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              Introduction 
 Two-dimensional (2D) transition dichalcogenide (TMDC) 

materials have recently emerged as a topical area of physical 

science and engineering (see the Introductory article in this 

issue of  MRS Bulletin ). While interest was initially inspired 

by the discovery of graphene, a monolayer of carbon atoms, 

2D TMDC materials bear two signifi cant differences from 

graphene. First, compared with the relatively simple composi-

tion and structure of graphene, 2D TMDC materials feature 

rich compositional and structural variations.  1   They have a 

general chemical formula of MX 2  where M can be a transition-

metal element such as Ta, Nb, Mo, and W, and X can be S, Se, 

or Te. Two-dimensional TMDC materials also have multiple 

polymorphs in crystalline structures, including 1H or 1T for 

monolayers and 1T, 2H, and 3R for a few layers. This variation 

in composition and structure may enable broad tunability in 

functionalities that cannot be obtained with graphene. Second, 

unlike graphene, which is semi-metallic without a bandgap by 

nature or with a trivial bandgap (<0.25 eV) through engineer-

ing,  2   2D TMDC materials such as MoS 2 , WS 2 , MoSe 2 , and 

WSe 2  have bandgaps with amplitudes comparable to those of 

conventional Group IV, II–VI, and III–V semiconductors.  3   As 

the surface of TMDC materials is naturally passivated with no 

dangling bonds, even monolayer TMDCs may show excellent 

electronic and optical properties. This is distinct from conven-

tional semiconductor materials, whose electric and optical prop-

erties are expected to dramatically degrade when scaled down 

to atomic dimensions due to the presence of surface defects. 

Two-dimensional TMDC materials provide an attractive atomic-

scale material platform with versatile functionalities that 

may open up an age of atomic-scale technology, in particular, 

atomic-scale semiconductor technology. 

 A particularly promising application of 2D TMDC materials 

is in photonics. This is largely rooted in the strong exciton-

binding energies of these materials and their prospect to enable 

unprecedented capabilities for engineering exciton dynamics. 

Two-dimensional TMDC materials may have exciton bind-

ing energies one order of magnitude larger than conventional 

semiconductor materials. For instance, the exciton binding 

energy of monolayer MoS 2  is estimated to be in the range 

of 0.4–1.1 eV,  4   –   9   much larger than the tens of meV in typical 

semiconductor materials. This strong exciton binding energy 

bears signifi cant importance for both fundamental and applied 

research. It can induce strong excitonic absorption and emis-

sion, promising the development of extremely fl exible, cost-

effective, and high-performance optoelectronic devices with 

only a minimal amount of materials used. It also makes 2D 

TMDC materials an ideal platform for studies on fundamental 

physics of excitons, in particular those that are usually diffi -

cult to study due to weak exciton binding energy. 

 Two-dimensional TMDCs may enable unprecedented 

capabilities to engineer the dynamics of excitons through ver-

tical heterogeneous integration.  10   –   20   Heterostructures, which 

consist of dissimilar materials integrated together, have been 

widely used as a major platform for the engineering of excitons in 

photonic devices. However, the performance of conventional 
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heterostructures is limited by the requirement of suitable lattice 

matching to enable effi cient charge transfer across interfaces. 

This requirement imposes signifi cant constraints on the tun-

ability of composition and structure attainable in conventional 

heterostructures, which eventually limits functionality. In 

contrast, TMDCs have no dangling bonds at the surface, and 

they interact with adjacent materials only by weak van der 

Waals (vdW) forces. Therefore, 2D heterostructures consist-

ing of dissimilar, vertically stacked TMDC layers may have 

high-quality interfaces and effi cient interfacial charge transfer 

even in the presence of substantial lattice mismatch between 

the layers involved. The composition, structure, and stack-

ing orientation of each layer can be arbitrarily tuned without 

concern about the interface quality. This unprecedented tun-

ability in composition and structure has the potential to enable 

new capabilities for the engineering of excitons unobtainable 

with conventional heterostructures. Unlike the fabrication of 

conventional semiconductor heterostructures with high-quality 

interfaces, which requires costly and sophisticated processes 

such as metal–organic chemical vapor deposition 

or molecular beam epitaxy, 2D heterostruc-

tures may be fabricated simply by manually 

stacking the component materials. 

 In the following sections, recent studies on 

the fundamental excitonic properties of 2D 

TMDC materials are reviewed with a focus 

on the most studied materials to date: MoS 2 , 

WS 2 , MoSe 2 , and WSe 2 . The strategies used to 

engineer the dynamics of the exciton, including 

heterostructures and resonant optics, are dis-

cussed. Also discussed are perspectives on 

scientifi c problems that are important for the 

development of 2D TMDC photonic devices 

but have yet to be answered.   

 Excitonic properties  
 Exciton states and binding energy 
 Knowledge of the band structure of 2D TMDC 

materials is important for understanding the 

excitonic properties of the materials.   Figure 1   

shows a schematic illustration for the Brillouin 

zone of 2D TMDC materials, which has hex-

agonal symmetry dictated by the crystalline 

structure. The valence band edge at the K point 

(the corner of the Brillouin zone) is split into 

two levels due to strong spin–orbital coupling, 

by 160–200 meV  3 , 21   and 430–470 meV  22   for 

molybdenum and tungsten dichalcogenides, 

respectively. For monolayers ,  the valence band 

maximum and the conduction band minimum 

both are located at the K point, giving rise to a 

direct bandgap. As shown in  Figure 1c , with an 

increasing number of layers, the valence band 

edge at the  Γ  point may cross over such that at 

the K point, the bandgap becomes indirect,  3 , 21   

which is related to the atomic orbitals involved in the band 

structure. For instance, Mo 4 d  and S 3 p  orbitals play a deci-

sive role in the band structure of MoS 2 . 
 23   –   25   The spatial extent 

of these atomic orbitals ( ∼ 1.1Å) is comparable to the separa-

tion between the S atoms in adjacent layers but smaller than 

the separation between the Mo atoms.  23   Intuitively, the energy 

levels dominated by the S  p  orbitals are subject to the infl u-

ence of interlayer interactions, while those mainly contributed 

by Mo  d  orbitals are less sensitive to this interaction. The 

valence band edge at the  Γ  point involves contribution from 

S 3 p  orbitals and moves up substantially as the number of layers 

increases, while the conduction and valence band edges at the 

K point, mainly composed of Mo 4 d  orbitals, remain constant 

regardless of the number of layers.     

 Multiple excitons have been observed in 2D TMDCs. Of 

greatest interest are the three excitons with the lowest ener-

gies, named A, B, and C from low to high energy, respectively 

(  Figure 2  a). The A and B excitons arise from the transitions 

between the spin–orbit split valence bands and the lowest 

  

 Figure 1.      Band structures of 2D transition-metal dichalcogenide (TMDC) materials. 

(a) Schematic illustration of the (001) plane and (b) the Brillouin zone of 2D TMDC 

materials. (c) Calculated band structures of bulk MoS 2 , quadralayer MoS 2  (4L), 

bilayer MoS 2  (2L), and monolayer MoS 2  (1L). The black arrows indicate the lowest 

energy transitions. Direct excitonic transitions occur at high energies at the K point. 

With reduced layer thickness, the indirect bandgap becomes larger, while the direct 

excitonic transition barely changes. Monolayer MoS 2  becomes a direct bandgap 

semiconductor. (b) Credit: Wang Yao. (c) Reprinted with permission from Reference 23. 

© 2010 American Chemical Society.    

https://doi.org/10.1557/mrs.2015.144 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2015.144


 TWO-DIMENSIONAL TRANSITION-METAL DICHALCOGENIDE MATERIALS: TOWARD AN AGE OF ATOMIC-SCALE PHOTONICS   

594  MRS BULLETIN     •      VOLUME 40     •      JULY 2015     •      www.mrs.org/bulletin  

conduction band at the K point,  26   while the C exciton is associ-

ated with the transition from the valence band to the conduc-

tion band at some part of the Brillouin zone between the K and 

 Γ  points  7 , 27   ( Figure 2b ).     

 Many of the interesting properties of the excitons are rooted 

in the atomic orbitals involved. For instance, the band edges 

at the K point are mainly contributed by Mo 4 d  orbitals, and 

hence the positions of A and B excitons are less sensitive to 

the number of layers than the C exciton.  28   Additionally, the 

strong spin–orbit coupling of transition-metal orbitals (such as 

Mo 4 d  orbitals), along with a broken inversion symmetry, can 

lead to strong coupling between the valley and spin polariza-

tions at the ±K point in monolayer TMDC materials.  29   The two 

spin polarizations (spin-up or spin-down) are separately fi xed 

with the valleys at the +K and –K points (i.e., the charges in the 

valleys at the +K point show spin polarizations opposite to those 

in the valleys at the –K point). This provides an intriguing 

capability to control the spin polarization by selectively 

exciting/injecting charges into the different valleys. The selective 

excitation can be achieved through illumination of circularly 

polarized light with wavelengths matching the A or B exciton.  30   –   32   

A recent study reported that charge carriers might also be 

controlled to selectively distribute at the +K and –K points if 

they are electrically injected under the presence of a lateral 

electric fi eld. This is because the electron and hole momentum 

shifts are opposite under such a fi eld.  33   The strong coupling of 

valley–spin polarizations only holds for the A and B excitons 

but not for the C exciton,  30 , 34   which is again understandable 

considering the difference of the atomic orbitals involved. 

 While it is well recognized that 2D TMDC materials have 

a strong exciton binding energy and small exciton Bohr radius, 

the specifi c values of the binding energy and Bohr radius 

vary substantially in the literature. Most existing studies are 

theoretically based on fi rst-principles techniques. The calcula-

tions for the A exciton binding energy in monolayer MoS 2  

vary from 0.5–1.1 eV,  4   –   9   and its Bohr radius 

ranges from 0.9–2 nm.  4 , 6 , 7 , 35   The substantial 

variation indicates the limited capabilities of 

fi rst-principles techniques to deal with the tightly 

bound excitons in 2D TMDCs. Among the few 

experimental measurements of the exciton bind-

ing energy, the results show non-trivial variation 

and uncertainty as well. The binding energies 

of the A and B excitons in monolayer MoS 2  

are measured to be >570 meV  5   and 0.44 eV,  36   

respectively. The binding energy of the  A  

exciton in monolayer WS 2  is reported to be 

0.7 eV 37  and 0.32 eV 36,38  by two different groups, 

the latter might underestimate the binding 

energy given that monolayer WS 2  is expected 

to have a stronger exciton binding energy than 

monolayer MoS 2 , as indicated by the much 

higher luminescent effi ciency. No experimen-

tal results are available for the Bohr radius of 

excitons yet, partially due to the lack of accu-

rate information for the dielectric constant of the atomically 

thin materials. 

 Most of the current work is focused on the A exciton, but 

how the results could be different for the other excitons is not 

clear. Additionally, the defi nition of the exciton Bohr radius, 

which assumes excitons to be spherical, is only valid for 

materials systems that are isotropic or reasonably isotropic 

compared to the Bohr radius. However, the shape of the 

exciton in 2D TMDCs is expected to be anisotropic due to 

the extremely anisotropic dimension of the materials. Some 

clarifi cation would be necessary for the exciton Bohr radius in 

2D TMDCs to make it meaningful.   

 Exciton absorption and emission 
 Due to their extraordinarily strong exciton binding energy, 2D 

TMDC materials generally show strong excitonic absorption. 

One MoS 2  monolayer is able to absorb around 5% or higher of 

the incident light above the optical bandgap (<670 nm), and 

even greater absorption can be observed in monolayer WS 2 . 
 13   

The absorption effi ciency per unit thickness is truly remark-

able, one or two orders of magnitude higher than that of con-

ventional semiconductors such as silicon or germanium. For 

this reason, 2D TMDCs hold great promise for the develop-

ment of ultra-thin, fl exible, absorption-based devices such as 

photodetectors, modulators, and solar cells. However, in order 

for these materials to be useful for practical applications, sub-

stantial improvement in the absorption is necessary as the total 

absorption effi ciency in a monolayer is still weak due to the 

atomic-scale thickness. 

 Increasing the thickness through the use of multiple mono-

layers will increase the absorption effi ciency to some degree, 

but the most appealing strategy would be leveraging the light-

trapping power of optical resonant structures, such as photonic 

crystals or optical antennas. Previous studies have predicted 

perfect absorption in graphene for a narrow-band incidence by 

  

 Figure 2.      Excitonic states in monolayer MoS 2 . (a) Spectral absorption of monolayer MoS 2  

with the A ,  B ,  and C excitons labeled as shown. (b) The band structure of monolayer  MoS 2  

with arrows indicating the interband transitions associated with the A ,  B ,  and C excitons. 

(b) Reprinted with permission from Reference 21. © 2014 Nature Publishing Group. 

Note:  E , energy;  E  g , bandgap energy.    
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using photonic slabs.  39   The strategy of critical coupling used 

in that work could serve as useful guidance for the design of 

2D TMDC perfect absorbers. However, special attention to 

the dispersion of 2D TMDC materials is required. 

 In the design of graphene absorbers, the materials are assumed 

to be dispersionless (i.e., the refractive index is assumed to be 

wavelength independent).  39   In contrast, the refractive index 

of TMDCs may vary by one order of magnitude in the range 

of visible wavelengths.  40   Better strategies that take material 

dispersion into account are needed for the rational design of 

perfect absorbers with 2D TMDC materials. Enabling perfect 

absorption in 2D TMDCs for broadband incidence like solar 

radiation is even more challenging. A recent theoretical study 

has demonstrated that by integration with a chirped planar 

dielectric cavity, monolayer MoS 2  can absorb as much as 33% 

of incident visible light over a 300 nm bandwidth.  41   This is 

yet not good enough for many applications such as solar cells. 

 Monolayer 2D TMDCs also feature excitonic emission  3 , 21   

(  Figure 3  a). The emission is usually dominated by the A exciton. 

Surprisingly, despite the strong exciton binding energy and 

natural surface passivation, the luminescence quantum yield 

of 2D TMDCs observed in experiments is not high. The pho-

toluminescence (PL) quantum yield of monolayer MoS 2  is 

reported to be around 0.45%,  3   which indicates that the decay 

of excitons is mainly through non-radiative pathways. Recent 

studies suggest that defects play a dominant role in facilitating 

the non-radiative recombination of excitons in 2D TMDCs.  42 , 43       

 One unique feature in 2D TMDC emission is the involvement 

of negatively charged excitons, also called trions  44 , 45   ( Figure 3b ). 

The negatively charged exciton consists of a neutral exciton 

bound with an additional electron by Coulomb interactions 

and forms because of the strong exciton binding energy of 2D 

TMDC materials. Its emission shows energy lower than that 

of the neutral exciton, and the difference represents the trion 

binding energy, which is around 20 meV in monolayer MoS 2 . 
 44   

The emission effi ciency of trions is much lower than that of 

neutral excitons ( Figure 3b ), because trions tend to facilitate 

three-particle non-radiative recombination, such as Auger 

recombination. Therefore, it is highly desired to minimize the 

population of trions to achieve high luminescence effi ciency. 

 The population ratio between neutral excitons and trions 

strongly depends on the concentration of free electrons in the 

materials, as a higher concentration of free electrons facilitates 

the formation of trions. Recent studies have demonstrated that 

the PL of monolayer MoS 2 , WS 2 , and WSe 2  depends on gating 

voltage, crystalline defects, chemisorption of molecules, and 

substrates. All of these can essentially be ascribed to the effect 

induced by the change in free carrier concentration. PL can 

serve as a useful tool to characterize the doping level of 2D 

TMDCs.  46     

 Exciton dynamics 
 Understanding the dynamics, including generation, dissociation, 

transfer, and relaxation, of excitons is important for the devel-

opment of photonic devices. Because of the strong spin–valley 

coupling, the dynamics of excitons in monolayer TMDC 

materials involves two aspects, charge dynamics and polariza-

tion dynamics. Hot charge carriers may relax energy through 

interband transitions (charge dynamics) and relax spin–valley 

polarization through intervalley transitions (polarization 

dynamics). It is generally recognized that the interband relax-

ation in monolayer MoS 2  is mainly non-radiative and involves 

two major decays: a fast decay on a time scale of 1–3 ps and 

a slow decay on a time scale of 10–100 picoseconds.  42 , 43 , 47 , 48   

 The radiative recombination of the excitons in monolayer 

MoS 2  is estimated on a time scale of hundreds ps to  ∼ 1 ns 

at room temperature.  49 , 50   The interband relaxation is believed 

to be dominated by defect-assisted recombinations.  42 , 43   The 

two decay steps could be correlated with two 

defect-assisted capturing processes for hot 

charge carriers with different capture rates  42   

(  Figure 4  a). The dominance of defect-assisted 

recombinations is supported by the independence 

of the decay rate on temperature and the fl uence 

of the pumping beams  42 , 43 , 51   ( Figure 4b–c ). 

It seems that phonon scattering and Auger 

recombination, two important mechanisms for 

exciton decay in conventional materials, do 

not play any major role in the interband exciton 

relaxation of monolayer MoS 2 . The spin–valley 

polarization dynamics of 2D TMDCs bears 

much similarity to the charge dynamics  48 , 52   and 

has been reported to consist of two decay steps 

as well: a fast decay on a time scale of hun-

dreds fs and a slow decay on a time scale of 

around 10 ps.  48 , 52   The polarization decay is 

also found to be independent of temperature.  48   

However, different from the interband relax-

ation, in which holes and electrons decay at the 

  

 Figure 3.      Excitonic emission of 2D MoS 2 . (a) Photoluminescence (PL) spectra collected 

from monolayer (1L) and bilayer (2L) MoS 2 . (b) PL spectra of the monolayer MoS 2  applied 

with different back-gate voltages. Both the contribution from the neutral exciton (A) and 

trion (A − ) (dashed lines indicate the corresponding resonance energies) are identifi ed as 

shown. (a) Adapted from Reference 13. (b) Reprinted with permission from Reference 44. 

© 2014 Nature Publishing Group.    
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same rate, the polarization decay of holes is slower than that 

of electrons because of the lack of degeneracy at the valence 

band edge.  52       

 More studies are necessary to better understand the exci-

ton dynamics in 2D TMDC materials. Uncertainty, incon-

sistency, and controversy can be found in existing studies. 

For instance, excitons are believed to decay mainly through 

defect-assisted recombination,  42 , 43   but it is unclear which 

the major source of the defect is, intrinsic defects in the 

materials or extrinsic defects from the substrate. The results 

for how the exciton dynamics depends on the number of 

layers are inconsistent. Both an increase  47   and decrease  43   

in the decay rate with an increasing number of layers have 

been reported. 

 Additionally, the results of time-resolved 

dynamics measurements are inconsistent with 

the time-averaged PL measurements. The 

polarization and charge dynamics of mono-

layer MoS 2  are reported to be independent of 

temperature,  42 , 43 , 48   but time-averaged PL mea-

surements indicate that both the amplitude and 

chirality of the PL increase with decreasing 

temperature.  34   Experimental results may also 

vary among different research groups, which 

makes it diffi cult to systematically cross-check 

the results obtained by different groups. 

 There are many important issues related 

to exciton dynamics that are not well under-

stood or have yet to be explored. These include 

(1) the radiative lifetime, (2) the dynamics 

of charged excitons versus neutral excitons, 

(3) the dynamics of the different exciton states, 

(4) the impact of external effects (substrate, 

fi eld cavity mode) on charge and polarization 

dynamics, (5) the effects of compositional and 

structural features (1T, 1H, 2H, 3R, or defects), 

and (6) the dynamics of strongly correlated 

phases of excitons, for instance, Bose–Einstein 

condensation. Understanding these issues will 

pave the way for the development of exotic 

excitonic devices.    

 Exciton engineering: Two-
dimensional heterostructures and 
resonant light–matter interactions  
 Two-dimensional heterostructures 
 Two-dimensional heterostructures consisting of 

two or more dissimilar 2D TMDC materials can 

provide unprecedented capabilities to manipulate 

excitons.  10   –   12   There are two types of 2D TMDC 

heterostructures that have been demonstrated: 

vertical heterostructures in which dissimilar 2D 

materials are vertically stacked  13   –   15 , 17   –   19   and 

lateral heterostructures in which the component 

materials chemically bind along a line inter-

face.  16 , 18 , 20   The vertical heterostructure is more promising from 

the standpoint of practical applications, because it provides a 

plane junction with an anatomically sharp interface. Most of the 

2D vertical heterostructures studied to date are made by manually 

stacking with non-epitaxial orientations. Two recent studies have 

presented the synthesis of epitaxial MoS 2 /WS 2  vertical hetero-

structures via chemical vapor deposition processes,  13 , 18   but each 

of the monolayers in the synthesized heterostructure is mixed 

with 5–10% of other materials (i.e., the WS 2  monolayer mixed 

with 5–10% MoS 2  and vice versa).  13 , 18   

 Effi cient interlayer relaxation and recombination of excitons 

have been observed in various 2D vertical heterostructures, 

including WS 2 /MoS 2 , 
 13 , 14 , 17 , 18   WSe 2 /MoSe 2 , 

 36   and WSe 2 /MoS 2  
 15 , 19   

(  Figure 5  ). The interlayer relaxation, in which electrons and 

  

 Figure 4.      Excitonic dynamics in monolayer MoS 2 . (a) Illustration of the ultrafast carrier 

dynamics in MoS 2 : (I) After photoexcitation, the carriers thermalize, cool, and form a 

correlated electron–hole plasma. (II) Most of the holes followed by the electrons are 

captured by fast defects within 1 ∼ 2 ps. A small fraction of the photogenerated holes is 

also captured by slow defects. (III) After all the photoexcited holes have been captured and 

the electrons have fi lled the fast traps completely, the remaining photoexcited electrons are 

captured by the slow defects on a 60−70 ps time scale, and a slow transient lasts for more 

than 100 ps. (b) Measured  Δ  T / T  (normalized) of the probe pulse in pump-probing measurement 

plotted for two pump fl uences, 1  μ J/cm 2  and 32  μ J/cm 2 , at temperature  T  = 300 K. 

(c)  Δ  T / T  (normalized) plotted as a function of the probe delay for 5 K and 300 K. The data 

show no signifi cant temperature dependence of the time scales associated with the 

transient. The pump fl uence was  ∼ 32  μ J/cm 2  in both cases. Reprinted with permission 

from Reference 42. © 2015 American Chemical Society.    
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holes transfer across the interface in opposite directions into 

different layers, may be evidenced by the substantial decrease 

in the PL intensity of the heterostructure as compared to sepa-

rate monolayers.  13   Interlayer recombination is the recombina-

tion of electrons from the conduction band of one layer and holes 

from the valence band of the other layer and may give rise 

to a new PL peak with energy lower than the intrinsic band-

gaps of the component materials involved.  14 , 18   The observed 

effi cient interlayer relaxation and recombination indicates the 

transfer of charge carriers across the interface is very effi cient. 

In WS 2 /MoS 2  heterostructures, the interlayer charge transfer 

process is estimated to be on a time scale of 10–100 fs, one 

or two orders of magnitude faster than the intralayer decay 

of excitons.  13 , 17       

 Very signifi cantly, the interlayer charge transfer in 2D 

heterostructures is found to not be sensitive to the stack-

ing epitaxy of the layers and similar in both epitaxial and 

non-epitaxial heterostructures  13   ( Figure 5 ). This is actually 

surprising to some degree. Unlike epitaxial heterostructures, 

in which the layers are perfectly aligned in both real and 

reciprocal spaces and the interlayer charge transfer may 

naturally satisfy the requirement of momentum conserva-

tion, the momentum spaces of the layers in the randomly 

stacked non-epitaxial heterostructure may be substantially 

misaligned. The effi cient interlayer charge transfer regard-

less of the stacking orientation suggests that the momentum 

mismatch could be compensated in highly effi cient ways. 

While the underlying physics is elusive at this moment, 

the insensitivity of the interlayer charge transfer to the 

stacking orientation bears signifi cant implications for the 

development of functional 2D heterostructures. It suggests 

that complex 2D heterostructures fabricated by randomly 

stacking dissimilar 2D materials may be expected to be 

similarly functional as the counterparts made with perfect 

epitaxy and alignment. Two-dimensional het-

erostructures may provide an unprecedented 

material platform whose composition and 

structure could be arbitrarily tuned at the 

truly atomic level without concern for interfa-

cial charge transfer. This is expected to enable 

new capabilities for the manipulation of exci-

tons that not obtainable with conventional 

heterostructures.   

 Resonant light–matter interactions 
and dielectric functions 
 The integration of 2D TMDC materials with 

resonant optics structures, such as photonic 

crystals, optical cavities, and plasmonic struc-

tures, provides another powerful strategy for 

the engineering of excitons. Resonant optics 

structures can enable photon confi nement, in 

which electromagnetic fi elds are concentrated 

into a volume much smaller than the wave-

length. The integration of 2D TMDC materials 

with resonant optics structures presents an intriguing combi-

nation of electron (quantum) and photon confi nements that 

may allow for sophisticated manipulation of excitons. Both 

dielectric  41 , 53 , 54   and metallic (plasmonic)  55   –   57   resonant optics 

structures have been employed to engineer the optical response 

of 2D TMDCs. Notably, optically pumped lasing has recently 

been demonstrated in monolayer WSe 2  or WS 2  using pho-

tonic crystal cavities or microdisk resonators, respectively  54 , 58   

(  Figure 6  ). Although more studies are necessary to substan-

tiate the true lasing characteristics, the results nevertheless 

represent an important step forward toward the realization 

of atomic-scale lasers. Also interestingly, strong coupling 

between cavity modes and excitons in monolayer MoS 2  has been 

recently demonstrated at room temperature by integrating the 

monolayer into a high-fi nesse Fabry–Perot cavity.  59   This result 

may eventually lead to the development of polariton lasers.     

 One major problem in designing TMDC-based resonant 

photonics lies in the limited knowledge of the dielectric func-

tion of the materials. The most reliable technique for the 

measurement of dielectric functions is spectroscopic ellipsom-

etry (SE), but the implementation of SE measurements with 2D 

TMDC materials is problematic. To perform SE measurements 

usually requires the sample size to be several millimeters at 

the smallest. Additionally, given the atomically thin dimension 

of 2D TMDC materials, even minor roughness or non-uniformity 

could lead to substantial errors in the resulting dielectric func-

tion. While there are several SE studies reported for MoS 2  

monolayers,  60 , 61   the accuracy remains to be confi rmed because 

of the potential imperfection of the MoS 2  monolayers studied. 

Spectral absorption was also recently used to derive the 

dielectric function of monolayer TMDC materials based on 

the Kramers–Kronig relation  28   or a model of refl ection from 

multi-layered systems.  62   But, these results could bear non-trivial 

errors as well because numerous assumptions were involved 

  

 Figure 5.      Effi cient charge transfer in both epitaxial and non-epitaxial MoS 2 /WS 2  

heterostructures. (a–b) Optical images and photoluminescence mapping for epitaxial and 

non-epitaxial MoS 2 /WS 2  heterostructures, respectively. (c) Schematic illustration of the 

MoS 2 /WS 2  heterostructure and (d) its band structure diagram. Interlayer relaxation and 

transmission are marked by black arrows and dashed ovals, respectively. (a–b) and (d) 

Adapted from Reference 13. Note: PL, photoluminescence;  T  inter , interlayer recombination.    
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in the derivative process. It is worthwhile to point out that 

all of these experimental results show substantial differences 

from the theoretical predictions for the dielectric function 

based on density functional theory (DFT),  9   again indicating 

the limitation of DFT in modeling the excitons of 2D TMDC 

materials.    

 Summary and outlook 
 Two-dimensional TMDCs represent a remarkable excitonic 

system and promise the development of atomic-scale pho-

tonic devices to provide novel functionalities. However, the 

implementation of device development critically hinges on a 

thorough understanding of the excitonic properties of these 

materials. Intuitively, the excitonic properties are rooted in the 

unique physical features of 2D TMDC materials, including 

(1) extraordinarily strong exciton binding energy, (2) atomic-

scale dimensions, (3) vdW interactions with external material 

systems, and (4) strong many-body interactions, such as spin–

orbital, electron–phonon, and exciton–exciton. Therefore, the 

key issue is to understand how these unique physical features 

could enable unique excitonic properties. For instance, the truly 

atomic-scale dimension of 2D TMDC materials could make 

the exciton extraordinarily sensitive to the infl uence of exter-

nal perturbations, even those whose effect might typically be 

negligible, such as charging from substrates. Additionally, the 

strong many-body interactions might enable exotic function-

alities such as the selective emission/absorption of light with 

chirality, and the vdW interaction could lead to new strategies 

for the manipulation of excitons. The existing understanding 

of excitons in 2D TMDC materials is limited. More studies are 

necessary to fully exploit the potential of these materials for 

the development of atomic-scale photonic devices.    
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