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Pure valley current and negative differential resistance in optoelectronic superlattices based on
monolayer transition metal dichalcogenides
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We investigate the possibility of achieving valley filtering and enhanced negative differential resistance
(NDR) in transition metal dichalcogenide (TMD)-based optoelectronic superlattice (SL). The multipeak NDR
is predicted to occur in this system, the operation window of which is controlled successively by the resonant
tunneling through miniband regime and the Wannier-Stark ladder regime. It is shown that the synergy of the
electric and light stimulus can bring the pure valley current and pronounced peak-to-valley current ratio (PVCR).
Our findings illustrate the origin of multipeak responses and provide a theoretical basis for designing devices
that can generate pure valley current with complex NDR characteristics.

DOI: 10.1103/PhysRevB.106.035411

I. INTRODUCTION

Negative differential resistance (NDR) refers to the non-
Ohmic behavior within a certain range of voltages [1], which
can realize fast switching in electronic devices. Devices based
on NDR have been widely used in Esaki diodes [2,3], reso-
nant tunneling diodes [4–8], and molecular devices [9–11].
Depending on the physical system, there are many mech-
anisms for generating NDR, such as resonant electronic
tunneling [12–14], interaction between localized narrow
energy states [15,16], and suppression from the electrode-
molecular region [17]. Given the peculiar ballistic transport
properties of relativistic particles in two-dimensional (2D)
materials [18,19] and the potential for high-speed electronic
applications, it sounds attractive to investigate the possibility
of generating and regulating the NDR effect in 2D materi-
als. One stunning 2D material is monolayer transition metal
dichalcogenide (TMD), a newly discovered semiconductor
that has a wide range of applications in the field of optoelec-
tronics [20]. There are tremendous work on monolayer TMD
due to its unique electronic properties, including a relatively
large energy gap [21], strong spin-orbit interaction [22], and
blocked spin-valley relationship [23]. In the last few years
there is a trend of studying NDR effect in TMD systems
with both theoretical and experimental progresses [24–29].
Nourbakhsh et al. [30] studied the transport properties in both
vertical and in-plane directions of MoS2/WSe2 heterostruc-
tures. The junction shows distinct NDR at room temperature,
which results from the band-to-band tunneling at the edge of
the MoS2/WSe2 heterojunction. Additionally, Liu et al. [31]
built a WSe2-based transistor by using metals with differ-
ent work functions to form electrodes. In contrast to the
van der Waals heterojunction comprised of two different 2D
materials, the junction shows a strong tunneling current and
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remarkable NDR behavior. Moreover, an artificial superlat-
tice (SL) formed by periodic external field modulation is an
effective way to engineer the transport properties [32]. SL-
based diodes with multipeak characteristics have been used
in various applications such as in multivalued logic, analog-
to-digital convert, and multivalued memory circuits. These
devices can perform more logical operations than devices
that produce a single NDR peak. In addition, they have the
advantage of reducing circuit complexity due to the nature of
multiple switching. To form the SL with periodic potential,
there are several avenues: gate voltage, magnetic field, off-
resonant circularly polarized light (CPL) field, etc. Till now,
related schemes based on graphene [33,34], silicene [35–37],
MoS2 [38], and WSe2 [39], have been proposed. How-
ever, the influence of the CPL on the 2D material is an
emerging topic, which is promising of realizing valleytronics,
and the prediction has been confirmed by experiments with
MoS2 [40] and WSe2 [41]. Very recently we proposed the
CPL- and gate voltage-modulated monolayer WSe2 double
barrier, and found that the valley switching could be efficiently
controlled [39]. Surprisingly, so far there is still a lack of
investigation of the valley-dependent NDR effect based on the
TMD optoelectronic SL.

In this work we report the NDR feature in TMD opto-
electronic SL. It is shown that the valley-dependent resonant
region and transmission gap are strongly dependent on the
bias voltage and the light field. The I-V characteristics exhibit
multipeak and valley filtering features under cooperative oper-
ations of the back gate electric and the light fields. Moreover,
we find that the peak-to-valley current ratio (PVCR) can be
enhanced in the SL.

II. MODEL AND METHODS

The TMD optoelectronic SL is shown in Fig. 1, which can
be realized by periodically applying the back gate electric field
and the off-resonant CPL to the modulated regions. The metal
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electrodes on both sides of the TMD sheet create a linear elec-
trostatic potential drop along x direction. We choose WSe2

as the prototypical representative which is a semiconductor
with a direct band gap of about 850 meV, and the following
results can be extended to other TMD materials. The effective
Hamiltonian of monolayer WSe2 in normal and modulated
regions ( j = W, B) can be written as [32]

Hj =υ f (ησx px + σy py) + (� + η� j )σz

+ ηsz(λcσ+ + λvσ−) + U (x), (1)

where υF ≈ 5 × 105 m/s is the Fermi velocity, η = ±1 is
the valley index, sz = ±1 is the spin index, σi(i = x, y, z)
is the Pauli matrix, � = 850 meV represents the band gap,

λc(v) = 7.5(112.5) meV is the SOC for the conduction (va-
lence) band, and σ± = σ0 ± σz (σ0 is the identity matrix).
U (x) is the position dependent electrostatic potential energy
that has two parts: first, the Kronig-Penney-type potential that
takes as zero in normal regions and U in modulated regions.
The second is f = eVB/L that is contributed by bias (VB is the
electric field and L is the channel length):

U (x) =
{

U − f x, modulated regions,
− f x, normal regions, (2)

The dynamics of an electron under optoelectronic action
can be reduced to that of an electron under effective potential
U η,sz

eff (x). Here

U η,sz

eff (x) =
(

� + η� j + 2ηszλc + U (x) 0
0 −(� + η� j ) + 2ηszλv + U (x)

)
. (3)

From Eq. (3) we can obtain that the U η,sz

eff (x) for sz = 1(−1)
is U η,↑(↓)

eff = ±(� + η� j ) + 2ηλc(v) + U (x). In Fig. 1(b) we
show the valley-dependent effective potential for sz = 1 under
bias with considering vertical electric and light stimuli, which
help us better understand the mechanism of the valley filter.

According to the Floquet theory [42], when both off-
resonant condition h̄ω � t and the limit of eAυF /h̄ω � 1
are satisfied, the influence of such light field to the Hamil-
tonian near Dirac point can be reduced to the static effective
term � = (eAυF )2/h̄ω, with � > 0 (<0) corresponding to the
right (left) circular polarization, where ω is the frequency of
light, and A is the scalar potential of external electromagnetic

FIG. 1. (a) Schematic illustration of the TMD optoelectronic
superlattice with period number N , barrier (well) width LB (LW ),
and channel length L. (b) The valley-dependent effective potential
energy for sz = 1 under bias with considering vertical electric and
light stimuli.

potential from CPL. We set �W = 0, �B �= 0. Explicitly Hj is
given by

Hj =
(

δc
j + U (x) − E h̄υF (−iη∂x − ∂y)

h̄υF (−iη∂x + ∂y) δv
j + U (x) − E

)
, (4)

where δc
j = � + η� j + 2ηszλc and δv

j = −� − η� j +
2ηszλv .

The differential equation Hj� j = E� j admits the solution
of eigenstates � j (x)eikyy with

� j (x) =
(

eik j x e−ik j x

G jeik j x −G∗
j e

−ik j x

)(
μ j

ρ j

)
, (5)

FIG. 2. (a) TK↓ without bias. When electrons move in Kronig-
Penny potential, the resonance level widens to miniband with the
transmission of nearly 1. (b) Map of TK↓ spectrum, showing the
destruction of the minibands into WS ladders and the hybridization
of WS ladders in different minibands with increasing bias. (c) IK↓-VB

characteristic. Minibands, WS ladders, and hybridization between
WS ladders are responsible for multipeak NDR. N = 6, LB = 10 nm,
LW = 30 nm, � = 10 meV, and U = 100 meV.
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FIG. 3. Transmission as a function of the incident energy under different values of the bias voltage and the light-induced gap of the CPL
for (a1)–(i1′ ): N = 2, and (a2)–(i2′ ): N = 6. LB = 10 nm, LW = 30 nm, U = 100 meV, and θ = 0.

where

Gj = h̄υF (−ηk j − iky)

δv
j + U (x) − E

,

ky =
√(

δc
W

− E
)(

δv
W

− E
)
/(h̄υF )2 sin θ,

k j =
√[

δc
j + U (x) − E

][
δv

j + U (x) − E
]
/(h̄υF )2 − k2

y .

(6)

The wave function in periodic SL system without bias is
a Bloch function and the dispersion relation can be derived
by the pertinent transfer-matrix method (TMM). The transfer
matrix (TM) is expressed as

M =
(
δv

W
− E

)(
δv

B + U − E
)

4(h̄υF )2kW kB

(
� λ

λ∗ �∗

)
(7)

with

� = (G∗ + H )(H∗ + G)eikW LW eikB LB

+ (−G∗ + H∗)(−H + G)eikW LW e−ikB LB ,

λ = −2i(G∗ + H )(G − H∗)eikW (LB +LW ) sin(kB LB ), (8)

then the dispersion relation can be constructed as

cos(Kl ) =
(
δv

W
− E

)(
δv

B + U − E
)

4(h̄υF )2kW kB

× (G∗ + H )(H∗ + G) cos(−kW LW − kB LB )

+ (−G∗ + H∗)(−H + G) cos(−kW LW + kB LB ).
(9)

The external potential is the variable that depends on po-
sition x under bias. To apply TMM for this SL structure, we
can divide the whole junction into n small regions, where the
potential energy of each region is regarded as a constant Un,
and the TM in xth region is

Mn(xn) =
(

eiknxn e−iknxn

Gneiknxn −G∗
ne−iknxn

)−1

×
(

eikn+1xn e−ikn+1xn

Gn+1eikn+1xn −G∗
n+1e−ikn+1xn

)
. (10)

TM of the whole system connecting source and drain is

TM =
∏

n

Mn(xn), (11)
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and we obtain the transmission coefficient tη,sz , then the trans-
mission probability reads

Tη,sz = kR

kL

δv
W

− E

δv
W

− E − eVB

∣∣tη,sz

∣∣2
(12)

with

kL =
√(

δc
W

− E
)(

δv
W

− E
)
/(h̄υF )2 − k2

y ,

kR =
√(

δc
W

− eVB − E
)(

δv
W

− eVB − E
)
/(h̄υF )2 − k2

y .

(13)

The spin- and valley-dependent current at zero temperature
is given by [43]

Iη,sz = I0

∫ EF

EF −eVB

∫ π/2

−π/2
Tη,sz |E |dE cos θdθ, (14)

where θ is the incident angle, EF is the Fermi energy, and
here we set EF = 950 meV. The valley current can be defined
as IK (K ′ ) = IK (K ′ )↑ + IK (K ′ )↓, the total current is It = IK + IK ′ ,
and the valley polarization of current is PV = (IK − IK ′ )/It .

III. RESULTS AND DISCUSSIONS

In Fig. 2 we first illustrate the mechanism of generating
multipeak NDR in SL structure. When the electron moves in
the periodic potential without bias, due to the influence of the
two adjacent quantum wells, the wave function of each energy
level in the two wells is combined in a symmetric or anti-
symmetric way, and then each energy level is correspondingly
split into two. Thus, when many square wells come close to
each other to form the Kronig-Penney (KP) potential, each
energy level of the original spectrum of electrons moving
in this potential will split and widen into the miniband [see
Fig. 2(a)], which is the most important feature of electron
motion in the crystal.

In the presence of a uniform electric field, the dynamics
of the electrons in the KP potential is described by Bloch
oscillations. The interference between electron wave packets
destroys the miniband into the localized Wannier-Stark (WS)
ladder [see Fig. 2(b)], which suppresses the tunneling of elec-
trons, causing the decreasing of current and the first current
peak [see Fig. 2(c)]. With the sweep of bias voltage, the inter-
action of branching from different WS ladders is responsible
for multipeak NDR.

The effects of the CPL and the bias voltage on the
valley-dependent transport properties of simple (N = 2) and
complex (N = 6) structures are investigated and shown in
Fig. 3. For � = 0, the degeneracy of K and K ′ valleys is not
lifted [see Figs. 3(a1), and 3(a1′ )]. As � increases, the split-
ting of valley degree of freedom becomes significant and the
transmission shows the effect of valley-dependent resonant
enhancement or suppression. In contrast to the transmission
spectra at � = 5 meV [see Figs. 3(d1) and 3(d1′ )], the trans-
mission spectra at � = 10 meV shows significant resonant
enhancement for the K ′ valley, but resonant suppression for
the K valley [see Figs. 3(g1) and 3(g1′ )]. That is, the num-
ber of resonant peaks for K ′ valley increases, the resonant
region becomes wider, and the nonresonant region becomes

FIG. 4. (a) Total current-voltage and (b)–(e) dI/dV characteris-
tics with variation of N . In (a), the regions that produce maximum
PVCRN are highlighted in purple, which corresponds to the mini-
mum points of the dI/dV curves in the negative range of the ordinate
(marked with purple arrows) in (b)–(e). (f) and (g) TK↓ for N = 4
and N = 6, respectively. LB = 10 nm, LW = 30 nm, � = 0 meV, and
U = 100 meV.

narrower, while the resonant peaks for K valley decrease and
the transmission gap gets wider. The Hamiltonian revealed in
Eq. (1) can show the physical mechanism of the above trans-
port phenomena. In the case of � = 0, η� = 0 leads to the
particles tunneling with the degenerate valley index between
the source and drain, resulting in the preservation of valley de-
generacy in the transmission spectra. When � > 0, the valley
degeneracy is lifted, and the resonant band and transmission
gap in the transmission spectra are coherent with the valley
index. Moreover, we find that the right circular polarization
strengthen (weaken) the band gap of K (K ′) valley, which is
responsible for the resonant suppression (enhancement) effect
of transport.

In Fig. 3, along the VB axis, we exhibit the evolution of the
valley-dependent transport behavior under bias regulation. At
VB = 0, the transmission spectra coincide with the picture of
perfect resonant tunneling, in which the resonant tunneling
predicts the positions of quasieigenstate energy in the inter-
acting quantum well structure. Furthermore, the transmission
spectra at zero bias show that for a specific valley, the inter-
vals of resonant and nonresonant bands for spin-up particles
are greatly misaligned with those for spin-down ones. This
phenomenon is consistent with the spin filtering nature in
the electric superlattice we predicted in Ref. [32]. When VB

increases, it can be observed that (1) transmission spectra
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FIG. 5. I-VB characteristics for various �. (a) and (b) K valley
current; (c) and (d) K ′ valley current; (e) and (f) total current; (g) and
(h) valley polarization of current. The insets depict the PVCRN vs �.
N = 2 for the left panel, and N = 6 for the right panel. LB = 10 nm,
LW = 30 nm, and U = 100 meV.

present suppressed evolution, (2) broadening of transmission
gap for both K and K ′ valley in the lower energy regime [see
Figs. 3(b2) and 3(b2′ )], and meanwhile (3) the transmission
peak values are reduced in the higher energy regime [see
Figs. 3(c2) and 3(c2′ )]. The mechanism underlying these phe-
nomena is that the bias causes the destruction of miniband to
WS ladder, leading to the inhibition of tunneling.

Figure 4 presents the It -VB characteristics in the case of
zero optical field for structures with different period number
N = 2, 4, 6, and 8. It should be noted that, within the range
of low bias (VB < 20 mV), the total current changes almost
linearly with VB. It is evident that further increasing bias leads
to reduction in current and apparent NDR effect. Interestingly,
the study shows a continuous reduction of the current with
increasing N . To analyze the sensitivity of the current to N ,
we further plot the transmission related to energy and bias
for N = 4 and N = 6, as shown in Figs. 4(f) and 4(g). As
can be seen, the suppression region is significantly enlarged
when N increases, which leads to the lowered transmission
contribution to the current window, thus reducing the current.

The significance of NDR effect for period number N can be
qualitatively described by the PVCRN , here we only compare
the maximum PVCR in It -VB. In order to analyze whether
there exists NDR, we further plot the dI/dV diagrams in
Figs. 4(b)–4(e). As can be seen, dI/dV shows oscillatory

FIG. 6. I-VB characteristics for various U . (a) and (b) K valley
current; (c) and (d) K ′ valley current; (e) and (f) total current; (g) and
(h) valley polarization of current. N = 2 for the left panel and N = 6
for the right panel. LB = 10 nm, LW = 30 nm, and � = 10 meV.

behavior with the change of bias. Note that the dI/dV realizes
the minimum value in the negative range (marked with purple
arrows), indicating that a maximum PVCR occurs around
this bias. From N = 2 to N = 8, the corresponding maximum
PVCRs are 1.142, 1.393, 1.52, and 2.02, respectively. As N
increases, the rising PVCR indicates that the SL can enhance
the NDR effect. In the complicated SL discussed, and the bias
voltage is not considered, the coupling of resonant energy lev-
els between layers is the reason for the nearly linear current.
Upon modulation by the bias, the matching of resonant modes
is reduced, resonant tunneling is suppressed, the minibands
are broken into WS ladders, which leads to the reduction
of current. When the bias voltage increases further, the WS
ladders in different minibands produce a new set of current
peaks by hybridization.

Figure 5 shows the valley-dependent current, total current,
and corresponding valley polarization as a function of the bias
voltage for different values of �. The left and right panels are
for N = 2 and N = 6, respectively. Several obvious phenom-
ena appear: First, when N = 6, for both IK (K ′ ) and It , weaker
current, more peaks, and relatively strong PVCR (see the
insets in Fig. 5) are observed compared with those for N = 2,
which further validates the feasibility and practicability of
utilizing SL system to achieve multipeak effect and improve
NDR performance. Second, the valley polarization of current
in complex structure shows multipeak effect [see Fig. 5(h)].
Third, strong light field suppresses the K valley current, but
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enhances the K ′ valley current, the total current, and the valley
polarization. As shown in Figs. 5(g) and 5(h), PV approaches
−100% and thus the pure valley current is achieved for the
case of � = 10 meV. Our method opens up the possibility
of optical manipulation on valley index and generating pure
valley current in the SL system. Similar to spin current, such
a pure valley current contributes to eliminating charge-related
effect [44,45] and producing minimal Joule heating [46].

In Fig. 6 we show the IK (K ′ )-, It -, and PV -VB characteristics
of WSe2 SL for different values of gate voltage U . The left
(right) panel corresponds to N = 2 (N = 6). Figures 6(a)–6(f)
show that by changing the gate voltage, both the valley current
and the total current display a similar trend. Increasing U from
90 to 100 meV, the current drops dramatically, which is physi-
cally understandable due to the enlarged band gap induced by
the gate voltage that hinders the passage of particles. When
the gate voltage continue increasing, the current is eventually
suppressed to zero over a relatively wide range of bias, due to
that it is difficult to cross particles when the Fermi lever fails
into the band gap. Moreover, the NDR effect is affected by the
gate voltage. In our calculation, the NDR effect is the most
salient for U = 90 and 95 meV when N = 6. Additionally,

changing the gate voltage also affects the polarization of the
current. As seen in Figs. 6(g) and 6(h), whether for simple
structure (N = 2) or SL (N = 6), increasing the gate voltage
will enhance the effect of the valley current filtering.

IV. CONCLUSIONS

In summary, we theoretically studied the multipeak NDR
feature in TMD-based optoelectronic SL and demonstrated
that the SL structure can enhance the PVCR. These charac-
teristics are dominated by the miniband regime in lower bias
and Wannier-Stark regime in higher bias. We also found that
the appropriate parameters of back gate electric and optical
fields are necessary for generating the pure valley current.
This work provides an effective strategy for manipulating the
valley-dependent NDR effect in the SL structure based on
monolayer TMD.
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