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Valley filter and valley valve based on WSe2 double-barrier junctions modulated by polarized light
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We demonstrate that an off-resonant circularly polarized light-modulated double-barrier monolayer WSe2

junction can operate as a valley filter and a valley valve simultaneously. Spin-, valley-, and energy-dependent
line-type resonant peaks appear in the transmission spectrum, and the splitting of the valley degree of freedom
due to the coupling between the light-induced gap and the valley index is also present. By fixing the light on the
first barrier, the valley switch can be controlled efficiently by the optical field on the second one. Furthermore, the
gate voltage can adjust not only the conductance but also the operation window of the valley filter. The proposed
junction provides insight into the manipulation of valley degree of freedom based on WSe2 and other transition
metal dichalcogenides.
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I. INTRODUCTION

The emergence of high-quality monolayer WSe2 [1] with
an enormous direct band gap in the visible range [2] and
strong spin-orbit coupling (SOC) [3] superior to graphene
[4–8] and silicene [9,10] has triggered broad research about
its application in spintronics and valleytronics [11–15]. The
inequivalent K valley and K ′ valley located at the edges of the
conductance and valence bands in the first Brillouin zone are
connected by the time reversal symmetry and can be broken
by helicity of light [16]. The chiral electronic states are also
predicted to possess valley-contrasting orbital magnetic mo-
ments coupling valley pseudospin to magnetic fields, which
opens up the possibility of magnetic control over the valley
degree of freedom [17–24]. On the other hand, the strong
SOC can be used to achieve spin manipulation when bulk
or thin WSe2 is exfoliated into a monolayer [25]. There are
several corresponding works both in theory and experiment
[26–28] on manipulating spin and valley. Such examples in-
clude the peculiar magnetic field [29], which causes Zeeman
splitting into the boundary states of different valleys; the
magnetic insulator deposited on WSe2 using the proximity
effect to induce magnetism [30]; and the pseudomagnetic
field originating from the circularly polarized light (CPL) by
utilizing the optical Stark effect [31–36] to select one of the
two inequivalent valleys. Recently, Li et al. found that fully
valley- and spin-polarized conductance can be achieved in
a ferromagnetic MoS2 junction [13]. In off-resonant CPL-
modulated two-dimensional (2D) systems, Zhai and Jin found
that the topological phase transition between the band in-
sulator and Floquet topological insulator can be induced in
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epitaxial graphene [37]. In addition, the spin-valley current
can be controlled in a double ferromagnetic barrier silicene
junction under the application of CPL [38]. However, what we
should emphasize is that the K ′ valley cannot be completely
filtered in such a structure, and the range of the light frequency
window to realize the valley valve is very narrow. Tahir et al.
studied the CPL’s impact on the valley-dependent transport in
monolayer MoS2 and showed that CPL could lead to perfect
valley polarization by tuning the band gap [39]. Hajati et al.
proposed a ferromagnetic MoS2 junction with CPL on the
FM region. They found that the valley- and spin-polarized
currents can be simultaneously attained due to the decrease
of the degeneracies [40]. Although some of the properties of
the 2D materials subjected to CPL have been well studied, the
attention given to the tunneling properties and the optically
controlled valley switch in double-barrier transition metal
dichalcogenides (TMDs) is extremely limited.

This work demonstrates a CPL-modulated double-barrier
junction based on monolayer WSe2 which can simultaneously
serve as a valley filter and valley valve. We find that line-type
resonant peaks and the splitting of the valley degree of free-
dom are present in the transmission spectrum. We show that
when the CPL is tuned in such a way that the wave vectors
along the x axis in the two barrier regions are both real, the
device can operate as a valley filter; however, if one of the
two wave vectors is complex, the device can operate as a
perfect valley valve. We further show that the gate voltage can
adjust the conductance and valley filter’s operation window.
Our research may provide some new ideas for the practical
application of TMD-based optoelectronic devices.

II. MODEL AND METHODS

We propose a CPL-modulated valley filter and valley valve
device based on a monolayer WSe2 double-barrier structure.
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FIG. 1. (a) Schematic diagram of the valley filter and valley valve
device with CPL applied to the two barrier regions. The CPL in
region II produces the valley-polarized particles due to the coupling
between the valley index and the light-induced gap of CPL, while
the CPL in region IV acts as a switch to control the passage of the
valley-polarized particles. The gate voltage can be used to adjust the
operation window of the valley switch and the conductance. (b) The
schematic potential of the model. U1(2) are the heights of barriers; LB

and LW are the barrier thickness and well width, respectively.

As shown in Fig. 1, the monolayer WSe2 strip mechanically
exfoliated from bulk WSe2 is placed on the Si/SiO2 sub-
strate [41] in the x-y plane, and the device is in contact with
the Ti/Au electrode to transfer the carrier between the elec-
trode and WSe2. The potential barriers of height U1 and U2

are separated by a well with width LW , and such local barriers
can be implemented by electric fields perpendicular to the
WSe2 plane. The adjustment of the optical field to the valley
filter can be achieved by applying the CPL vertically on the
two barrier regions. The nontransparent sheets are introduced
to the normal regions to ensure that the light field can be
applied independently to the barrier. A similar approach was
proposed by Borghardt et al. [42]. What must be mentioned is
that the carrier diffusion length measured in monolayer WSe2

is 380 nm [43], so we limit the junction length to less than
380 nm in the following calculation to make the transport
ballistic, so that only elastic scattering occurs. Although the
size of the device used in our calculation is very small, our
results are still applicable to large size structures within the
ballistic transport range.

The low-energy 2D Dirac-like Hamiltonian of mono-
layer WSe2 in our proposed structure describing the massive
fermions with strong SOC is [44]

Hη,sz = h̄υ f (ησx px + σy py)

+ (� ± η��)σz + ηsz(λcσ+ + λvσ−) + U, (1)

where υ f = 5×105 m/s is the Fermi velocity. σi (i = x, y, z)
is the Pauli matrix, with σ± = σ0 ± σz (σ0 is the unity ma-
trix). λv = 112.5 meV is the SOC for the valence band, and
λc = 7.5 meV for the conduction band. pi(i = x, y) is the
momentum operator, � = 850 meV is the band gap. η = 1
(−1) denotes the K (K ′) valley, and sz = 1 (−1) corresponds

to spin up (down). U is the electric potential induced by the
gate voltage.

The circularly polarized light can be represented by
the magnetic vector potential: A(t ) = (±A sin �t, A cos �t ),
where A and � correspond to the amplitude of the poten-
tial and the frequency of light, respectively. The effect of
off-resonant circularly polarized light on the systems can be
reduced to the static effective Hamiltonian by Floquet theory
when h̄� � t (t = 1.19 eV is the hopping parameter between
the two nearest neighbors) is satisfied [3]; only optical fields
in the high-frequency region meet this condition. There is
no optical absorption, and the light does not directly excite
the electrons and instead effectively modifies the electron
band structure through a virtual photon absorption/emission
process. Additionally, in the limit of eAυ f /h̄� � 1, the static
effective Hamiltonian around the Dirac point has the form of
±η��σz, where �� = (eAυ f )2/h̄� is the light-induced gap
of the CPL and + and − correspond to the right-handed and
left-handed polarization, respectively. The lowest light fre-
quency that satisfies this condition is 1015 Hz, determined by
the bandwidth (2� = 1.7 eV = h̄�). For � = 1.4×1015 Hz
and �� = 100 meV, the real laser intensity I ≈ 1015 W m−2

[45].
The wave equation in each region can be expressed in the

following form:

�I =
(

1
h̄υ f (−ηkx−iky )

δ

)
eikxx + r

(
1

h̄υ f (ηkx−iky )
δ

)
e−ikxx,

�II = a2

(
1

h̄υ f (−ηk′
x−iky )

δ1

)
eik′

xx + b2

(
1

h̄υ f (ηk′
x−iky )

δ1

)
e−ik′

xx,

�III = a3

(
1

h̄υ f (−ηkx−iky )
δ

)
eikxx + b3

(
1

h̄υ f (ηkx−iky )
δ

)
e−ikxx, (2)

�IV = a4

(
1

h̄υ f (−ηk′′
x −iky )

δ2

)
eik′′

x x + b4

(
1

h̄υ f (ηk′′
x −iky )

δ2

)
e−ik′′

x x,

�V = tηsz

(
1

h̄υ f (−ηkx−iky )
δ

)
eikxx,

where we set δ1(2) = −� − η��1(2) + 2ηszλv + U1(2) − E ,
δ = −� + 2ηszλv − E . r, ai, and bi (i = 2, 3, 4) are the
scattering coefficients. The parallel and perpendicular wave
vectors in each region are

ky =
√

(ηszλ+ − E )2 − (� + ηszλ−)2

h̄υ f
sin θ,

k2
x = (ηszλ+ − E )2 − (� + ηszλ−)2

(h̄υ f )2
− k2

y ,

k′2
x = (ηszλ+ + U1 − E )2 − (� + η��1 + ηszλ−)2

(h̄υ f )2
− k2

y ,

k′′2
x = (ηszλ+ + U2 − E )2 − (� + η��2 + ηszλ−)2

(h̄υ f )2
− k2

y .

(3)

The energy dispersion relation in the modulated regions is

E± = ±
√

(� + η�� + ηszλ−)2 + h̄2υ2
f k2 + ηszλ+ + U,

(4)
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FIG. 2. Band structures in the barrier region. The gray line rep-
resents the Fermi energy level; here we set the Fermi energy level as
EF = 900 meV, and the other parameters are labeled.

where λ± = λc ± λv and k is the wave vector. In the nor-
mal regions, the eigenvalue can be expressed by setting U =
0 meV and �� = 0 meV in Eq. (4).

Using the continuity condition of the wave function at the
interfaces of regions I–V [see Fig. 1(b)], the spin- and valley-
dependent coefficients tηsz can be obtained with

�I (x = 0) = �II (x = 0),

�II (x = LB) = �III (x = LB),

�III (x = LB + LW ) = �IV (x = LB + LW ),

�IV (x = 2LB + LW ) = �V (x = 2LB + LW ). (5)

The spin- and valley-dependent transmission probability
can be calculated through the transfer-matrix method: Tηsz =
|tηsz |2. The conductance at zero temperature is given by the
Landauer-Büttiker formula [46]:

Gηsz = G0

∫
Tηsz cosθdθ, (6)

where θ denotes the incident angle and G0 = 2e2/h is
the quantum conductance. The valley-resolved conductance
is GK (K ′ ) = (GK (K ′ )↑ + GK (K ′ )↓)/2. The total conductance is
Gt = GK + GK ′ , and the corresponding valley polarization is
defined as PV = (GK − GK ′ )/Gt .

III. RESULTS AND DISCUSSION

In Fig. 2, we depict the influence of the CPL and gate volt-
age on the band structure of the barrier region. It is seen that

the CPL lifts both the spin and valley degeneracy. The right
CPL enhances the band gap of the K valley but reduces that of
the K ′ valley [see Figs. 2(a) and 2(c)]. The situation is just the
opposite for the left CPL [see Fig. 2(d)]. The mechanism of
the valley filter/valve requires different gaps in the two valleys
and a Fermi level that cuts the bands of one valley but not the
other. Furthermore, the gate voltage can change the position
of the entire band structure relative to the Fermi level without
changing the band gap; that is, the band structures shift up as
a whole when U increases from 0 to 50 meV [see Figs. 2(b)
and 2(c)].

In Fig. 3, we theoretically analyze the influence of some
parameters, including the strength of the optical field, the
number of barriers, the barrier height, and the barrier width,
on the transport properties from the perspective of transmis-
sion. The decrease of valley degeneracy due to the coupling
between the light-induced gap of the right CPL and the valley
index can be seen clearly in Figs. 3(a) and 3(b), in which
the transmission of K valley electrons is greatly suppressed,
while that of the K ′ valley electrons is enhanced. In addition,
there is a striking difference in tunneling transmission
between the single barrier and the double barrier. The trans-
mission spectra of the double-barrier structure show several
ideal line-type resonant peaks with unity value in the low-
energy region under the modulation of the optical field
[see Fig. 3(d)]. The reason is the transmission coefficient is
related to the propagation modes in both the barrier and the
well region, in which the nonresonant region stems from the
evanescent modes in the barrier region, while the line-type
peaks come from the quasibound state in the well. In con-
trast, the line-type resonant peaks are completely absent in
the single-barrier structure, which makes the double barrier
superior to the single barrier in some functions.

To understand the influence of the barrier height on the
transport properties, we proceed to focus on the difference in
transmission spectra at various gate voltages. By increasing
the barrier height from 0 to 50 meV, the transmission spectra
show distinct resonant suppression [see Figs. 3(f) and 3(h)],
which results in broader nonresonant regions and more ideal
line-type resonant peaks. However, we find that the barrier
width does not change the transmission behavior significantly
[see Figs. 3(d) and 3(f)].

To illustrate how the particles are controlled by the
parameters more intuitively, we show the valley-resolved
conductance under various parameters, which are labeled in
Fig. 4. The above results for the enhancement (suppression)
of the right CPL on the K ′ (K) valley particles are clearly re-
flected in the valley-resolved conductance. It is observed that
the K-valley-resolved conductance drops dramatically to zero
in a wide Fermi energy region, while the K ′-valley-resolved
conductance is greatly enhanced to its maximum under the
modulation of the right CPL. Our calculation also shows that
the gate voltage has a significant effect on the oscillation
behavior. That is, with the increase of the gate voltage, the
transmission spectra as a whole exhibit remarkable resonant
suppression behavior [see Figs. 4(b) and 4(e)]. Unlike the
CPL that is coupled with the valley index, the gate voltage
has the same effect on all the degrees of freedom, so the
gate voltage just regulates the position of the entire band
structure relative to the Fermi level. Furthermore, changing
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FIG. 3. The transmission as a function of the incident energy
when θ = 0. (a) and (b) Single-barrier structure and (c)–(h) double-
barrier structure. LB and LW indicate the widths of the barrier and
the well, respectively. (a) and (b) LB = 7.8 nm, (c), (d), and (g) LB =
3.9 nm, LW = 15.6 nm, (e), (f) and (h) LB = 7.8 nm, LW = 15.6 nm.
The other parameters are labeled. K (K ′) ↑ and K (K ′) ↓ represent
the K (K ′) valley electrons with spin up and spin down, respectively.

the barrier width has little effect on the transmission of the
system [see Figs. 4(b) and 4(d)]. The control of gate voltage is
also necessary for valleytronics applications. Figure 5 shows
the impact of gate voltage on both the total conductance and
the valley-resolved conductance at several light-induced gaps
of the CPL when EF = 900 meV [Figs. 5(a)–5(c)] and EF =
1100 meV [Figs. 5(d)–5(f)]. As can be seen in Fig. 5(a), when
EF = 900 meV, the total conductance increases first and then
declines with U , and the tuning point is at U = ��. To ex-
plain this phenomenon, we calculate the valley conductance as

FIG. 4. Valley-resolved conductance as a function of the Fermi
energy. (a), (b), and (e) LB = 3.9 nm, LW = 15.6 nm; (c), (d), and (f)
LB = 7.8 nm, LW = 15.6 nm. The other parameters are labeled.

a function of gate voltage [see Figs. 5(b) and 5(c)]. Due to the
suppressed effect of CPL with right-handed polarization on
K-valley-dependent electrons, the K ′-valley-dependent con-
ductance makes a major contribution to the total conductance.
The reason why the tuning point is limited to U = �� is

FIG. 5. Total conductance and valley-resolved conductance as a
function of the gate voltage at several light-induced gaps of the CPL.
(a)–(c) EF = 900 meV and (d)–(f) EF = 1100 meV. LB = 3.9 nm,
and LW = 15.6 nm.
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FIG. 6. The valley filter and valley valve effects of the symmetric
structure. Valley-resolved conductance and valley polarization are
displayed as a function of the light-induced gap of the CPL at various
values of the height of barrier. (a) and (b) ��1 = ��2 and (c) and
(d) ��1 = −��2. The incident energy is 900 meV.

due to the best matching of the K ′-valley-dependent band
structures between the modulated and normal regions in this
case. For the case of EF = 1100 meV as shown in Fig. 5(d),
however, the total conductance decreases with the gate volt-
age, and the increase of the light-induced gap of the CPL
has a pronounced suppression effect on the total conductance.
For EF = 1100 meV, the total conductance is larger than that
when EF = 900 meV. The higher conductance at large Fermi
energies is due to the higher transmission at high energies.

Next, we discuss the valley filter and valley valve effects
of the symmetrically modulated structure, which means that
the intensities of the CPL on the two barriers are the same.
In Fig. 6, we present the valley-resolved conductance and
valley polarization as a function of the light-induced gap
of the CPL for different values of the gate voltage when
��1 = ��2 for Figs. 6(a) and 6(b) and ��1 = −��2 for
Figs. 6(c) and 6(d), and the incident energy is 900 meV. By
adjusting the intensity of the optical field on the two barriers,
the function of a valley filter can be realized [see Figs. 6(a)
and 6(b)]. Moreover, it is worth mentioning that compared
with U1 = U2 = 0 meV, the operation window of the valley
filter when U1 = U2 = 50 meV becomes wider; the reason is
that the increase of gate voltage leads to the movement of
K-resolved conductance towards the low-energy region, while
the K ′-resolved conductance moves towards the high-energy
region.

We now consider the valley valve effects of the device. In
Figs. 6(c) and 6(d), we show the valley-resolved conductance
and valley polarization as a function of the light-induced gap
of the CPL when the polarizations of the CPL on the two
barriers are opposite. A significant change is clearly seen;
that is, there is no decrease of valley degeneracy. Thus, one

FIG. 7. The valley filter and the valley valve effects of the asym-
metric structure. (a) and (b) Valley-resolved conductance and valley
polarization and (c) and (d) the product of valley-resolved conduc-
tance and valley polarization as a function of the light-induced gap
of the CPL on the second barrier when ��1 = 25 meV. The shaded
area in (b) and (d) represent the area where the value of the vertical
coordinates approaches zero. The parameters are U1 = U2 = 0 meV
for the left panels and U1 = U2 = 50 meV for the right panels. The
incident energy is 900 meV.

can achieve the valley valve effect. Furthermore, when U
increases from 0 to 50 meV, the total conductance drops
significantly, even approaching zero in the vast range of the
optical intensity. Therefore, if U1 = U2 = 50 meV is selected,
we can directly judge that the corresponding device can be
used to realize the valley valve function from the sharp de-
crease of conductance when adjusting the light-induced gap
of the CPL from ��1 = ��2 to ��1 = −��2.

The valley filter and valley valve effects of the asymmet-
ric structure are shown in Fig. 7. Here the asymmetrically
modulated structure means that the CPLs on the two barri-
ers are different in strength. We calculate the valley-resolved
conductance, the valley polarization, and the product of
valley-resolved conductance and valley polarization versus
��2 (while fixing ��1 = 25 meV) for U1 = U2 = 0 meV
(left panels) and U1 = U2 = 50 meV (right panels); the in-
cident energy is 900 meV. As can be seen from the valley
polarization diagram [see Fig. 7(a)], the asymmetrical struc-
ture can also be used to realize the function of the valley
switch.

Figures 7(c) and 7(d) show the product of valley-resolved
conductance and valley polarization. There are three cases
where the product of valley conductance and valley polar-
ization tends to zero: valley-resolved conductance is very
small, valley polarization is very imperfect, or both are very
low. From the perspective of the experimental value, these
three cases have no experimental significance, so they can
be regarded as the operating window of valley valves. When
U1 = U2 = 0 meV [see Fig. 7(c)], one of the two valley-
resolved conductances has a distinct value at a particular
optical frequency, so the actual operation window of the valley
switch is consistent with the calculated result. When U1 =
U2 = 50 meV [see Fig. 7(d)], the shaded region indicates
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FIG. 8. (a) and (b) Valley polarization and (c) and (d) the product
of total conductance and valley polarization as a function of the light-
induced gap of the CPL on the two barrier regions. The parameters
are U1 = U2 = 0 meV for the left panels and U1 = U2 = 50 meV for
the right panels. The incident energy is 900 meV.

that the product of valley-resolved conductance and valley
polarization is very low, so this region is actually the region
for realizing the valley valve.

The influences of gate voltage and the strength and polar-
ization of light on the valley switch function can be intuitively
seen from Fig. 8. The red and blue parts in Figs. 8(a) and 8(b)
represent the operation window with perfect valley polariza-
tion, and the gray shaded parts in Figs. 8(c) and 8(d) represent
the product of total conductance and valley polarization not
close to zero. The oblique part obtained after the coincidence

of the two is the valley filter window with experimental sig-
nificance. The principle of the valley switch can be explained
in terms of wave vectors along the x axis. Assuming that k′

x
or k′′

x [see Eq. (3)] in the modulated region is real, the wave
in the barrier region is oscillating, and the coupling of the
oscillating waves between the two barrier regions results in
extremely high transmission. On the other hand, if k′

x or k′′
x

is imaginary, the evanescent wave in the modulated region
suppresses the transport. When the gate voltage and the CPL
are tuned such that the waves of the K (K ′) valley particles
are simultaneously oscillating, the junction will filter out the
K (K ′) valley.

IV. CONCLUSIONS

In summary, we proposed an off-resonant circularly polar-
ized light-modulated and gate voltage-modulated monolayer
WSe2 double barrier to function as a valley filter and valley
valve device. It was found that not only the spin-, valley-,
and energy-dependent line-type resonant peaks but also the
splitting of the valley degree of freedom is present in the
transmission spectrum. We pointed out that the valley switch
can be controlled efficiently by the CPL applied to the double
barriers, and we attribute such remarkable results to the cou-
pling of the waves along the x axis in the two barrier regions.
Specifically, the gate voltage can adjust the conductance and
the operation window of the valley filter. Our findings may
be useful for the practical application of photoelectric devices
based on transition metal dichalcogenides.

The data supporting the findings of this study are available
from the corresponding author upon request.
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