can be applied to
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FIG. 8. Dependence of the
conductance G on the strain
amplitude As at (a) T = 1 K,
(b) T = 10 K, (c) T = 100 K,
and (d) T = 298 K. The insets
are enlarged versions of cer-
tain ranges of strain values.
The common parameters used
are εn = 10 meV, Vn

0 = 0 meV,
Vp

0 = 25 meV, and blocking
angle βb = π/3.

the WSM without compromising its crystal integrity [57],
which is sufficient for switching our device even at room
temperature.
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