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The explosion of interest in two-dimensional van der Waals materials has been in many ways driven
by their layered geometry. This feature makes possible numerous avenues for assembling and ma-
nipulating the optical and electronic properties of these materials. In the specific case of monolayer
transition metal dichalcogenide semiconductors, the direct band gap combined with the flexibility for
manipulation of layers has made this class of materials promising for optoelectronics. Here, we review
the properties of these layered materials and the various means of engineering these properties for
optoelectronics. We summarize approaches for control that modify their structural and chemical en-
vironment, and we give particular detail on the integration of these materials into engineered optical
fields to control their optical characteristics. This combination of controllability from their layered
surface structure and photonic environment provide an expansive landscape for novel optoelectronic
phenomena.
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1 Introduction

A key ingredient in device design for optical and elec-
tronic applications is the ability to intentionally control
material properties. Classic examples include tailoring
semiconductor confinement for lasing, photovoltaic, and
sensing applications [1–3], controlling doping and de-
fects for high mobility transistors [4], exploiting metal
plasmons for enhanced absorption [5], and engineering
of magnetic and spin properties for logic and memory
[6, 7]. Although the idea of controlling the environment
of materials is an old one, the emergence of a wide class
of layered van der Waals (vdW) materials is revealing
new opportunities for designing devices by controlling
the structural and electromagnetic environment of ma-
terials at the atomic scale.

Since the isolation of graphene, layered vdW ma-
terials in which individual crystal planes are held to-
gether by van der Waals forces have attracted interest
due to their intriguing low-dimensional properties of sin-
gle layers and the ability to design more complex het-
erostructures through layer stacking [11–14]. In partic-
ular, the group VI layered transition metal dichalco-
genides (TMDs) such as MoS2 and WSe2 and their re-
lated compounds have been identified as being espe-
cially useful for optoelectronics because, unlike graphene,
they can be direct bandgap semiconductors in the single
layer limit. This combination of favorable optical proper-
ties and the layer-dependent two-dimensional electronic
structure creates a highly tunable material platform that
has seen incredible advances across several distinct disci-
plines, exemplified by new discoveries in low-dimensional
electronic physics [15–20], high-performance electrical
devices [21–24], classical [25–29] and quantum [10, 30–33]
optical devices, plasmonics [34–38], polaritonics [39–42]
and others. Looking specifically at optoelectronics, these
desirable traits have led to rapid development of pho-
todetectors [43], solar cells [44, 45], light-emitting diodes
[46–48], excitonic lasers [49, 50] and even more unique
devices relying on the emergent properties of monolayer
semiconductors [51–53].

Underlying this broad exploration in both fundamen-
tal and device applications is the remarkable tunability
of these materials provided by their layered structure.
Since these two-dimensional (2D) materials are effec-
tively all surface, they are extremely sensitive to their
environments. This fact, both a feature and a bug, man-
ifests throughout the many achievements in this class of
materials. In this manuscript, we review the opportuni-
ties presented by environmental engineering of TMDs for
optoelectronics. We introduce some of the methods that
have been developed to tune optical properties of single-
layer TMD materials, focusing on the unique features

that set them apart from other nanomaterials. We place
a particular emphasis on reviewing how engineering the
optical environment can manipulate electronic proper-
ties of these materials when integrated with photonics.
The rapid development in recent years of this optical ap-
proach complements the structural and electronic engi-
neering tools already widely available to control layered
semiconductor optoelectronics.

2 2D semiconductors – monolayer transition
metal dichalcogenides

In this section we introduce the unique structural,
optical, and electronic properties of transition metal
dichalcogenide monolayers that make these materials an
intriguing platform for optoelectronics. We discuss band
structures, crystal symmetries, excitons, emergent spin
and valley degrees of freedom, optical selection rules, and
coherent optical effects in TMDs. Although these proper-
ties are covered extensively in numerous recent reviews
[54–57], sufficient detail is included here to appreciate
the relevant features discussed in this article.

2.1 Excitonic optical properties

Monolayers of group VI TMDs are a class of direct
bandgap semiconductors [60] consisting of three atomic
layers in a trigonal prismatic arrangement. In this review
we will focus solely on the TMDs of the chemical form
MX2 where M is Mo or W and X is S or Se. The reduced
vertical dimensionality of these quasi-2D crystals leads
to a significant reduction in dielectric screening. Conse-
quently, photoexcited electrons and holes in these mate-
rials experience a strong Coulomb interaction, leading to
the formation of excitons with large binding energies on
the order of hundreds of meV and small Bohr radii in the
range of several nanometers [61]. These tightly-bound
excitons, with transition energies below the quasiparticle
bandgap, dominate the optical response of TMDs even at
room temperature. The optical bandgaps of these mate-
rials lie in the visible and near infrared spectrum, shown
in Fig. 1(a). While a spectrum of Rydberg-like excited
exciton states exist in these materials [62], the low-energy
1s state typically plays the largest role in linear absorp-
tion and emission processes. Within the 1s state there
are two subspecies of neutral excitons corresponding to
the A and B band transitions [60] shown in Fig. 1(c).
In this review we typically focus on the lowest-energy A
exciton.

This optical structure of monolayer TMDs provides
an intriguing platform for exploring and controlling ex-
citonic physics because of the reduced screening and en-
vironmental sensitivity of these layered materials. For
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Fig. 1 Excitonic effects in monolayer TMDs. (a) Room temperature photoluminescence spectra of monolayer TMDs
illustrating the range of optical bandgaps. (b) Illustration of monolayer TMD Brillouin zone and band structure at the
K and K′ valleys. (c) Band structure of bright excitons the K and K′ valleys. (d) Electrostatic gating dependence of
the photoluminescence of monolayer WSe2 at low temperature with the exciton species labeled. Figures reproduced with
permission from: (a, b) Ref. [8], Copyright © 2012 American Physical Society; (c) Ref. [9], Copyright © 2016 American
Chemical Society; (d) Ref. [10], Copyright © 2013 Nature Publishing Group.

example, the absorption and photoluminescence spec-
tra also show features corresponding to charged excitons
(trions) made from a photoexcited exciton and a resident
charge carrier [63]. The spectral contributions of the pos-
itively and negatively charged and neutral excitons can
be tuned by electrostatic gating. In monolayer MoS2 the
luminescence can only be shifted between the neutral X
and negatively charged X− excitons [63] due to the in-
trinsic n-doping of the material, but in ambipolar mono-
layers such as WSe2, the emission of both positively and
negatively charged trion species may be controllably acti-
vated [10] as shown in Fig. 1(d). Since excitons and trions
have non-zero out-of-plane dipole moments, the gating
field can tune the emission energies via the Stark effect
[64]. This excitonic Stark shift has also been observed in
more complex TMD multilayers, which can support in-
terlayer excitons [65, 66]. With charge distribution span-
ning distinct material layers, the stronger out-of-plane
dipole moment results in a more pronounced Stark shift.
Finally, we note that electrostatic gating can be used to
reduce the spectral weight of broad, lower-energy emis-
sion arising from to the presence of defect states [67].
These tunable features, all available at room tempera-
ture, demonstrate how electric fields can offer a simple
knob for controlling excitonic properties in monolayer
TMDs.

2.2 Spin-valley physics

Besides the strong excitonic features of monolayer
TMDs, their 2D crystal symmetries combined with spin-
orbit coupling give rise to more exotic optoelectronic fea-
tures. Specifically, for the common 2H TMD polytype,
the direct bandgap occurs at two degenerate valleys lo-
cated at the corners of the hexagonal Brillouin zone [68]

labeled K and K ′ [Fig. 1(b)], in analogy to the semimetal
graphene. The valley index can effectively label charge
carriers near the Fermi level as they are well-separated
in momentum space. In contrast to graphene, the com-
bination of strong spin-orbit coupling originating in the
transition metal d orbitals and the inversion asymmetry
of the lattice results in a spin splitting of the conduction
and valence bands with opposite splitting at the two val-
leys (as required from time-reversal symmetry [68]). This
splitting is far more pronounced for holes [69] and results
in a locking between spin and valley [70]; in order to scat-
ter to the opposite valley and conserve energy, a carrier’s
spin must flip simultaneously, which typically requires an
atomically-sharp magnetic defect [8]. However, the valley
and spin polarization of these locked states are limited
in practice by a fast electron-hole exchange interaction
that can generate rapid valley depolarization [71].

A consequence of the inversion asymmetry is that
the carriers in the two valleys are inherently inequiv-
alent and possess valley-contrasting magnetic moment
and Berry curvature [72]. The former results in valley-
dependent optical selection rules with opposite valleys
coupling to opposite circular polarizations of light [68] as
depicted in Fig. 1(c). The latter causes valley Hall effects
with longitudinal valley currents producing transverse
charge currents and vice-versa [17, 73]. Since these selec-
tion rules make the valleys optically-addressable through
circularly-polarized light, the index label can function as
an emergent pseudospin with similar opportunities for
manipulation as traditional spin. While the idea of ma-
nipulating electronic states in different valleys is not new
[74], the optical selection rules in monolayer TMDs with
an appreciable intrinsic direct bandgap and strong exci-
tonic features provide the means to translate valley pseu-
dospin control to layered optoelectronics.
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3 Optoelectronics with TMDs

With visible frequency bandgaps and thicknesses at the
atomic limit, monolayer TMDs have seen considerable
interest for flexible optoelectronic devices such as pho-
tovoltaics [54]. A number of recent articles provide an
in-depth review of the wide array of current and de-
veloping device applications using TMDs [75–77]. Here,
rather than focusing on the devices themselves, we high-
light some of the novel mechanisms important to TMD
optoelectronics, specifically, free carrier generation and
valley-sensitive effects in devices.

3.1 Free carrier generation

Conventional optoelectronics typically require the gener-
ation of free carriers, which can present a challenge for
exciton-dominated materials like TMDs. Early research
focused on n-doped monolayer MoS2 devices, and it was
found that the photoresponse is primarily a convolu-
tion of slow photovoltaic and fast photoconductive effects
[78]. Spatially-resolved measurements have revealed that
the photocurrents are only appreciably generated when
the Schottky barriers of metal contacts, which enable
the dissociation of excitons into free carriers, are illumi-
nated [79]. Band offsets in monolayer/multilayer MoS2

homojunctions have also been found to enable free carrier
generation [20, 80, 81]. Local electrostatic gating enables
creation of monolayer p–n diodes, allowing for more effi-
cient light harvesting and light-emitting diodes. For ex-
ample, monolayer WSe2 has been used to realize diodes
[45, 47, 48] which exhibit a photoresponse spatially lo-

calized to the p–n interface and electroluminescence that
spectrally matches the monolayer’s photoluminescence.
With free carrier generation in TMD devices becoming
well-understood, more unique optoelectronic systems can
be developed which can exploit the spin and valley prop-
erties of TMDs.

3.2 Valley-sensitive optoelectronics

As a result of the valley-dependent optical selection
rules, energetically degenerate excitons localized at the
K and K ′ valleys emit opposite circular polarizations of
light. This has been experimentally confirmed for vari-
ous TMDs in low-temperature circularly-polarized pho-
toluminescence experiments in which the monolayer is
excited with one polarization of light and the valley
polarization P of excitons can be extracted from the
circularly-polarized luminescence [8, 82, 83]. An example
circular photoluminescence measurement of monolayer
WSe2 is shown in Fig. 2(a). Reported values vary be-
tween the TMD materials and measurement conditions
(particularly the energy detuning of the pump excita-
tion) but valley polarizations exceeding 50% are common
for both charged and neutral excitons [63]. This suggests
valley lifetimes on the order of the exciton recombination
lifetime from a simple exciton depolarization rate model,

P =
1

1 + 2τr/τv
, (1)

where τr and τv are the exciton decay rate and valley
lifetimes respectively. Time-resolved photoluminescence
measurements at cryogenic temperatures have revealed
that τr for the A exciton lies in the picosecond regime

Fig. 2 Valley-dependent optical properties of TMDs. (a) Low temperature circularly-polarized photoluminescence col-
lected from a WSe2 monolayer with the neutral and charged trion peaks labeled. The pump polarization is σ+. The lower
energy broad peak is attributed to localized defect-bound excitons. The lower panel shows the polarization. (b) Time-resolved
Kerr rotation from the same WSe2 sample as in (a) probed at the charged exciton energy. (c) Photoluminescence spectra of
a WSe2 monolayer as a function of the in-plane magnetic field at a temperature of 30 K with the bright neutral and charged
excitons and their corresponding dark states labeled. Figures reproduced with permission from: (a, b) Refs. [58], Copyright
© 2015 Nature Publishing Group, licensed under CC BY; (c) Ref. [59], Copyright © 2017 Nature Publishing Group.
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[84–88]. The correspondingly short τv has been confirmed
for the neutral exciton using polarization-dependent
time-resolved photoluminescence [85, 86]. The observed
rapid valley depolarization has been explained as the re-
sult of the electron-hole exchange interaction. The val-
ley depolarization of trions, however, is more subtle with
both a fast initial decay similar to neutral excitons be-
fore a slow decay with a corresponding lifetime extending
into the nanoseconds measured for monolayer WSe2 [85].

Supplementing photoluminescence measurements,
time-resolved Kerr rotation has been employed exten-
sively to measure spin and valley lifetimes in monolayer
TMDs. While in undoped monolayers the spin/valley
lifetime is limited to the picosecond regime [89], mea-
surements in doped monolayers have revealed far longer
lifetimes extending well into the nanosecond range for
the various TMDs at cryogenic temperatures [58, 90–92]
[Fig. 2(b)]. These extended polarization-sensitive decays
reflect the lifetimes of free carriers. For example, a
recent study on monolayer WSe2 used a gate bias to
probe both types of free carriers, measuring a hole
valley lifetime of 2 µs and an electron spin lifetime of
160 ns [93]. Achieving comparably long lifetimes for
excitons is desirable for harnessing valley pseudospin
in optoelectronic devices, which may be attainable by
engineering couplings between monolayer TMDs and
their surrounding environments.

Breaking the energy degeneracy of excitons at the
K and K ′ valleys is a potential mechanism for ma-
nipulating pseudospin-sensitive optics. Similar to tradi-
tional spin, out-of-plane magnetic fields induce a valleya-
dependent Zeeman shift of the exciton transitions due to
the intrinsic valley magnetic moment. Magnetic field val-
ley splitting has been observed in monolayers of WSe2
[94, 95] and MoSe2 [96, 97] at cryogenic temperatures
using circularly polarized photoluminescence. The mea-
sured g factors generally match the theoretical value
of 4 from expected from the hole’s d-orbital. In-plane
magnetic fields, conversely, do not couple to the val-
ley pseudospin of carriers but may cause spin proces-
sion. This has been utilized to discriminate between spin
and valley related phenomena; an effect that is robust
to in-plane magnetic fields such as circular polarized
photoluminescence can be generally attributed to car-
rier valley dynamics [82]. The spin precession induced
by in-plane fields is also necessary to optically probe
species of dark excitons [59, 98] composed of electron-
hole pairs with spin-forbidden dipole transitions. At high
magnetic fields the dark excitons brighten and become
spectrally distinct in analogy to the A and B bright
excitons as shown in Fig. 2(c). The rich and tunable
spin-valley physics in monolayer TMDs demonstrate how
polarization-sensitive optical properties can be tailored
for specific applications.

3.2.1 Valley coherence

Quantum superpositions of valley excitons enable manip-
ulation of excitations that coherently span multiple val-
leys, suggesting applications in valleytronics and infor-
mation processing. Linearly polarized light, which con-
tains equal components of left- and right-circular polar-
ization, can generate intervalley coherence of excitons in
the K and K ′ valleys in WSe2 [10, 99–101], WS2 [102],
and MoS2 [103, 104]. This coherence was first detected
through the observation of linearly-polarized photolumi-
nescence where the primary axis of emission corresponds
to the excitation polarization [10]. The agreement be-
tween excitation and emission orientation suggests that
intervalley coherence persists on a timescale comparable
to recombination. The valley coherence time (∼ 100 fs
in WSe2) has been directly measured using polarization-
resolved two-dimensional coherent spectroscopy [105]. As
with traditional circularly polarized luminescence, the
short valley coherence time is typically attributed to the
electron-hole exchange interaction that couples the two
valleys and allows rapid decoherence [71, 105].

In analogy to spin, coherent valley states can be ma-
nipulated by breaking the energy degeneracy of the val-
ley exciton transitions [100–102]. When the transition
energy of the two valleys is unequal, a phase differ-
ence accumulates between the two components of the
coherent superposition. This is typically represented as
a rotation of the spin/pseudospin state on the Bloch
sphere [Fig. 3(a)] and manifests as a rotation in the
axis of linearly polarized emission [Fig. 3(b)]. Such ro-
tations have been demonstrated in the steady-state us-
ing out-of-plane magnetic fields and continuous-wave
excitation [100, 102]. The steady-state detectability of
these effects is largely due to the fact that valley coher-
ence can be generated and detected using off-resonant

Fig. 3 Valley coherence. (a) Bloch sphere used to repre-
sent coherent superpositions of valley states. (b) Linear po-
larization dependence of photoluminescence with and with-
out magnetic field. Black arrow shows orientation of linearly-
polarized excitation. Angle of rotation θ corresponds to half
the rotation on the Bloch sphere. Figure reproduced with per-
mission from Ref. [100], Copyright © 2016 American Physical
Society, licensed under CC BY.

Trevor LaMountain, et al., Front. Phys. 13(4), 138114 (2018)
138114-5



Review article

light [10, 99, 100]. Coherent valley rotations have also
been demonstrated using all-optical ultrafast “pseudo-
magnetic fields”, a topic that is explored in detail in Sec-
tion 5.3.2.

3.2.2 Photoexcited valley-sensitive devices

The valley index of photoexcited charge carriers in a
monolayer TMD can be used for electronic devices. The
valley-dependent Berry curvature in monolayer TMDs
manifests as a valley-contrasting mobility transverse to
the applied electric field. If a valley-polarized current
is generated in a monolayer Hall bar device, a com-
plimentary charge current is also generated, resulting
in a Hall voltage in the absence of any magnetic field.
This valley Hall effect was first measured in n-doped
monolayers of MoS2 [73] at cryogenic temperatures when
pumped by circularly-polarized light with energy slightly
above the bandgap. The origin of the transverse volt-
age was ascribed to valley-polarized electrons generated
when the Schottky barriers at the source and drain con-
tacts were illuminated. More recently the valley Hall
effect was measured in n-doped monolayer WS2 where
spectrally-resolved spatial mapping revealed that both
valley-polarized free carriers and trions contribute the
measured Hall voltage [106]. These conclusions are fur-
ther bolstered by spatially-resolved measurements of
valley-polarized exciton diffusion in monolayer MoS2

[107]. In this experiment a linearly polarized pump was
centered at one edge of a narrow monolayer, as shown in
Fig. 4(a, b), resulting in largely unidirectional thermal
and chemical potential gradients. Polarization-resolved
spatial mapping of the photoluminescence revealed that
excitons in the two valleys experience opposite transverse
diffusion as can be see in Fig. 4(c), demonstrating an ex-
citonic valley Hall effect.

The complimentary creation of a transverse valley cur-
rent from a longitudinal charge current has also been
observed in n-doped MoS2 monolayers [108] and bilay-
ers [17] with inversion symmetry broken via electrostatic
gating. By electrically biasing monolayers at cryogenic
temperatures, regions of local valley accumulation are es-
tablished at the edges of the monolayer conducting chan-
nel that can be measured with spatially-resolved Kerr ro-
tation in analogy to the spin Hall effect [109]. Extraction
of the electron valley diffusion length scale remains diffi-
cult but with far longer valley lifetimes [93], hole-doped
monolayers may offer a greater potential for probing free
carrier valley diffusion length scales.

The circularly polarized photogalvanic effect (CPGE)
has also been utilized to study the spin and valley dy-
namics of monolayer TMDs. As the effect only arises
in systems with spatial inversion asymmetry, previous
studies on the CPGE in graphene relied on an extrinsic
symmetry breaking, i.e., the presence of the bottom di-

Fig. 4 Exciton valley Hall effect. (a) Spatial photolumi-
nescence intensity map of a MoS2 monolayer (outlined in
white) used to observe the exciton valley Hall effect. The lin-
early polarized pump beam is fixed at one side of the mono-
layer and excitons diffuse along the x axis seen in the cross-
sectional profile (b). (c) Polarization-resolved photolumines-
cence intensity cross-sections taken along y spaced approx-
imately 0.46 µm in x demonstrating transverse diffusion of
valley-polarized excitons. Figure reproduced with permission
from Ref. [107], Copyright © 2017 Nature Publishing Group.

electric substrate [110]. By contrast, monolayer TMDs
constitute a natural platform for studies of the CPGE
with spin-valley currents observed in monolayer MoS2 as
well as MoS2 and WSe2 electric-double-layer transistors
at room temperature [111–113].

4 Structural and electronic engineering of
TMDs

Owing to their two-dimensional structure, the electronic
and optical properties of monolayer TMDs are highly
dependent on their surrounding environment [114–116].
This sensitivity can be exploited to engineer behavior
for optoelectronics. In this section, we review recent
progress in controlling monolayer TMD devices by mod-
ifying their surrounding material and electronic environ-
ments.

4.1 Surface modification

In contrast to conventional 3D bulk semiconductors, the
exposed 2D surface of monolayer TMDs allows for sig-
nificant modification of material properties using sur-
face treatments. These can alter excitonic lifetimes, dope
the underlying layer by charge transfer, and greatly
enhance Raman signals. Examples of such treatments
are functionalization with polar molecules such as ph-
thalocyanines (Pc), pyridine, and pyrazine [43, 117–120],
chemical layers such a rhodamine 6G and pentacene
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[17, 121], and interfacing with quantum dots [122, 123].
As a particular example, Pc has been investigated by
many groups for its charge transfer and Raman enhance-
ment effects [118] and improvement of photodetectors
[43, 124]. For chemical layer treatment, pentacene has
been found to enable hole-transfer and long-lived charge
separation [121, 125].

Interfacing TMDs with semiconductor quantum dots
(QDs) has also attracted interest as a platform for novel
optoelectronic devices that could exploit the high quan-
tum efficiencies of quantum dots and the high carrier mo-
bilities of TMDs [122, 126, 127]. For example, the energy
transfer from CdSe QDs to monolayer TMDs extends the
photoluminescence lifetime of excitons in TMDs [123].
This feature results from the ∼ns timescale decay of
excitons in the quantum dots, which limits the rate of
energy transfer from the QDs into the TMD. Conse-
quently, the ∼ps scale photoluminescence signal in bare
TMD is extended to nanoseconds in the composite sys-
tem, demonstrating how mixed material heterostructures
can be used to engineer dynamics in TMDs.

Another example of surface engineering for TMDs is

the use of reparative chemisorption for photolumines-
cence enhancement (shown to reach near-unity), de-
fect repair, and crystal vacancy filling [9, 128–131]
[Fig. 5]. This type of chemisorption can be achieved us-
ing superacids, molecular surface treatments, and sulfur/
selenide annealing. Because the vacancies are also elec-
tron donation centers, chemisorption can be leveraged
for doping in TMD systems, providing control over car-
rier populations as well as trion and localized exciton
optical emissions.

A variety of other surface treatments have been shown
to effectively dope TMDs. Hole doping can be achieved
with gold-chloride treatments [132], phosphorous im-
plantation in vacancies [133], gold dressing [134], and
boron-based oxidant treatments [135]. Electron doping
has been demonstrated using alkali elements [136, 137],
thin films of silicon nitride [138], and black phosphorous
nanodots [139]. Many of these surface treatments are also
completely reversible. For example, molecular hydrazine
dopes TMDs through electron charge donation and the
formation of sulfur vacancies, a process that can be com-
pletely undone by sulfur annealing [140].

Fig. 5 Examples of surface engineering. (a) Near 200-times enhancement in MoS2 PL after superacid treatment of
the surface [128]. (b, c) Spatial comparison before and after superacid treatment showing enhancement over the entire
MoS2 flake. (d) Pristine MoS2 layer (top) vs. a sulfur vacancy rich MoS2 layer (bottom). (e) Sulfur vacancies treated by
chemisorption [129]. Figures reproduced with permission from (a, c) Ref. [128], Copyright © 2015 American Association for
the Advancement of Science; (d, e) Ref. [129], Copyright © 2015 American Chemical Society.
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4.2 Layered heterostructures

One of the capabilities enabled by van der Waals ma-
terials is the ability to create composite materials with
layer-by-layer stacking, providing atomic-scale control of
the environment surrounding a given layer. These vdW
heterostructures [11–13, 76] provide atomic-scale control
of the surrounding environment that has been exploited
for optoelectronics.

4.2.1 TMD-TMD heterostructures

Mixed-TMD heterostructures can help overcome the lim-
itations of standalone TMDs. For example, a TMD het-
erostructure with a band offset between the two mono-
layer materials enables efficient charge separation that
can help optoelectronic applications such as photosens-
ing and light harvesting [143]. Lateral heterostructures
created with multi-stage chemical vapor deposition op-
erate nominally as p–n junctions, demonstrating current
rectification and photocurrent generation at the inter-
face [144]. Alternatively, vertical TMD heterostructures
created with polymer transfer techniques boast an atom-
ically sharp vdW interface with a larger coverage area
for light absorption [145, 146]. An optical image of an
example monolayer MoSe2/WSe2 vdW heterostructure
is shown in Fig. 6(a). Two color pump-probe measure-
ments of these vdW heterostructures have revealed ul-
trafast charge transfer times of 470 fs for a MoS2/WSe2
heterostructure [147], with a high degree of transfer ef-
ficiency. This quick charge transfer is favorable for pho-
tovoltaic applications as well as valley optoelectronics
as it limits the valley depolarization of photoexcited ex-
citons before dissociation. This has been demonstrated
in a MoS2/WSe2 heterostructure where charge separa-
tion produced valley polarized resident holes in the WSe2
with a valley lifetime of 40 µs at 10 K as measured
by time-resolved Kerr rotation [148]. Measurements on
MoSe2/WSe2 have also shown that spin/valley polar-
ization can be conserved through the charge separation
process [149] even for non-ideal twist angles between lay-
ers, demonstrating utility for valley-polarized free carrier
generation.

Photoluminescence measurements of type-II vdW het-
erostructures such as MoSe2/WSe2, have revealed bright
interlayer excitons when the twist angle between the two
monolayers is close to 0◦ or 60◦ (determined using sec-
ond harmonic generation) corresponding to AA and AB
stacking, respectively [150–152]. The luminescence peak
corresponding to the interlayer exciton lies several hun-
dred meV below the intralayer exciton peaks from the
two constituent materials [Fig. 6(b)]. It is strongly tun-
able with electrostatic gating due to the out-of-plane
electric dipole moment [151, 153]. The luminescence en-
ergy of the interlayer exciton can also be modified by in-

serting a hexagonal boron nitride (h-BN) buffer between
the two layers, though the exciton disappears after only
a few layers of h-BN [150].

The twist angle dependence that limits interlayer exci-
ton formation in TMD heterostructures is not just a tech-
nical hurdle; this feature can also be leveraged to tune
the interaction between layers. For example, in TMD ho-
mostructures, which consist of deterministically stacked
layers the same TMD material, coupling between lay-
ers can vary as a function of twist angle [154–156]. One
consequence of this twist angle dependence is the recov-
ery of valley-dependent optical selection rules in stacked
bilayers of TMDs [157–159].

Remarkably, the recombination and valley lifetimes of
these interlayer excitons as measured by time-resolved
methods are long: tens to hundreds of nanoseconds for
MoSe2/WSe2 heterostructures [151, 160] as shown in
Fig. 6(c), far surpassing lifetimes of intralayer excitons.
It has been suggested that the spatial separation of the
electron-hole pairs minimizes the exchange interaction
that normally serves as a source of valley depolarization
for excitons [149]. The long interlayer lifetimes have en-
abled imaging of valley-polarized exciton diffusion in a
MoSe2/WSe2 heterostructure [142] and make vdW het-
erostructures an exciting platform for valley optoelec-
tronic applications [57, 161]. Recent measurements of
Zeeman splittings in MoSe2/WSe2 vdW heterostructures
have revealed a much higher g factor of approximately 15
[141] for the interlayer exciton, which can be understood
as arising from the sum of the valence and conduction
valley magnetic moments.

4.2.2 Mixed layer heterostructures

Layered heterostructures provide an architecture for
blending the unique properties of the constituent ma-
terials. For example, interfacing monolayer TMDs with
graphene has enabled the study of novel spin physics in
these hybrid systems. While graphene, with low spin-
orbit coupling on the order of 10 µeV [162] and high
charge conductivity, exhibits long spin diffusion lengths
scales on the order of tens of micrometers at room tem-
perature, it lacks the optical selection rules of monolayer
TMDs that enable selective spin and valley excitation. In
graphene/monolayer TMD vdW heterostructures, how-
ever, spin states may be optically generated in the TMD
region and injected into the graphene for spin transmis-
sion as confirmed from recent spin-valve and Hanle effect
measurements [163, 164].

The TMD in such a heterostructure has a proximity
effect on the spin properties of graphene. Experimen-
tal and theoretical work have found that graphene in-
herits from the neighboring TMD a dramatic enhance-
ment of the spin-orbit coupling reaching into the meV
regime [165, 166]. The TMD also causes a reduction
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Fig. 6 Layered heterostructures of TMDs. (a) Optical microscope image of a monolayer MoSe2/WSe2 vdW heterostructure
and (b) its photoluminescence spectrum at 4 K with intralayer and interlayer emission labeled. The inset illustrates the
formation of the interlayer exciton via charge transfer. (c) Time-resolved circular photoluminescence of a MoSe2/WSe2 vdW
heterostructure for σ+ excitation with black (red) data points signifying σ+ (σ−) collection. Extracted valley lifetimes are
39 ± 2, 10 ± 1, and 5 ± 2 ns at gating voltages of +60, 0, and −60 V, respectively. (d) Optical microscope image and
cartoon depiction of an encapsulated h-BN/1L-MoS2/h-BN heterostructure. (e) Photoluminescence (blue) and differential
reflectivity spectra of the encapsulated sample in (d) exhibiting a linewidth of 4.5 meV at 4 K for the neutral exciton. The
black line shows the typical low temperature photoluminescence spectrum of a MoS2 monolayer on a SiO2 substrate with
broader and weaker exciton peaks and a prominent lower energy defect-bound peak. Figures reproduced with permission
from: (a, b) Ref. [141], Copyright © 2017 Nature Publishing Group, CC BY; (c) Ref. [142], Copyright © 2016 American
Association for the Advancement of Science; (d, e) Ref. [143], Copyright © 2017 American Physical Society, licensed under
CC BY.

in spin lifetimes in the graphene to the picosecond
regime [167] that is highly anisotropic with about an
order of magnitude difference between in-plane and out-
of-plane spin states [168–170]. The spin lifetime reduc-
tion is gate-tunable [171], enabling the creation of hybrid
graphene/TMD spin logic devices such as spin field-effect
switches [172, 173].

4.2.3 Optimizing substrates: Hexagonal boron nitride

The substrate plays a major role in the optical and
electronic response of vdW materials [174, 175]. For
SiO2 substrates grown with thermal oxidation, the rough
surface leads to localized effects and strain in mono-
layer TMDs. When a smooth buffer is introduced, the
monolayer is isolated from roughness and strain is re-
duced, preserving intrinsic optoelectronic properties and
improving spatial homogeneity. The layered insulator
hexagonal boron nitride, unlike SiO2, is atomically
flat with virtually no dangling bonds [176]. h-BN can
dramatically improve the quantum yield of monolayer
TMDs [8]. Since it is also a vdW material, h-BN can be
easily integrated into layered material devices.

WSe2/hBN/SiO2 heterostructures have been used to
study exciton-phonon coupling and the sensitivity of ex-

citons to their phononic environments [177]. By adding
another h-BN layer on top to form a vdW heterostruc-
ture h-BN/1L-TMD/h-BN, illustrated in Fig. 6(d), the
protective h-BN can be further exploited [178]. While
the bottom layer isolates the TMD from the defects of
the substrate, the top encapsulating layer protects the
monolayer from adsorbates and other contaminants on
its surface. Encapsulated heterostructures exhibit nar-
rower emission linewidths down to 2 meV [103, 179]
for monolayer MoS2, an order of magnitude improve-
ment from unencapsulated monolayers [180] [Fig. 6].
Photoluminescence spectra of encapsulated layers also
show a reduction of the trion [103] and localized exci-
ton states [181]. Encapsulation has also enabled observa-
tion of photoluminescence from the 2 s excited exciton
state in WSe2 [182]. The quality and uniformity of hBN-
encapsulated TMDs has been leveraged to realize quan-
tum transport via local gates, as well as confinement of
electrons and control over charged excitons at localized
confinement potentials [183].

4.3 Strain engineering

Strain engineering allows manipulation of a semiconduc-
tor’s optoelectronic properties through deformations of
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the lattice. For monolayer TMDs, strain plays a multi-
faceted role in the optical response and a few key find-
ings will be discussed here. In-plane uniaxial strain, typi-
cally achieved with a flexible polymer substrate, has been
found to enable bandgap tuning of monolayer TMDs,
with measurements on MoS2 and WSe2 demonstrating a
luminescence peak shift and intensity decrease [184, 185].
This is understood as a strain-induced transition of the
monolayer from a direct-bandgap semiconductor to an
indirect one. Conversely, measurements on multilayer
TMDs have shown an opposite effect with a transition
to a direct bandgap possible [184, 185].

The application of in-plane uniaxial strain can also
cause novel magnetic phenomena when the three-fold ro-
tational symmetry of the lattice is broken. Strain can
induce valley-dependent shifts between the band cen-
ters and the extrema of the magnetic moment distribu-
tion [186]. Consequently, a current applied transverse to
the induced piezoelectric field results in a net magnetiza-
tion of the monolayer without valley polarization. Known
as the valley magnetoelectric effect, this strain-enabled
magnetization has been recently observed in monolayer
MoS2 up to room temperature through spatially-resolved
Kerr rotation [108].

Local strain engineering has been employed to control
single photon emission in monolayer and bilayer WSe2.

Fig. 7 Strain engineering. (a) Microscope image of a
bilayer WSe2 flake transferred onto an array of dielectric
nanopillars overlaid with the photoluminescence integrated
intensity from 700 to 860 nm. (b) Higher resolution spatial
map covering the six nanopillars outlined in (a). (c) Pho-
ton auto-correlation histogram of emission from nanopillar
#1 yielding g(2)(0) = 0.03 ± 0.02 and τ = 4.8 ± 0.1 ns. (d)
Photoluminescence spectra of the nanopillar sites marked by
a red circle contrasted with that of the bare bilayer region.
Figure reproduced with permission from Ref. [187], Copyright
© 2017 Nature Publishing Group, licensed under CC BY.

Localized excitons in monolayer TMDs were first found
to arise from defects such as wrinkles on flat substrates.
Observable at cryogenic temperatures [Fig. 7(a)], emis-
sion from these states is at lower energy than the neutral
exciton, exhibits narrower linewidths (on the order of
100 µeV), has a longer lifetime, and typically appears in
doublets with opposite linear polarizations, suggesting a
mixing of the two valley-polarized states [30, 31, 33, 188].
Measurements of photon antibunching [Fig. 7(c)], reveal
that these localized states function as single-photon emit-
ters, making them appealing for applications in quantum
optics. To this end, research has focused on the determin-
istic engineering of emitter states using dielectric sub-
strates with patterned nanostructures to controllably in-
duce local strain [32, 187, 189, 190], as shown in Fig. 7(a-
b), and the fabrication of optoelectronic devices allowing
electrical pumping of quantum emitters [191, 192].

In addition to mechanical applications of strain, all-
optical methods have recently enabled strain engineering
of TMDs via modification of the vdW interactions be-
tween layers [193]. With large photoexcited exciton pop-
ulation in a layer, the modified polarizability results in a
local vertical compressive strain. This optically induced
strain opens a new avenue for novel optomechanical de-
vices that couple strong optical fields to high compressive
forces.

4.4 Exciton confinement in monolayer nanostructures

Size-dependent features of nanostructures are com-
mon tools for manipulating properties of semicon-
ductors, enabling tailoring of optical transitions [194,
195], magnetism [196–200], and high-mobility electronic
states [201–203]. In the two-dimensional monolayer
TMDs, carrier wavefunctions are naturally strongly con-
fined in the vertical direction. Using three-dimensional
confinement for size-dependent control could be useful
for light emitting devices [204], energy harvesting [205],
and medical sensing [206] applications, but this is chal-
lenging in the monolayer TMDs because of the small ex-
citon Bohr radius in these materials. Despite this chal-
lenge, there has been a large body of theoretical work
on the optoelectronic properties of TMDs in confined
carrier regimes such as quantum dots, nanoflakes, or
nanoribbons focusing on both modified electronic states
and novel edge effects such as Majorana fermions [207–
213].

The experimental picture has not yet caught up to
the theoretical activity because of the challenge of con-
trolling monolayers at the few nanometer size scale.
MoS2 nanotubes were investigated before the discov-
ery of graphene [214, 215], but newer advances in lat-
eral confinement of monolayer nanostructures have been
under investigation more recently. Some of the many
approaches for fabricating monolayer nanostructures in-
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clude chemical exfoliation [216–219], direct growth [220],
and top-down nanolithography [221]. Using chemical
methods, small monolayer quantum dots can be achieved
with large excitonic energy shifts [218, 219]. Electron
beam patterning can create monolayer nanodots and
nanoribbons with controllable size and location useful
for device integration [221, 222]. Although these nanos-
tructures preserve the valley pseudospin, the exciton
confinement is still in the weak regime where inter-
valley mixing at edges is not significant and interest-
ing spin-valley properties are not yet expected [223].
In contrast to these nanostructures, excitons trapped
at defects in continuous monolayers can exhibit sin-
gle photon emission, potentially useful for quantum
emitters [30, 31, 33, 187, 188]. While these approaches
to monolayer nanostructures have not yet been inter-
faced with monolayer photonics [224], achieving smaller
laterally-confined size with better precision and repeata-
bility are some of the current challenges for integrating
monolayer nanostructures into hybrid monolayer opto-
electronics.

5 Engineering optical environments in TMD
optoelectronics

Complementing engineering of TMD optoelectronics by
chemical and material means, there has been growing
interest in controlling optoelectronic properties directly
using light. This field has experienced rapid development
with opportunities to explore newly discovered optical
effects including coherent optical interactions [229], in-
tervalley coherence [10], and a variety of hybrid light-
matter states [40, 226]. In this section we highlight re-
cent progress in using photonic structures, plasmonics,
and high-intensity optical fields to engineer the optical
environment of TMDs.

5.1 Photonic engineering

Compared to the canonical III-V semiconductors used in
optoelectronic devices such as photodetectors and light-
emitting diodes, the quantum yield of bare TMDs is
around an order of magnitude weaker [9, 60, 227–230].
Interfacing TMDs with photonic structures can enhance
their interaction with light. The atomic-scale thickness
of TMDs allows for simple placement in peak evanescent
fields, making them ideal candidates for integration into
photonic structures.

5.1.1 Purcell effects in monolayer TMDs

The Purcell effect in exfoliated monolayer TMDs was
first demonstrated by Gan et al. [231] in micro-
photoluminescence after transfer to planar photonic crys-

tals (PPC). The PPC had a linear three-missing hole
defect with resonant modes within the monolayer MoS2

PL spectrum. A clear enhancement of PL emission can
be seen in Fig. 8(a) between the regions on the defect
(region 1), off the defect but on the air holes (region 2),
and off the holes (region 4). Two factors contributed
to this enhancement. First, the inhibition of emission
along the in-plane direction due to the presence of the
in-plane bandgap, which re-directed the emission in the
out-of-plane direction. This resulted in the slight en-
hancement of region 2 compared to region 4. Second, the
Purcell effect from the cavity mode led to an enhance-
ment of spontaneous emission by a factor of ∼70 when
the on and off resonance modes in region 1 were com-
pared. This enhancement originates from the increased
photon density of states and is quantified by the Pur-
cell factor, Fp = (3/4π2)(λc/n)

3(Q/Vm) where λc, Q,
and Vm are the resonant wavelength, the quality factor,
and the effective mode volume of the cavity. The Pur-
cell effect has been harnessed in monolayer TMDs inter-
faced with various optical cavities including PPCs [232],
open cavities [233] [Fig. 8(b, c)], PPCs with rods [234],
microdisks [235, 236], and ladder-type photonic crys-
tals [237].

Fig. 8 Evidence of Purcell effect. (a) (Left) Micro-PL im-
age showing the four different regions on the PPC. (Right)
Spectra from the four regions in (a). (b) Schematic of an
open tunable cavity formed by planar and concave Bragg re-
flectors. (c) Spectra of bare monolayer MoS2 (black) and the
cavity emission for top mirror with different radii of curva-
ture. Figures reproduced with permission from: (a) Ref. [231],
Copyright © 2013 American Institute of Physics, licensed un-
der CC BY; (b, c) Ref. [233], Copyright © 2014 American
Chemical Society, licensed under CC BY.
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5.1.2 Cavity-enhanced nonlinear optics

The enhanced light-matter interaction provided by op-
tical nanostructures also allows new opportunities to
study nonlinear optical phenomena in TMD monolay-
ers [238, 239]. While these phenomena typically require
high-power optical pumping, optical microcavities can
lower the power threshold to achieve second and third
order nonlinearity in a material by factors of V /Q2 and
V /Q3 respectively [240]. Cavity-enhancement of second
order nonlinearity (χ(2)) in TMD monolayers is of par-
ticular interest due to the relative rarity of second or-
der effects, which only occur in non-centrosymmetric
crystals [241]. Such cavity-enhanced effects have been
achieved using single mode cavities like photonic crys-
tals [242] and DBR cavities [243] resonant with the pump
laser, as evidenced by enhanced signals from second har-
monic generation (SHG). Enhancement of SHG signals
can be further increased by using double mode cavi-
ties resonant at both the pump laser and second har-
monic frequencies such as using tunable Fabry–Perot
cavities [244] and photonic waveguides [245]. Although
this field is still nascent, realization of cavity-enhanced
nonlinear effects opens up opportunities for future low-
power and on-chip nonlinear devices such as frequency
converters, parametric oscillators, and sensors.

5.1.3 Low-threshold lasing

An on-chip coherent light source is an essential ingredi-
ent for optoelectronic devices relevant to optical commu-
nication or computing [239–241]. Building on the foun-
dation of enhanced luminescence, but exploiting qual-
ity factors an order of magnitude greater, low-threshold
lasing at cryogenic and room temperatures has been
achieved in monolayer TMDs on microdisks [49, 242],
PPCs [238, 243], nanobeam cavities [244], and vertical
Bragg reflector cavities [50]. Wu et al. [238] demonstrated
the first lasing at 80 K with a WSe2-PPC nanocavity
structure [Fig. 9(a)]. Using a PPC structure similar to
the one in their previous work [232], they adopted a
thinner GaP top layer on PPC which led to an increase
of Q from ∼ 200 to over 2500 due to the improved
verticality of the sidewalls and a better thickness-to-
lattice-constant ratio. An ultra-low lasing threshold of
∼ 1 W/cm2 was achieved with continuous-wave (CW)
pumping evidenced by the nonlinear “kink” in the out-
put power dependence and the narrowing of the cav-
ity linewidths. The β-factor, which characterizes the ef-
ficiency of spontaneous emission into the cavity mode
(β = 1 means thresholdless lasing), is 0.19 [Fig. 9(b)],
comparable to the value in previous quantum-dot-PPC
systems [245].

Another cryogenic-temperature monolayer laser was
achieved with microdisk resonators [49] [Fig. 9(c)]. Em-

bedding WS2 in between Si3N4 and hydrogen silsesquiox-
ane to enhance mode overlap and protect the material, a
high quality whispering gallery mode was achieved with
cavity Q ∼ 2600 [Fig. 9(d, e)]. The lasing threshold
was met using an ultrafast pulsed pump intensity 5–8
MW/cm2 at 10 K with β = 0.5.

More recently, lasing from monolayer TMDs at room
temperature has also been achieved [50, 242–244]. Uti-
lizing 4-layer MoS2 sandwiched between a microdisk
and a microsphere resulted in photonic Q ∼ 2500, and
lasing was attained at β = 0.69 and CW pumping
> 1 kW/cm2 [242]. In the visible spectrum, Shang et
al. [50] created a CW vertical-cavity surface-emitting
laser consisting of monolayer WS2 sandwiched between
two distributed Bragg reflectors (DBRs) of alternating
layers of SiO2 and TiO2. For a Q-factor of about 600
after the transfer of monolayers, the lasing was achieved
at a comparatively low threshold of 0.44 W/cm2 and a
high β ∼ 0.77.

Because silicon is the main substrate of commercial
optoelectronics, it is beneficial to have on-chip lasers
operating in the infrared regime where silicon is trans-
parent. Harnessing the emission peak energy of 1.1 eV
for MoTe2, Li et al. [244] fabricated the first infrared
CW TMD laser at room temperature by improving the
Q-factor to ∼ 5600 with their one-dimensional silicon-
based photonic crystal nanobeam cavity. Both the first
(∼ 1050 nm) and second (∼ 1130 nm) modes exhibit las-
ing. The lasing threshold for this laser is 6.6 W/cm2 with
β = 0.1. A recent infrared laser has been achieved using
5-layer MoTe2 on PPC with longer lasing wavelength at
1305 nm [243].

5.1.4 Strong light-matter coupling: Exciton-polaritons

Although a high Q photonic structure can enhance or
inhibit emission through the Purcell effect, when the
photon interaction strength (typically labelled g in cav-
ity quantum electrodynamics literature) becomes greater
than the decay rates the light-matter system can enter
the strong coupling regime. This regime is characterized
by the creation of hybrid superpositions of light and mat-
ter states known as “polaritons” [39, 40]. Quasiparticles
like plasmon-polaritons, phonon-polaritons, magnon-
polaritons, and exciton-polaritons can all be created by
the variety of matter states from light excitation. Here,
we focus on the exciton-polaritons originating from the
strong coupling between excitons in monolayer TMDs
and optical photons.

Since the observation of strongly-coupled exciton-
polaritons in quantum wells (QWs) [246, 247], these
quasiparticles have been useful for solid state many-body
physics. Although there are many realizations now, the
traditional semiconductor exciton-polaritons are created
when active media such as QWs are embedded in be-
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Fig. 9 Demonstration of lasing. (a) Schematic of monolayer WSe2 on top of a PPC. (b) Output intensity versus pump
power at 130 K. Cavity emission is denoted as the red-filled squares and the spontaneous emission (SE) corresponds to
the purple half-filled squares. Orange lines are the simulated curves for different β-factors where β = 0.19 is the best fit
to the experimental data. Grey dashed line denotes the lasing threshold. (c) Schematic of a monolayer WS2 microdisk
resonator. (d) Emission spectra showing the transition from spontaneous emission to lasing with increasing pump intensity.
(e) Increasing pump intensity shows that only the whispering gallery mode (WGM) at 612.2 nm has lasing (green dots),
evidenced by superlinear behavior. Background emission shows a regular linear relation. Figures reproduced with permission
from: (a, b) Ref. [238]; (c–e) Ref. [49], Copyright © 2015 Nature Publishing Group.

tween two DBRs in a planar microcavity (MC). The DBR
mirrors decrease the optical mode volume and increase
the cavity electric field at the center. The resulting po-
lariton energy eigenstates are photon “dressed states”
characterized by an anticrossing energy dispersion. These
light-matter polariton quasiparticles are crucial to exci-
tonic Bose–Einstein condensation at cryogenic [248–251]
or room temperature [252–256].

Strongly-coupled exciton-polaritons have been studied
exhaustively in III-V and II-VI semiconductors such as
GaAs and CdTe at cryogenic temperatures. In order
to transition to room temperature, organic semiconduc-
tors [254] and wide bandgap semiconductors such as GaN
and ZnO [252, 257, 258] have been adopted. Monolayer
TMDs are also suitable for room-temperature exciton-
polaritons because of their tightly-bound excitons. This
feature coupled with the valley pseudospin have made
monolayer TMDs attractive for novel room temperature
polaritonics [259–261].

The first evidence of TMD exciton-polaritons was
demonstrated by Liu et al. [41] in 2014 [Fig. 10(a)].
The planar MC structure consists of two DBRs each
made of ∼ 8-pairs of alternating dielectric SiO2 and
Si3N4 layers using plasma-enhanced chemical vapor de-
position (PECVD), achieving Q-factors of ∼ 100. Mono-
layer MoS2, grown by chemical vapor deposition (CVD),
was transferred onto the bottom DBRs before the top
DBRs were grown. The MC device was studied through
angle-resolved reflectivity and PL measurements where
the feature of exciton-polaritons was revealed in the cor-
responding spectra as two dips/peaks, signifying the hy-
bridization of light-matter states. Tracing the energy of

the upper (UP) and lower (LP) polaritons, the anticross-
ing signature of strong coupling was observed with a Rabi
splitting of 46 meV and a corresponding g ∼ 25 meV for
the MoS2 exciton-polaritons.

In addition to MoS2 [41, 42], other TMD materi-
als including MoSe2 [37, 262–264], WS2 [265–270], and
WSe2 [35, 270] have also been studied with similar or
modified MC structures. Dufferwiel et al. [262] adopted
an open tunable cavity structure where precise energy
detuning between the cavity photons and excitons can
be achieved by adjusting the cavity length with a piezo
[Fig. 10(b)]. Similar cavity tuning was also exploited by
Sidler et al. [263] where the top DBR was on a mov-
able fiber tip and by Flatten et al. [265, 266] where
the top DBR was replaced by a metal film on a glass
substrate. These open-cavity structures simplify tunabil-
ity and electrical integration inside the MC. The hybrid
metal-dielectric cavities [35, 37, 269] can also support
highly localized Tamm-plasmon mode exciton-polaritons
for greater vacuum field strength [271, 272]. Lastly, the
photonic-crystal sub-wavelength cavities from Zhang et
al. [270] were intended to solve the problem of high loss in
the metal cavities [273] but still maintain good confine-
ment of the optical field [274]. The structure supports
polariton lasing with excellent coherence properties in
GaAs QWs [275, 276].

5.1.5 Valley-polarized exciton-polaritons

The demonstrations of lasing and strongly coupled
exciton-polaritons at room temperature due to the
strong exciton binding energies in monolayer TMDs sug-
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Fig. 10 Realization of monolayer TMD exciton-polaritons with valley pseudospin properties. (a) Schematic of a planar
optical microcavity with embedded monolayer MoS2 between two DBRs. (b) Emission intensity as function of energy and
exciton-photon detuning. Strong coupling between cavity photons with excitons (X0) and trions (X−) are evidenced by
anticrossings in the upper, middle, and lower polariton branches. (c) Schematic of valley-polarized exciton-polaritons in a
TMD embedded in a microcavity. (d) Temperature-dependent valley polarization of bare MoS2 A-exciton and corresponding
exciton-polaritons. While the A-exciton has negligible polarization at room temperature, the UP and LP preserve the
polarization. Figures reproduced with permission from (a) Ref. [41], Copyright © 2015 Nature Publishing Group; (b) Ref. [264];
(c, d) Ref. [42], Copyright © 2017 Nature Publishing Group, licensed under CC BY.

gest the utility of these layered materials for future pho-
tonic and polaritonic devices. However, what differenti-
ates monolayer TMDs from the typical direct band gap
semiconductors is the intrinsic broken symmetry in the
crystals that leads to spin-valley locking [68, 70]. The
valley excitons [56] in these materials are degenerate in
energy but well-separated in momentum space. Although
valley polarized optical emission has been reported at
room temperature [83, 86, 277, 278], high valley polariza-
tion is much easier to achieve at cryogenic temperatures.
Appreciable valley polarization at room temperature eas-
ily accessible for applications remains an important chal-
lenge to overcome.

A promising solution to this problem emerged from
TMD exciton-poalritons, which were reported to exhibit
substantial valley polarization in 2017 [42, 264, 267, 269].
In Chen et al. [42], valley-polarized exciton-polaritons
were achieved in a planar MC with monolayer MoS2 em-
bedded between two DBRs [Fig. 10(c)]. Comparison of
the temperature-dependent behavior of valley polariza-
tion in bare monolayer MoS2 and MoS2 embedded in
a MC shows the stark impact of the MC on valley dy-
namics [Fig. 10(d)]. Utilizing the same non-resonant ex-
citation energy, significant enhancement of valley polar-
ization was observed from nearly zero in bare MoS2 to
of 7.5 and 13% for the MoS2 UP and LP, respectively
[Fig. 10(d)]. This significant difference was well described
through a valley-specific cavity QED model including the
mechanisms of coherent exciton-photon coupling, inco-
herent pumping, incoherent valley relaxation, and dissi-
pation. The qualitative description is that the polariton
has enhanced decay in both cavity and exciton chan-
nels, whereas intervalley scattering only impacts the ex-
citonic part of the combined wavefunction. This picture

persists in the high cooperativity regime, although in
principle the model extends to more general cavity condi-
tions. Dufferwiel et al. [264] demonstrated that at 4.2 K
the valley polarization of exciton- and trion-polaritons
in monolayer MoSe2 can reach up to ∼ 15% compared
to the vanishing polarization for the bare exciton and
trion emission at the same temperature. Achieved with
non-resonant excitation on their previous open tunable
cavity design [262], they explain their observations by
depolarization of the Coulomb exchange interaction and
the Maialle–Silva–Sham (MSS) mechanism [279]. When
hot excitons are created and scattered to high in-plane
k-vector states, the Coulomb exchange interaction leads
to the longitudinal (L) and transverse (T) splitting of ex-
citon states which disrupts the original eigenstates and
gives rise to pseudospin precession. When combined with
the momentum scattering by crystal disorders, this MSS
mechanism leads to valley depolarization. The high ef-
ficiency of disorder scattering in bare monolayer MoSe2
was reduced as exciton-polaritons have much larger spa-
tial wavefunction than the disorder size scale, leading
to a longer valley relaxation time and higher polariza-
tion. The detuning dependence was also studied showing
that maximum polarization is observed when excitons
and photons are on resonance, achieving a balance be-
tween relaxation to the polariton branches and radiative
decay.

Instead of using non-resonant excitation, Sun et
al. [267] used resonant pumping with planar metal cav-
ities coated with silver to study the valley polarization
of the LP branch in monolayer WS2. At room temper-
ature, between 12% and 27% valley polarization was
observed depending on the cavity detuning. Analyzing
valley pseudospin time evolution using the Liouville-von
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Neumann equation, they conclude the photonic compo-
nent plays the major role in depolarization in the MSS
mechanism due to the metal cavities which created larger
transverse electric and transverse magnetic mode split-
ting than the L-T splitting. The detuning dependence
showed that a greater exciton portion in the polaritons
leads to a longer coherence time with higher valley po-
larized emission observed.

A later experiment by Lundt et al. [269] probed
the valley polarization of WS2 polaritons in a Tamm-
plasmon structure. Pumped by non-resonant light with
valley polarization up to ∼ 15%, their work drew sim-
ilar conclusions as Sun et al. but also shed more light
on the relaxation dynamics of the polaritons and the im-
pact of valley polarization from the dark state which is
crucial in tungsten-based TMDs. Relaxation dynamics
of the polaritons were investigated using a time-resolved
streak-camera which showed that slower relaxation hap-
pened around energies resonant with the trion and the
dark state. The coupling to the dark state at large mo-
mentum k, which is believed to maintain valley polar-
ization, causes significant preservation of polariton po-

larization when the bright state is nearly unpolarized.
The transfer from the dark to bright state, together with
acoustic phonon-assisted energy relaxation and the MSS
mechanism allowed them to develop a kinetic model that
reproduced the in-plane k-dependence of the valley po-
larization. These recent studies exemplify how the valley
pseudospin dynamics are modified from bare monolayer
valley optoelectronics, opening a new field for exploiting
photonic engineering.

5.2 Plasmonic engineering

An alternative way to control light-matter interaction
is with plasmonic nanostructures. Harnessing the local-
ized surface plasmon or surface plasmon-polariton modes
at the metal/dielectric interface allows light to be con-
fined to sub-wavelength scales. Plasmonic nanocavities
based on noble metals such as gold and silver have been
utilized for enhanced interaction [5, 283–285], nonlin-
ear and ultrafast optical phenomena [286–289], antenna
radiation [290–292], and surface-enhanced Raman scat-
tering [293–295]. For monolayer TMDs, in order to im-

Fig. 11 Coupling of monolayer TMDs with plasmonic nanostructures. (a) From top to bottom: SEM images of plasmonic
bowtie structures with different total lengths. Integrated emission on the corresponding structures. PL spectra taken from
the locations of largest PL enhancement. (Inset) PL spectra taken from each bowtie antenna. (b) Far-field gate-dependent
PL spectra of WSe2. X0 and XT label the neutral exciton and the charged exciton emission. (c) Surface-plasmon-polariton
(SPP) coupled PL spectra. Additional dark state (XD) emission was seen. (d) Schematic of a single gold nanorod coupled
to monolayer WS2. (e) Anticrossing energy dispersion of the high- and low-energy branches from the scattering spectra
demonstrating strong coupling between the excitons and plamons with Rabi splitting = 110 meV. Individual exciton and
plasmon energies as function of detuning are shown as black dashed lines. Figures reproduced with permission from: (a)
Ref. [280], Copyright © 2017 American Institute of Physics; (b, c) Ref. [281], Copyright © 2017 Nature Publishing Group;
(d, e) Ref. [282], Copyright 2017 American Chemical Society.

Trevor LaMountain, et al., Front. Phys. 13(4), 138114 (2018)
138114-15



Review article

prove their low absorption and emission efficiency, vari-
ous metal plasmonic nanostructures have been adopted
to increase the Purcell effect with localized gap plas-
monic modes [Fig. 11(a)] such as single nanostruc-
tures [280, 296, 297], nanoparticles/disks/cubes [298–
301], nanostructures in array [26, 302, 303], spiral metas-
tructures [304], and metal-insulator interfaces [281, 305].
The spatial proximity between the metal and monolayer
TMDs resulted in reduced mode volume and enhanced
localized fields, creating opportunities for the manipula-
tion of dark excitons [281] [Fig. 11(b, c)], defect bound
states [303], and polarized emission [304]. However,
the inherent high absorption loss in these metal struc-
tures normally kept them from reaching the strong cou-
pling regime. Very recently, with better optical confine-
ment, structures such as plasmonic antennas/array [226,
306, 307], single metal nanostructures [282, 308–310],
metal slabs [311], and metaresonators [38] made by sev-
eral groups have led to strongly coupled TMD exciton-
plasmon-polaritons being achieved at room tempera-
ture with Rabi splitting over 100 meV [Fig. 11(d, e)].
Exciton-plasmon-polaritons allow novel investigation of
gate-tunability [282, 306], enhanced chiral coupling [38],
and entanglement between emitters [307], providing an
alternative approach to future room-temperature polari-
tonic devices.

5.3 Optical manipulation of exciton energies

Enhancement of optical fields using engineered micro-
cavities can have profound effects on the optical prop-
erties of TMDs. However, the microcavities themselves
are not necessarily required to achieve such optical ef-
fects. Fundamentally, these modifications are induced by
the strong electric field, and so similar effects can be ob-
served using intense optical fields alone. In the weak cou-
pling regime, when the driving optical fields are far from
the exciton transition resonance, the interaction of light
and matter can be understood using the language of Flo-
quet Theory [312]. In this framework the off-resonant op-
tical field generates a series of photon-dressed states that
correspond to the coherent absorption, or stimulated
emission of pump photons, shown in Fig. 12. The exci-
ton transitions are typically modeled as a two-level sys-
tem, which can hybridize with the pump-induced dressed
states, leading to level repulsion. The valley-dependent
optical selection rules in TMDs add additional conditions
on this hybridization, since valley excitons can only in-
teract with certain photon-dressed states depending on
the polarization of the optical field [313, 314]. Hence
with the appropriate pump polarization, hybridization
effects such as level repulsion can be isolated to excitons
in one valley, while leaving excitons in the other valley
unaffected.

Fig. 12 Level shifts due to photon-dressed states.
Schematic of (a) optical Stark shift ∆EOS and (b) Bloch–
Seigert shift ∆EBS in a two-level system. Hybridization of
exciton states with photon-dressed states leads to level re-
pulsion. Figure reproduced with permission from Ref. [314],
Copyright © 2017 American Association for the Advancement
of Science.

In the simplest case of a continuous-wave pumping
field, the magnitude of the energy level shift is given
by

∆Ecw =

Optical Stark shift︷ ︸︸ ︷
1

2

|M|2E2

E0 − hν
+

Bloch–Siegert shift︷ ︸︸ ︷
1

2

|M|2E2

E0 + hν
, (2)

where M is the transition dipole moment of the exci-
ton transition, E is the amplitude of the pump electric
field, and E0 is the unperturbed exciton transition en-
ergy. There are two terms governing the magnitude
of the shift, each with a different dependence on the
pump detuning from E0. The first term, known as the
optical Stark shift, dominates when hν ≈ E0 and has
been observed in WS2 [313, 314], WSe2 [101, 225, 315],
MoS2 [315] and ReS2 [316]. The second term, known
as the Bloch–Siegert shift, only becomes significant at
large pump detuning, and has recently been observed in
WS2 [314]. Since these effects are proportional to the
amplitude of the electric field, most experiments investi-
gating these level shifts in semiconductors employ pulsed
lasers [101, 225, 313–320]. When ultrafast pulses are
used, the continuous wave approximation from Eq. (2)
is no longer accurate. However, the corrections account-
ing for finite optical pulses typically only influence the
magnitude of the observed shift [315], and so the char-
acteristic scaling with pump field intensity and detuning
still persists in ultrafast measurements [314].
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5.3.1 Optical Stark effect

In TMD monolayers, the optical Stark effect (OSE)
can be selectively applied to a single valley by us-
ing a circularly-polarized pump [225, 313, 314]. This
causes the exciton absorption resonance in one valley to
blueshift, leading to a polarization-dependent change in
the optical response of the material near the exciton res-
onance [Fig. 13(a)]. This valley-exclusive blueshift can
be detected using a variety of polarization-dependent
pump-probe techniques, including time-resolved re-
flectance [225, 313–315, 321], transmission [316], and
Kerr rotation [315]. Since the Stark shift results from
a coherent interaction between the pump field and the
exciton states, the shift in energy only occurs during the
duration of the pump pulse. Hence a characteristic fea-
ture of the optical Stark effect in all of these measure-
ments is a signal with symmetric rise and decay dynamics
that are limited by the pulsewidths used in the experi-
ment.

The most intuitive OSE measurement occurs in the
case of time-resolved reflectance and transmission mea-
surements on transparent substrates, from which the ab-
sorbance spectrum is easily extracted [313, 316]. In these
measurements the circularly-polarized pump generates
a Stark shift ∆E in one valley, which induces circu-
lar birefringence (ñ+ ̸= ñ−). A co-circularly polarized
probe that interacts with the same valley as the pump is
used to measure the change in absorbance ∆α induced
by the blueshift [Fig. 13(b)]. Valley-exclusivity of the
Stark shift is confirmed by repeating this measurement
with an oppositely circularly-polarized probe. In this
case, the pump and probe interact with opposite val-
leys, and so no change in absorption is detected by the
probe [Fig. 13(c)]. In the case of reflective substrates, the
relationship between reflectance, transmittance, and ab-
sorbance becomes more complicated, but a similar anal-
ysis can be performed using the imaginary part of the
TMD refractive index in lieu of the absorbance spec-
trum [101, 315].

The pump-induced circular birefringence can also be
detected by the Kerr rotation angle θ of linearly polarized
light reflected off the material, which provides an addi-
tional method for measuring this effect [315] [Fig. 13(d)].
While reflectance and transmission measurements probe
the change in absorption in one valley, Kerr rotation
measures the phase difference between the components
of circular polarization induced by the OSE. Kerr ro-
tation has the advantage of automatically rejecting any
polarization-independent background signals, which can
significantly increase the measurement’s sensitivity to
the OSE signal by suppressing background noise [315].
However, since Kerr rotation directly measures the dif-
ference between the optical response at the two valleys,
it cannot be used to single out pump-induced changes

Fig. 13 Pump-probe measurements of the valley-selective
optical Stark effect. (a) Blueshift in exciton absorption res-
onance caused by a subresonant circularly-polarized pump
pulse. (b) Differential absorption signal induced by the
blueshift shown in (a). (c) Stark shift measured by time-
resolved reflectance for σ− pump, showing probe polariza-
tion dependence. (d) Stark shift measured by time-resolved
Kerr rotation. Probe is linearly polarized. The direction of
rotation induced by the pump changes sign with pump po-
larization. Figures reproduced with permission from: (a–c)
Ref. [313], Copyright © 2015 Nature Publishing Group; (d)
Ref. [315], Copyright © 2017 American Physical Society.

in an individual valley. The ability to address each val-
ley individually is important for measurements of more
complicated valley optical stark effects such as the biex-
citonic optical Stark effect [322] and the Bloch–Siegert
shift [314], which cause pump-induced shifts at both val-
leys that need to be measured independently (Section
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5.3.3). For these measurements, Kerr rotation may be
inadequate.

5.3.2 All-optical coherent valley manipulation

The valley-selective optical Stark effect generates an ef-
fective magnetic field that lifts the valley degeneracy in
TMDs, and can therefore be used for quantum coher-
ent control of the valley pseudospin [101]. This approach
follows from extensive use of the optical Stark effect for
quantum manipulation of spin-based qubits [323–328],
where the subresonant “tipping pulse” breaks spin de-
generacy, which induces a phase difference between the
two spin states that corresponds to a coherent rota-
tion of spin [324]. The physics are analogous for val-
ley pseudospin, and the induced rotation is propor-
tional to both the intensity and duration of the tipping
pulse [101]. These optical pulses provide access to ul-
trafast timescales, which allows for a direct investiga-
tion of the dynamics of valley coherence [101] as op-
posed to the steady-state phenomena probed by DC
magnetic fields [100, 102]. Moreover, a valley-based im-
plementation of quantum computation will require mul-
tiple operations on a coherent valley state before the sys-
tem decoheres [329], which can be provided by ultrafast
pulses [324].

In the work by Ye et al., valley coherence in WSe2
is monitored using a slight variation of the standard
linearly-polarized photoluminescence measurement dis-
cussed in Section 3.2.1. In the absence of a tipping
pulse, a linearly polarized excitation pulse generates a
superposition of the two degenerate valley exciton states
[Fig. 14(a)]. Pseudospin rotation is achieved by excit-
ing a superposition of valley states, and then immedi-
ately breaking the valley degeneracy with a tipping pulse.
The tipping pulse must be applied within the valley co-
herence time of the superposition in order to produce
a rotation of the linearly-polarized PL [Fig. 14(b)]. If
the tipping pulse is applied after the excited state de-
coheres, the PL will be co-polarized with the excitation
pulse. This provides a means of probing the valley de-
coherence time by measuring the PL rotation as a func-
tion of the delay between the excitation tipping pulses
[Fig. 14(c)]. From this measurement a valley decoherence
time of Tvalley = 350 ± 50 fs is extracted [101], in good
agreement with previous measurements of this quantity
using different techniques [105, 330, 331].

5.3.3 Bloch–Siegert shift and biexcitonic Stark effect

When the pump energy is highly detuned from the ex-
citon transition energy, the Bloch–Seigert shift becomes
comparable in magnitude to the Stark shift [314]. In-
terestingly, for a given circularly-polarized pump, the
optical Stark and Bloch–Siegert shifts occur in oppo-
site valleys and can therefore be completely disentan-

Fig. 14 Coherent optical control of valley pseudospin us-
ing optical Stark effect. (a) Linearly polarized pulse excites
a superposition of the K and K′ excitons at energy ℏω. This
corresponds to a pseudospin that lies in the equitorial plane
of the Bloch sphere. (b) Subresonant, circularly polarized
tipping pulse selectively increases the exciton transition en-
ergy at the K valley by ℏ∆ω. While the control pulse is
present, a phase difference ∆ϕ accumulates between the val-
leys, corresponding to a rotation on the Bloch sphere. This is
analogous to the rotation produced by an out-of-plane mag-
netic field (Open arrow). (c) Stokes parameter S2 of photo-
luminescence as a function of excitation-rotation delay time.
This measurement can be used to extract the valley coherence
time. Figures reproduced with permission from Ref. [101],
Copyright © 2016 Nature Publishing Group.

gled by polarization. This distinguishability is possi-
ble because the Bloch–Seigert shift is induced by the
“counter-rotating” component of the pump field, which
obeys the opposite polarization-dependent selection rules
as the “co-rotating” component that causes the optical
Stark effect.

Intervalley biexcitons provide another mechanism to
optically induce level shifts in both valleys with a circu-
larly polarized pump. Intervalley biexcitons are bound
pairs of excitons from opposite valleys that obey different
selection rules than the single exciton transitions, pro-
viding a channel for coupling between the pump and the
opposite valley that is otherwise forbidden. This biexci-
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tonic optical stark effect has been observed in WS2 using
a blue-detuned circularly polarized pump, which causes
the expected energy downshift in the excitation valley
and a biexciton-mediated energy upshift in the opposite
valley [322].

6 Summary and outlook

Engineering the electronic and optical environment of
monolayer TMDs and related van der Waals materials
has made great strides in recent years. With the growing
taxonomy of layered compounds and new approaches to
tailor their properties, a large interdisciplinary commu-
nity is fast exploring transformative applications. Since
the initial discoveries of direct bandgaps in monolayer
TMDs, numerous ideas and opportunities have focused
on harnessing the features of these materials specifically
for optoelectronics. While the bandgap makes this en-
deavor attractive for this particular material class, the
motivation for the explosion of interest is both more com-
plex and more subtle.

This review has highlighted some of the interesting
optical features in monolayer TMDs. Although the com-
bination of low-dimensionality, strong optical features,
and spin physics that characterize much of the novel lit-
erature of TMDs is not unique, these layered materials
also bring to the table the exciting potential for treating
materials as building blocks with external access to the
entire crystal. Many of the specific advances and interest
in optoelectronic devices utilizing these materials can be
framed in terms of this capability, a feature of the van
der Waals materials more generally. Setting aside the
obvious potential for flexible optoelectronics afforded by
materials at the atomic limits of thickness, the ability
to take advantage of this all-surface geometry in order
to tailor the desired optoelectronic properties highlights
the importance of expanding the toolbox for manipulat-
ing materials [11–14].

For TMD optoelectronics specifically, which occupied
much of this review, these materials allow new avenues of
manipulation in devices using valley pseudospin. As one
example, spectral separation of the valley exciton peaks
could be used for non-reciprocal photonic devices such as
optical isolators which require breaking of time-reversal
symmetry [332–334]. Typically high external magnetic
fields are needed to accomplish this, but integration of
monolayer TMDs with ferromagnetic substrates such as
CrI3 could allow tailored magnetic properties for such
applications, for instance exchange fields of up to 13 T as
achieved in a WSe2/CrI3 vertical heterostructure [335].

In the context of photonic engineering of TMDs, the
possibilities for polaritonics have been brightening [40].
The ability to tailor TMD optical environments has

opened the potential both for interesting physics such
as valley-polarized polariton condensation [248], opti-
cal Hall effects [336, 337], and topological polariton-
ics [338, 339] as well as applications such as low-threshold
monolayer polaritonic devices for optical logic [260, 340–
342].

Despite the opportunities suggested here and the many
more without space to mention, monolayer TMD opto-
electronics faces certain challenges. Historically, other
material systems have already achieved far greater so-
phistication and optimization; despite advances in both
vapor deposition and molecular beam epitaxy of TMDs,
growth is not yet as optimized as would be required for
scalability. Integration of materials and devices together,
either to tailor layered heterostructures [11] or to create
more diverse multi-dimensional heterostructures [14] is
still in its infancy. The forthcoming refinement of ap-
proaches to engineer the electronic and optical environ-
ment of layered materials promises to make these mate-
rials ever more relevant for optoelectronic applications.
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