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TOPICAL REVIEW — Valleytronics

Valley polarization in transition metal dichalcogenide layered
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In recent years, valleytronics researches based on 2D semiconducting transition metal dichalcogenides have attracted
considerable attention. On the one hand, strong spin—orbit interaction allows the presence of spin—valley coupling in this
system, which provides spin addressable valley degrees of freedom for information storage and processing. On the other
hand, large exciton binding energy up to hundreds of meV enables excitons to be stable carriers of valley information.
Valley polarization, marked by an imbalanced exciton population in two inequivalent valleys (+K and —K), is the core of
valleytronics as it can be utilized to store binary information. Motivated by the potential applications, we present a thorough
overview of the recent advancements in the generation, relaxation, manipulation, and transport of the valley polarization
in nonmagnetic transition metal dichalcogenide layered semiconductors. We also discuss the development of valleytronic

devices and future challenges in this field.

Keywords: valley polarization, nonmagnetic transition metal dichalcogenide layered semiconductors, exciton

PACS: 68.65.-k, 71.35.—y, 72.25.Fe, 72.25.Dc

1. Introduction

Encoding information based on spin or valley degree of
freedom is promising due to their low-power dissipation and
fast processing speed. When the latter is used, it is classified
as valleytronics.!'=3 The valley represents the local extremum
point in the band structure in momentum space. In nonmag-
netic transition metal dichalcogenide (TMD) semiconductors,
there are two inequivalent valleys at +K and —K points, which
can be labeled by a binary pseudospin. The application of val-
leytronic devices strongly depends on the carrier population
distribution polarized in +K and —K valleys, which is referred
to as valley polarization.!*! It is preferable to have a high de-
gree of valley polarization and a long valley-polarized lifetime.

Monolayer TMD semiconductors exhibit direct bandgap,
large exciton binding energy, and strong spin—orbit interac-
tion, which makes them an attractive platform for exploring
valley physics and applications in valleytronics.[”! The bro-
ken inversion symmetry in monolayer TMD gives rise to spin—

(101 which enables exclusive valley-dependent

valley locking,
optical selection rules in +K and —K valleys. The coupling
between optical signals and valley excitons facilitates informa-
tion initialization and read-out. In addition, spin—valley lock-
ing allows to manipulate valley information by managing spin,
such as by generating valley polarization via the injection of
spin-polarized carriers.!!!~!*! Based on the TMD monolayer,
the heterostructure, assembled with a few layers of different

TMD materials via a weak interlayer van der Waals force,
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hosts long-lived interlayer excitons due to spatially separated
electrons and holes in different layers, making it a promising
system for future valleytronic devices.!!>! Moreover, adjust-
ing the twist angle between layers could result in further val-
ley physics manipulation.[!®!7! Therefore, valley polarization
based on TMD layered semiconductors has received much at-
tention recently.

In this review, we focus on valley polarization in
the nonmagnetic TMD monolayer and its hybrid het-
ero/homobilayers. We start by introducing the valley physics
and valley information carrier of excitons in TMD semicon-
ductors. We then comment on approaches to generate valley
polarization, including optical pumping with circularly polar-
ized excitation and electrical spin injection via ferromagnetic
semiconductors or metals. In view of the dynamic stability of
valley information, depolarization and relaxation of valley po-
larization are discussed after that. In light of the imperfect ini-
tialization of valley polarization, strategies to manipulate and
improve valley polarization are reviewed. These involve em-
ploying gate voltage to induce electrostatic doping or tune out-
of-plane dipole moments, applying a magnetic field or mag-
netic proximity effect to produce band offset and valley Zee-
man shift, and utilizing moiré pattern with spatially modulated
selection rules for optical transitions. Whereafter, the trans-
port, referring to the diffusion and separation of valley polar-
ization, is discussed. After that, we briefly discuss valleytronic
devices, including valley light-emitting diodes (LEDs) and
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valleytronic transistors. Finally, we provide a summary with
an outlook and challenge for future research on valley polar-
ization and its practical applications in TMD-based semicon-
ductors.

2. Valley physics and valley excitons

In the hexagonal 2D layered materials, such as TMDs,
there are two inequivalent valleys with energy degenerate band
edges (£K) at the corners of Brillouin zone (Fig. 1(a)). These
valleys operate as a binary pseudospin and offer another de-
gree of freedom in addition to charge and spin. In monolayer
TMD, the broken inversion symmetry gives rise to spin—orbit
coupling, which induces spin splitting in each valley. The
time-reversal symmetry dictates spin down (up) in the +K val-
ley to be degenerate with spin up (down) in the —K valley, re-
sulting in spin—valley coupling (Fig. 1(b)).['% This coupling
allows the manipulation of valley properties by controlling the
spin.

b
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Fig. 1. The 2D hexagonal lattice and valley physics. (a) 2D hexago-
nal lattice of a monolayer TMD consisting of chalcogen atoms (green)
and transition metal atoms (orange), and the first Brillouin zone with
two inequivalent K points in disulfide of tungsten. (b) Spin—valley cou-
pling and valley-dependent optical selection rules for A excitons (green
double sided arrows) and B excitons (black double sided arrows) at two
valleys. m is the azimuthal quantum number of the total orbital momen-
tum. 6 (07 circularly polarized light couples with +K (—K) valleys
because only transitions with Am = +1 (—1) are allowed.

The broken inversion symmetry also results in the valley-
contrasting Berry curvature and orbital magnetic moment,
which offer an effective way for controlling the valley degree
of freedom.['8-2% The Berry curvature is analogous to a mag-
netic field in that it causes an anomalous velocity transverse
to the applied electric field, i.e., the Hall effect, including the

spin Hall effect and the anomalous Hall effect in spin—orbit
coupled systems. The orbital magnetic moment is caused by
the electron wavepacket’s self-rotating motion. It permits the
valley pseudospin to be coupled with a magnetic field, allow-
ing the valley polarization to be detected as a magnetic sig-
nal. The valley-dependent phenomena of Berry curvature and
orbital magnetic moment will be discussed in the subsequent
sections.

In TMD semiconductors, excitons, which are composed
of electrons and holes via the Coulomb interaction, are the
dominant quasiparticles to convey valley information owing
to the localization of the constituent electrons and holes in the
+K and —K valleys. Excitons behave as stable carriers of val-
ley information because their binding energy, which can reach
hundreds of meV, is higher than the thermal activation energy
at ambient temperature.®! There exist several types of exci-
tons according to their components, such as the neutral bright
(dark) exciton consisting of an electron and a hole with spin
conservation (flip), the charge exciton, i.e., trion, with the neu-
tral exciton capturing an extra electron or hole, and the biex-
ction composed of two electrons and two holes.[®! Different
excitons can be distinguished by photoluminescence spectra
due to their distinct binding energies. Besides, different exci-
tons possess different physical origins and distinct sensitivities
to electrical gating, optical density, and magnetic field, provid-
ing a degree of freedom to manipulate the excitonic response

in different applications. >4

3. Valley polarization

Valley polarization refers to the imbalanced carrier popu-
lation between +K and —K valleys, >>~2"] which distinguishes
binary valley information and supplies a practical platform for
information processing. Valley polarization with a high initial
degree, a long-lasting lifetime, and long-range transport are
necessary for valleytronic devices. In this part, we present re-
cent progress on the generation, relaxation, manipulation, and
transport of valley polarization in nonmagnetic TMD layered
materials.

3.1. Generation of valley polarization

There are mainly two approaches to generate valley po-
larization, one of which is the optical pumping with circularly
polarized light. In theory, orbital magnetic moments enable
the valley pseudospin link to a magnetic field, which creates
the valley-dependent optical selection rules,!!*?8] i.e., the in-
terband transition in the +K (—K) valley couples exclusively
to the 6+ (07) circularly polarized light (Fig. 1(b)). The val-
ley polarization is usually determined in experiments by the
polarization-resolved photoluminescence (PL) spectroscopy,
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which can be defined by the circular polarization as

I(ct)—1I(c7)

(0 +1(c7)’ v

P

where I(c%) is the intensity of the left- and right-handed cir-
cular component. Mak and Zeng et al.[>>2%! reported the first
experiment in monolayer MoS, almost at the same time. They
discovered that the valley polarization switched when the ex-
citation changed from 6™ to ¢~ circularly polarized light
(Fig. 2(a)). Besides, the valley polarization was observed to
be sensitive to the excitation photon energy (Figs. 2(b)-2(e)),
reaching a maximum with on-resonance excitation. Hereafter,
valley polarization in other TMD monolayers and their hy-

brid bilayers was investigated. Valley polarization in these
systems ranges from 30% to nearly 100%.[23-26:29301 The
less-than-perfect degree of polarization is mainly attributed
to intervalley scattering!>*! and the electron—hole exchange
interaction.3>33] On-resonance excitation is one strategy to
enhance the valley polarization, which could significantly
decrease the phonon-mediated intervalley scattering or the

291 have

electron—hole exchange interaction. Kioseoglou et al.
demonstrated a threshold of twice the LA phonon energy, be-
yond which phonon-assisted intervalley scattering gives rise
to depolarization. Almost complete depolarization occurred

when the excitation is about 100 meV above the threshold en-
ergy.
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Fig. 2. Optical (a)—(e) and electrical generation (f)-(k) of valley polarization. (a) Polarization-resolved PL spectra under left-handed (black
symbols) and right-handed (red symbols) circular excitation in monolayer MoS, at 1.96 eV and 10 K. 1261 (b)—(e) Helicity-dependent PL spectra
and corresponding circular polarization p for 6~ excitation at 1.96 eV (on-resonance, (b), (¢)) and 2.33 eV (off-resonance, (d), (e)) in monolayer
MoS,.12%1 (f) Schematic for an electrical valley polarization device using monolayer TMDC/(Ga, Mn)As heterojunction. (g), (h) 6™ and 6~
resolved EL spectra under an outward (g) and inward (h) magnetic field of 400 Oe perpendicular to the surface of device (f). Inset: diagram
of the electrical excitation and emission processes.!!?! (i) Schematic of vertically stacked FGT/hBN/WSe,/hBN/graphene heterostructures. (j),
(k) Polarization resolved EL spectra for 6 and 6~ detection under a negative bias V;, outward (j) and inward (k) magnetic field to the surface
of device (i).1'2] Figure reproduced with permission from (a) Ref. [26], Nature Publishing Group; (b)—(e) Ref. [25], Nature Publishing Group;
(f)—(h) Ref. [13], Nature Publishing Group; and (i)—(k) Ref. [12], Nature Publishing Group.

In addition to the optical generation of the valley po-
larization, which may facilitate the development of opto-
valleytronic devices, another approach is the electrical gener-

ation through spin injection via a diluted ferromagnetic semi-

conductor. Pioneering work was performed in the n-WS,/p-
(Ga, Min)As heterojunction,!! where the ferromagnetic semi-
conductor of (Ga, Mn)As supplies an out-of-plane magnetic

easy axis as a spin aligner and allowed spin-polarized hole
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injection at forward bias (Fig. 2(f)). The degree of valley
polarization of this heterojunction was confirmed from the
polarization-resolved electroluminescence (EL) spectroscopy
(Figs. 2(g) and 2(h)). The EL helicity is found to approach a
maximum of 16.2%. When the applied magnetic field is in-
verted, an opposite EL helicity of —14.8% is obtained. This is
because the +K valley is preferentially injected with spin-up
holes from spin-polarized (Ga, Mn)As due to spin—valley lock-
ing (inset of Figs. 2(g) and 2(h)), which leads to 6~ emission
as a result of optical selection rules. The reversed magnetic
field enables the injection of spin-down holes into the inverted
valley —K, resulting in 0 emission. This work demonstrates
the electric generation of the valley polarization with spin in-
jection as a new perspective of electronic devices for future
information processing.

However, the use of a magnetic substrate for spin injec-
tion limits further development of integrated valleytronic de-
vices. Hereafter, spin-polarized charge carriers injected by
local permalloy electrodes!!!! and van der Waals (vdW) fer-
romagnetic metal were demonstrated.!'>!4 As another route
of electrical generation of valley polarization, utilizing vdW
ferromagnetic metal as a spin injector has the potential to
be integrated with TMD to form vdW heterostructures with-
out lattice-mismatching constraints. One promising can-
didate for vdW ferromagnetic metal is Fe3GeTe, (FGT),
which has a Curie temperature higher than 130 K and pos-
sesses a single magnetic domain together with large coerciv-
ity and strong perpendicular magnetic anisotropy. Li et al.!']
fabricated a vertically stacked heterostructure composed of
FGT/hBN/WSe,/hBN/graphene with FGT as the spin injector
into monolayer WSe, under a bias voltage (Fig. 2(i)). EL he-
licity was observed at a negative voltage and external magnetic
field (Figs. 2(j) and 2(k)), which flips sign when the external
magnetic field changes to the opposite direction and is still
preserved even though the magnetic field is removed. They
further confirmed the role of FGT by elevating the tempera-
ture to higher than its Curie temperature and replacing ferro-
magnetic FGT with nonmagnetic graphene, which results in
the EL helicity vanishing. It is anticipated that valley polar-
ization near room temperature may be realized when the FGT
electrode is replaced with ferromagnetic metals working near
room temperature, such as FesGeTe, (Tc ~ 270 K) and MnSe,
(Tc ~ 300 K).[34-361

3.2. Relaxation of valley polarization

Exciton lifetime and valley-polarized lifetime are two im-
portant parameters for valleytronic devices, which reflect the
dynamic stability of valley information. The valley lifetime
can be shorter or longer than the exciton lifetime (recombina-
tion lifetime). Their relative magnitude could highly influence
the degree of valley polarization. The valley polarization and

the two lifetime parameters are related by?”]
Pe=Ph/(1+7/1), ()

where Py is the initial degree of circular polarization, 7 is the
recombination lifetime, 7, is the valley lifetime. 38! If the val-
ley lifetime is longer (shorter) than the recombination life-
time, high (low) valley polarization is expected. In mono-
layer TMD, the strong electron-hole exchange interaction is
the dominant depolarization mechanism of excitons, result-
ing in exciton lifetime and valley lifetime in the order of
picoseconds.?*1 In contrast, trion lifetime is prolonged be-
cause the dominant mechanism of intervalley scattering de-
mands spin flips of individual carriers, which are energeti-
cally and spin forbidden for trions.[**) Bound exciton, stem-
ming from the localization of impurities, defects, or strains
in monolayer (ML) TMDs, enables the valley lifetime to
reach the microsecond level.[*3 Besides, experiments in ML-
WSe, have shown that the dark excitons and dark trions, lying
tens of meV below the bright exciton, depolarize on a time
scale of hundreds of picoseconds and several nanoseconds,
respectively. [444]

In TMD heterostructures, electrons and holes are sepa-
rated in two monolayers, forming interlayer excitons, which
possess longer exciton lifetime and valley lifetime due to
greatly reduced electron-hole exchange interaction. Rivera et
al.13%] have observed exciton lifetime of 1.8 ns at 20 K and
valley lifetime of 40 ns at 30 K in WSe,;/MoSe; heterostruc-
tures. Scuri et al.'*”l have demonstrated long valley lifetimes
exceeding 40 ns in twisted WSe,—WSe, bilayers. Huang et
al.'*8) have achieved valley lifetime of 1 ns at room tempera-
ture by transferring WSe;/MoS, heterostructures to a silicon
suspended slab. Nanosecond or even microsecond scale of
(valley) lifetime of interlayer exciton makes vdW heterostruc-
tures a promising platform to study valley exciton physics and

explore novel valleytronics and spintronics devices. %]

3.3. Manipulation of valley polarization

Valley polarization with a high polarization degree and a
long lifetime is desirable for the development of valleytronic
devices with energy-efficient information coding and process-
ing. However, nonmagnetic TMD semiconductors have a lim-
ited range of intrinsic valley properties. Thus, several manipu-
lation methods, including electrical gating, magnetic field and
magnetic proximity effect, and moiré pattern, have been ex-
plored.

3.3.1. Electrical gating

Electrical gate manipulation of valley properties is effec-
tive in natural bilayer TMD because the intrinsic inversion
symmetry can be broken. It has been reported that in bilayer
MoS,, the circularly polarized PL could be continuously tuned
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from —15% to 15% by gate voltage, whereas in monolayer
MoS, with intrinsic broken inversion symmetry, the PL polar-
ization is gate independent.>!! This phenomenon is attributed
to the continuous variation of orbital magnetic moments be-
tween positive and negative values through symmetry manip-
ulation.

Electrical gate can act as electrostatic doping to manip-
ulate the valley polarization. As discussed above, the long-
range e—h exchange interaction dominates the intervalley scat-
tering process in ML TMD, which results in short valley
lifetime. Electrostatic doping could induce screening effect,
which suppresses the long-range e-h exchange interaction and
thus improves the degree of valley polarization and valley-

(d

WSe2

(a) =

Vs

30.52-341 Zhang et al.!>! have reported that

polarized lifetime. !
the degree of valley polarization in ML-MoTe, could be in-
creased to 38% for excitons and 33% for trions through electri-
cal manipulation (Figs. 3(a) and 3(b)). The valley-polarization
lifetime could be extended by a factor of 1000 to nanosec-
onds by converting excitons to trions through gate control
(Fig. 3(c)). Shinokita et al.!>®! have demonstrated an enhance-
ment of the valley polarization from about 20% to 40% via
electrostatic doping, which is ascribed to the prolonged valley
lifetime induced by the weakened e-h exchange interaction.
Similar experimental results have also been reported in ML-
WS, and ML-MoS,.[657]
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Fig. 3. Gate voltage manipulation of the valley polarization. (a) Schematic of the electrically gated ML-MoTe, device. (b) The gate-dependent circular
polarization degree of excitons (black dots) and trions (red dots). The neutrally charged region (NCR) is shaded in yellow. (c) The gate-dependence of fitted
intravalley decay time 1 /FT“l (black dots) and intervalley decay times 1 /FT" (blue dots) of trions.!5! (d) Cartoon depiction of MoSe,/WSe, heterostructure
and the interlayer exciton with a permanent out-of-plane dipole. (e) Time-resolved PL of interlayer exciton at different gate voltages. The blue curves display
the decay of valley polarization. Lifetimes of 39 ns, 10 ns, and 5 ns for gate voltages of +60 V, 0 V, and —60 V are obtained from single exponential fits,
respectively. 1461 (f) Schematic of a TMD homo/heterojunction devices with dual gates‘“ﬁ] (g), (h) Degree of circular polarization (DOCP) as a function of out-
of-plane electric field (g) and doping density (h) in twisted WSe,-WSe; bilayers. Xo and X; denote intralayer excitons and interlayer excitons, respectively.47]
(i) The circularly polarization (Alry) as a function of the gate voltage Vg with 6 polarized excitation. Insets show the excitation and emission polarization
in different voltage ranges.[Ss] Figure reproduced with permission from (a)—(c) Ref. [55], Nature Publishing Group; (d), (e) Ref. [46], AAAS; (f) Ref. [16],
Nature Publishing Group; (g), (h) Ref. [47], American Physical Society; (i) Ref. [58], Nature Publishing Group.

Electrical gate control also plays an important role in
TMD homo/heterobilayer. In this system, interlayer exci-

tons possess an out-of-plane dipole moment due to the elec-

trons and holes being separately located in two monolayers
(Fig. 3(d)). Thus, apart from the carrier doping, gate voltage

can also modulate the dipole moment and vary the electron—

107201-5



Chin. Phys. B 32, 107201 (2023)

hole wavefunction overlap. In MoSe,/WSe; heterostructures,
it has been reported that the valley polarization of interlayer
excitons decays with lifetimes of about 39 ns, 10 ns, and 5 ns
for gate voltages of +-60 V, 0V, and —60 V, respectively, which
can be seen in Fig. 3(e). The valley polarization of interlayer
exciton reaches a maximum of about 40% at +60 V.!*¢! The
long-lasting valley polarization and maximum degree of valley
polarization that emerged at positive gate voltage can be in-
terpreted by a decrease in oscillation strength and intervalley
scattering resulting from a reduction of electron—hole wave-
function overlap of the interlayer excitons.

To distinguish between the electrostatic doping and elec-
tric field effects on interlayer excitons, homo/heterojunction
devices with dual gates have been designed and developed,
as shown in Fig. 3(f). Such devices are usually composed of
the hetero/homobilayer encapsulated with bottom and top h-
BN, outside of which bottom and topmost graphite serve as
the electrodes to assist in light absorption and emission. Top
gate and bottom gate can be assigned appropriate values ac-
cording to the thickness of the bottom and top h-BN so as to
independently control the out-of-plane electric field and elec-
trostatic doping of the device.[>”!

Scuri et al.'*" have investigated the electric field depen-
dence of the degree of circular polarization (DOCP) of inter-
layer excitons in twisted WSe,/WSe, bilayers (Fig. 3(g)). The
linear stark effect is a typical signature of the interlayer exci-
tons due to their out-of-plane dipole moment. An electron—
hole separation of 0.37 nm was extracted from the slope,
which is smaller than the interlayer spacing, indicating at least
one of the carrier wave functions is partially delocalized be-
tween the layers. This work suggested that interlayer exci-
tons consist of electrons from Q point of the conduction band
and holes form K point of the valence band. Therefore, elec-
tric field control of interlayer excitons could reveal the band
extrema. The doping dependence of the DOCP of interlayer
excitons is shown in Fig. 3(h), which exhibits around 80% in
the n-doped regime and almost zero in the p-doped regime.
The strong asymmetry in the DOCP results from the interplay
between valley depolarization and exciton decay dynamics.
They also found the valley lifetime could be tuned by more
than three orders of magnitude via electrostatic doping.

1.581 have realized a circular polarization

Ciarrocchi et a
switch in a MoSe,/WSe; heterostructure from almost unity to
around —50% by dual-gating control in the electrostatic dop-
ing mode. The circular polarization (Alry) as a function of the
gate voltage is presented in Fig. 3(i). When the gate voltage
is between 0 V and 5 'V, positive Algy, indicates the emission
polarization preserved the input polarization, acting as the po-
larization transmitter (inset in Fig. 3(i)). In contrast, when gate
voltage is outside the range of 05 V, negative Alry reveals the

emission polarization switching the input polarization, work-

ing as a polarization inverter. This result could be explained
by the alteration of the moiré potential caused by the electro-
static doping, which changes the exciton localization from one
minimum to another in the moiré pattern with different local
symmetry and light coupling rules. Details about the moiré
pattern will be presented below.

3.3.2. Magpnetic field and magnetic proximity effect

Time-reversal symmetry permits the intrinsic energy de-
generacy of two valleys in nonmagnetic monolayer and multi-
layer TMD structures. This degeneracy can be lifted by apply-
ing a magnetic field. In analogy to the spin Zeeman effect, the
interaction between the magnetic field and the valley magnetic
moment gives rise to the valley Zeeman effect.[*1:%01 Valley
Zeeman shift induces large band offsets between two valleys
(Fig. 4(a)), which provides a powerful tool to manipulate the
valley degree of freedom.

It has been reported that magnetic-field-modulated val-
ley polarization of excitons or interlayer excitons linearly in-
creases at a rate from 1 %/T to 7.7 %/T in nonmagnetic TMD
monolayer and bilayer (Table 1).161-%] This is because the
magnetic-field-induced valley Zeeman effect pushes specific
valleys in the energy spectrum up and down, expanding the
differences in exciton populations between two valleys. More-
over, the band offset reduces the intervalley scattering and re-
sults in an increase in valley polarization. As a consequence,
valley polarization approaching 100% is expected if the mag-
netic field is strong enough, which has been demonstrated in a
MoS,/MoSe,/MoS; heterostructure (Fig. 4(b)).[67]

Applying a magnetic field not only significantly increases
the degree of valley polarization but also prolongs the valley-
polarized lifetime.[*>%! Our research group extended the
valley-polarized lifetime of interlayer excitons from 15 ns at
0T (Fig. 4(c))upto 1.7 us at —3 T (Fig. 4(d)) in MoSe,—WSe;
heterostructures. We demonstrated that the microsecond scale
of lifetime was contributed by the transfer process of dark to
interlayer excitons (Fig. 4(e)), where the intervalley scattering
rate of dark excitons is substantially smaller than that of bright
excitons due to the relatively smaller exchange interaction be-
tween dark excitons.

Table 1. Magnetic modulation factor of valley polarization. Magnetic mod-
ulation factor o = p /B, where p is the valley polarization, and B is the mag-
netic field. ML and BL are abbreviations for monolayer and bilayer, respec-
tively.

Materials Types of excitons la| (T71) References
ML-MoS, Neutral excitons 1.00% [66]
BL-MoS,; Interlayer excitons 7.70% [61]
ML-MoTe; Neutral excitons 3.82% [65]
BL-MoTe, Neutral excitons 5.25% [65]
ML-MoTe, Neutral excitons 2.48% [62]
BL-MoTe, Trions 1.24% [62]
ML-WS, Biexcitons 2.33% [63]
WSe,/MoSe, Interlayer excitons 2.66% [64]
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Fig. 4. Magnetic field manipulation of the valley polarization. (a) Energy level without (left side) and with (right side) out-of-plane magnetic
field. Valley Zeeman shifts are shown by short dotted lines. (b) Magnetic field dependence of circular polarization in a MoS,/MoSe>/MoS»
heterostructure under 6~ polarized excitation of 740 nm.[%”) (¢), (d) Dynamics of valley polarization. At Bz = 0 the valley polarization is
hardly seen after 50 ns and has a decay time of 15 ns (c). At Bz = —3 T, the valley polarization can be seen even at 200 ns, corresponding
to a decay time of 1.745 ps (d). (e) The two conversion routes from the WSe, dark exciton to the interlayer exciton. In the right-side and
left-side routes, the spin flip happens before and after the interlayer charge transfer, respectively. The transition rate for the right-side route
is exponentially dependent on the magnetic field, while it is a constant for the left-side route./**! Figure reproduced with permission from (b)
Ref. [67], American Chemical Society; (c)—(e) Ref. [49], Nature Publishing Group.

In addition to applying a magnetic field, the time-reversal
symmetry of nonmagnetic TMD semiconductors can be bro-
ken by proximity to magnetic layered materials or substrates,
giving rise to an interfacial magnetic exchange field in TMD
semiconductors, which offers an effective method for valley
control. By transferring the monolayer WS, onto the LaMnO3
ferromagnetic substrate, Dang et al.!%8! observed a consider-
ably improved valley polarization of up to 80% in monolayer
WS, under nonresonant excitation at 4.2 K. The temperature
dependence of the valley polarization indicates the exciton—
magnon coupling between WS, and LaMnO3. They proposed
that the nonradiative transfer of photoexcited energy to the
LaMnO3 or the formation of interlayer excitons decrease in-
tervalley scattering and thus boost valley polarization. Castro
et al.'%°) recently claimed that the magnetic proximity effect
from a ferromagnetic substrate could increase the valley polar-
ization of interlayer excitons in MoS,/WS, heterostructures.

They proved that the phonon-assisted intervalley scatterings
between two split interlayer exciton states in two valleys pro-
mote the population imbalance of intervalley exciton, resulting
in the enhancement of valley polarization.

The valley polarization of the TMD monolayer could be
further modulated via the magnetic proximity effect by apply-
ing gate voltage or adjusting the optical excitation power. Li et
al."% employed electrical gating to switch valley polarization
in monolayer WSe; coupled with a magnetic insulator, Crls.
This switching is thought to occur as a result of the gate control
of the interlayer spin-flip transition in 2D Crl3. Zhang et al.["!]
enlarged the valley polarization in monolayer MoSe; proxim-
itized by a 2D ferromagnetic semiconductor Cr,Ge;Teg via
a back-gate voltage. Seyler et al.!”?! reported a wide contin-
uous tuning of the valley polarization with minor variations
in laser excitation power in heterostructures constructed with
monolayer WSe, and 2D magnetic Crlz. This phenomenon is
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attributed to the optical control of the magnetic exchange field
of Crlz over a range of 20 T. These findings shed fresh light
on valley-polarization manipulation in nonmagnetic TMD by
means of ferromagnetic semiconductor proximitizing.

3.3.3. Moiré pattern

In vdW heterostructures with a slight difference in lattice
constants between the two monolayers or a small commensu-
rate twist angle, a ubiquitous moiré pattern with a nanoscale
periodic landscape would emerge (Fig. 5(a)).[”>~"3] The moiré
superlattice potential in vdW hetero/homobilayers strongly af-
fects interlayer excitons due to the locally different interlayer
registry. There are three local atomic registries with C3 sym-
metry in moiré pattern, RE, RX, RhM for near 60° twisted an-

(a)

(b)

Moiré potential

gle, and Hh, HX, HhM for near 0° twisted angle, which dictate
the energy extrema of the exciton potential (Fig. 5(b)). Be-
sides, interlayer excitons at these registries exhibit different
optical selection rules.!’® In the case of 60° twisted, as de-
picted in Fig. 5(c), the spin-up excitons at RE (Rff) site couple
to 6% (67) circularly polarized light exclusively, whereas cir-
cularly polarized light coupling is forbidden at Rﬁ/l site. This
optical selection rule has been demonstrated in experiments.
Ciarrocchi et al.!8! have observed the polarization switch of
interlayer excitons by electrostatic doping, shifting the local
minimum from one registry to another in MoSe,/WSe, moiré
superlattice (Fig. 5(d)), with IX; and IX; being spin-conserved

(singlet) and spin-flip (triplet) interlayer excitons, respectively.
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Fig. 5. Valley polarization in moiré superlattice. (a) Moiré pattern in an MoX>/WX; (X =S, Se) heterostructure. Three local atomic registries
Rﬁ of R-stacking with  site of the MoX; layer aligning with the hexagon center of WX layer.[”#! (b) The spatial variation of the moiré potential
and the constrained interlayer exciton resonances. (c) Optical selection rules of different atomic registries.!”?! (d) Polarization-resolved PL map.
Net polarization Alry, = Ir — I, as a function of the gate voltage Vrg. IX; and IX; correspond to spin-conserving and spin-flip transitions,
respectively.38! (e) Fabrication process of one-interface-twisted multilayer MoS; and the optical microscopy of folded bilayer MoS, with
different twist angles. (f) Twist angle dependence of DOCP in folded bilayer (red curve) and monolayer (black curve) MoS,.!7”! (g) Decay of
valley polarization for negative (M) and neutral (Mg) moiré excitons in MoSe,/WSe; moiré superlattice heterostructure, with valley lifetime
of about 370 ns and 1 ps, respectively. (h) Helicity-resolved PL spectra for negative (M ) and neutral (M)(}) moiré excitons in MoSe,/WSe»
moiré superlattice heterostructure. 16} Figure reproduced with permission from (a) Ref. [74], AAAS; (b), (c) Ref. [73], Nature Publishing
Group; (d) Ref. [58], Nature Publishing Group; (e), (f) Ref. [77], John Wiley and Sons; (g), (h) Ref. [16], Nature Publishing Group.

Moiré pattern, including the moiré periodicity and the su-
perlattice potential, severely depends on the twist angle and
lattice mismatch between two monolayers. Excitons exhibit
tunable valley properties with variable twist angles. Valley po-
larization has been observed to be co-circularly polarized for
57° and 20° heterobilayers and cross-circularly polarized for
2° twist angle.!'”! Zhang et al.!”’! have systematically inves-
tigated twist angle dependent valley polarization evolution in

multilayer moiré supperlattics of MoS; with one twisted in-
terface (Fig. 5(e)). The DOCP was found to increase with en-
hanced rotation angle in both folded monolayer and bilayer
MoS, (Fig. 5(f)). The highest DOCP reaches a maximum
value of above 70% near 30° in folded monolayer and 86%
at 27° in folded bilayer. This result is higher than reported for
twisted homobilayers, which is attributed to the strengthened
dielectric screening effect from the self-encapsulation. The
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upward tendency of DOCP with twist angle was suggested
to result from band mismatch. In specific, as twist angle in-
creased, enlarged mismatch momentum led to a smaller tran-
sition dipole, suppressing the intervalley depolarization and
achieving a longer valley lifetime. Since the positive correla-
tion between valley lifetime and valley polarization is depicted
by Eq. (2), increasing valley polarization is obtained.

In the presence of a moiré pattern, free excitons are
captured in the moiré potential, termed moiré excitons.
Moiré excitons were reported to exhibit an ultra-long life-
time. Mahdikhanysarvejahany et al.[’8! have observed moiré
exciton lifetime up to 300-800 ns in R-stacking (near 0°
twisted) MoSe,/WSe; heterostructures. In H-stacking (near

60° twisted) MoSe,/WSe, moiré superlattices,!'®

valley-
polarized lifetimes of 1 pus and 370 ns have been observed
for moiré excitons and moiré trions, respectively, by means
of electrostatic doping (Fig. 5(2)). Analogously, Kim et al.[””!
have revealed the negative circularly polarized emission of the
single moiré exciton and trion and observed the valley dy-
namic of moiré trions lasting around 700 ns via the focus ion
beam technique. This phenomenon is attributed to the partic-
ipation of the moiré dark trions, which are composed of K-
K exciton and an excess electron from the Q-valley (/-valley)
trapped in the moiré potential. Apart from the long-lasting
lifetime, giant valley polarizations up to 70%—100% have been
reported in MoSe,/WSe; moiré superlattices with 60° twist
angle (Fig. 5(h)), which were suggested to result from fast in-

terlayer transfer together with long valley lifetime, [16:17:80:81]

3.4. Transport of valley polarization

Valleytronic devices based on vdW materials are promis-
ing for optical communication and information processing in
integrated circuits. One prerequisite is that valley-polarized
excitons possess a sizeable diffusion length, which requires a
long exciton lifetime and valley-polarized lifetime. This is be-
cause of the proportional relation between the diffusion length
Lp and the valley lifetime 7, which is described as Lp = V/Dr,
where D is the diffusion constant. Excitons in monolayer
TMDs hold short valley lifetime, typically in picosecond or-
der. In contrast, the valley lifetime of interlayer excitons is
remarkably extended in TMD heterostructures due to the re-
duced e-h exchange interaction. In this part, we will discuss
the diffusion of valley-polarized interlayer excitons in TMD
heterostructures and the separation of valley-polarized exci-
tons assisted by metasurfaces in monolayer and heterostruc-
tures.

3.4.1. Diffusion of valley-polarized interlayer excitons

Interlayer excitons are ideal candidates for valley infor-
mation transport owing to their long valley-polarized lifetime.
Rivera et al.[*%! have determined a valley lifetime of 40 ns un-
der a gate voltage of 60 V in MoSe,/WSe, heterostructures

at 30 K. Such a long-lived polarization enables the visual-
ization of the diffusion of valley-polarized excitons over mi-
crometers. Figure 6(a) shows the evolution of valley polar-
ization, which exhibits a ring with a diameter increasing with
excitation intensity. This result can be explained by valley-
dependent many-body interactions in interlayer exciton gas of
high density. Considering interlayer excitons possess out-of-
plane dipoles, interlayer excitons experience mutually repul-
sive forces through dipole—dipole and exchange interactions.
When the interlayer exciton density is high enough, an increas-
ing expansion of valley polarization with excitation intensity
can be observed away from the excitation spot.

The formation of moiré pattern results in moiré poten-
tial up to 100 meV,"47! which limits the diffusion of inter-
layer excitons. In response to this issue, Unuchek et al.[®’]
introduced an atomically thin spacer layer of h-BN between
the constituent monolayer of MoSe,/WSe; heterostructures,
which effectively enhances the diffusion length of valley-
polarized excitons. Furthermore, they realized a switch device
that electrically operated the flow of valley-polarized excitons
via multiple back gates. Valley-contrasting interlayer excitons
were optically initialized by o circularly polarized light, and
the emitted polarization for the off and on states are shown in
Figs. 6(b) and 6(c). Valley-polarized excitons were found to be
capable of traveling an additional 1.3 pum in the on state while
being stopped before the control gate in the off state. The val-
ley polarization switch could sustain up to a temperature of
100 K due to the large binding energy of interlayer excitons.

3.4.2. Separation of valley-polarized excitons

Building valleytronic devices calls for the separation of
valley-polarized excitons. One strategy to accomplish this
goal is to couple the TMD monolayer or heterostructures to
plasmonic nanostructures, which can facilitate valley trans-
port and establish an interface between valleytronic and pho-
tonic devices. Sun et al.33 have designed an array of sub-
wavelength asymmetric grooves (Fig. 6(d)), which support
chirality-dependent surface plasmon polariton (SPP) propaga-
tion along its side walls. By placing monolayer MoS; on top of
this metasurface, spatial separation of the valley-polarized ex-
citons was observed at room temperature (Fig. 6(e)). This sep-
aration is enabled by the near-field coupling between excitons
and guided surface plasmon polariton modes in the grooves.
The spatial separation between valley excitons is determined
to be about 1.2 um and the maximum valley polarization along
the propagation is around 18%. This is a big improvement for
monolayer TMDs, which commonly exhibit no valley polar-
ization at room temperature.

The spatial separation of valley-polarized interlayer ex-
citons has also been demonstrated in MoS;/WSe, heterostruc-
tures at room temperature. [*8! The heterostructures are stacked
on a silicon-on-insulator with a 220 nm thick silicon film on
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a 2 um buried dioxide, as shown in Fig. 6(f). The silicon
film and heterostructures are suspended, which would induce
strain and thus a potential gradient, leading to the appear-
ance of the valley Hall effect. This speculation was experi-
mentally verified. Figure 6(g) displays the spatially resolved
polarized-dependent PL. emission with dashed lines indicat-

(b) (d)

Asymmetric groove

“ -

Fig. 6. Transport of valley polarization. (a) Spatial map of valley polarization in MoSe,/WSe, heterojunction under 1-60 uW excitation. !

] _I -1

ing the edge of individual monolayer. The interlayer excitons
from two valleys propagate towards the sample edge and then
are separated into two opposite transverse directions. The ro-
bust valley-polarized interlayer exciton transport at room tem-
perature provides realistic possibilities for the development of
opto-valleytronic devices based on TMD heterostructures.
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(b), (c) Energy profile in the off ((b), Vi =0V, Vgg = —7 V) and on ((c), Vg =0V, Vg = 0 V) states of the MoSe,/W Se, excitonic transistor,
and the corresponding maps of circular polarization Al .!*?! (d) Schematic of valley excitons separation by attaching a MoS, monolayer to
a metasurface composed of subwavelength asymmetric grooves. (e) Color maps of valley polarization of (d).[83! (f) Structure of the silicon
suspended slab, made of SOI material with 220 nm thick silicon layer (blue layer) on 2 um buried oxide (gray layer). (g) Spatial map of the
degree of polarization in (f) structure at room temperature. The excitation spot serves as the origin for the x and y axes. Scale bar, 2 um in (a),
(c), (e), and 5 pm in (g),[‘”” Figure reproduced with permission from (a) Ref. [46], AAAS; (b), (c) Ref. [82], Nature Publishing Group; (d), (e)
Ref. [83], Nature Publishing Group; (f), (g) Ref. [48], American Chemical Society.

4. Valleytronic devices

Based on valley polarization, novel valleytronic devices
have been designed and demonstrated. In this part, we briefly
discuss the latest developments in the optoelectronic devices
of valley LEDs and valleytronic transistors.

4.1. Valley LED

PN junction is the essential element for the fabrication
of traditional LEDs, in which electrons and holes are injected
into n- and p-doping regions under electric field, respectively,
and then radiative recombination happens. For TMDs that
have two isolated anisotropic valleys, the carrier distribution

of electron—hole overlap in two valleys can be shifted by an
in-plane electric field, which gives rise to circularly polar-
ized luminescence. Consequently, valley LED is designed and
demonstrated.

WSe; could display ambipolar conductivity under op-

posite gate voltages.
(84

Based on this unique characteristic,
Zhang et al.'®* have designed and formed the p—i—n junc-
tion valley LED by using an electric-double-layer transistor
(EDLT) structure with WSe; thin flake as the channel material
(Fig. 7(a)). Figure 7(b) shows the EL spectra in two oppo-
site source-drain bias directions at 100 K. Circularly polarized

luminescence from the specific valleys was observed. The cir-

107201-10



Chin. Phys. B 32, 107201 (2023)

cular polarization switches its sign when the bias is reversed.
This electrical control of circularly polarized luminescence
could be explained by the inset of Fig. 7(b). The distribution
of electrons and holes shifts in the opposite direction under an
in-plane electric field. Then, the electron—hole overlap differs
in two valleys due to anisotropic carrier distribution induced
by trigonal wrapping. Valley overlap polarization gives rise
to an intensity difference in luminescence from two valleys,
resulting in circularly polarized luminescence.

Hereafter, Yang et al.!® constructed a p*-Si/i-WS»/n-
ITO heterojunction with monolayer WS,. They observed cir-
cularly polarized luminescence decreased as the forward bias
increased, with a maximum polarization of 81%. This de-
creased tendency of valley polarization is mainly attributed to
the rising intervalley scattering with the increasing doping.

exponential decay of temperature-dependent polarization in-
duced by phonon-mediated intervalley scattering. Pu et al.!%0]
realized a room-temperature chiral LED in monolayer WS, by
introducing uniaxial strain to the device with a bending stage
(Fig. 7(c)). Figures 7(d) and 7(e) show the valley-polarized
EL from the strained and unstrained regions under forward
and reverse source-drain bias, respectively. Chiral EL was
only observed in strained areas at room temperature. Besides,
the intensity difference between 6+ and 6~ flips when the in-
plane electric field is inverted, indicating the electrical control
of room-temperature valley-polarized EL in strained WS, val-
ley LED. These results were interpreted by strain-induced gi-
ant valley drifts and electric-field-induced Fermi pocket devi-
ations in +K and —K valleys. This work provides a new route
for practical valley LEDs based on monolayer TMD semicon-

Valley LEDs typically work at low temperature due to the  ductors.
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Fig. 7. Valley LEDs. (a) Device structure of TMD electric-double-layer transistor (EDLT) with WSe; thin flake as the channel material.
(b) Circularly polarized EL spectra of (a) for two opposite current directions at 100 K. Inset: schematic of electron and hole distributions
shifted by the built-in electric fields E.[84] (¢) Optical setup to measure the EL polarization of chiral LED based on strained WS, at room
temperature. The emitted circularly polarized light passes through A /4, linear polarizer, finally enters a Si photodiode and is collected as the
photocurrent I,y (d), (€) Integrated Iy, for o and 6~ polarized emission detected in both flat (middle) and bent (bottom) conditions with a bias

of +3.3 V (d) and —3.3 V (e). The shaded area shows the dark currents,

which originate from background photocurrents.#¢) Figure reproduced

with permission from (a), (b) Ref. [84], AAAS; (c)—(e) Ref. [86], John Wiley and Sons.

4.2. Valleytronic transistor

Broken inversion symmetry induces out-of-plane Berry
curvatures with opposite signs in +K and —K valleys.
Berry curvature is analogous to a magnetic field in mo-
ment space,!'%) which allows the electrical transport to exhibit
valley-contrasting performance. One example is the valley
Hall effect (VHE) shown in Fig. 8(a). Carriers from oppo-
site valleys (4K and —K) obtain an anomalous velocity and
move towards two opposite transverse directions in the pres-
ence of the in-plane electric field. Transistors based on VHE
have been developed.

The first experimental work was reported in monolayer

MoS; at 77 K.171 By preferentially exciting electrons into
a specific valley with circularly polarized light on resonance
with A exciton of MoS; monolayer, valley Hall voltage is de-
tected. Figure 8(b) shows the valley Hall voltage as a function
of the bias voltage applied along the short channel. The linear
dependence under right-to-left (R-L) or L-R modulated circu-
larly polarized excitation indicates a photoinduced anomalous
Hall effect driven by a net valley polarization. The sign of the
hall voltage is reversed when the excitation is changed to L—
R modulation, revealing its helicity-dependent characteristic.
Hall voltage is absent when replacing the excitation with lin-
ear polarized light (s-p) or changing the sample with a bilayer
device due to the inversion symmetry.
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Fig. 8. Valleytronic transistor. (a) Schematic of valley Hall effect (VHE). (b) The source-drain bias (V,) dependence of the Hall voltage (Vi)
for the monolayer MoS, device under R-L (red solid line), L-R (red dashed line), and half-wave s-p modulations (red dotted line). Result
from the bilayer device under R—-L modulation (blue solid line) is also shown.[87! (c) Diagram of the measurement of bilayer MoS, field effect
transistor. (d) Spatial map and selected horizontal linecut of the Kerr rotation angle 66 under gate voltage Vy; = 20 V (left panel) and —5 V
(right panel). Black dashed lines show the boundaries of the channel.!®8! (e) Schematics and operation mechanism of a valleytronic transistor
composed of a standard MoS, transistor, two lateral Hall probes and a purposely aligned chiral plasmonic antennae array. E, and E, denote
Visa and Vy, respectively. (f), (g) Valley Hall voltage mappings of device (e) under Voq = 0.7 V (f) and —0.7 V (2).18 The white dashed lines
display the edges of the metallic electrodes. Scale bar, 4 um. (h) Illustration of VHE in the MoS,/WSe, heterostructure. In-plane electric field
FE and carrier layer-separation-induced valley and layer-dependent anomalous velocity. (i) VHE based on the MoS,/WSe, heterostructure at
room temperature. (j) Vy as a function of V, and Vg.[901 Figure reproduced with permission from (b) Ref. [87], AAAS; (c), (d) Ref. [88], Nature
Publishing Group; (e)—(g) Ref. [89], Nature Publishing Group; (h)—(j) Ref. [90], Nature Publishing Group.

In order to break the inversion symmetry in bilayer TMD
and produce the VHE, the same research group realized the
VHE transistor based on bilayer MoS, by applying gate volt-
age (Fig. 8(c)).!%8! By Kerr rotation microscopy detection, the
valley polarization induced by the longitudinal electrical cur-
rent was observed to be present only near the two edges of the
device channel with opposite sign (Fig. 8(d)), which is a sig-
nature of the VHE. In addition, it was demonstrated that the
valley polarization accumulated near the edge can be modu-
lated by the gate voltage, indicating the electrical tunability of
VHE.

The VHE transistors in the above two reports can only
work at cryogenic temperature. Li et al.!®] demonstrated
a VHE device operating at room temperature by decorating
monolayer MoS, with asymmetric ends of the plasmonic an-

tennae to the source and drain electrodes (Fig. 8(e)). This

alignment could selectively generate valley-polarized carriers,
give rise to opposite valley polarization between source and
drain pumping, and result in the anomalous Hall voltage at the
contact interface as a manifestation of the VHE (Figs. 8(f) and
8(g)). They also revealed gating manipulation of the magni-
tude of the valley Hall voltage.

VHE

temperatures

either at
§[89

transistors
[87,88]

operating cryogenic

or via plasmonic structures® limit their
practical application. Our research group reported the ob-
servation of the VHE at room temperature in MoS,;/WSe,
heterostructures (Fig. 8(h)), which is depicted by the linear
dependence of the valley Hall voltage on the channel bias
under R-L (L-R) modulated circularly polarized excitation
(Fig. 8(1)).[°"1 Besides, both the polarity and magnitude of
VHE are gate tunable (Fig. 8(j)). This result is in stark con-

trast with VHE in MoS; monolayer, where only the magnitude
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is tunable.®788] We discussed the bipolar nature of the VHE
mechanism and suggested that the combined action of the
bipolar nature of carrier transport and electrically induced
valley-dependent band shift in the heterostructure created the
bipolar valleytronic transistor.

5. Conclusion and perspectives

In this review, we have systematically summarized the
recent advances in valley polarization in nonmagnetic TMD
layered semiconductors, including the initial generation, re-
laxation, manipulation, and transport of valley polarization,
which are closely related to the information processing based
on the valley degree of freedom. As for the generation of
valley polarization, there are two typical approaches, optical
pumping with circularly polarized light and electrical injec-
tion of spin-polarized carriers, both of which are based on
the strong SOC induced spin—valley coupling in TMD materi-
als. In the case of the relaxation of valley polarization, TMD
heterostructures possess long-lasting valley polarization decay
time in contrast to TMD monolayer owing to the weakened
electron—hole exchange interaction. In view of the manipu-
lation of valley polarization, a variety of strategies have been
developed, and we mainly discuss the external electrical gat-
ing, magnetic field and magnetic proximity effect, and internal
moiré pattern. Progress on the transport of valley information
is also discussed from the perspective of diffusion and sepa-
ration of valley polarization. Finally, we discuss the develop-
ment of two typical valley optoelectronic devices, valley LEDs
and valley Hall transistors.

Although significant progress has been achieved in im-
proving valley polarization, this field is still in its infancy and
faces many challenges and obstacles. On the one hand, robust
valley polarization still needs to be demonstrated, especially at
room temperature. Valley polarization is currently mostly be-
tween 30% and 80%, but primarily at low temperatures. The
valley polarization decreases dramatically as the temperature
increases due to strengthened intervalley scattering. Although
plasmonic structures or exerting a magnetic field can effec-
tively enhance the valley polarization, their practical applica-
tion is limited. Electrical generation through spin injection via
ferromagnetic semiconductors or metals is proposed to be ef-
ficient, but it is still at a relatively preliminary conceptual level
and is hindered by the imperfect interface. On the other hand,
the transport of valley polarization still needs to be prolonged.
Strategies to drive excitons and valley polarization dynamics
are desirable and should be further exploited. Improved single
crystal growth and upgraded device processing are required,
which serve as building blocks for future valleytronic devices.
Although valleytronics is still at the level of novel physics phe-
nomenon and needs more efforts to be developed as a tech-

nology element, this field opens up a new direction in future
information processing and storage.
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