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Abstract: The research on emerging layered two-dimen-

sional (2D) semiconductors, such as molybdenum 

disulfide (MoS
2
), reveals unique optical properties gen-

erating significant interest. Experimentally, these mate-

rials were observed to host extremely strong light-matter 

interactions as a result of the enhanced excitonic effect in 

two dimensions. Thus, understanding and manipulating 

the excitons are crucial to unlocking the potential of 2D 

materials for future photonic and optoelectronic devices. 

In this review, we unravel the physical origin of the strong 

excitonic effect and unique optical selection rules in 2D 

semiconductors. In addition, control of these excitons by 

optical, electrical, as well as mechanical means is exam-

ined. Finally, the resultant devices such as excitonic light 

emitting diodes, lasers, optical modulators, and coupling 

in an optical cavity are overviewed, demonstrating how 

excitons can shape future 2D optoelectronics.

Keywords: excitons; two-dimensional materials; opto-

electronics; semiconductors.

1  Introduction

Excitons are hydrogen-like bound states formed by a neg-

atively charged electron and a positively charged hole 

due to Coulomb attraction [1]. Typically, excitons result 

from the photo-excitation in semiconductors, where they 

exhibit a spectrally narrow linewidth. The exciton’s large 

oscillator strength and enhanced light-matter interaction 

allow for efficient recombination and emission of light 

[2]. More interestingly, the nature of the exciton is akin to 

an atom in a crystal lattice background. The particle has 

its own internal fine structure with hydrogen-like excited 

energy states, potentially enabling future excitonic-car-

rier devices in quantum computation and excitonic cir-

cuits. In addition, as excitons are Bosonic particles, they 

can condensate to form Bose-Einstein condensates and 

exhibit superfluid-like transport [3, 4]. While excitons 

clearly provide a rich platform for physics and devices, 

they are traditionally difficult to utilize. In typical bulk 

semiconductor crystals such as silicon, the large dielec-

tric screening and small quasiparticle effective mass 

result in small exciton binding energies, only ∼1–10 s of 

meV [5]. Thus, the bound behavior of an exciton is insig-

nificant compared to the thermal fluctuations unless 

cooled down to low temperatures. In contrast, the bound 

exciton states often dictate the optical properties of two-

dimensional (2D) materials such as monolayer transition 

metal dichalcogenides (TMDCs). The strong Coulomb 

interaction in low dimensions and reduced dielectric 

screening, compared to bulk crystals, naturally makes 

the excitons bound even at room temperature with a 

binding energy of hundreds of meV. In addition, the 

TMDCs’ electronic “valleys” host the excitons and give 

rise to selection rules for the excitation and emission of 

light. The material’s two-dimensionality makes the exci-

tons easily tunable, with a number of external stimuli, 

enabling many 2D photonic devices, such as light-emit-

ting diodes (LEDs) and lasers. In this paper, we review 

the progress on understanding the physical excitonic 

properties in 2D materials and the resulting applications 

from these quasiparticles.

2   Exciton physics in 2D 

semiconductors

The isolation of graphene from bulk crystals of graphite 

has sparked a huge amount of research effort into the 

realm of 2D materials. While graphene has enabled the 

discovery of novel physics in electronic transport, the 
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gapless nature of the crystal makes it less ideal for the 

study of optical phenomena in 2D crystals [6]. In contrast, 

layered TMDCs and black phosphorus are semiconductors 

with band gaps in the visible and near-infrared energies, 

respectively. Like graphene, the monolayers of these crys-

tals may be prepared using micromechanical exfoliation 

(the Scotch tape method). In addition, a huge amount 

of research has developed chemical synthesis means of 

achieving up to wafer-scale monolayer TMDCs [7]. The 

ability to reliably create monolayer semiconductors has 

been instrumental in unearthing the emerging physics 

and fabrication of 2D devices.

2.1   Excitons and trions in TMDCs

The group VIB TMDCs (molybdenum and tungsten based 

disulfide and diselenides: MoS
2
, MoSe

2
, WS

2
, WSe

2
) are 

layered van der Waals (vdW) crystals. They are chemically 

bonded within the layer but only weakly bonded by vdW 

interlayer interactions between each layer. TMDCs have a 

trigonal prismatic crystal coordination, with hexagonally 

arranged transition metals sandwiched between two chal-

cogen layers [8]. Typically, the crystals studied are of the 

2H phase, which breaks inversion symmetry in a singular 

layer but restores the symmetry in even numbered layers 
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Figure 1: Exciton properties in TMDCs.

(A) Crystal structure in TMDC materials. The top view of the crystal is a hexagonal one, with the actual structure being from trigonal pris-

matic coordination. Hexagonally arranged transition metals (M) are sandwiched between two layers of chalcogen (X) atoms. The inversion 

symmetry within one layer is broken but restored upon even layers. (B) Emerging PL from monolayer MoS
2
. The spectra are normalized 

to the Raman peaks. The PL is much stronger in monolayer than bilayer or greater number of layers. Adapted with permission from [9]. © 

2010 American Chemical Society. (C) The trion spectra from MoSe
2
. By tuning the electrical gate (V

g
), the PL spectra change from a neutral 

exciton (X0) to a positively (X+) or negatively charged (X−) exciton. A schematic is also provided on the right, showing the trions from the 

gating. The trion binding energy is defined as the energy difference between the trion and the neutral exciton. X′ denotes the presence of 

a defect exciton at neutral gating. Adapted with permission from Macmillan Publishers Ltd., Nature Communications [10], © 2013. (D) The 

excitonic energies are given on the left. The green states are those accessible using two-photon excitation, while the red state is the PL, 

accessed with one-photon excitation. On the right, the TPL spectra are given in blue. The two-photon excitation energy is given by x axis, 

while the resultant intensity is from the relaxation and emission to the 1s state. The green curve is the differential reflectance of the linear 

absorption, showing that the 2p state has no corresponding linear absorption. Reprinted by permission from Macmillan Publishers Ltd., 

Nature [11], © 2014.
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(Figure 1A). These TMDCs are semiconductors whose 

bulks have long been known to have an indirect band gap. 

However, it was discovered that when these crystals are 

mechanically exfoliated to a monolayer, an indirect-to-

direct band gap transition occurs due to the lack of any 

interlayer interactions in the TMDC monolayer. These 

reduced interlayer interactions manifest themselves as 

the lowering of the valance band energy, forming a direct 

band gap with larger absorption and strong photolumi-

nescence (PL) emission compared to the multilayered 

crystals (Figure 1B) [9]. In MoS
2
, the PL quantum yield 

can even approach 100%, with the assistance of chemical 

treatments [12].

As TMDCs are semiconductors, photo-excitation is 

expected to generate excitons, pairs of bound electrons, 

and holes that behave similarly to hydrogen atoms [13]. The 

recombination of the electron-hole pairs emits a photon 

that is observed as PL. Within a monolayer, momentum-

resolved spectroscopy showed that these exciton dipoles 

are only confined to the in-plane direction [14] with a 

lifetime in the 100-ps range before recombination [15]. 

Crucially, these excitons are of particular significance in 

2D TMDCs, as the reduced dimensionality causes strong 

Coulomb interactions due to the spatial confinement and 

reduced dielectric screening compared to bulk crystals 

[11]. Hence, it is apparent that the exciton will dominate 

the observable optical phenomena.

The strong Coulomb interaction was very apparent 

from the first work done to demonstrate charged excitons, 

or trions in MoS
2
 [16]. These trions have been studied in tra-

ditional quantum well systems, but they are only observ-

able at low temperatures due to the small meV binding 

energy [17, 18]. The monolayer nature of TMDCs makes it 

easy to tune the Fermi level and varies the carrier concen-

tration using a field-effect transistor (FET) device [19]. By 

applying an electric field via the transistor gate, a neutral 

state can be tuned to be more positive or negative. In 

MoS
2
, tuning the Fermi level towards the conduction band 

results in more electrons. Neutral excitons begin to bind to 

these extra electrons, and the resultant exciton becomes 

charged. The recombination of this charged electron also 

results in PL, although at a lower energy than the neutral 

exciton. In a similar vein, increasing the hole population 

by lowering the Fermi level towards the valence band will 

create positively charged trions, as was observed in MoSe
2
 

(Figure 1C).

Using the difference between the trion luminescent 

energy and the neutral exciton energy yields the trion 

binding energy, or the energy to dissociate the extra charge 

from the neutral exciton. In MoS
2
, this binding energy 

is ∼20 meV, one order larger than the trions observed in 

quantum wells, resulting in spectral weights which are 

even significant at room temperature (MoSe
2
 resulted in a 

similar binding energy of ∼30 meV). This strong Coulomb 

interaction manifesting as a large trion binding energy 

points to an even larger exciton binding energy, the energy 

to dissociate the electron and hole (the energy between the 

exciton level and the conduction band). This large binding 

energy is also apparent in the absorption spectrum, as 

there is an absence of any absorption step that indicates 

transition to the conduction band [8]. In addition, theo-

retical estimates put the true quasiparticle band gap over 

500  meV above the exciton emission energy, nearly two 

orders larger than traditional exciton binding energies 

[20]. Thus, significant effort was put into the elucidation 

of the true exciton binding energy and quasiparticle band 

gap.

2.2   Excitonic binding energy

As the excitons are hydrogen-like, electron-hole pairs 

in a Coulomb potential, they form an excitonic series of 

higher energy states. In TMDCs, each excitonic state has 

a specific parity that the incident photons can excite. In 

brief, one-photon states can only excite even parity exci-

tonic states (termed “bright” excitons, such as the PL) and 

two-photon excitation can only excite odd parity states 

(“dark” excitons). These two-photon states do not appear 

in the linear one-photon absorption, therefore, “dark”, 

making it possible to use the two-photon absorption and 

subsequent bright-state luminescence (two-photon lumi-

nescence, TPL) to determine the excitonic structure of 

TMDCs [11].

In WS
2
, femtosecond two-photon excitation is used to 

excite the electrons at the valence band maximum to form 

excitons. The two-photon excitation energy is scanned, 

and the bright (“1s” exciton state) luminescence allows 

for observation of when the two-photons are on resonance 

with the dark excitonic states. Mapping out the full spectra 

clearly shows two new peaks in the two-photon excitation 

from 2.1 to 2.6 eV, corresponding to two higher energy dark 

states, the “2p” and “3p” states (Figure 1D). When the two-

photon energy is close to the bright exciton, TPL is close to 

zero, and conversely, one-photon absorption is negligible 

near the excitonic dark states, as the parity of these states 

does not allow for one-photon absorption.

Using the ab initio GW method, the quasiparticle 

band structure of WS
2
 can be calculated to determine the 

excitonic states. Calculations show that the calculated 2p 

and 3p energies match well with experimental energies 

and show that the excitons are of Wannier nature with an 
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in-plane radii are much larger than the dimensions of a 

unit cell. More interestingly, it was found that the excitons 

here have significant differences compared to a 2D hydro-

gen model. In the hydrogen model, orbitals with the same 

principal quantum number are degenerate in energy (i.e. 

E
3s

 = E
3p

 = E
3d

), but the calculations in WS
2
 show that the 

higher orbital angular momentum are of lower energy (i.e. 

E
3d

 < E
3p

 < E
3s

), due to a phenomenon that is known as the 

dielectric confinement effect or the anti-screening effect. 

Finally, the calculations show that the electronic band gap 

is approximately 2.7 eV, with an exciton binding energy of 

approximately 600–700 meV.

Similar one-photon measurements to map the bright 

excitonic states have shown that the binding energy is 

∼300  meV [21] and scanning-tunneling-spectroscopy 

study yielded a binding energy of 550  meV [22]. Clearly, 

there is a discrepancy in the binding energy of the exci-

tons, perhaps arising from the crystal sources, but this can 

be approximated at 500 meV. For perspective, the binding 

energy of Wannier excitons is ∼10 meV in traditional semi-

conductors [23]. The large binding energy in TMDCs is a 

result of the strong Coulomb interaction from the mon-

olayer, large effective carrier masses, and weak dielec-

tric screening. More recently, the full excitonic structure 

has been revealed through the inter-excitonic transitions 

using terahertz spectroscopy, unraveling the rich exciton 

physics in these materials [24].

2.3   Valley excitons and selection rules

The excitonic nature of TMDCs is of particular signifi-

cance due to the material’s promise in “valleytronics”, 

a concept spawning from grapheme [25]. In graphene, 

the crystal momentum space’s Brillouin zone is hexago-

nal. At the corners, termed the K points, are electronic 

“valleys”, a degree of freedom that is akin to charge and 

spin. Graphene hosts two sets of valleys at the K and −K 

(also referred as K′) points. The possibility to control these 

valleys in devices to act as information carriers is termed 

valleytronics.

However, graphene has had difficulty in generat-

ing a valley “current,” requiring configurations such as 

bilayer domain walls [26], specific crystalline edges [27, 

28], or strain [29]. Theoretically, it can be shown that the 

generation of a valley polarization to differentiate the ±K 

valleys requires the breaking of inversion symmetry in 

the crystal. In brief, this requirement yields a Berry cur-

vature (Ω) and orbital magnetic moment (m), allowing K 

and −K to take on opposite values. In contrast, inversion 

symmetric crystals like graphene, Ω and m must take on 

the same values under inversion, thus K and −K become 

indistinguishable. Hence, achieving a valley polarization 

requires a crystal system with broken inversion symmetry 

and two distinguishable valleys in the crystal momentum 

space [30, 31].

The hexagonal nature of TMDCs and broken inversion 

symmetry of the monolayers makes them an ideal system 

to realize valley polarization. The presence of spin-orbit 

coupling and time reversal symmetry splits the bands 

at the K (−K) points with the opposite spins (Figure 2A). 

Early calculations showed that photo-excitation is able 

to selectively excite the ±K valley electrons from the spin-

polarized bands with circularly polarized light. Experi-

mentally, three independent works demonstrated this 

valley-dependent circular dichroism through excitation 

of the K (−K) valley with σ −  (σ +) light to yield PL of the 

same polarization in MoS
2
 (Figure 2B). Thus, valley polari-

zation is achieved through the exciton selection rules in 

TMDCs [13, 32, 34].

The parity selection from TPL indicates that there 

are selection rules that govern valley excitations, which 

include nonlinear excitations. As the angular momentum 

of the system must be conserved, it is possible to easily 

summarize the selection rules as follows (schematically in 

Figure 2C) [33]:

3 .m l Nτ ∆∆ = ∆ + +ℏ ℏ ℏ ℏ

Upon absorption of incident light, the spin angular 

momentum of the photons, ∆mћ, where m = ± 1 for σ ±  

light, changes the angular momentum of the electrons in 

the valley (∆τћ, where τ = + 1 (−1) for the −K (+K) valley, 

the angular momentum of the excitons (via the exci-

tonic quantum number l), and the change in the angular 

momentum of the crystal lattice (3Nћ, resulting from the 

symmetry of the crystal). One can easily verify that the 

one-photon excitations to the 1s excitonic level (l = 0) 

simply yield excitation of K (−K) valley with σ −  (σ +) 

light.

( 1) ( 1) (0) 3(0)± = ± + +ℏ ℏ ℏ ℏ

For nonlinear light, one can consider the second har-

monic generation (SHG). The broken inversion symmetry 

of the monolayer results in finite χ(2) and strong second-

order nonlinear effects. This SHG has been able to map 

out the grain boundaries in chemically grown MoS
2
 as 

well as distinguish the nonlinear differences of the chemi-

cally grown edges [35]. In case of resonant 1s SHG, two 

photons are pumped at the energy of the 1s exciton level. 

Using incident σ +  light (m = 1), one can observe that this 

can only be satisfied with excitation to the K valley (τ = − 1) 

and have resultant σ −  emission:
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2( 1) 1 0 3(1)+ = − + +ℏ ℏ ℏ ℏ

Thus, if the exciton’s angular momentum does not 

change, the SHG process must generate light with oppo-

site circular polarization (Figure 2D), achieved by trans-

ferring the angular momentum to the crystal lattice. 

Similarly, in the TPL process, the angular momentum can 

be transferred to the exciton’s higher energy states. If the 

excitation is resonant with the 2p state with an excitation 

of σ +, then

2( 1) 1 1 3(0) .+ = + + +ℏ ℏ ℏ ℏ

The polarization from PL is the same as the incident 

polarization (Figure 2E), without involving the crystal 

lattice. Experimentally, these selection rules have been 

verified showing that SHG produces light of opposite 

circular polarization to the incident photons while 

the TPL process will preserve the circular polarization  

[33, 36].

Elucidating the selection rules for linear and nonlin-

ear optical processes allows for the full prediction and 

control of the valley excitations in these TMDC crystals 

and has potential to enable valleytronic devices based on 

photon polarizations.

2.4   Black phosphorus: a case of anisotropy

Black phosphorus is a vdW crystal that first garnered 

significant attention due to its high carrier mobility for 

semiconductor devices [37, 38]. Black phosphorus and 

respective monolayer phosphorene lack the same elec-

tronic valleys in graphene and TMDCs, but the 2D nature 
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Figure 2: Excitonic selection rules in TMDCs.

(A) Simplified picture of the electron bands near the K points of the Brillouin zone. TMDCs also have a hexagonal Brillouin zone like gra-

phene with the band gaps occurring at the K points. The d-orbitals cause spin-orbit interactions, which spin polarize and split the valence 

bands. To preserve time-reversal symmetry, the spin polarization of the K valley valence band must be the opposite of the −K valley. Here, 

green indicates the spin-up valence band, while blue indicates the spin-down valence band at the band edges. (B) Circular dichroism in 

MoS
2
. Using σ +  light to photo-excite the electrons in MoS

2
, there is a preference for the emission of σ +  light. This result shows a circular 

dichroism or valley polarization of approximately 50%. Adapted with permission from Macmillan Publishers Ltd., Nature Communications 

[32], © 2013. (C) Schematic showing the selection rules for nonlinear two-photon excitations at the +K valley. For SHG (on the left), two 

photons with opposite polarization emit a photon corresponding to the valley. This is due to the virtual nature of the SHG process and the 

crystal momentum contribution. As for TPL (on the right), the same polarization of light as the input is observed. (D) SHG selection rule evi-

dence using σ +  light to excite WS
2
 results only in σ −  emission from the +K valley. (E) Experimental evidence of the TPL process preserving 

the valley polarization. The same excitation of σ +  is used and a polarization of >35% can be achieved. (C–E) Adapted with permission from 

Macmillan Publishers Ltd., Light: Science & Applications [33], © 2015.



1314      J. Xiao et al.: Excitons in atomically thin 2D semiconductors

also results in the same strong Coulomb confinement 

that strongly binds its excitons. Phosphorene, like mon-

olayer TMDCs, also exhibits a direct band gap but retains 

a direct, albeit smaller, band gap in the multilayered and 

bulk forms.

More interestingly, in black phosphorous, each 

phosphorus atom is covalently bonded to three adjacent 

atoms to form a buckled honeycomb lattice, resulting in 

strong in-plane anisotropy (Figure 3A). Theoretical cal-

culations showed that excitonic nature is only observ-

able when the incident light is polarized along the 

armchair direction of the crystal. Phosphorene, in 

particular, strongly absorbs armchair polarized light 

between 1.1 eV and 2.8 eV but is completely transpar-

ent to the zigzag polarization, making phosphorene a 

natural linear polarizer. Anisotropic absorption sug-

gests that exciton wave functions are also heavily 

anisotropic, with early calculations showing that the 

excitons are spread along the armchair direction of the 

crystal [40].

Experimentally, phosphorene was isolated and 

polarization-resolved PL was able to demonstrate that 

the excitonic nature of the emission was heavily in the 

armchair direction (Figure 3B). Comparatively, phos-

phorene is a 2D crystal whose excitonic properties are 

similar to one-dimensional carbon nanotubes [39]. The 

excitons of phosphorene also exhibit a large binding 

energy, once again due to the strong Coulomb interac-

tion in two dimensions. Photoluminescence excitation 

intensity maps show that the strongest PL intensity (at 

1.3 eV) occurs when excitation is ∼2.4 eV (Figure 3C). 

Like carbon nanotubes, the absorption of phosphorene 

increases dramatically near the quasiparticle band edge, 

thus the exciton binding energy can be extracted to be 

approximately 900 meV.

The addition of phosphorene to the 2D family enriches 

the optical responses found, adding an even larger binding 

energy and a layer of anisotropy to the rich exciton prop-

erties, which can be explored in these spatially confined 

crystals.
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(A) Crystal structure of monolayer black phosphorus, phosphorene. The top view presents a buckled honeycomb lattice, with the side view 

showing the anisotropic nature of the crystal. These units are repeated along the zigzag direction, while the armchair direction shows two 

units for clarity. (B) Anisotropic excitons of phosphorene. Exciting x (armchair direction) and y (zigzag direction) give very different optical 

responses. Only exciting and detecting the armchair direction gives significant PL, while exciting and detecting the zigzag direction gives 

no PL. (C) Binding energy of phosphorene determined using higher energy excitation. Near the band edge, the PL increases dramatically, 

as shown in the inset’s shaded blue region. This indicates the approximate energy of the quasiparticle gap. (B–C) Adapted with permission 

from Macmillan Publishers Ltd., Nature Nanotechnology [39], © 2015.
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3   Exciton tunability in 2D 

semiconductors

A fundamental requirement for devices is the ability to 

control desired parameters. For 2D semiconductors, this 

means ways to manipulate the excitonic behavior and 

emission. The reduced dimensionality of these semicon-

ductors enables the large tuning of optical properties via 

external stimuli such as applied electric fields, strain, 

magnetic fields, and light.

3.1   Electrical tuning

Among the first applications of monolayer MoS
2
 was for 

transistors. As it is an atomically thin semiconductor, 

it is possible to use the field effect to electrostatically 

dope carriers and thus tune the current in a transistor 

structure. Using the transistor’s gate voltage, Mak et  al. 

[16] first observed that tuning the carrier density to high 

electron populations changes the absorption spectra 

(Figure 4A) and PL from the exciton to the tightly bound 

negative trions (X−), a quasiparticle composed of two elec-

trons and a hole. The negative trion also possesses large 

binding energy (∼20 meV), such that robust trion PL can 

be detected at room temperature (Figure 4B). In addition, 

circularly polarized resolved gate-dependent PL showed 

helicity from emission of trions, which indicates that such 

quasiparticles can be optically created with valley and 

spin-polarized holes. In parallel, Ross et  al. [42] inves-

tigated the electrostatic gate effect on PL of positively 

charged (X+), neutral (X0), and negatively charged (X−) 
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Figure 4: Electrical tuning of excitons.

(A) Monolayer MoS
2
 absorption spectra at different back-gate voltages in a FET device. The global absorption with significant “A” exciton 

(1.92 eV) and “B” exciton (2.08 eV) shows amplitude variation, peak shift, and linewidth change under different gate bias. (B) Photolumines-

cence spectra of same device under different back-gate bias. Here “A−” is the trion. (A–B) Adapted with permission from Macmillan Publish-

ers Ltd., Nature Nanotechnology [16], © 2013. (C) Schematic of a monolayer WSe
2
 transistor for second harmonic generation. (D) Microscope 

image of the transistor. The WSe
2
 is the light purple area between two metal electrodes. (E) SHG spectra on “A” exciton resonance under 

different gate bias at room temperature. The intensity increases about four times when the bias switches from 80 V to −80 V. (C–E) Adapted 

with permission from Macmillan Publishers Ltd., Nature Nanotechnology [41], © 2015.
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excitons in monolayer MoSe
2
. Such large binding energy 

results from the enhanced Coulomb interaction due to the 

strong confinement and heavy effective masses. Also, they 

found the extra charge binding energies for X+ and X− to be 

nearly the same, indicating the similar effective mass for 

electrons and holes, which is consistent with theoretical 

calculations.

Further quantitative study on gate-dependent 

exciton binding energy was done by Chernikov et  al. 

[43]. The authors demonstrated continuous tuning of the 

exciton binding energy in monolayer WS
2
 under bias in 

a FET. By measuring differential reflection, the ground 

and excited excitonic states are tracked as a function 

of gate voltage. With the density of electrically injected 

free charge carriers up to 8 × 1012 cm−2, they observed a 

decrease of the exciton binding energy of about 100 meV 

due to increasing screening of the Coulomb interac-

tion. Based on their estimation, complete ionization 

of the excitons can occur at a carrier density of several 

1013 cm−2.

The exciton’s large electrical tunability in oscilla-

tion strengths also modifies the nonlinear spectrum. 

Seyler et  al. [41] showed how the electrostatic doping 

via the transistor gate is able to change the SHG magni-

tude (Figure  4C,D). The SHG amplitude at the A-exciton 

resonance varied about four times at room temperature 

(Figure 4E) and over an order of magnitude at low tem-

perature and nearly a factor of four at room temperature.

All of the above studies revealed the large electri-

cal tunability on excitonic spectroscopy in 2D TMDCs 

associated with carrier density-dependent many-body 

Coulomb interactions. The electric field itself was found 

to not appreciably modulate the dielectric constant in 

single layers, thus electrical control is more of an access 

to the monolayer’s carrier concentrations [44]. Thus, the 

exciton’s dependence on the carrier concentrations may 

boost interests on fundamental studies of many-body 

interactions and lead to chip-scale, electrically tunable 

optoelectronic and valleytronic applications at the 2D 

limit.

3.2   Mechanical tuning

Mechanical flexibility is a unique advantage for 2D mate-

rials [45, 46]. With mechanical strain, the electronic 

band structure that is linked with the lattice constant 

can change accordingly. Therefore, optical properties, 

especially inter-band transitions, in TMDC are expected 

to vary. By putting atomically thin MoS
2
 on flexible 

substrates, He et  al. [47] demonstrated the continuous 

tuning of the electronic structure when applying a uni-

axial tensile strain. As large as 70-meV redshift per 

percent of applied strain for direct gap transitions has 

been observed by absorption and PL spectroscopy. A 

similar observation has also been reported by Conley 

et al. [48], where uniaxial tensile strain in the range of 

0–2.2% modifies the phonon spectra and electronic band 

structure of monolayer and bilayer molybdenum MoS
2
 

(Figure 5A,B). Photoluminescence spectroscopy indi-

cates an energy decrease of 45  meV per percent strain 

for monolayer and 120 meV per percent strain for bilayer 

MoS
2
 in the optical band gap (Figure 5C). In addition, 

given a different strain-dependent response for carriers 

with different effective mass, a direct-to-indirect transi-

tion of the optical band gap accompanies a pronounced 

decrease in the PL intensity at an applied strain of ∼1%. 

From the Raman spectroscopy, phonon modes soften 

with increased strain and break the degeneracy in the E′ 

Raman mode of MoS
2
 [48].

As the strain affects the band structure, it also influ-

ences valley polarization. As shown in Figure 5D and 

E, Zhu et  al. [49] demonstrated a strong decrease of PL 

helicity in both monolayer (from 10% to 6%) and bilayer 

(from 6% to 0%) samples by applying strain up to 0.8%. 

However, the exact depolarization mechanism induced by 

strain is not quite clear. The lattice constant change influ-

ences multiple aspects such as band structure, phonon 

spectrum, and exciton exchange interaction, requir-

ing additional study to clarify the exact depolarization 

process under strain.

3.3   Magnetic tuning

Monolayer TMDCs preserve time reversal symmetry, 

with energetically degenerate excitons in the ±K valleys. 

Thus, valley polarization can only be distinguished by 

circular dichroism. However, this can be broken using 

a strong magnetic field by utilizing the Zeeman effect, 

which shifts the excitonic energy levels in the differ-

ent valleys and offers further control for valleytronic 

applications.

Both Aivazian et  al. [50] and Srivastava et  al. [51] 

elucidated the influence of magnetic field on the spin, 

orbital, and valley angular momentums. While the 

Zeeman shift, due to the spin magnetic moment, does not 

affect optical resonances, which conserve spin, atomic 

orbital contribution does play a role. While the conduc-

tion band edge is composed of electrons in d
z

2 with m = 0, 

the valence electrons of the K valley are composed of 

d-orbitals with m = − 2 and p-orbitals with m = − 1 and 
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reversed for the −K valley. Thus, applying an out-of-

plane magnetic field leads to no change in the conduc-

tion band but a valley-dependent energy shift in the 

valence band. An additional Zeeman shift is induced by 

valley magnetic moments associated with intercellular 

electron motion (Figure 6A). Using polarization-resolved 

magneto-PL at 30  K, it was confirmed in WSe
2
 that the 

PL from the −K valley exciton is lowered in energy with 

respect to the K valley exciton for B > 0 and higher in 

energy for B < 0 (Figure 6B). The magnetic field induces 

an excitonic shift of ∼0.11 ± 0.01  meV per Tesla (Figure 

6C). Such valley energy degeneracy breaking also affects 

the valley polarization, as shown in Figure 6D. In addi-

tion, there is a striking difference between the magnetic 

response of the neutral exciton and charged trions, due 

to the renormalization of excitonic spectrum arising from 

strong exchange interactions.

Additional work by Li et  al. [52] and MacNeill et  al. 

[53] used circularly polarized PL in MoSe
2
 under magnetic 

fields up to 10 T. Neutral and charged excitons shift lin-

early with field strength at a rate of ∓0.12–22 meV per Tesla 

for emission arising from the ±K valleys, indicating the 

lifting of the valley degeneracy.

3.4   Optical tuning

In addition to using a magnetic field to lift the valley 

degeneracy, light can generate a pseudo-magnetic field. 

Using the optical Stark effect, the TMDC exciton levels 

can be tuned using intense circularly polarized light. 

This effect is based on the coherent interaction between 

an exciton and a photon, understood via Floquet theory 

[54]. Within this framework, a time-periodic Hamiltonian 

has quasistatic eigenstates that are evenly spaced in units 

of the driving photon energy. For a simple illustration 

(Figure 7A), a two-level atomic system in the presence of 

monochromatic light is considered. In brief, a two-level 

atom has eigenstates |a〉 and |b〉 that interact with the 

light’s electric field, E(t) = E
0
 cos ωt by coherent absorp-

tion to form photon-dressed Floquet states, |a〉→ | a + ћω〉 

and |b〉→ | b − ћω〉. The hybridization of these optically 

ED
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Figure 5: Mechanical tuning of excitons with strain.

(A) Schematic of the bending setup to strain MoS
2
. Ultrathin MoS

2
 flakes are clamped with titanium on a SU8/polycarbonate substrate that 

is strainable. (B) Raman spectrum as function of the in-plane strain in monolayer MoS
2
. The out-of-plane oscillation A

1g
 mode shows almost 

no change under in-plane strain. In contrast, the in-plane oscillation E
2g

 displays peak shift and peak splitting into two modes with increas-

ing strain. (C) Photoluminescence of strained monolayer MoS
2
. By applying strain, PL emission intensity decreases and peak position shifts 

to lower energy. The inset shows the competition between direct and indirect transition under strain MoS
2
. (A–C) Adapted with permission 

from [48]. © 2013 American Chemical Society. (D) PL emission for σ +  and σ −  polarization for MoS
2
 with no strain and 0.8% in-plane strain. 

The laser excitation is at 1.95 eV with σ +  polarization. (E) Valley polarization as function of strain, decreasing as the strain is increased. 

(D–E) Adapted with permission from [49] © 2013 APS.
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generated Floquet states and equilibrium states results 

in a shift in energy level separation, with magnetic field 

given by

2 2(
,

M )
ab

E t
E

〈 〉
∆ =

δ

where M
ab

 represents a polarization matrix between |a〉 

and |b〉 and δ is (E
b
 − E

a
) −ћω. The sign of ∆E is determined 

by the sign of δ, while magnitude is proportional to inci-

dent light intensity and becomes significant near resonant 

energy levels.

Based on these effects, Sie et al. [54] and Kim et al. 

[56] independently demonstrated that the optical Stark 

effect in WSe
2
 (WS

2
) results in an energy split of more 

than 10 (18) meV between the ±K valleys (Figure 7B–

D), which corresponds to a pseudo-magnetic field as 

high as 60 T. Significant absorption change in specific 
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Figure 6: Valley Zeeman effect.

(A) Diagram of K and −K valley energy levels shift under an out-of-plane magnetic field. The valley-dependent Zeeman effect is attributed to 

three factors (black for spin, green for valley, and purple for atomic orbital). (B) Valley exciton PL with and without a magnetic field. K and −K 

valley energy degeneracy lifts in the presence of a magnetic field. Blue and red curves correspond to co-polarized excitation and detection. 

(C) The magnetic field-dependent K and −K valley energy splitting extracted by two methods. The solid line is a linear fit. The bar at the top 

right is the spectral resolution of measurement system. (D) Valley polarization degree for excitons as a function of field strength. Blue (red) 

represents σ +  (σ −) pump. (A–D) Adapted with permission from Macmillan Publishers Ltd., Nature Physics [50], © 2015.
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valleys indicated that the valleys’ energy level shifts 

with circular polarized light pumping. This high mag-

netic field is difficult to achieve with conventional 

magnets, yet it can be achieved using femtosecond 

light pulses [54, 56].

Under even higher power incident femtosecond 

pulses, fluences up to mJ/cm2, Chernikov et  al. [55] 

showed that the optical response changes over a spectral 

range of hundreds of meV in WS
2
 (Figure 7E). Under an 

intense pump, a large number of carriers are generated 

and significantly screen the Coulomb interaction. The 

sample undergoes a Mott transition from an insulating 

exciton system to an electron-hole plasma. The absence 

of excitonic resonances, population inversion, and band 

gap renormalization of 500 meV confirms the existence of 

the plasma system (Figure 7F). By monitoring the subse-

quent dynamics, the pump-induced transition is highly 

transient with picosecond lifetimes and fully recovers in 

hundreds of picoseconds [55].

4   Photonic devices based on 2D 

excitons

The light-matter interactions in 2D materials offer several 

unique advantages in optoelectronics and photonic appli-

cations. The strong excitonic resonances and large optical 

oscillation strength cover light interactions from visible to 

infrared. In addition, the low dimensionality of 2D semi-

conductors makes them easily tunable, as the electrical, 

optical, and mechanical properties can all be controlled 

using multiple modulation methods. Such flexibility offers 

potential for device applications such as tunable excitonic 

optoelectronics devices. The atomically thin vdW nature 

provides a platform for reducing form factor and sub-

strate-free assembly, compared to semiconductors requir-

ing epitaxial substrates. Finally, most 2D semiconductors 

have strong emission due to their direct band gap. In this 

part, we review recent developments in optoelectronic 
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Figure 7: Optical control of excitons.

(A) Illustration of optical stark effect for two-level system. Ground state |a〉 and excited state |b〉 can hybridize with Floquet states |a + ћω〉 

and |b + ћω〉 induced by coupling with electromagnetic field, leading to energy shift ∆E. The magnitude and sign of ∆E are dependent on 

the detuning energy, optical pump power, and coupling strength of the system. (B) Valley selective optical stark effect with σ −  polarization 

pump, showing the effect on the K valley, but no effect on the −K (K′) valley. (C) Corresponding modification in energy diagram for differ-

ent valleys with σ −  pump. The left (right) pair corresponds to the K (−K) valley. (D) Spectral weight transfer (SWT) and energy shift versus 

fluence/∆ (detuning energy). (A–D) Adapted with permission from Macmillan Publishers Ltd., Nature Materials [54], © 2014. (E) Optical 

absorption of two layer WS
2
 with and without an intense laser pump after substraction of a linear background. It shows significant band 

renormalization and ellimiation of the exciton under high pump power. (F) Schematic of the transition from an excitonic regime to a electron-

hole plasma with high density of carriers injected by optical pump. (E–F) Adapted with permission from Macmillan Publishers Ltd., Nature 

Physics [55], © 2015.
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and photonic devices based on 2D semiconductors such 

as excitonic LEDs, optical modulators, integration with 

photonic and plasmonic structures, and lasers.

4.1   Excitonic LED

Now ubiquitous in lighting, LEDs are light sources based 

on the recombination of electrically injected electrons and 

holes in p-n junctions. The recombination produces light 

of color corresponding to the band gap of the semiconduc-

tors involved and junction barriers. Currently, LEDs have 

been widely used for multiple purposes due to the high-

energy utilization efficiency, long lifetime, fast switching, 

and dense packaging. Thus, a naturalistic application for 

direct band gap 2D semiconductors is in the development 

of bright, flexible, and ultra-thin LEDs.

In 2013, Sundaram et  al. [57] fabricated a Schottky 

junction between monolayer MoS
2
 and a Cr/Au contact. 

Applying a large voltage bias (∼2–5 V) in the crystal results 

in electroluminescence (EL). The authors claim the hot 

carrier injected under large bias voltages generates exci-

tons at the metal-MoS
2
 interface via impact excitation. 

The electrically generated excitons recombine to photons 

in the form of the observed EL [57]. In parallel, Ye et al. 

[58] achieved exciton-dominant EL in a MoS
2
/Si junction. 

Further progress enabled the fabrication of in-plane p-n 

junction on one 2D crystal. By using multiple electrical 

gates, the TMDC can be tuned to make one side p-type and 

the other side n-type (Figure 8A–C). The in-plane p-n junc-

tion provides efficient injection of electron and hole to 

generate EL with 1000 times smaller injection current [10, 

59–61]. In addition, changing the injection current bias 

can tune the emission from exciton to trion (Figure 8D). 

Recently, Withers et al. [62] have reported a tunneling LED 

with an external quantum efficiency of ∼10% at 6 K. Using 

vertical heterostructures of graphene electrodes, boron 

nitride tunneling barriers, and WS
2
, they assemble a fully 

2D LED. The vertical junctions reduce the contact resist-

ance, allow for higher current densities, and achieve lumi-

nescence from the complete device surface.

As previously mentioned, one major advantage of 

TMDCs is the control of valley polarization using optical 

means. However, it is advantageous for devices to 

utilize an electrical method to achieve this polarization. 

Zhang et  al. [63] demonstrated that a chiral LED can be 

Figure 8: Exciton LEDs.

(A) Schematic and (B) microscope image of monolayer WSe
2
 LED devices based on p-n junctions. Two palladium back-gates (V

g1
 and V

g2
) can 

separately tune doping levels at corresponding spatial regions to form a p-n junction. Under a source-drain voltage (V
sd

), the electrons (blue) 

and holes (yellow) in (A) transport in antiparallel directions and recombine in the junction to yield EL. (C) Scanning photocurrent image at 

100 K shows dominant photocurrent generation mainly in the junction. The orange dashed lines indicate the boundary of source and drain 

electrodes, while the blue dashed line indicates the boundary of back-gates. (d) Bias current-dependent EL intensity and spectra. The broad 

spectra include emission from impurity-bound exciton (black arrow), charged exciton (red arrow for X− and grey arrow for X+), and neutral 

exciton (green arrow). (A–D) Adapted with permission from Macmillan Publishers Ltd., Nature Nanotechnology [10], © 2014.
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fabricated, emitting σ+ circularly polarized light under 

forward bias and σ− in the reverse. In TMDCs, lowering 

the Fermi level into the valence band (∼80 meV below the 

edge) results in anisotropic hole behavior, in a phenom-

enon known as trigonal warping (the conduction band is 

not as affected). Applying an in-plane bias shifts the elec-

tron and hole regions in different directions. This affects 

the overlap between the electron and holes, which also 

determines the optical transition strength. Interestingly, 

under forward and reverse biases, ±K valleys are affected 

differently. They demonstrated that WSe
2
-based ambipo-

lar devices can form p-i-n junctions that emit circularly 

polarized EL (Figure 9A,B). The observed valley polariza-

tion increases with larger in-plane biases, and up to 20% 

is observed for 6 V at 40 K and reverses polarization when 

the bias direction is reversed. However, trigonal warping 

is related to the crystal’s symmetry, indicating that EL 

is sensitive to the angle between crystal orientation and 

applied electrical field [63].

Instead of using the valley-dependent electron-hole 

overlap in trigonal warping, the injection of a spin-

polarized carrier into TMDCs can also electrically gener-

ate valley polarization. The large spin-orbit coupling in 

WS
2
 (440  meV) splits the valence bands to spin-up and 
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Figure 9: Valley LEDs.

(A) Circular polarized EL from p-i-n junctions of an electric-double-layer transistor based on thin WSe
2
 flakes. Top schematic represent emis-

sion intensity difference for K and −K (K′) valley under forward and backward source-drain bias. Bottom spectra are corresponding EL. (B) 

Illustration of electron-hole overlap shift under a in-plane electrical field in 2D TMDCs with trigonal wraping features (detailed explanation 

in the text). Red and blue lines outline distribution contours of electron in the conduction band and holes in the valence band. Orange (K) 

and green areas (−K) show the electron-hole overlap accouting for photon emission of the given polarizations. (A–B) From [63]. Reprinted 

with permission from AAAS. © 2014. (C) Schematic of electrically driven valley polarization via spin injection. (Ga, Mn)As is a ferromagnetic 

semiconductor used as a spin aligner under external magnetic field. A monolayer TMDC (WS
2
) forms a heterojunction with (Ga, Mn)As and 

spin-polarized holes can be injected from (Ga, Mn)As to TMDC. The injected holes reside in specific valleys due to spin-valley locking and 

recombine with electrons in the n-type TMDC to emit polarized photons. (D) EL helicity from TMDC as a function of out-of-plane magnetic 

field. The hysterisis resembles the (Ga, Mn)As magnetization hysterisis loop measured by SQUID. This confirms the efficient spin injection 

and electrical generation of valley polarization. (C–D) Adapted with permission from Macmillan Publishers Ltd., Nature Nanotechnology 

[64], © 2016.
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spin-down bands. The preservation of time-reversal sym-

metry requires that bands at the ±K valleys must take 

the opposite spins, forming a spin-valley locking rela-

tionship. Using n-type WS
2
, a spin-polarized hole may 

be injected to selectively recombine with the material’s 

natural electrons. Ye et  al. [64] used a dilute ferromag-

netic p-type semiconductor (Ga,Mn)As to form LED with 

monolayer WS
2
. The spins of (Ga, Mn)As, like the bands 

in WS
2
, are in the out-of-plane direction (Figure 9C). 

Applying a forward bias on the (Ga, Mn)As with the WS
2
 

electrode grounded injects holes across the junction into 

WS
2
. The injected holes only populate either the +K or 

the −K valley based on the holes’ spin direction (either 

up or down, controlled by an external magnetic field). 

As plotted in Figure 9D, the TMDC emission helicity hys-

teresis as a function of magnetic field is consistent and 

dependent upon the magnetization hysteresis of (Ga, Mn)

As, confirming that valley carriers were generated by spin 

injection from (Ga, Mn)As. The valley-polarized holes 

recombine with the WS
2
 electrons to produce EL, with a 

valley polarization of 16% at 10  K. Dynamics measure-

ments of the scattering from +K or −K can infer a valley 

injection efficiency of 45%. Injection efficiency can be 

improved using a cleaner interface and more suitable 

band alignment between the ferromagnetic semiconduc-

tor and the TMDC [64]. Electrical generation of valley car-

riers can be integrated with manipulation and detection 

of valley polarization, such as the valley Hall effect, to 

boost the development of valleytronics.

4.2   Optical modulator

Graphene, TMDC, and black phosphorous may meet the 

emerging demand for compact, efficient, fast, and broad-

band optical modulators. For example, graphene’s zero 

bandgap enables operation at an extremely broad spec-

tral range extending from the visible to the terahertz 

frequency due to its unique linear energy-momentum 

dispersion relation [65]. In addition, low density of states 

near the Dirac point enables large Fermi level tunabil-

ity via electrical gate. Meanwhile, high mobility and low 

resistance allow high-speed electro-optical modulation, 

up to GHz [65]. Based on third-order nonlinear processes, 

saturable absorbers [66, 67], wavelength converters [68], 

and polarization controllers [69] have been demonstrated 

with high performance.

Unlike graphene, TMDCs and black phosphorus 

exhibit direct bandgaps for resonant light absorption, 

offering properties complementary to graphene. For 

example, TMDCs typically have large excitonic absorption 

in the visible and near-infrared, and black phosphorus 

shows large excitonic absorption in the near- and mid-

infrared. Compared with graphene, 2D semiconductors 

have lower mobility and higher resistances and may not 

be suitable for ultrahigh speed electrical modulation. 

However, 2D semiconductors can provide larger modula-

tion depth due to their excitonic absorption. In contrast 

to the universally weak absorption in graphene, 2D semi-

conductors can absorb more than 10% of incident light 

even as a singular layer. In addition, 2D semiconductors 

support multiple types of external modulation such as 

electrical, mechanical, optical, and magnetic tuning and 

show sensitive excitonic response. Furthermore, based 

on Miller’s rule, such strong linear absorption indicates 

large nonlinear susceptibility for modulation applica-

tions such as saturable absorbers. For example, TMDC-

based saturable absorbers for all-fiber pulsed lasers in 

the visible regime have been reported [70], demonstrat-

ing the potential for future pulsed fiber laser sources in 

the visible range. In addition, monolayer TMDCs with 

inversion symmetry breaking can exhibit strong second-

order nonlinearity. The strength of the generated second 

harmonic can be electrically controlled and is strongly 

dependent on the crystallographic orientation of the 

crystal. With the high optical nonlinearity in 2D semi-

conductors, more nonlinear frequency conversion pro-

cesses such as four wave mixing can be applied for light 

modulation.

4.3   Purcell effect with photonic and 

plasmonic structures

The atomic thickness of 2D TMDCs and strong exciton 

oscillation strength allow easy integration into and 

strong coupling with photonic structures such as planar 

photonic crystal cavities, optical ring resonators, optical 

microcavities, as well as plasmonic structures. The large 

binding energy of the excitons indicates a small Bohr 

radius and large oscillation strength due to the electron-

hole wave function overlap. As the exciton-photon cou-

pling strength, g, is proportional to the square root of 

the exciton oscillation strength, an enhanced coupling 

strength is expected for large binding energies.

In the weak coupling regime, where coupling strength 

g is much smaller compared with exciton linewidth Г, the 

Purcell effect dominates. Namely, by engineering external 

photonic density of states, the exciton decay rate changes 

accordingly by the Purcell factor [71, 72]. Such modifica-

tion has an influence on the PL intensity, valley polariza-

tion, and coherence where radiative, non-radiative, and 
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inter-valley scattering channels are dynamically linked 

with each other.

The coupling of 2D TMDCs with optical cavities was 

first reported by Gan et  al. A planar photonic crystal 

(PPC) nanocavity was designed with a cavity resonance 

overlapping with the broad 1s exciton resonance in mon-

olayer MoS
2
. Monolayer MoS

2
 was transferred onto the 

cavity after exfoliation on a polymer substrate. Compared 

with reference samples, five times enhancement of the 

PL intensity at the cavity resonance wavelengths was 

observed. Because of the moderate Q factor (∼300) and the 

sub-wavelength mode volume, a large Purcell factor for 

the cavity mode was deduced to be over 70 [73]. Later, Wu 

et al. [74] placed monolayer WSe
2
 onto a photonic crystal 

(PhC) with a cavity and effectively coupled cavity-mode 

emission resulting in ∼60 times enhanced PL and a strong 

pattern of the emission angle in the sub-wavelength scale 

(Figure 10A,B). The two planar 2D TMDC-photonic crystal 

cavity systems allow fabrication for electrical contacts 

and gate on the monolayer TMDC, providing possibility 

to electrically manipulate coupling between the cavity 

photon and 2D exciton. Similar emission enhancements 

or wavelength selections have been achieved by placing 

monolayer TMDCs in resonators and microdisk cavities 

[76, 77].

It is also possible to enhance exciton emission by cou-

pling TMDCs to plasmonic structures, such as Ag nanow-

ires (Figure 10C) [75] or Ag disk arrays [78]. The large 

optical confinement in such structures and strong local 

field can strongly enhance exciton-plasmon coupling. 

PL enhancement of about 20 times has been observed 

(Figure 10D). The strong exciton-plasmon coupling can 

also induce polaritons, which was studied using angle-

resolved reflection spectroscopy [79].
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Figure 10: Excitonic enhancements from the Purcell effect.

(A) SEM image of a 2D photonic crystal. (B) Polarization dependence of the cavity-coupled MoS
2
 in the cavity. Clearly, a large enhancement 

can be seen at the correct polarization. (A–B) Reprinted from [73], with the permission of AIP Publishing. © 2013. (C) Schematic of hybrid 

MoS
2
-Ag nanowire system. (D) PL spectra comparison for MoS

2
 emission on and off Ag nanowire, showing significant enhancement of the 

neutral exciton on the Ag nanowire. (C–D) Adapted with permission from [75] © 2015 APS.
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4.4   Exciton-polariton

In contrast to weak coupling, if g is comparable with or 

larger than Г, the excitons will experience strong coupling. 

In strong coupling, an exciton is coherently coupled with 

a photon, resulting in formation of new eigenstates that 

are half-light, half-matter bosonic quasiparticles called 

cavity polaritons. The strong light-matter interactions in 

2D TMDCs give rise to large g, estimated to be tens of meV. 

Considering the large exciton binding energy (several 

hundred meV), it suggests the possibility of observing the 

cavity polaritons even at room temperature.

Placing monolayer MoS
2
 between two distributed 

Bragg reflector mirrors, Liu et al. [80] observed the first 

cavity polaritons of MoS
2
 in a microcavity (Figure 11A). 

Highly reflective DBRs form a cavity to trap photons, and 

MoS
2
 was designed to be placed at the antinode of the 

mode to have maximum coupling with the photons. The 

cavity mode for the bare cavity has a moderate Q of ∼200 

at room temperature (Figure 11B). As shown in Figure 11C 

and D, the presence of excitons splits the single reso-

nance cavity mode into two branches in the E-k disper-

sion with a large Rabi splitting (hΩ ∼ 53 meV), mapped 

by angle-resolved reflection and PL spectroscopy [80]. 

Dufferwiel et al. [81] have further shown the control of 

detuning between the cavity and the exciton resonances 

via a microcavity with a tunable cavity length. Depend-

ing on the quality of the monolayers and the cavity, 

the reported value of Rabi splitting varied between 20 

and 100 meV [81–83]. As polaritons can retain material 

properties such as valleys in 2D TMDCs or anisotropic 

excitons of black phosphorus, they provide a new route 

to studying more exotic phenomena beyond traditional 

excitons. In addition, the robust bosonic exciton-

polariton with large Rabi splitting observed at room 

temperature provides the possibility of demonstrating 

room-temperature polariton condensation at the 2D 

limit.

4.5   Exciton laser

Strong light-exciton interaction and atomically thin 

volume are advantages for 2D semiconductors as gain 

medium for the development of lasers. Multiple cavity 

designs have been utilized to demonstrate lasing from 

2D materials. Wu et  al. [84] showed ultralow-threshold 

lasing below 160  K in a coupled monolayer WSe
2
-pho-

tonic crystal cavity system (Q ∼ 2500). The system was 

under continuous-wave (CW) pumping and achieved a 

lasing threshold of ∼1 W/cm2 [84]. In parallel, Ye et  al. 

[85] reported lasing characteristics such as L-L curve and 

linewidth narrowing in monolayer WS
2
 embedded in a 

high Q (>2000) optical ring resonator. By pumping with 

a femtosecond pulsed laser at 10  K, a lasing threshold 

of ∼20 MW/cm2 was shown [85]. In a slightly different 

scheme, Salehzadeh et al. [86] showed lasing from four-

layer MoS
2
. Oxygen-plasma treated MoS

2
 acts as a gain 

medium at the interface between a free-standing micro-

disk and a microsphere. The MoS
2
 becomes direct band 

gap after the plasma treatment and provides additional 

mode overlap, which enhances the mode overlap and 

light-matter coupling to reduce the lasing threshold. The 

L-L curve and line-width narrowing infer a lasing thresh-

old of >1 kW/cm2 under CW pumping at room tempera-

ture [86].

The discrepancy in the lasing threshold requires 

additional study to clarify. It may originate from different 

mode volume overlap and cavity Q factors or from the dif-

ferent quantum yields in the TMDC samples, which have 

non-radiative channels such as surface traps and exciton 

annihilation. As MoS
2
 can reach a near unity quantum 

yield PL with chemical treatments, it may be possible to 

reduce the lasing threshold in the future. Besides optically 

pumped lasers, electrically controlled lasing devices are 

needed to develop commercial and integrated devices. 

Finally, taking advantage of the exotic excitonic physics 

has a potential to create valley lasers or THz lasers based 

on inter-excitonic transitions.

5   Conclusions and perspective

In summary, the excitons in 2D materials provide a rich 

platform for exploring the emerging physics and enable 

the diverse photonic applications of these materials. The 

excitons exhibit such a strong effect due to spatial con-

finement and reduced screening at the 2D limit, where 

even charged trions are observable at room temperature. 

Probing the energy of the excitonic series showed that 

the binding energy of these excitons is extracted into the 

hundreds of meV. These 2D systems have large oscillator 

strengths, unique optical selection rules, and versatile 

tunable parameters. This enables the study of the light-

matter interaction at the molecular thickness limit and 

inspires rapid progress into developing functional opto-

electronics and photonics, such as LEDs and lasers, based 

on 2D semiconductors.

The current research and understanding of 2D semi-

conductors point towards multiple future directions. 

For example, optical manipulation of the excitonic 
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fine structure and utilization of spin and valley have a 

potential in quantum information. The strong coupling 

in exciton-polaritons may enable BEC and superfluid 

behavior in 2D. In addition, the high carrier mobil-

ity and infrared band gap in black phosphorus make 

it ideal for the development of optoelectronic devices. 
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Figure 11: Exciton-polaritons.

(A) Schematic of a typical microcavity using a DBR sturcuture. (B) Reflective spectra for passive location in the microcavity without MoS
2
 

(black line) and active location with monolayer MoS
2
 (blue line). Red dashed line indicates the exciton energy. (C) Angle-resolved reflectiv-

ity spectra showing strong coupling at room temperature. The red dashed line represents exciton energy without coupling, whereas the red 

curves show hybrid exciton-polariton modes. (D) Exciton-polariton dispersion. Red dots, showing the energy of exciton-polariton modes, are 

extracted from red curves in (C). The dashed black lines refer to energy of exciton and cavity mode. The detuing is −56 meV at zero degrees. 

A clear Rabi splitting between lower and upper polariton branch is extracted as 53 ± 4 meV. (A–D) Adapted with permission from Macmillan 

Publishers Ltd., Nature Photonics [80], © 2016.
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Finally, assembling vdW heterostructures can open up 

a new route for exploring unique exciton physics and 

applications.
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