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1. Introduction

2D layered materials, such as graphene and transition metal 
dichalcogenides (TMDs), have aroused great interest during the 
last decade because of their extraordinary properties for both 
fundamental physics and promising potential applications.[1–16] 
Though graphene has very high mobility, there is a key bot-
tleneck for graphene-based transistors that its on-off ratio is 
very small due to the inherent gapless band structure of gra-
phene.[1,17] Superior to graphene, monolayer (1L) TMDs with 
native direct bandgaps in the visible and near-infrared range 
have begun to attract increasing attention as 2D semiconduc-
tors. TMDs with common formula MX2 (M = Mo, W; X = S, Se),  
as representative prototype systems of 2D semiconductors, 
have been widely and intensively studied. Among them, 1L 
tungsten disulfide (WS2) is attracting a growing interest due to 

2D semiconductor tungsten disulfide (WS2) attracts significant interest in both 
fundamental physics and many promising applications such as light emit-
ters, photodetectors/sensors, valleytronics, and flexible nanoelectronics, due 
to its fascinating optical, electronic, and mechanical properties. Herein, basic 
exciton properties of monolayer WS2 are reviewed including neutral excitons, 
charged excitons, bounded excitons, biexcitons, and the effects of electrostatic 
gating, chemical doping, strain, magnetic field, circular polarized light, and 
substrate on these excitonic structures. Besides basic excitonic emission, 
single-photon emission, exciton–polaritons, and stimulated emission in mono-
layer WS2 are also discussed. The understanding of these optical phenomena 
is critical for the development of potential optical applications in electronic and 
optoelectronic devices. Finally, a summary and future prospective of the chal-
lengers and developments regarding 2D semiconductor WS2 is presented.
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its unique properties such as large spin–
orbit coupling (≈420 meV), high emis-
sion quantum yield,[18] large exciton/trion 
binding energy,[19–21] nonblinking photon 
emission,[21] and so on. The most common 
and stable stacking structure of WS2 is 
2H, in which the W atoms of a given layer 
are sitting exactly on top of the S atoms 
of its neighboring layer. Bulk and multi-
layer WS2 are indirect-gap semiconduc-
tors. Interestingly, when thinning down 
to 1L thickness, it converts into a direct-
gap semiconductor with the energy gap 
of ≈2 eV.[22] Therefore, it presents strong 
photoluminescence (PL).[23] Combined 
with the relatively low defect density in 
WS2, 1L WS2 shows a higher PL quantum 
yield (≈6%) than other 2D semiconduc-
tors (compared to ≈0.1% in 1L MoS2).[18] 

Furthermore, due to the breaking of inversion symmetry and 
strong spin–orbital coupling in 1L WS2, the electronic states of 
the two valleys have different chiralities and lead to the valley-
selective circular dichroism behavior.[24–26] This motivates sig-
nificant interest in manipulating the spin and valley degrees 
of freedom and development of novel valleytronics. All these 
interesting and exceptional properties, plus the newly disclosed 
biexciton,[27,28] single-photon emission,[29] exciton–polaritons,[30] 
and stimulated emission[31] in 1L WS2, make it promising 
candidate for applications in next-generation nanoelectronics, 
optoelectronics, spintronics, and valleytronics. Herein, we 
review the emerging optical properties of 1L WS2. We first 
highlight recent progress in the basic exciton properties of 1L 
WS2 including neutral excitons, charged excitons, bounded 
excitons, biexcitons, and the modulation of these basic exciton 
properties. Second, single-photon emission, exciton–polaritons, 
stimulated emission, electroluminescence, harmonic genera-
tion, dark excitons, and exciton dynamics in 1L WS2 are also 
reviewed. In the end, we provide a summary and an outlook of 
the challenges and potential developments in 1L WS2.

2. Fundamental Excitonic Emission of 2D WS2

2.1. Neutral Excitons and Trions

PL spectroscopy has been shown to serve as a powerful tech-
nique to study the rich physics related to 2D WS2, such as 
strong Coulomb interaction,[19,27] indirect-direct bandgap transi-
tion from multilayer to 1L counterpart,[32] and giant spin-valley 
coupling.[25,26] The weak dielectric screening in 2D WS2 leads 
to the enhanced Coulomb interaction, thereby making the exci-
tons stable even at room temperature (RT) with large binding 
energies.[19–21,27] Figure 1 shows the calculated band structure 
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and PL features as a function of layer thickness in WS2.[22] As 
can be seen in Figure 1a, 1L WS2 has a direct bandgap with 
both of the conduction band minimum and valence band 
maximum (VBM) located at K-point in the Brillouin zone, so it 
shows a strong light emission marked by A peak corresponding 
to the direct excitonic transitions (Figure 1e,f). The increased 
layer thickness leads to the transition from direct to indirect 
bandgap in few-layer WS2 (Figure 1b–d), which can be proved 
by the lower quantum efficiency and appearance of the I peak 
corresponding to the indirect optical transition from PL obser-
vations (Figure 1e,f). Furthermore, strong spin–orbit coupling 
and interlayer coupling (only applicable to few-layer WS2) lead 
to splitting in the VBM, as shown in Figure 1a–d. This splitting 
results in the observation of the relatively weak B peak in addi-
tion to prominent A peak in PL spectra.[22] Though the posi-
tions of A and B exciton vary with sample thickness, the A-B 
splitting energy is found to be independent of layer numbers 
(Figure 1g),[22] which is confirmed by absorption spectra.[32] 
This observation is due to the strong spin-valley coupling, 
which fully suppresses interlayer hopping at the local valence 
band extrema near K-points as a result of the sign change of 
the spin-valley coupling from layer to layer in the 2H stacking 
order.[22]

According to the single-particle picture, after an electron 
is excited from the valence band (VB) to the conduction band 
(CB) by light with energies more than the bandgap energy, the 
opposite process will lead to the PL when the excited electron 
recombines with the hole. In 2D WS2, the electrons and holes 
attract each other through strong Couloumb interaction, which 
makes the excitonic effects dominate the optical transitions and 
can be more accurately described by excitonic picture.[33] This 
section mainly reviews the tunable features of neutral excitons 
(a bounded state of an electron–hole pair) and charged excitons 
(a bounded state of one exciton and additional electron or hole) 
modulated by electrostatic gating,[19,27] molecule doping,[34] 
strain,[35] substrate,[36] and plasmonic and photonic enhance-
ment[37–39] in 1L WS2. We also introduce the circular dichroism 
of exciton as a powerful way to explore the valley physics related 
to 1L WS2.[25]

2.1.1. Electrostatic Gating Effects

Shang et al. have reported the tunable light emissions of neu-
tral and charged excitons in 1L WS2 by electrostatic gating.[27] 
Figure 2a shows the PL spectra of 1L WS2 at different back 
gate voltages ranged from −40 to 40 V, which continuously 
modulates the density of charge carriers. The corresponding 
false-color image of the PL spectrum intensity (Figure 2b) 
clearly demonstrates that the exciton peak is composed of two 
components, which are neutral exciton XA and charged exciton 
XA

− (also called trion) located at lower energy. The fitted ener-
gies and integrated intensities of XA and XA

− as a function 
of gate voltage are shown in Figure 2c,d. As the gate voltage 
increases, the intensity of neutral exciton XA peak gradually 
decreases and nearly vanishes when the gate voltage exceeds 
25 V. On the other hand, the trion XA

− peak slowly becomes 
stronger from −40 to 0 V and nearly keeps unchanged with 
the gate voltage further increasing, completely dominating 

the positive voltage range. The gate-dependent peak inten-
sities help identify the origin of trion to electron-bounded 
exciton because decrease in the electron concentration limits 
the formation of trion. In addition, the sample under 0 V is 
not in the insulating state, possibly due to the native doping 
caused by charge transfer from substrate.[19] The trion dis-
sociation energy is defined as the minimum energy required 
for removing one electron from trion and could be calculated 
by the difference between the neutral exciton and trion. The 
trion dissociation energy increases from negative to positive 
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Figure 1. a–d) Band structure of WS2 with different thicknesses. e) Thickness-dependent PL intensity of thin-layered WS2. The inset shows the com-
parison of PL spectra of 1L and bilayer WS2. f) Normalized PL spectra (by the intensity of A exciton peak) of WS2 thin layers. g) The variations of energies 
of A, B, and I peaks with layer numbers. Reproduced with permission.[22] Copyright 2013, Nature Publishing Group.

Figure 2. a) PL spectra and b) false-color image of the PL spectrum intensity as a function of gate voltage for 1L WS2 at RT. c) The energies and  
d) integrated intensities of neutral and charged exciton extracted from the PL spectra of 1L WS2 as a function of the gate voltage. Reproduced with 
permission.[27] Copyright 2015, American Chemical Society.
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gate voltage (Figure 2c), which is attributed to the increase of 
Fermi level.[40]

2.1.2. Molecule Doping Effects

In addition to electrostatic gating, the charge transfer induced 
by molecule adsorption has also been shown to tune the 
Fermi level of 1L WS2 by Peimyoo et al.[34] It is demonstrated 
that 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (also 
known as F4TCNQ) can withdraw electrons from 1L WS2 and 
achieve p-type doping effect by electrical transport measure-
ments.[34] As adsorption of the F4TCNQ increases, the inten-
sity of the neutral exciton peak is significantly enhanced while 
that of negative trion slightly decreases in the first few steps 
and then remains stable in 1L WS2 (Figure 3a,b). The observed 
trend is consistent with the evolution of PL features under 
negative electrostatic gate voltage and calculation results.[19,34] 
Moreover, the reversibly tunable exciton and trion by annealing 
effect has been studied by the same group (Figure 3c). After 
heat treatment, the spectral weight of neutral exciton is fully 
suppressed for F4TCNQ doped 1L WS2, which demonstrates 
the successful removal of the dopants. As a result, 1L WS2 has 
a higher electron concentration after annealing and recovers 
its n-type conductivity. Redeposited by F4TCNQ molecule for 
the second round, the spectral weight of the neutral exciton 
increases and becomes larger compared with that of trion, 
indicating the reversible modulation of the exciton states in 1L 
WS2 through the combination of molecule-doping and thermal 
annealing.

2.1.3. Strain Effects

The exceptionally high breaking strength of atomically thin 
layered materials provides a perfect platform for the imple-
mentation of strain engineering, which plays a crucial role in 
tuning properties of various 2D materials.[41–48] Wang et al. 
have applied uniaxial strain onto 1L WS2 by elongating the flex-
ible polyethylene terephthalate substrate and observed the tun-
able light emissions by in situ strained PL measurements.[35] 
Figure 4a displays the evolution of PL spectra in 1L WS2 as a 
function of uniaxial strain. For lower strain less than 2.2%, the 
overall PL profile shows noticeable redshift with increasing 
strain. In the higher strain region more than 2.5%, a discern-
ible PL peak broadening can be observed together with the 
further redshifts as the strain increases. This broadening is 
attributed to the additional contribution of light emission from 
the indirect optical transition (marked by I peak) and consistent 
with the calculated critical strain of around 2.6% which could 
induce the direct-indirect bandgap transition in 1L WS2.[35] 
From the fitted results in Figure 4b, strain can lead to the 
enhanced intensity of I peak, contrary to the rising trends of A 
and A− peaks. The coincident decrease of two intensity ratios, 
A−/I and A/I, shows direct-indirect spectral-weight transforma-
tion caused by increasing strain (Figure 4c), providing supple-
mentary evidence for the assignment of I peak under higher 
strain. Figure 4d shows the fitted photon energies as a function 
of strain, and the slope of I peak (−0.0187 eV %−1) is higher 
than those of A and A− peaks. Besides, the trion dissociation 
energy, defined as the energy difference between A and A− 
peaks, shows a decreasing trend with increasing uniaxial strain 
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Figure 3. a) Comparison of PL spectra upon sequential doping with F4TCNQ for 1L WS2 at RT. b) Integrated intensities of X, X−, and their sum after 
each doping step. Solid lines indicate the theoretical calculated PL intensities according to the rate equation. c) PL spectra of 1L WS2, 1L WS2 doped 
by F4TCNQ, F4TCNQ/1L WS2 after annealing, and F4TCNQ/1L WS2 doped by second round of F4TCNQ. Reproduced with permission.[34] Copyright 
2014, American Chemical Society.
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(Figure 4e), which can be well explained by the strain-induced 
modifications of polarizability and effective exciton mass.[49,50]

In addition, PL enhancement of multilayer WS2 induced by 
local strain effect on WS2 crystals has been reported by Dhakal 
et al.[51] In their work, the application of uniaxial strain was 
realized by generation of wrinkles on quad-layer WS2, as illus-
trated in Figure 5b. Local strain modifies the band structure 
of quad-layer WS2, in which Λ-conduction band valley (CBV) 
was aligned above the K-CBV (Figure 5a). As can be seen in 
Figure 5c, this indirect-direct bandgap crossover leads to the 
significant PL enhancement in the wrinkle region.[51]

2.1.4. Substrate Effects

Kobayashi et al. have investigated the substrate effects on the 
exciton properties in 1L WS2.[36] Figure 6a compares the PL 
spectra of chemical vapor deposition (CVD)-grown 1L WS2 on 
four different substrates. The PL spectrum of WS2 on graphite 
shows a symmetric profile dominated by the neutral exciton. 
In contrast, the PL spectra on h-BN, sapphire, and SiO2/Si 
can be fitted by two components of both neutral exciton and 
trion, which demonstrates the existence of local charge doping 
in these samples. 1L WS2 samples on both graphite and h-BN 
exhibit narrow luminescence spectral width due to the lower 
defect concentrations and the weak light emission of 1L WS2 
on graphite is attributed to the fast nonradiative process in 
this sample.[36] To further understand the structural defects in 
WS2 samples on different substrates, temperature dependence 
of PL spectra is compared on graphite and SiO2/Si substrates 
(Figure 6b,c). For both of the two samples, the overall PL pro-
file redshifts with increasing temperature, which is a typical 
behavior of semiconductors.[52] In addition, it can be clearly 
seen that the PL profile of the WS2 sample on graphite remains 
symmetric throughout the whole temperature range and its line 
width becomes sharper at lower temperature, reaching 8 meV 
at 79 K.[36] As to the sample on SiO2/Si, the linewidth does not 
show obvious temperature dependence and is still broad even 
at 79 K. These results suggest that graphite is an ideal sub-
strate for the preparation of the high-quality WS2 samples with 
extremely low doping concentration.[36]

2.1.5. Valley Polarization

In addition to probing the effects of external perturbations on 
exciton properties, PL spectroscopy also serves as a powerful 
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Figure 4. a) PL spectra, b) integrated intensities, and d) photon energies of different peaks for CVD-grown 1L WS2 with increasing uniaxial strain. The 
integrated intensities of all peaks are normalized by the intensity of I peak under 3.7% strain. c,e) Integrated intensity ratios of direct-indirect transition 
peak and trion dissociation energies as a function of the strain, respectively. The dashed lines in (b) and (e) are used as guides for the corresponding 
trend under strain and the solid lines in (c) indicate the linear fitting. Reproduced with permission.[35] Copyright 2015, Tsinghua University Press and 
Springer-Verlag.

Figure 5. a) Calculated CBV of the unstrained and 2% strained quad-layer 
WS2. b) SEM image of the quad-layer WS2 under uniaxial strain by way of 
wrinkle generation. c) PL spectra of the quad-layer WS2 measured from 
the flat and wrinkled areas. The inset shows the PL spectral mapping and 
the optical image of the quad-layer WS2 with the periodic wrinkle forma-
tion. Reproduced with permission.[51] Copyright 2017, American Chemical 
Society.
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way to explore the valley physics in 1L WS2.[25,26,53] Valleytronics 
is a recent hot topic that makes use of the freedom degree of 
valley in electrons and has huge potential application prospects 
in the field of valleytronic devices. 1L WS2 becomes a prom-
ising material for valleytronics because both of its valence and 
conduction band edges have two energy-degenerate valleys at 
K and K′ points of the Brillouin zone.[53] Zhu et al. have sys-
tematically studied the circular dichroism of the exciton in 1L 
and bilayer WS2.[25] Figure 7a presents the circularly polarized 
PL spectra of 1L WS2 under near-resonant excitation at 10 K. It 
is found that the PL spectrum is dominated by A exciton and 
the excited light inherits the circular polarization from that of 
excited light owing to the valley selection rules.[25] The degree 
of valley polarization is nearly constant throughout the energy 
range of A exciton and decays when the temperature increases, 
caused by the phonon-assisted electron scattering between 

different valleys (Figure 7b). As shown in Figure 7c, the cir-
cular polarization is 16% at 10 K under the excitation energy 
of 2.33 eV, far away from the A exciton energy of 2.08 eV. This 
indicates that the off-resonance excitation also largely contrib-
utes to the depolarization process.[25]

2.1.6. Plasmonic and Photonic Enhancement

The typical PL quantum yields of exfoliated and CVD-grown 1L 
WS2 samples are relatively lower than presently well-developed 
III–V semiconductors, which limits their practical optoelec-
tronic applications. Some efforts on PL enhancement have been 
made by introducing diverse plasmonic and photonic struc-
tures. Kern et al. have demonstrated the more than one order 
PL enhancement, the controllable polarization characteristics, 

Adv. Optical Mater. 2017, 1700767

Figure 6. a) PL spectra of 1L WS2 on SiO2/Si, sapphire, h-BN, and graphite substrates at RT. PL spectra of 1L WS2 on b) graphite and c) SiO2/Si as a 
function of the temperature. Reproduced with permission.[36] Copyright 2015, American Chemical Society.

Figure 7. a) Circularly polarized PL spectra of 1L WS2 with both σ+ and σ− under near-resonant σ+ excitation at 10 K. The inset plots the degree of the 
valley polarization as a function of excitation energy. b) The temperature-dependent degree of the valley polarization for 1L WS2. c) Circularly polarized 
PL spectra under off-resonant excitation at 10 K. Reproduced with permission.[25] Copyright 2014, National Academy of Sciences.
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and the modified spectral profiles of CVD-grown 1L WS2 by use 
of gold nanoantennas (Figure 8a,b), which is strongly associ-
ated with the plasmonic resonance of nanoantennas.[37] More-
over, Ag films and nanowires together with 
the sapphire spacers have also been used 
to boost the PL of 1L WS2 by the coupling 
between excitons and surface plasmon polari-
tons, where the optimal spacer thickness and 
the new composite system are important for 
the PL enhancement.[38] Interestingly, Galfsky 
et al. have reported the promising broadband 
enhancement via the photonic hypercrystals 
consisting of hyperbolic metamaterials and 
photonic crystal lattice, where the lifetime 
of the spontaneous exciton emission signifi-
cantly reduces (Figure 8c,d).[39]

2.1.7. Defect Effects

Due to the inevitable existence of defects, the 
measured quantum yield in 2D WS2 is quite 
poor.

[32] Recently, Amani et al. have explored 
the effects of chemical treatment on defects 
and quantum yield in 1L WS2.[54] As shown in 
Figure 9, the quantum yield for 1L WS2 after 

chemical treatment by organic superacid bis(trifluoromethane)
sulfonamide (TFSI) is significantly enhanced compared to the 
untreated sample and achieves near-unity at low pump power. 

Adv. Optical Mater. 2017, 1700767

Figure 8. a) Schematic of the hybrid structure of Au-nanoantenna/1L WS2; b) PL intensity map of Au-nanoantenna/1L WS2; c) Optical image of 1L WS2 flakes 
on photonic hypercrystals (PHC); d) PL emission spectra collected from three locations of 1L WS2 on PHC, hyperbolic metamaterial (HMM), and Si. a,b) 
Reproduced with permission.[37] Copyright 2015, American Chemical Society. c,d) Reproduced with permission.[39] Copyright 2016, American Chemical Society.

Figure 9. Incident power dependence of the quantum yield for several as-exfoliated and chemi-
cally treated monolayer WS2 samples. Reproduced with permission.[54] Copyright 2016, American  
Chemical Society.
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In the case of mechanically exfoliated 1L WS2, the dominant 
defect type is sulfur vacancies. This type of defect could be 
effectively repaired by TFSI treatment, which leads to the 
drastic increase of quantum yield.[54] For selenide-based TMDs, 
the same chemical treatment becomes ineffective because their 
defect types are more complex compared with WS2.

2.2. Bound Exciton

The existence of defects or impurities in the 2D materials could 
be bound with the excitons to form bound excitons, which 
allows for the detection of defects by defect-related spectral 
features.[33] Chow et al. investigated the effect of defects on PL 
features of 1L WS2.[55] It is found that a new PL peak (denoted 
as XD) appears at around 1.88 eV after ion bombardment 
treatments, which is attributed to defect-bounded excitons 
(Figure 10a). The spectral weight of this defect-related peak 
rises rapidly with increasing plasma treatment time, while the 
neutral exciton and trion peaks decrease obviously in weight. 
The origin of the defect-related peak was explored by examining 
the PL spectral features of the defective 1L WS2 as a function 
of excitation power (Figure 10b,c).[55] The spectral weight of 
XD initially increases and then decreases with increasing laser 
power, which suggests the saturation of the defect site with 
the trapped excitons. The existence of the defect-related peak 
without remarkable contribution of the trion peak indicates 
that defect-bounded excitons are charge-free. Because the pris-
tine sample free of defects does not display the XD peak despite 
having a large contribution of the trion feature, Chow et al. 
pointed out that the defect-related peak in PL originates from 
defect states which function as exciton traps instead of the radi-
ative transitions related to the impurity levels.[55]

2.3. Biexciton

Multiexcitons could be formed through the interaction between 
different excitons. Here, we give a brief review of biexciton in 1L 
WS2. Recently, Shang et al. have experimentally demonstrated 
the biexciton features of WS2 by PL spectroscopy.[27] Figure 11a 
displays the evolution of PL spectra in 1L WS2 as a function 
of laser excitation power at 4 K. Under relatively low excitation 
powers of 7 and 65 µW, only neutral exciton (XA), trion (XA

−), 
and localized states (LS) caused by defects appear in PL spectra 
of 1L WS2. One extra band denoted as XAXA appears near 
1.98 eV under high excitation power of 9570 µW and is assigned 
as biexciton. The gradual evolution of the four spectral com-
ponents with the laser excitation power could be more clearly 
seen in the false-color image of PL spectrum intensity versus 
photon energy and excitation power (Figure 11b). As shown in 
Figure 11c, XAXA peak slightly blueshifts with increasing excita-
tion power, while the energies of neutral exciton and trion do 
not change much throughout the same power range, indicating 
the decrease of the dissociation energy of biexciton caused by 
higher excitation power. Remarkably, the intensity of the XAXA 
peak exhibits a superlinear behavior with α value of around 1.9, 
in stark contrast to the sublinear behavior for LS and linear 
behaviors for XA and XA

− (Figure 11d). This provides strong evi-
dence for the assignment of the XAXA peak.[27]

After the stimulating discovery of neutral and charged 
exciton with fascinating physics, researchers put biexciton in 
their wish list and successfully found the evidence to prove its 
existence in several 2D TMDs.[27,56,57] Biexcitons is a four-body 
state, comprising of two bound electron–hole pairs. When the 
exciton density increases with the fluence of excitation light, 
biexciton is predicted to form and could be identified by PL 
spectroscopy, with distinct spectroscopic feature with respect to 
neutral and charged exciton.[58] Through a cascade radiative pro-
cess, each biexciton emits two photons with different energies. 
After emission of the first photon, the remaining exciton could 
emit the second photon with a higher energy than the first one. 
The energy difference is the gained energy when two excitons 
bind into a unity, the so-called biexciton binding energy.[58]

2.4. Spatial Characteristics of Exciton Complexes

The heterogeneous PL emission is frequently observed in 1L 
WS2 crystals, especially for CVD-grown samples. Kim et al. 
have reported the distinct spatial patterns of PL features as a 
function of excitation laser power in CVD-grown 1L WS2.[59] 
Figure 12a displays the evolution of PL intensity and posi-
tion images of 1L WS2 with increasing laser power. It is found 
that the edges of triangle WS2 grains exhibit much stronger 
light emission compared to the inner parts independent of 
laser power. In contrast, the PL position images are sensitive 
to the laser power. Under low laser power of around 0.3 µW, 
the overall PL peak of the edge has higher energy than that at 
the inner area, while the trend becomes opposite in the case of 
high laser power of around 100 µW. For the condition of inter-
mediate power, the PL position image is uniform. To probe the 
origin of the dependence of observed spatial characteristics on 
laser power, the PL spectra obtained from the edge and inner 

Adv. Optical Mater. 2017, 1700767

Figure 10. a) PL spectra of 1L WS2 (normalized by the overall PL inten-
sity) after sequential plasma treatment at RT. XO, XT, and XD indicate 
neutral, negatively charged, and defect-related exciton peaks, respectively.  
b) PL spectra and c) spectral weights of the different components for 
the defective 1L WS2 as a function of excitation power. Reproduced with 
permission.[55] Copyright 2015, American Chemical Society.



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700767 (9 of 15)

www.advopticalmat.de

areas for each laser power were fitted by neutral excitons (A0), 
trions (A−), and biexcitons (AA). As can be seen from the fitted 
results in Figure 12b,c, the biexciton peak does not contribute 
to the PL spectra of 1L WS2 in the inner regions, but completely 
dominates the PL emission from the edge regions under high 
excitation power. The predominant emission comes from A− 
and A0 throughout the whole power range in the inner regions, 
but the governed exciton changes as the power varies in edge 
regions and maintains the stronger PL intensities compared 
to the inner regions. The more intense PL emission and larger 
variation of exciton-type contribution in the edges of triangle 
1L WS2 grains is attributed to the larger concentration of elec-
trons, which facilitates the formation of various exciton com-
plexes including neutral exciton, trion, and biexciton.[59]

3. Luminescence beyond Fundamental Excitonic 
Emission of 2D WS2

3.1. Single-Photon Emission

Single-photon sources are important for the next-generation 
quantum information and communications. Recently, the 
rising 2D semiconductors have become the new candidates 
for preparing on-chip single photon emitters.[60–63] On-demand 
single photon emitters generally request high purity, excel-
lent indistinguishability, large generation, and extraction effi-
ciencies. More practically, the room-temperature operation 
and electrical pumping are preferred for the practical on-chip 
quantum technologies. As shown in previous studies,[60–63] the 

bound excitons and/or defect-related emission exist in typical 
exfoliated and CVD-grown 1L WS2, which could be the poten-
tial single-photon sources after additional design and engi-
neering. Palacios-Berraquero et al. have reported deterministic 
single-photon arrays of 1L WS2 enabled by silica nanopillars 
and the cryogenic environment (Figure 13).[29] Toward the on-
chip quantum light applications, further investigation can be 
extended to optimization of operation temperature, improve-
ment of the single-photon purity and efficiency, controllable 
manipulation of quantum entanglement, and development of 
integration strategies with conventional semiconductor fabrica-
tion processes.

3.2. Exciton–Polaritons

In general, the coupling between excitons and photons can 
result in the formation of exciton–polaritons. One efficient 
strategy to obtain exciton–polaritons is employing the planar 
semiconductor microcavity, where the designed cavity photon 
can strongly couple with the excitonic emission bands and 
give rise to the so-called microcavity polaritons featured by 
the split upper and lower polariton branches. The fundamen-
tally attracting properties are expected to be observed at room 
temperature in such 2D semiconductor based on polaritonic 
systems such as Bose–Einstein condensation, superfluidity, 
superconductivity, and other strong nolinearities. The intrin-
sically large exciton binding energy of 1L WS2 is in favor of 
stable exciton–polariton at room temperature, which is superior 
to most counterparts based on conventional semiconductors 

Adv. Optical Mater. 2017, 1700767

Figure 11. a) The evolution of PL spectra of 1L WS2 as a function of excitation powers at 4.2 K. b) False-color image of the PL spectrum intensity as 
a function of photon energy and excitation power. The dashed curves act as guide lines to indicate the spectral evolution. c) Photon energies and  
d) intensities of four spectral components versus excitation laser power. The solid lines in (d) show the linear fitting and the α value is the slope of 
each spectral component. Reproduced with permission.[27] Copyright 2015, American Chemical Society.
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in view of developing practical applications. 
Flatten et al. have reported the exciton–
polariton formation of 1L WS2-coupled open 
microcavity (Figure 14)[30] and electrically 
tunable hybrid polaritons in a 1L WS2-dye 
embedded microcavity[64] together with the 
large Rabi splitting and the mixed excitonic 
nature. Further investigation can be extended 
to the experimental exploration of the pos-
sible room-temperature superfluidity, super-
conductivity, and low threshold polariton 
lasing, where the rich many body physics 
can be explored such as quantized vortices, 
quantum phases, and polaritonic coherence 
properties.

3.3. Stimulated Emission

To develop the promising optical intercon-
nects and quantum communications, the 
on-chip coherent light sources are highly 
demanded and the emerging material system 
of direct bandgap 2D semiconductors opens 
up new opportunities. In general, the reso-
nant optical cavity is requested to enhance 
the spontaneous emission rate and further 
realize the stimulated emission. As a conse-
quence, the lasing light from such photonic 
devices containing the gain media of 2D sem-
iconductors can be obtained. 1L WSe2 and 
WS2 lasing devices by use of the photonic 
crystal cavity[65] and the microdisk,[31] respec-
tively, have been realized at cryogenic tem-
peratures, where the high quality factors 
and the relatively high quantum yield play 
important role in reducing the thresholds. 

Adv. Optical Mater. 2017, 1700767

Figure 12. a) PL intensity images of 1L WS2 with increasing laser power. The insets show the PL 
position images of the same sample corresponding to each laser power. b) Fitted energies and 
c) intensities of different PL peaks as a function of incident laser power. The solid lines denote 
power fits and the values of m indicate the numeric power. Reproduced with permission.[59] 
Copyright 2016, American Chemical Society.

Figure 13. a) PL intensity map of a 1L-WS2 on nanopillar arrays collected at 10 K. b) PL spectra of 1L-WS2 regions located at the flat substrate, 170 and 
190 nm pillars, respectively. Reproduced with permission.[29] Copyright 2017, Nature Publishing Group.
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Meanwhile, a multimode lasing device of few-layer MoS2 has 
been demonstrated by employing a hybrid microsphere-micro-
disk cavity, which operates at room temperature and presents 
a low threshold under continuous wave photoexcitation.[66] To 
further realize the practical 1L semiconductor lasing applica-
tions, the further development of electrically driven lasing 
devices and their on-chip arrays is highly demanded.

3.4. Electroluminescence

Generation of electroluminescence from a 2D semiconductor 
is very important to further develop the practical light-emitting 
devices. Sundaram et al. have reported the electroluminescence 
from 1L MoS2 field-effect transistor, where the emission mech-
anism is attributed to a hot carrier process occurring around 
the metal-MoS2 contact region.[67] Moreover, the electrolumi-
nescence has also been demonstrated in p-n heterojunctions 
containing the hole-doped bulk silicon and the electron-doped 
MoS2, where the emission species of excitons, trions, and 
bound excitons may take responsibilities.[68,69] In particular, the 
typical 1L TMDs such as 1L WS2 and WSe2 own the unique 
valley degree associated with the inversion symmetry breaking, 
which allows developing the chiral electroluminescence. Zhang 
et al. have observed the circularly polarized electrolumines-
cence from 1L and few-layer WSe2 by using electric-double-layer 
transistor structures and the gated ionic liquid.[70] More impor-
tantly, toward the practical light-emitting devices, the mass pro-
duction is generally required and the large-area samples grown 
by chemical vapor deposition can enable such scalable applica-
tions. Electrically tunable valley-polarized light-emitting diode 
has been demonstrated at cryogenic temperatures in a p-i-n 
heterojunction consisting of p-type Si, CVD-grown 1L WS2, 
and n-type ITO, respectively (Figure 15).[71] Further studies on 
improvement of the electroluminescence quantum efficiency 
and room temperature operation will be very helpful for fea-
sible 2D-semiconductor LED applications.

3.5. Harmonic Generation

Nonlinear optical properties of 1L TMDs have been investigated 
under high-intensity laser excitations, implying the promising 
photonic applications for strong and high harmonic genera-
tions.[72–77] Owing to the broken inversion symmetry in 1L WS2, 
the intense second harmonic generation has been uncovered, 
where the extracted second-order nonlinear susceptibility is 
more than 100 times of that of a conventional nonlinear crystal 
(BBO).[75] Moreover, the second harmonic generation shows 
the clear layer number dependence and the generated second 
harmonic signals in odd layers present the larger efficiencies 
than the ones of even layers reflecting the change of the struc-
tural inversion symmetry.[74] The third-order nonlinearities of 
mono- and few-layer WS2 have been explored by the two wave 
mixing technique, where the optical Kerr effect plays an impor-
tant role.[78] The strong harmonic generation properties enable 
the nonlinear microscopic investigation of these layered mate-
rials with the significantly enhanced contrast and the reduc-
tion of the potential substrate-induced light interference and 
such nonlinear optical microscopic approaches can be used to 
probe the diverse properties associated with structural symme-
tries such as thicknesses, orientations, edges, stacking orders, 
grain boundaries, and sizes of these layered crystals and their 
heterostructures.[73,79]

3.6. Dark Excitons

Dark excitons consisting of electron–hole pairs with parallel 
spins have been revealed in 1L TMDs, which are strongly 
related to the splitting electronic structures around both val-
ance and conduction band edges resulted from strong spin–
orbit coupling (Figure 16a).[80–87] The lowest transition of 
the intravalley A exciton in an ideal 1L WS2 is optically dark 
according to electron and hole spin configurations.[81,82,85] The 
dark A exciton of 1L WS2 has been observed under the in-plane 

Figure 14. a) Image of Ag on the silica plinth; b) schematic of a 1L WS2 open cavity; c) Rabi-splitting versus cavity length. Inset shows transmission 
spectra of the cavities with different cavity lengths; Reproduced with permission.[30] Copyright 2016, Nature Publishing Group.
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magnetic field of 14 T at 4.2 K (Figure 16b), which is located at 
47 meV below the emission energy of A exciton.[81] The dark 
exciton states at higher excited states have also been observed 
in 1L WS2 at the excitation wavelength of 990 nm and 10 K via 
two-photon excitation spectroscopy.[80] Moreover, dark trions 
and biexcitons have also been predicted in 1L WS2, which can 
be optical bright by introducing the intervalley electron and 
electron scattering.[88] Furthermore, Danovich et al. have sug-
gested that Auger recombination processes of dark excitons 
may take responsibilities for the low PL quantum efficiency of 
1L WS2.[89] Technically, one promising application of such dark 
excitons with long lifetimes in such 1L TMDs is to form the 
coherent two-level system for quantum information.

3.7. Exciton Dynamics

Investigation of exciton dynamics is important for under-
standing fundamental optical properties of 1L WS2 and devel-
oping practical optoelectronic devices such as low quantum 
yield, intervalley scattering, and light-emitting diodes. Ultra-
short exciton formation time (<1 ps) has been estimated by 
analyzing the decay signals under ultrafast resonant and non-
resonant excitations.[90] Moreover, exciton valley relaxation 
between K and K′ valleys has been determined in 1L WS2 
by monitoring the decay of the circular polarization anisot-
ropy, where fast (<1 ps) and slow valley relaxation times have 
been extracted for electrons and holes, respectively.[91] Strong 

Coulomb-induced intervalley scattering plays an important role 
in the decay of the valley polarization and also results in the 
bandgap renormalization together with the dispersive signals 
in the transient absorption measurement.[92] More interest-
ingly, comparable time-resolved Kerr rotation measurements 
have been performed for tungsten- and molybdenum-based 
1L TMDs, where the additional long-lived time component has 
been observed for 1L WS2 and attributed to optically dark exci-
tons.[93] In particular, exciton recombination kinetics of as-exfo-
liated 1L WS2, chemically treated samples with high quantum 
yields, and encapsulated 1L WS2 has been investigated, where 
the radiative decays strongly depend on the excitation powers, 
the defect passivation, dielectric surroundings, and exciton–
exciton annihilation.[94,95] Besides, the diffusion dynamics of 
both neutral and charged excitons has also been investigated at 
varied temperatures in 1L WS2 and the extracted exciton diffu-
sion lengths have been affected by different mechanisms such 
as thermal activation and scattering processes involved with 
impurities, optical and acoustic phonons.[96]

4. Summary and Outlook

To sum up, we have discussed the interesting optical properties 
of the emerging 2D semiconductor of 1L WS2 with the diverse 
excitonic states and modified excitonic emission. The large 
excitonic effects in 1L WS2 greatly enable the room-tempera-
ture investigation of excitonic properties and development of 

Figure 15. a) The current dependent electroluminescence spectra. σ+ and σ− represent right-handed circular electroluminescence components, respec-
tively. Insets show the schematics of valley-contrasting circular dichroism. b,c) Current dependences of the total emission and three components of 
neutral exciton (X0), negative trion (X−), and bound exciton (Xb). Reproduced with permission.[71] Copyright 2016, American Chemical Society.
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excitonic optoelectronic devices. With the proper material engi-
neering such as doping and strain, the widely tunable optical 
properties can be obtained. In the view of the large-scale mate-
rial preparation, the crystal quality and the sample uniformity 
of the grown 1L WS2 samples are still needed to be improved in 
order to obtain higher luminescence quantum yields and stable 
emission features. Further optical investigation of 1L WS2 can 
be extended to higher-order multiple excitonic states,[97] plexci-
tons,[98,99] Bose–Einstein condensate states,[100] superfluidity,[101] 
and other many body physics. The future development of 
2D-semiconductor based quantum emitters and exciton–polar-
iton lasers under electrical injection and at room temperature 
could open up new opportunities for the promising on-chip 
and room-temperature optical interconnects, quantum infor-
mation, and computing.
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