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Abstract

Recently, the emerging conceptual valley-related devices have attracted much attention due to
the progress on generating, controlling, and detecting the valley degree of freedom in the
transition metal dichalcogenide (TMD) monolayers. In general, it is known that achieving
valley degree of freedom with long valley lifetime is crucial in the implementation of
valleytronic devices. Here, we provide a brief introduction of the basic understandings of
valley degree of freedom. We as well review the recent experimental advancement in the
modulation of valley degree of freedom. The strategies include optical/magnetic/electric field
tuning, moiré patterns, plasmonic metasurface, defects and strain engineering. In addition, we
summarize the corresponding mechanisms, which can help to obtain large degree of
polarization and long valley lifetimes in monolayer TMDs. Based on these methods,
two-dimensional valley-optoelectronic systems based on TMD heterostructures can be
constructed, providing opportunities for such as the new paradigm in data processing and
transmission. Challenges and perspectives on the development of valleytronics are highlighted
as well.
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1. Introduction

In certain crystals, in spite of spin and charge, electrons pos-
sess a valley degree of freedom. ‘Valley’ refers to energetically
degenerate energy bands that hold non-equivalent local max-
ima for valence bands or minima for conduction bands. Since
the valleys are often separated by a large crystal momentum,
the intervalley scattering time (valley lifetime) of electrons
can be very long in materials in the clean limit. Thanks to
the possibly very long lifetime, valley degree of freedom is
believed to be a totally new route of encoding information
and may offer novel means for information storage as well as
information processing, surpassing conventional charge- and
spin-based applications. Moreover, valleytronic devices can be
strongly coupled to photon spins, which often exhibit large val-
ley polarization. It thus may lead to novel spin-valley devices
in applications such as ultrafast optical manipulations. Some
of the valleytronic devices can as well take the advantages of
large Berry curvature to induce topological phenomena and the
emerging experimental advancements.

The study of valley degree of freedom is not fresh. The
first materials that demonstrated valley-related physics are tra-
ditional semiconductors including diamond, silicon, bismuth
and group III-V semiconductors [1-5]. However, selectively
initialize, manipulate, and readout the valley states of these
materials remain exclusive due to the weak coupling between
valley index and an external field. More recently, two dimen-
sional (2D) layered materials such as graphene and group
VI layered transition metal dichalcogenides (TMDs)-MX,
(M: Mo, W and X: S, Se) have attracted wide attention because
they may intrinsically possess or be modulated to exploit
valley polarization [6—8]. In particular, in systems that lack
inversion symmetry such as monolayer (ML) TMDs, both the
values of Berry curvature and the orbital magnetic moments at
+K points are opposite, giving rise to two non-degenerating
valleys. Because of the strong spin—orbit coupling and inver-
sion symmetry broken in ML-TMDs, the spin-valley locked
physics and chiral optical selection rules are observed [9-11].
Under the excitation of circularly polarized light, carriers can
be selectively pumped into a corresponding valley with a par-
ticular pseudo-spin [8, 12—16]. In addition, external electric
and magnetic fields can also manipulate the valley pseudo-spin
because they are coupled to the valley contrasted Berry curva-
tures and orbital magnetic moments [17—19]. Therefore, ML
TMDs are considered as outstanding platforms for exploring
valley-related physics and valleytronic applications.

However, low degree of valley polarization and short inter-
valley scattering times (valley lifetimes) in ML-TMDs at room
temperature hinder the usage of valley pseudospin in on-chip
integrated devices. One way to overcome the obstacle is lift-
ing the initial degree of circular polarization by introducing
external fields because the applied non-resonant optical exci-
tations and external magnetic fields could break valley degen-
eracy by optical Stark effect and Zeeman effects, respectively.
Besides, intervalley scattering could also be effectively sup-
pressed by electric field or electrostatic doping, which con-
tributes to long valley lifetimes and large degree of valley
polarization [20-23].

Furthermore, valley polarization could also be tailored
by modulating exciton lifetimes because the degree of val-
ley polarization is inversely proportional to exciton lifetimes.
Exploiting electron-phonon interactions and charge-transfer
processes can open available avenues towards tuning exciton
lifetimes and thus degree of valley polarization [24, 25]. It is
noteworthy that defects in ML-TMDs have complicated influ-
ence on valley polarization because they not only can modify
the initial degree of circular polarization but also tailor the
exciton lifetimes and intervalley scattering time [26, 27].

Additionally, recent developments of hybrid heterostruc-
tures based on TMDs exhibit the capability to effectively
engineer valley polarization. For example, the interfacial mag-
netic exchange field from ferromagnetic (FM) substrates could
tremendously enhance valley splitting in ML TMDs [28, 29].
The valley lifetimes of interlayer excitons (IX) in twisted het-
erobilayer TMDs can be increased to the order of us [30,
31]. Combining plasmonic field and TMDs could increase val-
ley polarization and spatially separate valley index [32, 33].
Therefore, it is essential to investigate different modulating
methods and mechanisms for valley polarization, which may
pave the way for future exploration of TMD-based room-
temperature valleytronic devices.

Herein, we will give a brief introduction of valley degree
of freedom in TMDs and summarize the various strategies
and their corresponding mechanisms for engineering the val-
ley degree of freedom. In the present review, we focus on
strategies including optical pumping, external magnetic fields,
electrostatic doping, defects engineering, strain, and interfa-
cial effects in heterostructures based on FM substrates, plas-
monic architectures and moiré patterns (figure 1). Then recent
progress on valley manipulation in the valley-photonic and
optoelectronic devices is highlighted. We close with the chal-
lenges and opportunities for the venture of future investiga-
tions on valley-related physics.

2. Fundamentals and theories of valley properties

2.1. Optical selection rules and valley Hall effect

Valley index is defined as a quantum number in crystals
whose energy bands contain energetically degenerate but
non-equivalent local maxima minima for valence bands or
minima for conduction bands [6]. Generally, it is difficult to
manipulate or control the carriers in one valley independently
from another owing to the weak interactions with other exter-
nal fields, which is completely different from spin. However,
as illustrated in figure 2(a), in some materials such as ML-
MX, with hexagonal lattice, the spatial inversion symmetry
is broken. Thus, in the first Brillouin zone of ML-MX,, there
are inequivalent K and K~ valleys with degenerate energy.
The heavy elements and outer d-orbitals of MX, result in
the strong spin—orbit coupling (SOC) and large spin splitting
(figure 2(b)), with their valley polarization controllable by spin
injection or vice versa.

Because of the inversion symmetry broken of crystal struc-
tures in ML TMDs, the Berry curvature and orbital magnetic
moment at K and K~ valleys are non-equivalent. As a result,
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Figure 1. Schematic illustration of the different strategies for
manipulating valley degree of freedom in ML-TMDs and hybrid
heterostructures.

the valley states can be distinguished by electric or magnetic
field, respectively [6, 15, 34]. The k - p Hamiltonian at the
band edges in the vicinity of K™ and K~ points is given by

%UZ, (D

where d is the lattice interval, m is the nearest neighbor hop-
ping integral, n = +1 is the valley index, o is the Pauli matrix
element and A is the bandgap [6, 10, 35]. In this regard, the
Berry curvature for the conduction band is:

H=dm (nkxax + kyay) +

N 2d°m> A
Qe =2 4 pppie 1 a2pn™

@)

and the values of orbital magnetic moment for the valance and
conduction bands is:

- 2d*m* A in
2 admike + A2 2R

[6, 10, 35]. The different valley index (n = 4-1) gives rise
to non-zero and contrasting €). (k) and m, resulting in a series
of valley effects. One of the effects of finite orbital magnetic
moment is valley optical selection rules at K+ and K~ val-
leys as depicted in figure 2(c) [34]. When subjected to a cir-
cularly polarized light, the carriers from each valley branch
would be excited while keeping their valley-selective opposite
orbital magnetic moments, leading to valley-selective circu-
lar dichroism. The inter-band transition at K+ and K~ valleys
couples only to right or left circularly polarized lights, respec-
tively, which endures the optical modulation, propagation, and
detection of valley polarization [9, 13, 36]. This valley opti-
cal selection rules resemble the spin optical selection rules in
III-V semiconductors [37].

On the other hand, valley contrasting Berry curvature sug-
gests that the carriers from diverse valleys could be driven
by an in-plane electric field and propagate along contrasted
transverse directions, resulting in a valley dependent Hall cur-
rent, which is known as the valley Hall effect (figure 2(d))
[38, 39]. Because of the spin—valley locking, valley Hall effect
can also be linked to spin Hall effect in ML-TMDs and van
der Waals heterostructures [40—42]. Therefore, the coupling

m (k) = 3)

between the valley pseudospin and external magnetic fields
reveals potential use for information processing and storage
[43, 44].

Besides ML TMDs, the inversion-symmetric bilayer TMDs
could also exhibit large degree of spin/valley polarization. This
phenomenon is probably attributed to the fact that excitons
are localized in each layer of bilayer rather than spread over
two layers. Since the inversion-symmetry is preserved in 2H-
stacked bilayer TMDs, valley polarization should be smaller
than ML TMDs. Therefore, people use electric field or other
approaches to break the inversion symmetry in bilayer TMDs
with a sizable valley contrasting Berry curvature, orbital mag-
netic moment, and optical circular dichroism [18, 19, 45, 46].
However, a few reports have shown that the degree of valley
polarization in bilayer or multilayer WS, is much larger than
that of ML WS, [47, 48]. Zhu et al observed the degree of val-
ley polarization in bilayer WS, can be almost 100% at 10 K
and decrease to ~60% at room temperature. This anomalous
behavior might be understood as the consequence of (i) cou-
pling of spin, layer and valley degree of freedom, (ii) decou-
pled layer with suppressed interlayer hopping energy, and
(iii) suppressed phonon assisted intervalley scattering through
K+-I'-K*(K~) channels due to increase of energy difference
between the KT (K~) and I valley for multilayers. Note that
this anomalous phenomenon was not observed in bilayer or
multilayer WSe, even though they have similar band structures
to WS, [49].

2.2. Valley polarization

As mentioned above, the direct bandgap and the valley-
contrast optical selection rules in ML-TMDs provide a simple
method to modulate valley degree of freedom. The degree of
valley polarization can be depicted by

I(c™) —I(c7)
P = N T Ty “4)
I(oT)+1(oc7)
where I(c~) and I(c™) are the left and right-handed circularly
polarized PL intensities, respectively [8]. In a simplified pic-
ture, the steady-state valley polarization p can be expressed as

p=po(l —6)*/(1 +27/7), ®)

where p, is the theoretical degree of valley polarization, 1 — ¢
refers to selectivity in the initial excitation (including possi-
ble intervalley generation) with 0 < § < 1, 7 is the exciton
lifetime, and 7 is the intervalley scattering time (valley life-
time). py(1 — 8)? is the initial valley polarization. We have
0 = Gimp + Oph to account for impurity/defects/substrate- and
phonon-assisted excitation and recombination effects that lead
to intervalley mixing from finite-momentum scattering [15].
The theoretical degree of valley polarization p, is constant for
a given material at a fixed temperature. By time-resolved cir-
cularly polarized luminescence measurements, one obtains the
initial valley polarization p,(1 — §)> when 7. = 0's. One could
thus get the value of selectivity in the initial excitation 1 — §.
Exciton lifetime 7. is composed by the radiative lifetime 7,
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Figure 2. (a) Crystal structure of ML-MX, with hexagonal lattice. (b) The calculated band structure for ML-MX, by density functional
theory, which shows the direct band gap along with the valence band splitting. Reprinted figure with permission from [50]. Copyright (2012)
by the American Physical Society. (c) Valley-dependent optical selection rules for MoX, and WX, compounds. (d) Schematic of the valley
Hall effect for electrons and holes. (e) The schematic sketch of different types of excitons in ML-TMDs and van der Waals heterobilayers.
(f) Lifetime and valley lifetime scales for different types of excitations in ML-TMDs and heterobilayers.

and non-radiative lifetime 7,:

Lol o
Te Tr Thr
[51]. From equation (5), the degree of valley polarization
strongly correlates with the values of 6 and 7. /7. In general,
the change of valley polarization by different manipulating
strategies originates from the modified values of 6§, 7. and 7,
which reveal the corresponding mechanisms.

2.3. Excitons and their valley lifetimes

In addition to high degree of valley polarization, long valley
lifetimes are also required in practical valleytronic devices.
As previously discussed, valley polarization is determined by
intervalley scattering time 7, and exciton lifetimes as well.
Therefore, tremendous progress has been made for investigat-
ing the valley lifetimes and exciton lifetimes in TMDs. Exci-
ton is the bound state of electron—hole (e—h) pair excitation,
which is a sort of quasi-particles. As schematically shown in

figure 2(e), there are many kinds of excitons in TMDs and they
are introduced as below. Bright neutral excitons (X) are bound
states of electrons and holes with parallel spins formed by the
Coulomb interactions, which are optically active. X, exhibits
the valley-selective circular dichroism due to the optical selec-
tion rules and should decay slowly because intervalley scatter-
ing requires a large momentum transfer accompanied by the
spin-flip process [52]. However, the long-range e—h Coulomb
interactions mix two valley states and efficiently switch the
spin and valley indices of carriers between K and K~ val-
leys in picoseconds, resulting in fast valley depolarization for
bright neutral excitons or charged excitons (trions) [53-57].
In contrast to X, electrons and holes with antiparallel spins
will form optically inaccessible dark neutral excitons (D).
Intriguingly, the Coulomb-exchange effect has a tiny impact
on Dy because the intervalley scattering of Dy requires the
spin-flip process. Therefore, the valley lifetimes of the spin-
forbidden Dy are theoretically predicted and have been exper-
imentally demonstrated to be several orders larger than X
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Table 1. Valley lifetimes of different types of excitations in ML TMDs and heterobilayers.

Materials Temperature Types of excitations Valley lifetimes ~ Exciton lifetimes Reference
MoS, 300 K Bright neutral excitons 1.7 ps 3.2 ps [25]
WS, 10K Bright neutral excitons 2.5 ps 2.5 ps [73]
WSe, 4K Bright neutral excitons 6 ps 3 ps [57]
WSe, 4K Dark trions 60 ps 230 ps [58]
WSe, — Dark trions 4 ns — [59]
WS, 8K Dark trions 5.4 ns — [60]
MoS, 5K Electrons 3 ns — [74]
WSe, 5K Electrons 130 ns — [65]
MoS, 74 K Holes 10 ps — [75]
WSe, 30 K Holes 1 ns — [63]
WSe, 5K Holes 2 us — [65]
WSe,/MoS, 10K Holes 40 us — [64]
WSe,/MoSe, 20K Interlayer excitons — 1.8 ns [62]
WSe,/MoSe, 30K Interlayer excitons 40 ns >10ns [61]
WSe,/MoSe, 23K Interlayer excitons 1 ps >1 ps [31]
WS,-WSe, — Interlayer excitons 20 ps ~100 ns [30]
WSe, 5K Localized excitons 1 pus 200 ns [68]

[58—60]. Another approach to obtain long lifetimes is utilizing
the IX in type II van der Waals heterobilayer TMDs, where the
corresponding electrons and holes are separated within vari-
ous layers and the Coulomb exchange interactions are strongly
suppressed [30, 31, 61, 62]. In the same way, the reason of long
valley lifetimes of resident electrons and holes (major carri-
ers in doped ML TMDs and heterostructures) transferred from
photocarriers is that the valley pseudospins of electrons and
holes are not affected by long-range e—h Coulomb exchange
interactions [63—65]. It is noteworthy that a recent research
found the valley lifetimes of resident holes in WSe,—MoS,
could be more than 40 us at low temperatures, which are much
longer than those of IX [64].

Apart from the e—h Coulomb interaction mechanism,
defects/impurities and phonon-assisted scattering are relevant
to valley lifetimes as well [46, 66, 67]. Because of the existence
of impurities/disorders/defects or strain in ML-TMDs, the free
excitons can be trapped in local potential wells and form local-
ized excitons. Even though the impacts of defects/impurities
on degree of valley polarization are still controversial, valley
lifetimes of defect-bound excitons could reach to microsec-
onds, exceeding those of bright neutral and charged excitons
[68]. Meanwhile, the defect related localized exciton emis-
sions could also be used as single-phonon emitters and play
key roles in quantum information processing [69—-71].

Lifetime and valley lifetime scales for different types of
excitations in ML-TMDs and heterobilayers are summarized
in figure 2(f). Note that valley lifetimes of excitons and resi-
dent electrons or holes can be effectively tuned via electrostatic
doping. It has been demonstrated that the valley lifetimes of
IX in TMD heterobilayers can increase as the gate voltage
and reach as long as 39 + 2 ns at 60 V [61]. Table 1 shows
the experimental measured values of the valley lifetimes for
different excitations in TMDs. From which, we can see that
IX and resident valley polarized holes have much longer val-
ley lifetimes than others, which are promising in valley-related
information storage and processing applications. In addition,

the exciton lifetimes for various kinds of excitons differ a lot
as well. Generally speaking, dark excitons have much longer
radiative lifetimes than bright excitons. In a bright exciton, the
electron and the hole have antiparallel spins and can recombine
easily through the emission of a photon. In a dark exciton, the
spins are parallel and the recombination cannot occur via direct
emission of a photon as this would not allow for spin momen-
tum conservation. IX are composed by electrons and holes
separated spatially in heterobilayers. Because of the reduced
overlap of the electron and hole wavefunctions in the IX, the
lifetimes of IX can be much longer than intralayer excitons.
Benefited from the long-lived IX, strong correlated states of
excitons such as Bose—Einstein condensation and superfluidity
could be formed even at room temperature [72].

3. Manipulation of valley polarization in monolayer
TMDS

Based on equations (4) and (5), the optically generated exciton
valley polarization is related to intervalley scattering between
KT and K~ valleys and could be determined through mea-
suring the PL intensities excited by left and right-handed cir-
cularly polarized light. Many attempts have been made to
improve the valley helicity of ML-TMD by different meth-
ods. In this part, we would summarize the different engineering
strategies on valley polarization of ML-TMDs and review the
recent progress.

3.1. Optical pumping

As shown in figure 3, the experimental exploration of valley
manipulation in TMDs can be traced back to 2012, when a few
groups utilized circularly polarized resonant excitation to pop-
ulate valley-polarized A and B excitons. The optical selection
rules correspond to distinctly different PL spectra of ML MoS,
with left and right-handed circularly polarized excitation [76].
Zeng et al have observed that the degree of valley polarization
is sensitive to temperature. The PL polarization increases as
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Figure 3. Timeline showing critical events in the development of valley manipulation in ML TMDs and hybrid heterostructures.

the temperature decreases until about 90 K and maintains con-
stant at below 90 K due to the enhanced intervalley scattering
and deviation of energy of resonance excitation when the tem-
perature increases [16]. Thus, in order to obtain high degree of
valley polarization, measurements at low temperature is essen-
tial. In addition, similar works have also proven, using optical
pumping, that the degree of valley polarization in ML TMDs
can be tuned to about 100% and 50%, by Mak et al and Cao
et al, respectively [8, 15].

The optical selection rules can also be effective even for
non-resonant excitations, which are known as optical Stark
effects. Towards employing the optical selection rules in ML-
TMDs, the optical Stark effect can be selectively exploited
to valley-polarized excitons and separate valley states with-
out applying magnetic field. By pumping with an ultrafast
circularly polarized laser pulse, Sie et al have observed that
an energy shift of 18 meV for the valley-polarized exciton in
ML-WS, through the optical Stark effect [77]. This value of
valley splitting would require a magnetic field of about 90 T
for TMDs. Similarly, the valley-selective optical Stark effects
can also be observed in ML WSe, and MoS, [78, 79]. The
measured Stark shift is about 4 eV for MoS,, which is much

smaller than those of other TMDs. Recently, coherent control
of the valley degree of freedom in ML-TMDs by applying the
valley-specific optical Stark effect has been demonstrated and
is promising for information processing in valleytronics [13].

3.2. Magnetic field

The energies of particles in the K™ and K~ valleys are degen-
erate because the time-reversal symmetry is maintained in ML
TMDs. However, this degeneracy can be broken with energy
shift for electronic states under an magnetic field, which is
known as valley Zeeman effect [80]. Valley pseudospin, analo-
gous to real spin, can also be manipulated by magnetic field via
orbital magnetic moment [21, 22, 80—84]. Because of the equal
but opposite sign of the orbital magnetic moment of the two
valleys and unequal orbital magnetic moment of conduction
and valence band states in the same valley, the broken degener-
acy of the valley excitons occurs [85-88]. The corresponding
exciton valley g factor can be defined as

2E. —E.)
g= ——,

7
/nB @)
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where E and E_ are the measured exciton peak energy under
left and right circularly light [81, 82]. The obtained exciton
valley g factors are about —4, which are nearly consistent with
the values that from the d-orbital contribution to exciton mag-
netic moment. The helicity of the splitting exciton peaks can
switch as the sign of the direction of magnetic field, which
results in contrast slope of polarization [21]. The linear Zee-
man splitting for neutral excitons of ML TMDs are discernible
(0.1-0.2 meV T~') [80]. Interestingly, the Zeeman splitting
for trions is the same as neutral excitons in ML MoSe, while
larger than neutral excitons in WSe; [80, 82]. Since the trion
Zeeman splitting is strongly dependent on the gate voltage or
carrier density, the different behavior of trion Zeeman split-
ting may originate from the different carrier density of vari-
ous samples [82]. With the help of the splitting and broken
of valley degeneracy in the applied magnetic field, the ini-
tial valley polarization p, in ML-TMDs is able to be further
controlled.

3.3. Electrostatic doping

In order to help understanding the mechanisms of modulat-
ing valley polarization, we have described the energy band
structures and possible scattering and exciton recombination
pathways in figure 4(e). Equation (5) tells us the degree of val-
ley polarization is proportional to intervalley scattering time 7,
and inversely proportional to exciton lifetime 7. The interval-
ley scattering include spin-conserving and spin-flip intervalley
scattering. Since the spin-flip intervalley scattering needs both
spin and valley flip, the scattering rate is likely small. In the
present of large spin—orbit splitting of valence band in ML
TMDs, KT —K~ intervalley scattering of holes must flip spin
(opposite to cases of electrons in conduction band), restrict-
ing the accessible relaxation pathways and thus enlarging 7.
Therefore, it has been proposed that the spin-valley dynam-
ics in ML-TMDs should strongly correlate with the electro-
static doping [11, 34]. Theoretical and experimental studies
have demonstrated the long-range e—h exchange interactions
govern the intervalley scattering process of exciton by the
Maialle—Silva—Sham mechanism and result in a short valley
lifetime (ps) [53, 57, 89]. Screening effect induced by elec-
trostatic doping can efficiently suppress the long-range e-h
exchange interactions in ML-TMDs and give rise to larger 7
and p, while has no effect on 7. [90-93]. Figures 4(a) and (b)
clearly show the measured p and 7, of ML-WSe, increase
as the carrier density becomes larger [23]. Besides, similar
experimental results also show that p of ML-WS, and ML-
MoS, can be tuned by gate voltages at different temperatures,
demonstrating a great influence of screening effect induced by
electrostatic doping [94, 95].

In addition to long-range e—h exchange interactions,
electron—phonon interaction is another key factor for val-
ley depolarization. In polar crystals (such as TMDs), Froh-
lich interactions couple longitudinal optical phonons to exci-
tons or electrons and can be strongly restrained by electron
heavy doping [96]. Therefore, this screening effect can also
contribute to an enhanced degree of valley polarization in
ML-MoS, [94].

3.4. Defects engineering

Because § in equation (5) represent defects/impurity/substrate-
related and phonon-assisted recombination effects that result
in intervalley mixing from finite-momentum scattering, the
degree of valley polarization p is expected to increase with
decreasing defect density and temperature [53]. However,
defects also have strong correlations with exciton lifetimes and
intervalley scattering times, which have opposite impacts on
p- Therefore, the role of defects in manipulating valley polar-
ization is complicated. As schematically shown in figure 4(c),
electron-beam irradiation is a kind of techniques that can cre-
ate chalcogen vacancies in pristine ML-TMDs. The free exci-
tons in ML-WSe, bound to low-energy defects and give rise to
long recombination lifetimes (~200 ns), ultralong intervalley
scattering time (~1 us) and large degree of valley polarization
(figure 4(d)). Therefore, in the absence of intervalley scatter-
ing, this disordered WSe, shows robust valley polarization and
large valley-selective circular dichroism [68].

Chemical vapor deposition (CVD) is another technique
to induce spontaneous defects in as-grown ML-TMDs, pro-
viding platforms for investigating the relationship between
defects and valley polarization [26, 97-100]. For example,
even though the exciton lifetimes of S-vacancies are longer
than those of W-vacancies, the less defect density in domains
with S-vacancies result in less intervalley scattering and larger
valley polarization than domains with W-vacancies [26]. The
phenomena that hybridization between excitons and defects
reducing the degree of valley polarization has also been the-
oretically predicted and experimentally demonstrated [101,
102].

However, some recent experimental results are quite oppo-
site to that mentioned above. The defects in MoS, could
be passivated by laser irradiation under ambient via H,O
molecules, diminishing the nonradiative recombination cen-
ters and degree of valley polarization [68]. Additionally, the
ML-WS, and WSe, grown by McCreary et al also exhibit
different correlations between defects/disorders and valley
polarization. They experimentally proved that higher degree
of sample disorders arising from defects attributes to shorter
nonradiative lifetimes, which is responsible for higher degree
of valley polarization (figure 4(f)) [27].

Eventually, the disparity of valley polarization among the
results originates from the competition between the parameter
0 and 7. /7, in equation (5). Even though the role of defects in
TMDs seems still ambiguous, the ability to modulate the valley
polarization through defects engineering paves a new way for
tailoring valleytronic properties of TMDs.

3.5. Strain engineering

Mechanical strain is another approach that can tune the valley
polarization of TMDs. For example, it has been demonstrated
that valley polarization of ML MoS, decreases as the tensile
uniaxial strain increases [103]. This is because more holes in
MoS; scatter from the K to the spin degenerate I' valley after
absorption of photons and indirect transition from the valence
to the conduction band [104]. Besides the applied uniaxial
strain by bending TMDs, a moderate tensile strain can also be
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induced by the mismatch of lattice constant between ML 4, Valley manipulation in hybrid heterostructures
TMDs and other epitaxial substrates. Theoretical analysis pre- based on TMDs

dicted that the valley polarization has a strong correlation with

the strain in the WS,/MnO and MoTe,/EuO heterostructure  The quasiparticle interactions between TMDs and other func-
[105, 106]. Since ML-TMDs possess mechanical flexibility, tional materials (0D-3D) could introduce novel interfacial
there is no doubt that strain modulated valley polarization is  effects, such as carrier transferring, proximity effects and
attractive and practical for promising flexible applications. electron—phonon coupling, etc. These interfacial effects may
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provide addition routes to tune the valley polarization in TMDs
in spite of the external fields or conditions. For instance, in
the ML-TMD/graphene hybrid systems, because of the highly
efficient interlayer coupling, the photo-induced e—h pairs are
dissociated by the build-in internal electric field between
graphene and ML-TMD and give rise to ultrashort lifetimes
of excitons (< 1 ps), which result in a high degree of valley
polarization up to 0.4 at room temperature (figure 4(g)) [24].
Additionally, the lifetimes of valley polarized excitons can
also be decreased through the energy dissipation induced by
electron—phonon interactions in the MoS,/GaN heterostruc-
ture. The valley helicity at room temperature is accordingly
enhanced to about 0.33 [25]. Therefore, the importance of
hybrid heterostructure engineering for manipulating valley
polarization in TMDs is highlighted. In this part, we would
review the current work to discuss the different mechanisms
of valley manipulation by engineering the interfacial effects
between TMDs and other materials.

4.1. ML-TMDs on ferromagnetic substrates

Because the valley splitting caused by external magnetic fields
is often weak (0.1-0.2 meV T '), large degree of valley polar-
ization needs very high magnetic field. In order to overcome
this, researchers have been seeking methods for increasing the
valley splitting in ML-TMDs. Exploiting the proximity effect
from FM substrates to induce interfacial magnetic exchange
field in ML-TMDs may be a solution (figures 5(a) and (b)).
An enormous valley splitting of 2.5 meV at 1 T for ML-WSe;
on EuS substrate and up to 19 meV above 3 T for ML-WS,
on EusS substrate at 7 K have been demonstrated by Zeng et al
(figure 5(c)) [28, 29]. Apart from EuS substrates, a large mag-
netic exchange field could also be generated at the interface
of ML-TMDs and yttrium iron garnet, giving rise to a large
degree of valley polarization (~70%) for trions in ML-MoS,
[107].

Recently, 2D magnetic materials have inspired tremendous
attentions and brought opportunities for next-generation spin-
tronic devices due to no lattice distortion, least interfacial dam-
age and flexibility of stack order and twist angle [109-116].
Among the van der Waals magnetic materials, odd-layer Crl;
is a kind of FM insulator with out-of-plane magnetization
direction under about 60 K and its magnetism can be tuned
by electrostatic doping [111, 117]. Zhong et al have indeed
experimentally detected a large valley splitting of as large as
150 meV T~ ! in ML-WSe, and Crl; van der Waals het-
erostructrues and found that the valley polarization can be
rapidly switched by changing the magnetization orientation of
Crl; (figure 5(d)) [108]. Note that the sign of valley polariza-
tion p also changes near +0.85 T, which is extremely intrigu-
ing because the external magnetic field has not flipped. This
unusual result is possibly originated from the photo-induced
flipping of spins in Crls, giving rise to the manipulation of the
valley polarization and splitting of WSe, [118].

4.2. Plasmonic architectures

It is well known that surface plasmon resonance can concen-
trate light in a tiny volume, leading to the enhancement of

electromagnetic fields and the boost of light—matter interac-
tions [119-121]. Therefore, the quantum efficiency and PL
intensity of TMDs can be improved via Purcell effect by intro-
ducing plasmonic nanostructures. However, controlling val-
ley polarization in TMDs needs extreme careful tailoring of
the electromagnetic near fields, particularly in terms of chiral-
ity. To achieve such a chiral electromagnetic near field, chiral
plasmonic nanostructures are suggested as promising candi-
dates, as demonstrated in highly sensitive optical detection of
chiral biomolecule [122—-124]. Recently, a number of chiral
plasmonic nanostructures have been used to modulate valley
polarization in ML TMDs ((figure 5(e)) [125-132].

Li et al have demonstrated a system composed of a CVD-
grown ML MoS, sandwiched between a chiral plasmonic
nanostructure and a gold film, as shown in figure 5(f). The chi-
ral plasmonic nanostructure is composed of periodic arrays of
nanorods with a C4 symmetric unit cell. By introducing chiral
plasmonic nanostructure, the degree of valley polarization in
ML MoS; can be either improved from 25% to 43% with exci-
tation of left circularly polarized light or reduced from 25% to
20% with excitation of right circularly polarized light. They
show that the change of valley polarization is mainly due to
the fact that the generation and recombination rates of excitons
in K™ and K~ valley are efficiently enhanced and suppressed,
respectively (Figure 5(f)) [32].

However, the chiral performance was only successfully
achieved at 87 K due to the low coupling efficiency
between the valley excitons in MoS, and metasurfaces. Wu
et al recently demonstrated that moiré chiral metamateri-
als (MCMs) can efficiently tailor valley-polarized PL. of ML
WSe, at room temperature [133]. As shown in figure 5(g),
MCM is composed of two layers of periodic Au nanoholes
with a controlled interlayer in-plane rotation angle 6 and a
dielectric spacer. A ML WSe, is embedded between the dielec-
tric spacer and the top Au nanohole array of MCM. Due
to the #-induced mirror symmetry breaking, the near field
within the spacer of metal—insulator—metal (MIM) structure
exhibits strong dependence on chirality of the incident light.
The near field in the MIM structure can modulate the spon-
taneous decay of excitons in dependence of spin via chiral
Purcell effect, and thus, the degree of valley polarization in
the WSe,-MCM hybrid structure. By taking advantage of the
chiral coupling between ML-TMDs and plasmonic architec-
tures, a prototype of room-temperature valleytronic transistor
has been experimentally demonstrated, providing a universal
method to encode and process information by valley degree of
freedom at room temperature [134].

4.3. Moiré patterns

Recently, the emergence of moiré excitons with unique valley-
polarized properties has attracted enormous attention. Moiré
exciton is a kind of IX that trapped in moiré potentials,
which is induced from stacking two atomically thin 2D mate-
rials (figures 6(a) and (b)) [135]. The moiré potential has
been demonstrated to induce abundant physics, such as super-
conducting in twisted graphene [136—139] and IX in TMD
heterobilayers [61, 140—145]. Note that the IX show different
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Figure 5. Modulating valley polarization of TMDs by interfacial effects between ML-TMDs and FM substrates/plasmonic metasurface. (a)
Schematic of magnetic exchange field at the interface of ML-TMDs and FM substrates (such as EuS and 2D layered Crl3). (b) The sketch of
band shifts for ML-TMDs (thin solid lines) and ML-TMDs on FM substrates (thick solid lines) under the same magnetic field. The dashed
lines represent the band diagram before applying the magnetic field. (c) Different valley Zeeman splitting of WS, on SiO,, WS, on EuS,
and WSe; on EuS at 7 K. Adapted by permission from Springer Nature Customer Service Centre GmbH: Nature Communications [29], ©
2019. (d) Degree of valley polarization when magnetic field sweeps up (orange) and down (green). From [108]. Reprinted with permission
from AAAS. (e) Schematic of chiral near-field interactions at the interface of ML-TMDs and plasmonic metasurface. (f) Band diagrams of
ML-MoS; (top) and MoS;-metasurface (bottom). [32] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(g) Left: the sketch of the WSe,-MCM hybrid heterostructures. Right: degree of valley polarization in WSe,-MCM hybrid structures with
different in-plane rotation angles. [133] John Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

properties compared with excitons in ML-TMDs. For
example, a large effective g factor of —15 and a high degree of
the valley polarization of over 80 % at 30 T can be observed
for the IX in the AB-stacked MoSe,—WSe, heterobilayer
[146]. Furthermore, the valley diffusion length could exceed
20 pm in the WS,—WSe,; heterobilayer, which is drastically
promising for the exciton devices [30]. The valley lifetimes

of IX in the WS,—WSe, heterobilayer can reach up to 20 us,
which are several orders longer than those in ML-TMDs
(shown in table 1) [30].

The mechanism of moiré patterns engineering valley polar-
ization is that the relative location between Mo and W atoms
(A, B and C sites) could give rise to different optical selection
rules of excitons within the supercell (figure 6(c)), which has
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spectra and Zeeman splitting in MoSe,/WSe, heterobilayers with twist angles of 2° (f) and 57° (g). Adapted by permission from Springer

Nature Customer Service Centre GmbH: Nature [143] © 2019.

been predicted by Yu et al [135]. Recently, these multiple inter-
layer exciton states and opposite optical selection rules at dif-
ferent moiré sites have been experimentally demonstrated in
MoSe,/WSe, heterobilayer with twist angle of 1° (figure 6(d))
and WSe,/WS, moiré superlattice (figure 6(e)) [142, 147].
Moreover, Seyler et al have surprisingly found that quantum
emitters in MoSe,/WSe; heterobilayer also present high valley
polarization [143]. The degree of valley polarization for heter-
obilayer with 57° is over 70% ((figure 6(f)), while the selec-
tion rule is reversed for heterobilayer with 2° (figure 6(g)).

1

The observed high circular polarization with different helicity
suggests the IX trapped in moiré potentials.

In order to further optimize the strategies for valley manip-
ulation, we have summarized the merits and shortcomings
of different modulating methods in 2D valleytronic systems
(table 2). In general, due to the easy excitation and detec-
tion through optical pumping, many works on valley polar-
ization and valley lifetimes have been investigated. However,
the degree of valley polarization decreases significantly as
the temperature increases because the intervalley scattering is



Rep. Prog. Phys. 84 (2021) 026401

Review

Table 2. Merits and shortcomings of various methods for modulating valley information in 2D materials.

Modulating methods Merits

Shortcomings

Optical pumping e Easy to initialize
e Easy to readout through photon polarization
e Near-unity valley polarization

Magnetic field e Easy to produce valley polarization

e Short valley lifetime
e Low degree of valley polarization at room temperature

e Requirement for large magnetic field

e Easy to tune the value of valley polarization

Electrostatic doping

e Convenient for modulating valley properties

eDifficult for precise control

e Easy to change the type of exciton by doping

e Continuous modulation

Defects e Easy to introduce by CVD or irradiation
e Large valley polarization even at room temperature
Strain e Enable to be applied for flexible devices

e [nversion symmetry breaking

e Modifying both crystal and band structures

Ferromagnetic substrates e Easy to produce valley polarization

e Easy to tune the value of valley polarization

e Difficult to control the types and quantities

e Difficult to recover to previous states

e Bad repeatability

e Difficult to fabricate devices

e Difficult to measure the value of strain precisely

e Difficult to fabricate heterostuctures
e Some 2D layered ferromagnetic materials are easy to
degrade under ambient conditions.

e Large valley spitting and large degree of valley

polarization
e Long exciton lifetime
e Long valley lifetime
e Easy to modify valley exciton dynamics
e Enhancing light—matter interactions

Moiré patterns

Plasmonic architectures

e Difficult to fabricate heterostuctures with specific degrees
e Only observable for some specific twist angles
e Complicated fabrication process

e Enable to separate valley dependent excitons

enhanced with the assistance of phonons at high temperatures.
Therefore, the intrinsic values of valley polarization for ML-
TMDs using optical pumping are usually low at high tempera-
tures. Moreover, the valley lifetimes of bright excitons in ML-
TMDs are short as well (table 1). Considering the relative low
degree of valley polarization and short valley lifetimes at high
temperatures, innovative strategies of tailoring valley polariza-
tion and valley lifetimes are expected to develop for the room-
temperature valleytronic applications. External magnetic field
can effectively produce and tune valley polarization. But the
requirement of large magnetic field is difficult for integration
of valleytronic device. Electrostatic doping by gate modula-
tion is a convenient way for tuning the valley properties and
is promising for electrically initializing and reading out valley
information in valleytronic devices. Defects and strain engi-
neering are difficult to precisely control and may degrade the
valley polarization. In addition, hybrid heterostructures based
on TMDs and FM substrates, moiré patterns, and plasmonic
architectures offer new methods to obtain larger valley degree
of freedom and longer valley lifetimes as shown in table 1 and
figure 7 [8, 15, 16, 23, 24,26, 27,31, 32,47, 61, 68, 76, 94, 95,
103, 107, 108, 133, 142, 146, 148—152]. Accordingly, a com-
bination of multiple tuning methods on the valley properties
may lead to unprecedented physical phenomena in TMDs.

5. Valleytronic devices

The interesting features of valley polarization in ML-TMDs
and heterostructures enable numerous novel applications. In
this section, we will introduce recent advancements in several
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Figure 7. Summarization of the measured degree of valley
polarization in TMDs and hybrid heterostructures as a function of
temperature with different modulating strategies.

applications such as valley-switch, valley-photodetectors, and
valley-light emitting diodes.

5.1. Valley-photonic devices

As we have introduced above, optical generation and control
of valley polarization for TMD excitons have been intensely
investigated. However, the exciton and valley polarization
exhibit short lifetimes on the picosecond timescale in ML
TMDs, imposing prohibitive restrictions on valley-photonic
devices. Fortunately, IX formed in TMD heterostructures with
ultralong radiative and valley depolarization lifetimes provide
a way to overcome the limitations. As mentioned before, IX
can be easily trapped in the local minima of the moiré poten-
tial and are difficult to diffuse or drift. In order to overcome
this barrier, a 2D atomically thin spacer such as few-layered
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Figure 8. Valley-photonic switch based on TMD heterobilayers. (a)
Schematic illustration of the WSe,/h-BN/MoSe, heterostructure
with top and bottom gates. (b) Top: numerically simulated profile
(red line) of the exciton energy, which exhibits the off (Vg = —7 V)
and on (Vg = 0 V) states at Vg = 0 V. Bottom: the corresponding
spatial images of the exciton cloud polarization showing the off and
on states. (c¢) Intensity profiles of polarization indicating the action
of the valley-polarized excitonic transistor. Adapted by permission
from Springer Nature Customer Service Centre GmbH: Nature
Nanotechnology [153] © 2019. (d) Polarization switching operation
at different top gate voltages in MoSe,/WSe, heterobilayer. Adapted
by permission from Springer Nature Customer Service Centre
GmbH: Nature Photonics [150] © 2019.

h-BN can be introduced between two ML-TMDs and sepa-
rate the electrons and holes (figure 8(a)). In this regard, the
heterobilayer not only can allow the existence of long-range
moiré pattern, but host IX as well. As schematic illustrated in
figure 8(b), by controlling the energy of gate area higher or
lower than its surroundings, exciton diffusion can be allowed
or blocked [153]. At the same time, because IX can take valley
information, the van der Waals heterostructrues can be used as
a valley-polarized exaction transistor (figure 8(c)).

Similarly, Ciarrocchi et al have also realized a polarization
switch of IX via modulating their moiré potentials [150]. The
lower-energy interlayer exciton IX; and higher-energy inter-
layer exciton IX, in MoSe,/WSe, heterobilayer have opposite
helicity at positive gate (n doping). Therefore, through control-
ling the gate voltage, this device can behave as a polarization
inverter as shown in figure 8(d). With this electrostatic tun-
able switching of the helicity state, a logic NOT gate can be
realized, which is of great importance for logic operations.

5.2. Valley-photodetectors

Photodetectors based on 2D materials have attracted wide
attention [154—160]. To fully meet the requirements of val-
leytronic devices, the optoelectronic generation of spin-valley
locked carriers, spin transport and electrical readout are essen-
tial [161-167]. On one hand, for local measurements, lateral
spin-valve-like structure with FM electrodes based on ML
WS, can electrically detect the spin-polarized photocurrent
induced by circularly polarized light (figure 9(a)) [168, 169].
The constructive scanning photocurrent patterns in figure 9(a)

obviously show the valley-selective circular dichroism when
the direction of FM electrode magnetization is parallel or
antiparallel with that of polarizations of photo induced carriers
[168]. This phenomenon reflects that the photo-induced car-
riers in ML-TMDs comply with the valley-dependent optical
selection rules and are spin-polarized due to spin-valley lock-
ing. On the other hand, for non-local measurements, graphene
is a good candidate for spin transport layer owing to its weak
spin—orbit coupling and long spin diffusion length [170-172].
Gmitra et al have previously predicted that ML MoS, can
generate photo-induced spin-valley locked carriers and inject
them into an adjacent graphene by absorbing circularly polar-
ized light [173]. This prediction has been recently experimen-
tally demonstrated in van der Waals heterostructures com-
posed by ML-MoS, and graphene with FM electrodes [174].
The device structure and non-local measurement configuration
are schematically shown in figure 9(b). When ML-MoS, is
illuminated by the circularly light, the spin of photo-induced
carriers is polarized. By applying a small magnetic field By,
spin precession generates a finite component along the mag-
netized direction of FM electrode. The antisymmetric Hanle
curves further confirm that the nonlocal voltage signal Vi is
indeed from the valley-locked spins from MoS,.

Beyond FM electrodes, the topological insulators can
also be utilized for the detection of the valley-spin locked
electrons because of its particular properties, namely the
spin-momentum locking [175-178]. Figure 9(c) presents the
schematic of the valley(spin)-tronic device and the corre-
sponding measured light-helicity-dependent non-local valley-
spin locked photocurrent for WSe, by Bi,Ses electrodes at
different gate voltage [179]. But for local measurements, the
capability of tuning valley polarization by gate is greatly weak-
ened (figure 9(d)). The gate modulated spin injection, trans-
port and detection is promising for valley(spin)-tronic devices.
It is noteworthy that in addition to the FM electrodes and
topological insulators, non-FM electrodes could also detect
the valley-polarized photocurrent by inducing out-of-plane
magnetic field or Zeeman effect, which has been recently
demonstrated [180].

5.3. Valley-light emitting diodes

Opposite to tuning valley degree of freedom with optical helic-
ity, inequivalent excitons of valleys can also be electrically
populated and give rise to circular light emission. Because both
WSe, and MoSe, show ambipolar conductive properties, lat-
eral p—i—n homojunctions can be formed by ionic gating [181,
182]. As shown in figure 10(a), through changing the direc-
tion of current, the chirality of electroluminescence (EL) can
be switched reversely, which is due to inequivalent overlap of
the electron and hole states at each valley induced by trigo-
nal warping effects. [181] In addition to the p—i—n homojunc-
tions, p-Si/i-WS,/n-ITO exhibit similar circular EL with valley
polarization (figure 10(b)) [182, 183].

Spin can be effectively injected from FM electrodes into
ML-TMDs (figure 10(c)) [184—187]. Optical transition rules
are allowed for e—h pairs in the same valley and give rise
to circular EL and an extra electron. In this regard, by
controlling the direction of magnetization of FM electrode,
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GmbH: Nature Nanontechnology [179] © 2018.

interband transitions of ML TMDs involve the emission of
valley polarized light and can be tuned by out-of-plane mag-
netic field as exhibited in figure 10(c) [188]. In addition to
the FM electrodes, dilute magnetic semiconductors are another
candidates for electrically injecting spins into ML TMD. Ye
et al have observed circular EL in heterostructures based on
ML-WS, and (Ga, Mn)As, as schematically represented in
figure 10(d) [73]. The hysteresis helicity of EL is coinci-
dent with anomalous Hall effect of (Ga, Mn)As and indi-
cates inequivalent population of two valleys, resulting in the
formation of valley polarized excitons.

5.4. Other valleytronic devices

Other novel valleytronic devices such as valley-diodes and val-
ley thermoelectric devices are very attractive both theoretically
and experimentally. In analogy to spin diodes, implementa-
tion of valley-diodes requires that the current contributed by

a single valley through a junction should be simultaneously
forward-conductive and reverse-blocking. Benefited from the
specific band-matching mechanism, researchers have theoreti-
cally predicted that spin-valley diodes can be realized through
group-IV ML FM-field/E -field junction [189, 190]. More-
over, uniaxial strain in ML MoS; can lead to unbalanced Berry
curvatures centered at K and —K points and thus valley mag-
netization under an external electric field, which has been
experimentally discovered by Lee ef al [191]. A real-space
homogeneous distribution of the valley magnetization can be
regarded as valley magnetic domains (K™ and K~). Recently,
Kim et al found that anomalous transverse current could be
generated by controlling the relative size of the valley magnetic
domain. This anomalous transverse current flows toward only
one direction along the movement of valley magnetic domain,
which is possibly applied in valley-diodes [192].

Although adopting optical and electrical methods to realize
valley-polarized effects has been widely studied, there are so
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Centre GmbH: Nature Nanotechnology [73] © 2016.

far very few works that couple the valley physics with ther-
moelectrics. For example, valley-Seebeck effect and valley-
Nernst effect have been predicted theoretically in TMDs,
zigzag graphene nanoribbons and group-IV MLs [193-195].
An obstacle to the experimental observation of valley Nernst
effect is applying the macroscopic temperature gradients in
TMDs. However, Dau et al have recently grown large area
TMD MLs and applied temperature gradients in WSe, on mm
scale [196]. In order to lift the K™—K~ valley degeneracy,
they grow NiFe film on top of the WSe, layer. By using the
FM resonance-spin pumping, spin can be pumped into WSe;
and result in a population imbalance between the two valleys
of WSe,. Eventually, the combination of a temperature gradi-
ent and valley polarization allows them to successfully detect

valley Nernst effect in WSe, at room temperature. There is no
doubt that these intriguing valleytronic devices could pave the
way for future information processing and logic circuits.

6. Challenges and outlook

In this review, we have summarized different strategies for
valley modulation in ML TMDs and their hybrid heterostruc-
tures. It is seen that, in the past decade, bountiful technologies
have been developed to drive the valley degree of freedom in
varies of TMD systems to create electronic or optical states
with emerging physical phenomena, that may lead to future
applications. In spite of the rapid progress in the field of valley
manipulation, challenges still remain in a number of aspects.

Firstly, it is crucial, yet not fully understood, to optimize
the valleytronic parameters such as valley lifetimes and degree
of valley polarization at room temperature. For example, it is
by far still an extremely challenging question in modulating
the valley polarization of ML-TMDs. Nevertheless, mixing
multiple external fields, along with plasmonic architectures,
moiré patterns and defects engineering may be considered as
one solution to overcome the low degree of valley polarization
and short valley lifetimes. In particular, the way to accelerate
the valley polarized exciton recombination time and suppress
the intervalley scattering is one of the key topics for further
investigations.

Secondly, since most of the reported valley photonic and
optoelectronic applications are based on exfoliated ML TMDs,
the realization of valleytronic devices integrated by ML-TMDs
grown by heteroepitaxy or homoepitaxy in a large scale is still
missing. However, defects in grown films are known to show
strong variations on the optical and/or electrical responses
from samples to samples. Deeper understanding on the phys-
ical mechanisms of valley depolarization and decoherence
influenced by disorders, phonons, defects, etc is largely desired
for the realization of large degree of valley polarization at room
temperature. On the other hand, although theories have pre-
dicted that valley polarization can be realized and tuned in
magnetically doped TMDs and ferrovalley materials such as
VSe, [197-199] without external magnetic field or FM sub-
strates, it is highly desired to address the feasibility, applica-
bility, and stability in the future.

As mentioned in the main text of this review, devices tak-
ing advantages of the valley degree of freedom, such as valley
valve, valley diodes, valley Hall electronics, etc. Addition-
ally, thanks to the open surfaces and jointable edges of TMD
materials, those systems are of great promises to show novel
physical properties while stacked up vertically or stitched
in-plane. Moreover, engineering the interface between ML-
TMDs and other functional materials with ferroelectricity and
piezoelectricity would give rise to novel valleytronic proper-
ties. In general, the investigation of TMD materials and their
hybrid heterostructures is opening up new possibilities, which
could effectively enhance the functionality of future spin-
valleytronic devices, including valley current filters, valley
qubits, valley-current amplifiers, non-volatile optical memory,
and quantum computation devices in information processing
and sensing.
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