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Abstract: We review the application of atomically thin transition metal dichalcogenides in
optoelectronic devices. First, a brief overview of the optical properties of two-dimensional layered
semiconductors is given and the role of excitons and valley dichroism in these materials are discussed.
The following sections review and compare different concepts of photodetecting and light emitting
devices, nanoscale lasers, single photon emitters, valleytronics devices, as well as photovoltaic cells.
Lateral and vertical device layouts and different operation mechanisms are compared. An insight into
the emerging field of valley-based optoelectronics is given. We conclude with a critical evaluation of
the research area, where we discuss potential future applications and remaining challenges.
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1. Introduction

The rediscovery of graphene by Geim and Novoselov [1] has led to renewed interest in layered
materials. Beyond graphene, hundreds of other layered materials exist that can be thinned down
into monolayers [2]. One important family of two-dimensional (2D) materials is the family of layered
transition metal dichalcogenides (TMDs). In their bulk form, TMDs have been studied for decades [3,4],
but the properties of TMD monolayers differ significantly from their bulk characteristics. For example,
a layer-dependent indirect-to-direct bandgap transition is commonly observed in TMD semiconductors,
which results in bright light emission from monolayers, whereas emission from bulk crystals is
practically absent. This and other interesting properties have recently fueled intensive research
efforts on TMD-based optoelectronic devices, which have already led to several promising new
device concepts.

2. Basic Optical Properties

TMDs have the chemical formula MX2, where M is a transition metal (e.g., Mo, W, etc.) and
X is a chalcogen atom (S, Se, or Te) [5–9]. The atoms in 2D TMDs are arranged in an X–M–X
sandwich, with a monolayer thickness of 0.6–0.7 nm. For optoelectronic devices, mainly Mo and
W-based dichalcogenides have been studied. These are semiconductors with optical properties that
depend on the material thickness. Bulk TMD semiconductors possess an indirect gap, which becomes
a direct one in monolayers [5,10]. Figure 1a depicts band structure calculations for MoS2 with various
thicknesses [10]. Bulk MoS2 has a bandgap of 1.3 eV, with the valence band maximum at the Γ-point in
the Brillouin zone and the conduction band minimum along the Γ-K direction. As the number of layers
decreases, the valence band maxima and conduction band minima shift due to quantum confinement
and a direct semiconductor is obtained in the monolayer limit.
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Figure 1. (a) Band structure calculations of bulk, four-layer, bilayer and monolayer MoS2 (from left
to right). Arrows indicate the lowest energy transitions. Reproduced with permission from [10],
Copyright American Chemical Society, 2010. (b) Photoluminescence spectra for mono- and bilayer
MoS2. Inset: Thickness-dependence of the quantum yield. Reproduced with permission from [5],
Copyright American Physical Society, 2010.

The indirect-to-direct semiconductor transition is manifested as enhanced photoluminescence
(PL) in monolayers. For example, in MoS2, the monolayer quantum yield is more than four orders
of magnitude larger than that in bulk (see Figure 1b) [5]. Similar observations have been made for
other TMDs [11]. Mo- and W-based TMDs exhibit optical bandgaps in the range EX = 1.1–2.0 eV (see
Table 1), i.e., energies corresponding to the technologically important visible and near-infrared spectral
regimes. However, despite being direct gap semiconductors, the reported photoluminescence quantum
yields of as-exfoliated (or synthetically grown) TMD monolayers are poor. The room-temperature
photoluminescence quantum yield of exfoliated MoS2, for example, was found to be 4 ˆ 10´3 only [5].
It is believed that unintentional doping and crystal defects play a major role in suppressing the
luminescence. Very recently, however, solution-based chemical treatment of MoS2 by an organic
superacid [12] has resulted in a quantum yield of more than 95%. Similar improvements were reported
by chemical treatments of other TMDs [13]. These studies open the door for the development of more
efficient TMD-based light emitters and other optoelectronic devices.

Table 1. Optical bandgap, spin orbit splitting and exciton binding energy for monolayer transition
metal dichalcogenides (TMDs).

TMD EX (eV) ∆ESO,v (eV) ∆Eb (eV)

MoS2 1.85 [10] 0.16 [10] 0.57 [14]
MoSe2 1.55 [11] 0.2 [15] 0.55 [16]
WS2 2.0 [17] 0.4 [17] 0.32 [18]
WSe2 1.65 [11] 0.4 [17] 0.37 [19]
MoTe2 1.1 [20] 0.25 [20] -

Excitons are strongly bound in 2D materials with binding energies of up to ~0.6 eV. This is due
to the enhanced electron-hole interaction in 2D systems and the reduced dielectric screening [18].
As a result, the optical spectra of TMDs are dominated by excitonic rather than band-to-band
transitions even at room temperature and exhibit pronounced peaks. This is in contrast to traditional
three-dimensional (3D) semiconductors, in which exciton binding energies are smaller than the thermal
energy at room temperature. In TMDs, several excitonic transitions can be observed, where the two
lowest-energy peaks, the A and B-excitons, arise from optical transitions between the spin-orbit split
valence and conduction bands [5,10,21]. The spin-orbit splitting ∆ESO,v in the valence band varies
between 0.16 and 0.4 eV (see Table 1), whereas calculations suggest a splitting ∆ESO,c in the range of
tens of mV for the conductions band.
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The exciton binding energies ∆Eb of TMDs have been determined by several groups using
different experimental and theoretical techniques. [14,16,18,19,22–24] The binding energy decreases
with thickness due to stronger screening and also depends on strain and the dielectric environment [25].
For example, optical reflection measurements of monolayer WS2 yielded multiple resonances that can
be associated with the excitonic Rydberg series (1 s, 2 s, 3 s, etc.) [18]. By fitting the resonance locations
to a hydrogenic Rydberg spectrum, an exciton binding energy of 0.32 eV was determined. Similar
results have been obtained for other TMDs (see Table 1). The strong confinement of excitons in TMDs
leads to short radiative lifetimes, which could enable light emitters with high modulation bandwidth.
In addition to neutral excitons, charged excitons, or trions (quasi-particles that are composed of two
electrons and a hole, or two holes and an electron), have been studied by electrostatic control of the
doping level in a field-effect transistor configuration [15,23,26]. Photoluminescence measurements
demonstrated the evolution from positively charged, to neutral, and then to negatively charged
excitons as the gate voltage was increased. These measurements directly revealed the trion binding
energy in the range 20–40 meV, which by far exceeds that of 3D semiconductors. Energies for positively
and negatively charged trions are similar due to similar effective electron and hole masses.

The band structure of a TMD monolayer exhibits two in-equivalent valleys, K and K1, located
at the corners of the Brillouin zone. Because of broken inversion symmetry, spin orbit interaction
splits the valence bands, giving rise to the aforementioned A and B-exciton transitions in the optical
spectra. Time-reversal symmetry requires that the spin splitting is opposite in both valleys. As dictated
by optical selection rules, right and left-handed circularly polarized light couples to the K and K1

valleys, respectively. As a result, spin and valley degrees of freedom are coupled [27], which allows
for selective valley population using circularly polarized light excitation. The valley polarization was
found to remain largely preserved during the exciton lifetime [28,29]. The ability to excite, control and
read-out the valley polarization could, in the future, lead to “valleytronic” devices that exploit the
valley degree-of-freedom for information processing.

3. Photodetectors

Photodetectors convert light into electrical signals and are at the heart of many applications,
such as optical communications, imaging and sensing. Compared to graphene photodetectors [30],
TMD-based devices offer lower dark currents and higher photoresponsivities (the photoresponsivity
R “ Iph{Popt measures the electrical output current Iph per optical input power Popt), though they work
only in the near-infrared and visible spectral regimes.

Similarly to graphene, several physical mechanisms can give rise to a photoresponse in TMDs.
Photoelectric [31,32] and photo-thermoelectric (Seebeck) [33] effects have been identified in devices
operated under short-circuit conditions. The photoelectric effect relies on the separation of photoexcited
carriers at the built-in electric field in lateral [34,35] or vertical [36,37] p-n junctions, or at the Schottky
barriers at lateral TMD/metal interfaces [38], similarly to traditional photodiodes. The electric field
can also be produced by application of an external voltage without driving a large dark current due to
the semiconducting TMD behavior.

Optical illumination of TMD/metal interfaces can produce a photovoltage due to the different
Seebeck coefficients of the metal contact and the TMD channel [33,39]. The photovoltage is defined
as VPTE “ pS1 ´ S2q∆Te, where S1,2 is the thermoelectric power in two differently doped regions of
the TMD and ∆Te is the electron temperature difference between the regions. The Seebeck coefficient
is related to the conductivity through the Mott formula S “

`

π2k2
BT{3e

˘

pdlnpσ pEqq {dEq, where kB is
the Boltzmann constant, T is the temperature, e is the electron charge and σ pEq is the conductivity
as a function of energy. The derivative has to be evaluated at the Fermi energy EF. Large numbers
for the Seebeck coefficient in MoS2, tunable over several orders of magnitude by an external electric
field, were reported by Buscema et al. [33]. Both photoelectric and photo-thermoelectric effects lead to
moderate responsivities of the order of mA/W.
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Figure 2a (inset) shows a TMD field-effect transistor structure that has been employed by several
groups for MoS2-, MoSe2-, WS2-, and WSe2-based photodetection [31,32,40–45]. The same device
structure has also been used in conjunction with other 2D semiconductors, such as GaSe, GaTe, In2Se3,
black phosphorus and several others [46–52]. Wavelength-dependent studies have shown that the
photocurrent follows the TMD absorption spectrum. It was further demonstrated that the spectral
response depends on the number of TMD layers [43]. For example, MoS2 mono- and bilayer devices
are effective for green visible light detection, whereas three-layer MoS2 is better suited for detection of
red visible light. Studies have also been performed using chemical vapor deposition grown TMDs [42].
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Figure 2. (a) Inset: Transition metal dichalcogenides TMD field-effect transistor as a photodetector.
Main panel: typical gating characteristics with and without illumination. Reproduced with permission
from [40], Copyright Nature Publishing Group, 2013. (b) Left: density-of-states (DOS) in MoS2. Band
tail states exist underneath and above the conduction and valence band edges, respectively, that act
as charge traps. Right: simplified energy band diagram that approximates the valence band tail by
a discrete distribution of trap states. Reproduced with permission from [41], Copyright American
Chemical Society, 2014.

By applying an external voltage, high photoresponsivities of more than 103 A/W and high
photogain [40–42] have been achieved in these devices via internal amplification of the current.
The photocurrent is then given as the difference between the current under optical illumination and
the dark current (see Figure 2a, main panel). The term photogain refers to the fact that the number of
circuit electrons generated per photoexcited carrier can be larger than one. The photogain in TMDs
results from capturing of photoexcited carriers into trap states that are present either in the underlying
(oxide) substrate or in the TMD itself [41]. The former is exacerbated by the high surface-to-volume
ratio in 2D materials, and oxide surface treatments have been used to modify this effect [40]. The traps
within the bandgap of TMDs arise from band tail states, induced by disorder or structural defects (see
Figure 2b).

The trapped charge can influence the conductance of the TMD transistor (i) by shifting the
threshold voltage from Vth in the dark to Vth´∆Vth under optical illumination (photogating effect), and
(ii) by increasing the channel conductivity ∆σ due to photo-induced excess carriers (photoconductive
effect) [41,53]. The photogating effect gives rise to a photocurrent Iph “ gm∆Vth, where gm is the
transistor’s transconductance. The photocurrent produced by the photoconductive effect is simply
given by Iph “ pW{LqVD∆σ, where W and L denote the channel width and length, respectively, and
VD is the applied voltage. In general, the photoresponse is a combination of both mechanisms with the
photogating effect being dominant in the transistor ON-state and the photoconductive contribution
being more prominent in the OFF-state.

Responsivities and response times are typically in the range ~10´1–104 A/W and ~10´4–10 s,
respectively, depending on the light intensity, the operation conditions, and the type of trap. The trap
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states get filled with increasing illumination intensity, resulting in saturation of the photoresponse.
It has been demonstrated that TMD encapsulation can enhance the detector performance under
ambient conditions by increasing the mobility, reducing the degradation by environmental effects and
preventing current fluctuations due to charge transfer into physisorbed gas molecules [54].

Photogain can also be achieved by integration of 2D materials with other materials, such as e.g.,
quantum dots, to realize a hybrid photodetector (see Figure 3a). This was demonstrated by sensitizing
graphene with lead sulfide quantum dots [55]. Light absorption in the dots results in a charge
transfer to the underlying graphene channel, which modifies the channel conductance. A related work
employed the charge transfer from MoS2 into graphene for photodetection [56]. Both devices, however,
suffered from high dark current and large power consumption because of graphene’s semi-metallic
behavior. The dark current can be reduced by replacement of the graphene channel with MoS2 and
transistor operation in the OFF-state [57]. Light is then absorbed in the dots and the photoexcited
carriers are separated at the quantum dot/MoS2 interface, as shown in Figure 3b. While the holes
remain trapped in the dots, electrons circulate through the MoS2 channel driven by the applied voltage.
The device in [57] showed a photoresponsivity of 106 A/W and a low dark current, which resulted in
a detectivity of almost 1015 Jones.
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Figure 3. (a) Device structure of a hybrid quantum dot/MoS2 photodetector. Reproduced with
permission from [57], Copyright John Wiley and Sons, 2014. (b) Schematic drawing of the charge
separation at the quantum dot/MoS2 interface. Reproduced with permission from [57].

Two-dimensional materials can be assembled layer by layer to form a van der Waals
heterostructure [58]. The surfaces of 2D materials do not have any dangling bonds and the absence
of lattice matching conditions in van der Waals heterostructures permits to combine any arbitrary
sequence of 2D materials. Heterostructures, comprised of vertical stacks of graphene-TMD-graphene
layers, can act as photodetectors [59,60]. In these devices (see Figure 4a), graphene is employed as
work function tunable electrode, whereas a TMD semiconductor is utilized as photoactive material,
showing strong photon absorption. Figure 4b shows I–V characteristics of a heterostack device at
different back-gate voltages, which show a strong dependence on illumination. The Fermi levels in
graphene can be positioned by asymmetric electrostatic or chemical doping of the top and bottom
graphene sheets, so that a built-in electric field is produced even without bias (see Figure 4c). The field
can further be enhanced by application of an external voltage. Upon illumination, photo-generated
carriers are separated in the TMD layer and collected by the graphene electrodes. The photocurrent
was mapped by scanning photocurrent measurements and it was verified that the photocurrent
was indeed generated across the whole face of the heterojunction. Samples were also prepared
on flexible substrates. The measured responsivities were of the order of ~0.1 A/W, comparable to
state-of-the-art bulk semiconductor flexible membranes [61]. Despite the low out-of-plane mobility in
layered TMDs [62], picosecond photoresponse times were measured because of the short carrier travel
distance in ultrathin heterostructures [63].
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Figure 4. (a) Schematic drawing of a graphene-TMD-graphene photodetector. Reproduced with
permission from [59], Copyright Nature Publishing Group, 2013. (b) Electrical characteristics with
and without optical illumination. Reproduced with permission from [60], Copyright The American
Association for the Advancement of Science, 2013. (c) Schematic band diagrams for symmetric graphene
doping (upper image; no photoresponse without bias) and asymmetric doping (lower image; charge
separation due to built-in electric field). Reproduced with permission from [60].

4. Light-Emitters

Electroluminescence (EL)—the emission of light from an electronic device in response to an electric
current—results from radiative recombination of charge carriers (electron-hole pairs or excitons) in
a semiconductor. It forms the basis of light emitting optoelectronic devices like light-emitting diodes
(LEDs) or semiconductor lasers. Monolayer TMDs are usually used for EL-devices because of their
direct band gap. Light emission from multi-layer TMDs was reported by carrier redistribution from the
indirect to the direct valleys in a high electric field [64], by filling the indirect valleys in the conduction
and valence bands in an electric-double-layer transistor [65], or by the injection of hot electrons from
metal/TMD junction [66].

Sundaram et al. [67] exploited hot carrier processes by driving a high unipolar current through
a monolayer MoS2 field-effect transistor to achieve electroluminescence. A high drain-source bias
leads to strong band bending in the vicinity of the metal contacts of the device. Electrons, which
are injected from the metal to the semiconductor channel, are accelerated by the electric field and
can eventually gain enough kinetic energy to create electron-hole pairs by impact excitation. Due to
a large exciton binding energy in 2D materials (which also prevents the bound electron-hole pairs
from being dissociated by the electric field), impact excitation is very efficient in low-dimensional
systems [68,69]. The characteristic features of impact excitation include a threshold behavior and
an exponential increase of the emission above threshold [68]. The localization of the light emission
near the metal contact, where the electric field is the highest, was confirmed by spatial mapping.

An electroluminescence efficiency of 10´5 at wavelengths in accordance with the A-excitonic peak
of MoS2 was achieved. Ponomarev et al. [70] demonstrated electroluminescence emission from MoS2

grown by chemical vapor deposition (CVD). Transport in the space-charge limited regime and the
existence of a large number of deep traps that act as localization centers, led to emission from an area
close to the injecting contact at low source-drain bias in their device.

Light emitting diodes usually rely on the recombination of electrons and holes in a p-n junction.
Both types of carriers are injected into a channel where they recombine radiatively. This emission
process does not have a threshold and is more efficient than electron-hole pair generation by impact
excitation. Typically, two regions of a semiconductor are treated with different doping atoms.
Choi et al. [71] showed chemical p-type doping of intrinsically n-type few-layer MoS2 using AuCl3
and demonstrated current rectification in their device, but light emission from chemically doped p-n
junctions has not yet been demonstrated.
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Pospischil et al. [34], Baugher et al. [35] and Ross et al. [72] demonstrated the first monolayer
TMD p-n junctions, formed by electrostatic doping. In their devices two gate electrodes couple to
different regions of a TMD crystal, as illustrated in Figure 5a. Biasing of one gate electrode with
a positive voltage and the other gate electrode with a negative voltage leads to injection of electrons
and holes into the channel. Efficient electron and hole transport was accomplished by two different
metal contacts (Ti/Au, Pd/Au) fabricated on a monolayer of WSe2. By driving a forward current
through the p-n junction, electroluminescence emission was achieved at comparable wavelengths as
the emission of the neutral exciton (~750 nm). This suggests that electrons and holes form excitons
before radiative recombination. The electroluminescence efficiency in such devices is ~0.1%, limited
by resistive losses at the contacts and non-radiative recombination. Electroluminescence from WS2

was achieved by using ionic liquid gating, yielding visible light emission at ~630 nm [73].
Vertical structures—with current flowing perpendicular to the layers—overcome several problems

that arise in their lateral counterparts. The contact resistance is reduced due to a larger contact area
and the emission is enhanced due to higher current density. Moreover, the whole device area can
contribute to light emission, which allows for easier scalability. Two types of vertical structures can be
distinguished: First, a 2D material can be placed on top of a 3D semiconductor (2D/3D heterostack),
and second, several different 2D materials can be stacked on top of each other (2D/2D heterostack).
In both cases, van der Waals forces between the layers are high enough to keep the stack together.

1 

 

 

Figure 2 

 

Figure 3 

 

Figure 5 
Figure 5. Light emitting devices. (a) Lateral device design (top). Split-gate electrodes couple to
two different regions of a WSe2 monolayer to efficiently inject electrons and holes into the channel.
The bottom panel shows electroluminescence response under a forward bias current of 200 nA.
Reproduced with permission from [34], Copyright Nature Publishing Group, 2014. (b) 3D/2D
heterojunction. A p-n junction is formed between p-doped bulk silicon and n-doped monolayer MoS2.
Light emission occurs at the whole junction area. Reproduced with permission from [74], Copyright
American Chemical Society, 2014. (c) Schematic of a Si/SiO2/BN/Gr/BN/MoS2/BN/Gr/BN
heterostack light-emitting diode (Gr, graphene; BN, hexagonal boron nitride) and corresponding band
diagram under forward bias. Reproduced with permission from [75], Copyright Nature Publishing
Group, 2015. (d) Optical microscope image of the emission of the device described in (c). Reproduced
with permission from [75].

Three-dimensional/two-dimensional heterojunctions (illustrated in Figure 5b) have been shown
by Ye et al. [76] and Lopez-Sanchez et al. [74]. They placed a monolayer MoS2 sheet on a silicon
wafer, where the p-doped silicon acts as hole-injector, while electrons are injected from the intrinsically
n-doped MoS2 sheet. Light emission occurred from the entire device area [74]. Emission spectra showed
contributions from neutral, charged and bound excitonic species, depending on current density and
temperature. Li et al. [64] demonstrated light emission from a few-layer MoS2/GaN heterostructures.
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Two-dimensional/two-dimensional heterostructures can be composed of mono- or few-layer
sheets of metallic (e.g., graphene), insulating (e.g., hexagonal boron nitride, hBN) or semiconducting
(e.g., MoS2 or WSe2) crystals. Different composition allows for different emission wavelengths, tailored
to the need of the application. Graphene is widely used as a transparent electrode on top and bottom
to inject electrons and holes into the TMD layer (Figure 5c). Thin hBN layers between the electrode and
the semiconductor prevent carriers from direct tunneling between the graphene sheets and allow for
accumulation of carriers in the semiconductor. Electroluminescence sets in above a threshold that is
associated with the alignment of the top and bottom graphene Fermi levels with the TMD conduction
and valence band, respectively. Withers et al. [75] could achieve external quantum efficiencies (EQEs)
higher than 1% at room temperature, a tenfold increase compared to the lateral p-n junctions. By using
multiple quantum well structures, EQEs of up to 8.4% were obtained at low temperatures. In another
study, the same group demonstrated light emission from a monolayer WSe2 sheet with enhanced
brightness at room temperature (EQE 5%) [77]. This counter-intuitive behavior was explained by a giant
conduction band splitting (~30 meV) with opposite spin orientations for the lowest energy transition
in tungsten based TMDs, resulting in a highly efficient dark (non-radiative) excitonic recombination
channel at low temperatures [21]. Heterostacks are flexible due to the atomically thickness of the used
materials, which enables flexible and semi-transparent optoelectronics.

Spontaneous emission from a TMD monolayer can be enhanced due to the Purcell effect
by coupling to an optical cavity [78,79]. Enhanced PL emission from MoS2, placed on top of
a microdisc cavity, was shown by Reed et al. [80] Photonic crystal cavities [81] (Figure 6a) or microdisc
cavities [82,83] (Figure 6b) with even higher quality factors have been used to demonstrate lasing.
These studies show that an optically pumped TMD monolayer can provide sufficient optical gain to
compensate for the cavity losses. All three devices demonstrated ultra-low lasing threshold and
continuous-wave operation with optical pump power as low as 27 nW at 130 K [81]. Typical
characteristics of a laser—abrupt change in the slope of the output light intensity and emission
linewidth—were observed, but photon statistic measurements yet need to be carried out to get deeper
insight into the lasing behavior.
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Figure 6. (a) Photonic crystal cavity WSe2 nanolaser. The color profile shows the fundamental
cavity mode before a WSe2 monolayer is transferred on the structure. The on-cavity excitation
photoluminescence spectrum (red) shows a narrow emission line compared to off-cavity excitation
(green). Reproduced with permission from [81], Copyright Nature Publishing Group, 2015.
(b) Schematic image of a WS2 microdisc laser. Sandwiching the WS2 monolayer between silicon
nitride and hydrogen silsesquioxane (HSQ) ensures a higher confinement factor. Reproduced with
permission from [83], Copyright Nature Publishing Group, 2015.

5. Single Photon Emitters

In quantum technologies (i.e., quantum communications and quantum computing), single-photon
sources are a basic building block. Single molecules, quantum dots or color centers in diamond are
traditionally used for the generation of single-photons. In TMDs, bright and narrow lines in the PL
spectrum are observed at crystal imperfections, mostly at the flake-edge or the transition from mono-
to few-layer flakes (compare Figure 7a,b). These structural defects and/or local strain are possibly
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the origin of the narrow-line emission. Studies performed by several groups [84–88] confirmed single
photon emission from defect centers by photon antibunching measurements (Figure 7c). Second-order
autocorreleation factors g(2)(0) in the range between 0.14 and 0.36 were determined. Due to charge
confinement and strong coupling between charge carriers and phonons, quantum emission was
observed only at low temperatures. The emission linewidth was determined to be about 100–120 µeV
for freestanding [84] and supported samples [85–88]. Luminescence decay times were measured to
be in the range of a few ns, comparable to the decay time of the free exciton at room temperature
(~4 ns) [89].
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Figure 7. (a) Photoluminescence (PL) spectrum of localized emitters showing narrow emission lines.
The inset shows a high-resolution spectrum of the brightest line in the main panel. (b) PL intensity
map of the narrow emission lines centered around 1.719 eV. The dashed line indicates the monolayer.
(c) Second order correlation measurement of the PL of a localized emitter showing photon antibunching.
(a–c) reproduced with permission from [86], Copyright Nature Publishing Group, 2015.

All studies confirm long-term stability of the defect centers and robustness against temperature
cycling as well as exposure to ambient (air) conditions. Temporal stability of the spectral position
(jittering) was found to be on the order of the linewidth (~1 meV) on a millisecond timescale and larger
jumps occurred on a longer timescale [87]. Stability improved for low excitation power and freshly
exfoliated samples. Jittering may be reduced by encapsulation of the TMD sheets in dielectric coatings
like thin flakes of hBN.

Tonndorf et al. [84] found that single photon emission centers can be introduced artificially by
mechanical scratching. An external electric field can be used to control the emission of localized defect
centers, while a magnetic field allows for spectral manipulation [87,88]. Electrically driven single-photon
emission, which would allow for convenient and compact sources, is yet to be demonstrated.

Quantum emission from mono- and multi-layer hexagonal boron nitride (hBN) with high emission
rates at room temperature was demonstrated by Tran et al. [90]. Calculations confirmed that anti-site
nitrogen vacancies are responsible for single-photon emission with an energy within the bandgap
of hBN.

6. Photovoltaics

Photovoltaic cells are used to convert solar energy into electricity. Solar cells that rely on inorganic
or organic semiconductors have been developed over the last decades. Recently, TMDs are reconsidered
as alternative for photovoltaics because of their band gap in the visible part of the electromagnetic
spectrum and strong optical absorption [91]. Moreover, TMDs are interesting from a technological point
of view, as they are chemically stable, environmentally sustainable and can potentially be produced at
low cost. Calculations of graphene/MoS2 [92] and WS2/MoS2 [93] monolayer heterojunction solar
cells predict a maximum power conversion efficiency of ~1%, limited by the, in absolute numbers, low
optical absorption of the atomically thin materials. Absorption enhancement is therefore necessary and
can be achieved by stacking of 2D materials, using few-layer sheets or exploiting plasmonic effects [94].

The photovoltaic properties of various bulk and thin film TMD crystals have been studied since
the 1980s [95]. Following the demonstration of monolayer graphene and TMD crystals, photovoltaic
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properties of ultrathin layers have been investigated. An electrostatically induced p-n junction diode
device (compare the device in Figure 5a) shows photovoltaic response when operated in diode
configuration [34,35]. Power conversion efficiency η = Pin/Pel (Pin incidenct light power; Pel , electrical
output power) of the solar cells was found to be on the order of 0.5% limited by the low absorption in
the monolayer and recombination of charge carriers. In a similar device structure, Memaran et al. [96]
demonstrated η > 14% and fill factors of ~70% at AM-1.5 spectral irradiation, using multi-layer MoSe2.
Similar results were obtained by other groups [97] and for a MoS2/black phosphorus solar cell [98].

Schottky junctions can also create lateral electric fields. Fontana et al. [38] studied MoS2 field-effect
devices with two different contact metals. Due to different work functions in gold and palladium,
photogenerated electron-hole pairs are separated by the built-in field at the contact region and a give
rise to a photovoltaic effect.

Lateral electrode arrangement prevents easy scalability of TMD photovoltaic cells, and it is
therefore desirable to fabricate vertical junctions. Stacking single or few-layer sheets of TMD crystals
on top of each other results in p-n junction heterostacks, held together by van der Waals forces.

A photovoltaic response in such devices was reported by Furchi et al. [36], Lee et al. [37],
Flöry et al. [99] and Cheng et al. [100]. The device forms a p-n junction at the interface between
two TMD monolayers (i.e., MoS2 and WSe2), as depicted in Figure 8a. Due to different electron
affinities of both materials, a type-II heterojunction is formed, meaning that the lowest energy electron
and highest energy hole states are located in the MoS2 and WSe2 layers, respectively. Electrical
measurements, while increasing the illumination power from 180 W/m2 to 6400 W/m2, showed the
shift of the I–V curve, and a maximum electrical power of Pel ~ 15 pW was extracted from the solar
cell (depicted in the main panel and inset of Figure 8b). As the doping concentration in the monolayer
sheets is determined by extrinsic factors, a gate voltage is needed to tune the stack to a regime in which
a vertical p-n junction is formed. Charge transfer between individual TMD sheets was found to be
ultrafast (<100 fs) and highly efficient (almost 100%) [36,37,101–103].
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Figure 8. Photovoltaic cells. (a) Schematic device layout of a vertical heterojunction device with lateral
contacts. A p-n junction is formed at the interface between an n-doped MoS2 sheet and a p-doped WSe2

sheet. Reproduced with permission from [36], Copyright Nature Publishing Group, 2014. (b) Electrical
(main panel) and optical (inset) characteristics of the solar cell. The incident laser power is increased
from 180 W/m2 (red curve) to 6400 W/m2 (blue curve). Reproduced with permission from [36].
(c) Schematic device layout of a vertical heterojunction with graphene electrodes on bottom and top,
which allow for vertical carrier extraction. Reproduced with permission from [37], Copyright Nature
Publishing Group, 2014. (d) Schematic of the bandstructure. The horizontal arrows indicate exciton
dissociation and charge carrier diffusion. Reproduced with permission from [37].
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Under bias, a diode-like rectification behavior was observed, although the origin of rectification is
different from the mechanism in a traditional 3D semiconductor diode. A forward bias voltage drives
electrons (holes) in MoS2 (WSe2) to the area of the heterojunction, where they either recombine or
overcome the conduction (valence) band offsets to be injected into the other layer and diffuse towards
the contacts. In an ideal diode, diffusion dominates over recombination, but it was found that in
atomically thin p-n junctions recombination plays a substantial role [36]. The lack of a depletion region
in vertical heterojunctions implies that majority carriers in the individual layers are in close proximity
to each other, which results in strong interlayer recombination [36,100].

The photovoltaic response of such vertical devices under white light illumination can be explained
as follows: Absorption of photons creates electron-hole pairs (excitons) in both layers, which then
relax to minimum energy, driven by the type-II band offset. Subsequently, the relaxed charge carriers
diffuse towards the contacts, resulting in a photocurrent. During this diffusion process, interlayer
recombination occurs that reduces the efficiency of the solar cell. Measurements show an efficiency and
a fill factor of ~0.2% and ~50%, respectively, for such heterostructures [36]. Scalability can be achieved
by vertical contacts using graphene as electrode material, as schematically depicted in Figure 8c.
A schematic band diagram is shown in Figure 8d. Electrodes on the top and bottom of the p-n junction
allow for vertical carrier extraction and also increase the overall efficiency of the cell. Lee et al. [37]
report multilayer heterojunctions, which, compared to their monolayer counterparts, show about
an order of magnitude higher EQE. Due to the thickness-dependent competition between generation,
collection and recombination of charge carriers, further optimization of the layer thickness probably
leads to even higher efficiencies.

Vertical p-n junction devices using other material combinations, such as GaTe/MoS2 [104] and
organohalide perovskite/WSe2 [105], the formation of a p-n junction by surface charge induced
doping [106], as well as organic/inorganic material junctions [107–109] have been demonstrated and
gave similar results.

7. Valleytronics

Electron spin is probably the most studied quantum degree of freedom in condensed matter
physics. Excitonic transitions in TMDs are not only associated with the spin degree of freedom but
also with the valley degree of freedom [110]. Valley degree of freedom is a result of degenerate energy
extrema in momentum space, as the K and K1 valleys in 2D materials are related to each other by
time reversal. To uncover and manipulate the valley degree of freedom, all-optical methods were
exploited by several groups, and it was found that the valley polarization is robust and preserved
during hot-carrier relaxation, exciton formation and radiative recombination processes [27,28,111–113].
On the other hand, only a few studies on electro-optical valley-dependent devices have been published.

Charge carriers in the K and K’ valleys experience effective magnetic fields with opposite signs,
which allow for the generation of valley-polarization by circularly polarized optical pumping, due
to the broken inversion symmetry in TMD monolayers [110]. Therefore, carriers in the according
valleys experience opposite Lorentz-like forces and are deflected in opposite directions perpendicular
to the current flow. In analogy to the spin Hall effect, this phenomenon is called the valley Hall effect.
Mak et al. [114] measured the photovoltage, which was produced by circularly polarized light in a MoS2

Hall bar device (Figure 9a). The sign of the Hall voltage could be controlled by the helicity of the light,
whereas there was no effect detectable for linearly polarized light or (inversion-symmetric) bilayer
devices. Other studies demonstrated a valley dependent photodetector in CVD grown MoS2 [115] and
the generation of spin-valley-coupled circular photogalvanic currents in WSe2 [116].
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Figure 9. (a) Source drain bias dependence (Vx) of the Hall voltage (VH) for a monolayer MoS2 device
for different light polarizations demonstrating the valley Hall effect. Reproduced with permission
from [114], Copyright The American Association for the Advancement of Science, 2014. (b) Lateral
p-n diode with opposite current flow direction (top) and corresponding dominant excitonic emission
(bottom), representing the contribution to electroluminescence from K and K1 valleys. Reproduced
with permission from [65], Copyright The American Association for the Advancement of Science, 2014.

Zhang et al. [65] fabricated a chiral light-emitting transistor by forming a multi-layer WSe2 p-n
junction using electric double layer gating. As a result of the high carrier density induced by ionic
liquid gating, they were able to populate the direct gap K and K1 valleys and achieve light emission.
The strong gate field breaks the inversion symmetry in the multi-layer TMD and recovers the valley
circular dichroism that is otherwise only present in monolayers. The electroluminescence from their
device was found to be circularly polarized, with the direction of the polarization depending on
the direction of the current flow. If the device was operated in ambipolar mode and current was
driven from right to left, the left-handed circular polarized light emission (σ´) dominated over the
right-handed emission (σ`) as shown in the left panel in Figure 9b. On the other hand, by changing
the direction of the current, the σ` polarization dominated over σ´ polarization (right panel in
Figure 9b). The degree of circular polarization reached values up to 45%, which is comparable to PL
from TMD monolayers.

8. Conclusions

We finally compare the performance of TMD optoelectronic devices with today’s technologies
and discuss potential future applications and remaining challenges.

Many applications in optoelectronics (photovoltaic solar cells, display panels, etc.) require
large-area dimensions for which traditional semiconductors—especially III–Vs—are too costly.
Alternative technologies, such as e.g., organic semiconductors, are thus currently employed, but
these exhibit rather low material quality and suffer from degradation issues. TMDs, on the other hand,
are crystals with high material quality and stability. In addition, they are bendable, thus providing
opportunities for novel applications, such as wearable devices. The prospects for commercialization
will depend on device reliability and means for low-cost and large-volume production. The growth
of TMD monolayers has made large progress in recent years [117–126], but routes to control the
chemical doping are still to be devised. Direct growth on plastic substrates does not seem feasible.
Therefore, techniques need to be developed to transfer TMDs from the growth substrate to a target
substrate on an industrial scale [124]. Besides the aforementioned technological advantages, TMDs
also offer new physics. The large exciton binding energy could be exploited for devices that allow the
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controlled generation and manipulation of excitons at room temperature. The short radiative lifetime
of excitons provides the opportunity for high-speed modulation of TMD-based light sources for data
communications. The ability to generate, control and read-out valley polarizations in monolayer TMDs,
may lead to devices for quantum computation with valley-qubits. Moreover, the endless number of
possibilities of stacking different 2D materials into van der Waals heterostructures could allow for the
realization of materials with tailored properties and functionalities.

Already today, TMD photodetectors exhibit photoresponsivities that are comparable to that of
state-of-the-art 3D semiconductor devices. In addition, the integration into multi-pixel arrays seems
feasible. The lack of a killer application, however, is an issue. Because of their rather large bandgap,
TMDs work mainly in the visible spectral regime, which is well covered by the highly mature Si
technology. In the infrared, hybrid devices that combine TMDs with other materials (e.g., quantum
dots) could offer a low-cost alternative to micro-bolometers for imaging.

Research on TMD light-emitters has made large progress recently. Efficiencies are comparable
to that of state-of-the-art organic light-emitting diodes. Among all TMDs studied so far, WS2 has
the largest bandgap and emits red visible light. For full-color displays, green and blue visible light
emission would additionally be required. Given the large exciton binding energies in TMDs, it
might be possible to shift the emission to somewhat shorter wavelengths (e.g., by engineering of
the dielectric environment), but achieving blue light emission does not seem feasible. Other 2D
semiconductors, that possess larger bandgaps, may eventually allow overcoming this limitation.
The optical semi-transparency of such displays might find application in augmented reality and
related applications.

First experiments on TMD-based photovoltaics are encouraging. The dissociation of excitons
into free carriers seems to be efficient, despite the large exciton binding energies. At present, the
most promising device concept is the graphene/p-TMD/n-TMD/graphene vertical junction. A major
challenge that remains is the scaling of micrometer-sized proof-of-principle devices to macroscopic
dimensions. This will require extending the growth of van der Waals heterostructures to large
areas [100,127].
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