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In this work, we theoretically explore the spin- and valley-resolved transport in monolayer transition-
metal dichalcogenide (TMDC) planar heterojunctions. We propose two types of MoS,/WS, planar
heterojunctions based on the position of the optical modulation. Spin- and valley-resolved transmission
is realized and transmission spectra look quite different between the two types of heterojunctions due
to the spin-valley-dependent effective potential, which results from the off-resonant circularly polarized
light (CPL) and the band offset. Specifically, fully valley-polarized transport is demonstrated in Type-
1 heterojunction (optical modulation on WS;). However, transmission in Type-2 heterojunction (optical
modulation on MoS,) experiences a dramatic change with respect to CPL intensity, where the system can
be switched from perfect valley-polarized “on” state to nearly nonpolarized “off” state only by adjusting
the CPL intensity. As a result, we propose pure optically controlled valley filter and valley transistor based
on the two types of planar heterojunctions, respectively. This work may shed light on potential application
of valleytronic devices based on TMDC planar heterojunctions.
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L. INTRODUCTION

Transition-metal  dichalcogenides (TMDCs) have
attracted extensive attention due to their possible applica-
tion for next-generation devices [1,2]. TMDCs have sev-
eral unique advantages, such as considerable energy gap
in the visible frequency range [3,4] and strong spin-orbit
coupling (SOC) originating from the d orbital of transition
metal atoms [5]. In monolayer TMDC:s, the broken inver-
sion symmetry together with strong SOC leads to coupling
between spin and valley degrees of freedom, resulting in
valley-dependent spin splitting of the valence band [6]. In
addition, there are two inequivalent valleys located at the
corners of hexagonal Brillouin zone in TMDCs, which are
connected with time-reversal symmetry [7,8]. Therefore,
TMDCs are an important platform for research on spin and
valley physics.

Controlling electrons with a specific spin or valley is
a fundamental issue in spintronics and valleytronics [9].
Several modulation methods have been proposed and real-
ized in both theoretical and experimental research based
on TMDC:s. For example, in the ferromagnetic MoS; junc-
tion, perfect spin and valley polarization as well as a
controlled tunneling magnetoresistance effect can be real-
ized with an applied gate voltage [10,11]. Due to broken
inversion symmetry, monolayer TMDCs exhibit valley-
dependent optical interband excitation, where circularly
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polarized light (CPL) with different helicity selectively
excites electrons in different valleys [12]. Quantum spin
and valley Hall effects are predicted in off-resonant CPL-
illuminated MoS, [13]. In addition, valley-polarized trans-
port has been observed in optically pumped MoS; [14—16].
As the case in graphene [17], spin and valley filter/valve
based on WSe, heterostructures have also been theoreti-
cally proposed [18,19].

A planar heterojunction (PH) is an important kind of
two-dimensional (2D) material heterostructure, in which
different 2D atomic panels are combined in a single
atomic layer because of the similar structure and relatively
small lattice mismatch. Previous studies mainly focused
on heterogeneous junctions, such as hBN-graphene [20],
or homogeneous junctions like zigzag-graphene/armchair-
graphene nanoribbons with different sizes and edges to
form metal-semiconductor heterojunctions [21,22]. Since
TMDC materials in 2H phase (for example, MX;; M =
Mo/W, X =S/Se) are very similar in their atomic
structure, the planar heterojunctions can share atomi-
cally flat interfaces, where a localized edge state is pre-
dicted due to the hybridization of orbitals [23]. Band
offset [24,25] between different components of PHs can
be utilized to modify the electronic properties, which
makes them valuable in the design of potential functional
devices. For example, the band offset in planar hetero-
junctions facilitates the spatial separation of electrons and
holes, which improves the light absorption and detection
efficiency [26]. Enhanced thermoelectrical performance
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has also been proposed in PH superlattices [27]. Since
2014, several experimental groups have successfully syn-
thesized atomically flat TMDC PHs [28—30], which can be
divided into three categories: (1) PHs with shared M atom,
such as MoS,/MoSe,; (2) PHs with common X atom,
such as MoS,/WS,; and (3) PHs with different M and
X atoms. It has been demonstrated that those with com-
mon X atoms have the smallest lattice mismatch (< 1%)
[29,31,32], where the effect of strain on the interface can
be neglected. In contrast, in the PHs with different X
atoms, the lattice mismatch is about 4% [28], which leads
to sizable strain and lattice relaxation effects should be
considered [33].

In this work, we focus on TMDC planar heterojunc-
tions with shared X atom for the negligible strain effect
on the interface, and we perform numerical calculations
on spin and valley transport in MoS, /WS, planar hetero-
junctions with off-resonant circularly polarized light. We
define two types of structures based on the position of the
CPL modulation: Type-1 structure with the optical mod-
ulation on the WS, region and Type-2 structure with the
optical modulation on the MoS; region [see Figs. 1(a) and
1(c)]. Figures 1(b) and 1(d) show the relative energy off-
set of the conduction band minimum (CBM) in the two
types of heterojunctions. The band alignment and rela-
tive CBM energy of pristine monolayer MoS; and WS,
are obtained by first principles calculations according to
previous theoretical research [24]. The CPL irradiation
greatly modifies the relative energy offset in the hetero-
junctions. The band offset between MoS; and WS, also
plays an important role in quantum transport, which acts
as an effective “barrier” or “well” when electrons tunnel
through the heterojunctions. Considering the dispersion of
the energy bands, these barriers or wells are sensitive to
the incidence angle and energy, which results in quite dif-
ferent tunneling behaviors. As a result, we demonstrate a
pure optically controlled valley filter based on Type-1 het-
erojunction because of the CPL-controlled perfect valley
polarization, and an optically controlled valley transis-
tor based on Type-2 heterojunction due to the dramatic
change of valley-resolved transmission as a function of
CPL intensity.

II. MODEL AND METHODS

In this context, we denote electrons with spin up and
spin down as 1 and |, respectively, and those with dif-
ferent valleys as K and K’. In normal regions, the low-
energy effective Hamiltonian of a monolayer TMDC can
be described by [5]
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where o; is the Pauli matrix, a is the lattice constant, and
T represents the coupling between the states at the band
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FIG. 1. Schematic diagram of Type-1 (a) and Type-2 (c) het-

erojunctions. The blue and orange regions represent MoS, and
WS,, respectively. The red shaded area denotes the optical mod-
ulation region with length L. The relative energy offset (band
alignment) in Type-1 (b) and Type-2 (d) heterojunctions. K val-
ley (left part) and K’ valley (right part). Electrons are injected
along the positive x direction, and L is the length of the modu-
lated region.

extrema in the k - p approximation. 2 is the spin splitting
at the valence band top caused by SOC and A is the energy
gap. s; = 1 (—1) represents spin up (down) electrons and
n =1 (—1) corresponds to K (K’) valley. In optical mod-
ulation regions, the TMDC is illuminated with circularly
polarized light, which can be described by an electromag-
netic potential as A(f) = [4 sin(£21), A cos(£2¢)], where
A and 2 correspond to the amplitude of potential and fre-
quency of light, respectively. Based on the Floquet theory
[34], when A2 > 7, the effect of time-dependent elec-
tromagnetic potential on the system can be reduced to
an effective static Hamiltonian. The circularly polarized
light does not directly excite the electrons and instead
effectively modifies the electronic structure through vir-
tual photon absorption and emission processes [35,36].
When edvy /hQ2 < 1, the effective static Hamiltonian near
the Dirac point can be written as £nAQo,, where AQ
is the effective energy term describing the intensity of
the CPL. Therefore, in the modulated region, the effective
Hamiltonian is

o, —

~ R R A R .
H = at(nkeo, + k,0,) + 502 —An s, £ nAQo,,
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where AQ = (edvy)?/hQ, and + (—) corresponds to
right-handed (left-handed) circularly polarized light. The
general form of the wave function in each region is
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KK, =k +k =K. (4)

Here we define K. = (E — E. — nAQ)/nat and K, =
(E — E, +nAQ — Ans;)/nat, where E. (E,) is the energy
of the conduction (valence) band minimum (maximum)
in the absence of CPL and spin-orbit coupling. 6 is the
incidence angle relative to the x axis.

Using the continuity of the wave function at the bound-
aries of each region, the boundary conditions are obtained:

Yi(x=0) =W, (x =0), (5a)
Wx=L)=Wx=1L), (5b)

where W, W,, and Vs represent the wave functions in the
MoS, region (without CPL), optical modulation region,
and WS, region (without CPL), respectively. The spin-
and valley-dependent transmission probability can be cal-
culated through the transfer-matrix method [37]: T, =
|t,.s|*. The conductance at zero temperature is given by the
Landauer-Biittiker formula [38]:

Gys = GO/ T, scos6db, (6)

where Gy = 2¢%/h is the quantum conductance. Conduc-
tance of different spin and valley indices is denoted by
Grx,Grx, Gk, Gk, so the valley-resolved conduc-
tance and total conductance are

Grxk) + Gy k)

Gk = > ; (7
G, = Gk + Gy, (8)

and the valley polarization is defined as
Py = (Gg — Gk)/ Gy )

ITI. RESULTS AND DISCUSSION

A. Band structure

From Eq. (4), we can derive the energy dispersion of
WS, and MoS, with CPL:

2F = +£/(2kat)? + (E. — E, — Ans + 2nAQ)?

The effective energy of CPL (A€2) is coupled with valley
index 7 in the dispersion. Figure 2 shows the electronic
structure of monolayer TMDC in different valleys. When
illuminated by off-resonant right-handed CPL, conduction-
band electrons from K valley move to a high energy
level, while those from K’ valley become of lower energy.
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FIG. 2. Band structure of K valley (a) and K’ valley (b)
with AQ = 200 meV (solid lines) and A2 = 0 (dotted lines).
Red and blue lines denote the spin-up and spin-down branches,
respectively.

From Eq. (10), the CBM in the optically modulated region
changesto E, = E, + AQ forK valley and E, = E, — AQ
for K’ valley [see Figs. 1(b) and 1(d)], where E. represents
the CBM of pristine monolayer MoS, or WS, obtained
by first principles calculations [24]. In particular, when
AQ > AQ. = E.ws, — EcMos,, the CPL-induced energy
shift flips the original band offset. Therefore, the effec-
tive potentials in both Type-1 and Type-2 heterojunctions
are spin and valley dependent, which leads to unique
transmission when electrons tunnel through them.

B. Transmission, conductance, and polarization

In this section, we investigate the effect of CPL on spin
and valley transport in the two types of planar heterojunc-
tions. In Fig. 3, we depict transmission as a function of
incidence angle and energy in Type-1 heterojunction. In
the absence of CPL, electrons with the same value of n x s
are degenerate and have the same transmission properties.
Especially, the transmission spectrum is separated at rela-
tively large incidence angles (40°) due to the SOC-induced
energy split in the conduction band [see Figs. 3(b3) and
3(b4)]. Now we are interested in the influence of right-
handed CPL on the system. When tunneling from MoS,
to WS,, electrons experience an effective potential barrier
due to the positive band offset between WS, and MoS; [see
Fig. 1(b)]. Only electrons with energy higher than E.ws,
can tunnel through the junction. The degeneracy of val-
ley index is decreased by the right-handed CPL where K
electrons need to overcome a higher potential barrier. This
results in strong suppression of K valley electrons in trans-
mission spectra [see Fig. 3(b5)]. Electrons with different
spin are also separated in transmission due to the strong
spin-valley coupling in TMDCs. In addition, the trans-
mission probability of K electrons oscillates as incidence
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FIG. 3. Spin and valley transmission in Type-1 heterojunction.

Transmission probability with respect to incidence angle when
(al)~H(a4) AQ = 0 and (a5) AQ2 = 150 meV. Incidence energy is
fixed at 1.2 eV above the Fermi energy. Transmission probability
as a function of incidence energy at (b1)+(b4) AQ2 = 0 and (b5)
A = 200 meV. Incidence angle is set to 0° in (b1),(b2),(b5) and
40° in (b3),(b4).

angle changes, and the cutoff incidence angle is smaller
than that of K’ electrons, which can be ascribed to the
valley-dependent effective potential.

However, things are quite different in the Type-2 hetero-
junction, as can be seen in Fig. 4. First of all, transmission
of electrons with a common 7 x s is exactly the same
[see Figs. 4(a), 4(b), 4(e), and 4(f)]. The higher cutoff
energy of transmission than that of Type-1 is the result of
higher E. of WS,. Surprisingly, transmission probability as
a function of AQ is strongly dependent on the relationship
between AQ and AQ.. When AQ < A, the transmis-
sion shows relatively less spin and valley dependence, and
electrons with any incidence angle from 0° to 90° can
tunnel through the heterojunction, which is quite differ-
ent from that in the Type-1 heterojunction. This can be

— K1 —K'1

Transmission
>

0 30 50 90
Incident angle (deg)

Transmission

0.9 10 X
Energy (eV)

1.20.9 1.0 1.1 1.2
Energy (eV)

FIG. 4. Spin and valley transmission in Type-2 heterojunction.
(a)Hd) Transmission probability with respect to incidence angle.
Energy is fixed at 1.2 eV above the Fermi energy. (e}—-(h) Trans-
mission probability as a function of incidence energy. Incidence
angle is set at 0° for all situations. AQ =0 in (a),(b),(e),(f);
AQ = 150 meV in (¢),(g); AQ = 500 meV in (d),(h).

explained by the effective potential in the Type-2 hetero-
junction [see Fig. 1(d)]. The negative band offset between
MoS,; and WS, contributes an effective quantum well in
the system, and electrons can tunnel through the junction
with any incidence angle. When AQ < A, electrons
from the K valley possess higher transmission probabil-
ity than those in the Type-1 heterojunction. However, with
increased AQ (AQ > AQ,), transmission for the K val-
ley is strongly suppressed. Transmission probability of K
electrons as a function of incidence angle is split into sev-
eral peaks [see Fig. 4(d)], and the allowed incidence angle
of the K valley is limited, while there is no restriction on
the incidence angle of K’ electrons. With enhanced right-
handed CPL intensity, the conduction band of K valley is
modulated to higher energy, so the effective potential for
K electrons changes into a barrier depending on angle and
A2, which leads to great suppression of transmission for
K valley in low-energy regions [see Fig. 4(h)]. The peaks
in the transmission spectra of K electrons at high-energy
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FIG. 5. Contour plot of transmission probability with respect
to 6 and AQ. Transmission of (a) K valley and (b) K’ valley in
Type-1 heterojunction (spin up). Transmission of (¢) K valley
and (d) K’ valley in Type-2 heterojunction (spin up).

regions can be ascribed to the effective quantum well when
x> L.

Figure 5 shows the influence of incidence angle and CPL
intensity on the transmission. Obviously, for K valley elec-
trons, the transmission is more suppressed in Type-1 than
in Type-2 heterojunction, which originates from the differ-
ent effective potential induced by band offsets and CPL.
For example, for K valley electrons, as A increases,
the effective potential barrier crosses over the incidence
energy, while the effective potential is always a quantum
well for K’ valley when AQ > 0.

We further analyze the spin- and valley-resolved con-
ductance in the two heterojunctions. Figures 6(a) and
6(b) show the conductance of different spins and val-
leys in Type-1 heterojunction. G is suppressed at low-
energy region due to the right-handed-CPL-induced effec-
tive potential barrier. As the CPL intensity increases, the
suppression effect is enhanced. Similar to the transmission
spectra, the conductance of Type-2 heterojunction changes
radically with AQ. When AQ < AQ,., the conductance
of different valleys is similar in Fig. 6(c), where Gg is
slightly higher than Gg. While Gx decreases to zero in
low-energy region when AQ < A, because of the sup-
pressed transmission. The peaks in G and oscillation in
Gy also originate from the transmission [see Fig. 6(d)].

Realization of spin or valley polarization is of great
value in spintronics or valleytronics. Here we discuss the
valley polarization in the two heterojunctions. We present
valley polarization as a function of AQ and L in Fig.
7. Perfect valley polarization platforms are observed in
both types of heterojunctions. The valley polarization in
Type-1 heterojunction changes from +100% to —100%
monotonically when AQ increases. Moreover, as the
Fermi energy decreases, the value of AQ needed to flip

— K1 —K'1 ==Kl -- Kl
1.0
@)  (b)
06F E
<
S
8
=
<
o
=
3
=
S)
@)
0.0 L L
0.9 1.0 1.1 0.9 1.0 1.1
Energy (eV) Energy (eV)
FIG. 6. Valley- and spin-resolved conductance (G/Gp) in

Type-1 (a),(b) and Type-2 (c),(d) heterojunctions. AQ = 150
meV in (a),(c); AQ = 500 meV in (b),(d).

the valley polarization is decreased as well [see black
and green solid lines in Fig. 7(a)], which means the val-
ley polarization can be fully controlled by relatively weak
CPL. This benefits the application for a valley filter device.
However, the strong valley polarization in Type-2 hetero-
junction is only realized at large AQ (AQ > AQ,), while
the valley polarization is very weak when AQ < AQ, [see
Fig. 7(b)]. If we denote perfect valley polarization as “on”
state and nearly nonpolarized valley transport as “off” state
[see the red and blue shading in Fig. 7(b)], the Type-2 het-
erojunction may be applied to a valley transistor controlled
by CPL, where the valley polarization transport state can
be turned on or off only by the helicity and intensity of
CPL.

1.0
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Ep=12eV
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FIG. 7. Valley polarization (Py) as a function of CPL intensity
and length of modulation region (a),(c) for Type-1 heterojunction
and (b),(d) for Type-2 heterojunction. A2 = 35 meV in (c) and
AQ = 385 meV in (d).
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We also investigate the robustness of valley polariza-
tion as a function of the length of the modulation region
L. As can be seen from Figs. 7(c) and 7(d), the valley
polarization in both types of heterojunctions oscillates with
L. Py remains negative when L increases, which can be
explained by the effective quantum well for K’ valley
electrons in both types of heterojunctions. The oscillation
amplitude in Type-1 is smaller than that in Type-2 due to
the stronger suppression of K valley transport in Type-
1 heterojunction, so the valley polarization in Type-1
heterojunction is relatively robust when the size of the
modulation region changes.

It should be pointed out that for other TMDC PHs with
common X atom, such as MoSe,/WSe,, the CBM and
valence band maximum of WX, are higher than those
of MoX, [24]. For example, the CBM of WS, is 0.35
eV higher than that of MoS; (AR, = 0.35 e¢V), while in
the MoSe,/WSe, PHs, AQ. = 0.3 eV. In the two typical
TMDC materials MoSe, and MoS,, the band gap and SOC
strength are almost the same, and so are in WSe, and WS,.
When the optical modulation with appropriate intensity is
applied, the off-resonant CPL modifies the band structure
and the relative CBM energy offsets in the two types of
MoSe,/WSe, PHs are similar to those in the MoS,/WS,
PHs. Therefore, the spin- and valley-resolved transmission
and conductance in the MoS, /WS, and MoSe, /WSe, PHs
are qualitatively similar. The numerical results show that
there are only some quantitative differences between the
quantum transport and valley polarization under optical
modulation in the MoS, /WS, and MoSe,/WSe, PHs. The
main results obtained for the MoS, /WS, PHs hold well for
other TMDC PHs with common X atom.

IV. CONCLUSION

In summary, we systematically explore the quantum
transport properties of two different structures of TMDC
planar heterojunctions modulated by off-resonant circu-
larly polarized light. Interestingly, the spin- and valley-
resolved transmission of the two types of heterojunctions
are quite different due to the band offset and CPL-induced
effective potential. Specifically, in the Type-1 heterojunc-
tion, the K valley transmission is extremely suppressed at
low energy and behaves as peaks in the spectrum, which
leads to perfect valley polarization. And the allowed inci-
dence angle of K electrons is more limited than that of
K’ electrons. However, the transmission in the Type-2
heterojunction depends strongly on CPL intensity. When
AQ < AQ,, the transmission probability of electrons from
both valleys share common cutoff energy and the polar-
ization is very weak. There is no restriction on incidence
angle in the transmission of Type-2 heterojunction. While
under relatively strong CPL (AQ > AQ,), the K valley
transmission is suppressed again and changes into several
peaks in the spectrum, and the valley polarization recovers

to 100% or —100%. With these results, we theoretically
propose a pure optically controlled valley filter and valley
transistor based on the two types of planar heterojunctions,
respectively. Our work may be useful for design and appli-
cation of photovalleytronic devices based on TMDC planar
heterojunctions.
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