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Conspectus 

Two-dimensional (2D) crystals derived from transition metal dichalcogenides (TMDs) are 

intriguing materials that offer a unique platform to study fundamental many-body physical 

phenomena as well as to build novel functional materials and devices. Semiconducting group 6 

TMDs such as MoS2 and WSe2 are known for their large optical absorption coefficient and their 

potential for high efficiency photovoltaics and photodetectors. Monolayer sheets of these 

compounds are flexible, stretchable, and soft semiconductors with a direct band gap in contrast 

to their well-known bulk crystals that are rigid and hard indirect gap semiconductors. Recent 

intense research has been motivated by the distinct electrical, optical, and mechanical properties 

of these TMD crystals in the ultimate thickness regime.  

As a semiconductor with a band gap in the visible to near-IR frequencies, these 2D MX2 

materials (M=Mo, W; X=S, Se) exhibit distinct excitonic absorption and emission features. In 

this Account, we discuss how optical spectroscopy of these materials allows investigation of 

their electronic properties and the relaxation dynamics of excitons. We first discuss the basic 

electronic structure of 2D TMDs highlighting the key features of the dispersion relation. With 

the help of theoretical calculations, we further discuss how photoluminescence energy of direct 

and indirect excitons provide a guide to understanding the evolution of the electronic structure as 

a function of the number of layers. We also highlight the behavior of the two competing 

conduction valleys and their role in the optical processes. 

Intercalation of group 6 TMDs by alkali metals results in the structural phase transformation with 

corresponding semiconductor-to-metal transition. Monolayer TMDs obtained by intercalation-

assisted exfoliation retains the metastable metallic phase. Mild annealing, however, destabilizes 
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the metastable phase and gradually restores the original semiconducting phase. Interestingly, the 

semiconducting 2H phase, metallic 1T phase, and a charge-density-wave-like 1T’ phase can 

coexist within a single crystalline monolayer sheet. We further discuss the electronic properties 

of the restacked films of chemically exfoliated MoS2. 

Finally, we focus on the strong optical absorption and related exciton relaxation in monolayer 

and bilayer MX2. Monolayer MX2 absorbs as much as 30 % of incident photons in the blue 

portion of the visible light despite being atomically thin. This giant absorption is attributed to 

nesting of the conduction and valence bands, which leads to diversion of optical conductivity. 

We describe how the relaxation pathway of excitons depends strongly on the excitation energy. 

Excitation at the band nesting region is of unique significance as it leads to relaxation of 

electrons and holes with opposite momentum and spontaneous formation of indirect excitons. 

 

  



 4 

Since single-layer graphene was isolated by a piece of adhesive tape and its extraordinary 

properties were revealed by a series of experimental studies1-3, graphene research has grown at a 

tremendous speed and branched into numerous multidisciplinary areas with activities at both 

fundamental and technologically relevant levels. Reminiscent of this explosion of interest, the 

past few years have seen a surge of intense research on two-dimensional (2D) materials based on 

transition metal dichalcogenides (TMDs).4-7 The large family of TMDs sharing a chemical 

formula of MX2 (M: transition metal, X: chalcogen) and van der Waals layer structure have been 

studied in their bulk forms for over half a century8. Molybdenum disulfide (MoS2) is an 

archetypal TMD known for its use as solid-state lubricant and catalyst. The ultrathin “2D” 

crystals of MoS2 dates back to the initial work by Frindt and coworkers in the 60’s9. The recent 

interest in 2D TMDs was triggered by the observation of direct gap photoluminescence (PL) 

from monolayer MoS2 by two independent research teams10, 11. They found that the material, 

which is known to be an indirect gap semiconductor in the bulk form, curiously became a direct 

gap semiconductor when thinned to a monolayer. It was further shown that other group 6 TMDs 

such as MoSe2, WS2 and WSe2 show a similar behavior and become direct gap semiconductors 

when their monolayer is isolated12-14. Due to their mechanical flexibility, large carrier mobility, 

unique symmetry, and gate-tunability, 2D semiconductors of this family are attractive 

fundamental building blocks for novel optoelectronics and photonics applications4-7. 

Luminescence of the 2D layers of group 6 TMDs occurs in the visible to near-IR frequencies and 

reveals a great deal of information about their electronic structure, many-body interaction, 

excited-state coherence, doping, defects, and strain10, 11, 15-23. Optical spectroscopy has 

significantly facilitated the understanding these effects and their interplay.  In this Account, we 

discuss our recent efforts on investigating the electronic properties of 2D TMDs through optical 
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spectroscopy. This article is not meant to be a comprehensive review, which are available 

elsewhere4-7, but is aimed at highlighting some unique features of group 6 2D TMDs such as 

their phase change properties, layer-dependent evolution of electronic structures, and giant 

optical absorption due to band nesting.  

Electronic structure 

Many interesting properties of 2D materials arise from the unique dispersion of the electronic 

states that extend over the 2D plane. Precise description of their electronic structure typically 

requires rigorous density functional theory (DFT) calculations. The basic electronic properties of 

TMDs can be, however, predicted from the ligand field splitting of the non-bonding transition 

metal d-orbitals and the filling of these orbitals.4 All layered TMDs crystallize in either 

octahedral or trigonal prismatic coordination and the group 6 MX2 exhibits the latter in its most 

stable form (typically referred to as 2H phase). In the 2H phase, the ligand field splitting of the d 

orbitals leads to the formation of dz
2 (a1’), dx

2
-y

2
,xy (e’), and dxz,yz (e”) bands separated by an energy 

gap.4 The two d electrons of the transition metals fill up the a1’ orbital, making it a 

semiconductor (Figure 1a).  Octahedrally coordinated TMDs (often referred to as 1T phase) form 

degenerate dxy,yz,zx (t2g) and d z
2,x

2
-y

2 (eg) orbitals. Generally, group 6 TMDs are not stable in the 

octahedral coordination but intercalation by alkali metals4, 24 and high dose electron irradiation25 

are known to induce formation of this phase. Because the lower lying t2g orbital is only partially 

filled, group 6 TMDs in the 1T phase are metallic in electronic character (Figure 1b). The M-X 

bonding states (σ) appear deep in the valence band indicating its strong covalent character. The 

precise position of the M-X antibonding states (σ*) has been debated26 but for clarity it is shown 

to be above the non-bonding states in Figure 1a and b.  
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Further understanding of the electronic structure requires consideration of the energy dispersion. 

Figure 1c shows the DFT calculation of the band structure of monolayer 2H-MoS2. The key 

features of the band structure are the two valence band hills and the two conduction band valleys. 

The valence band hills are at the center (Γ) and corners (K) of the Brillouin zone. The conduction 

band valleys are at the K point and the Λ point, which is midway between the K-Γ line. Note that 

the valence band at the K point is split due to spin-orbit coupling. The DFT calculation shows 

that monolayer MoS2 is a direct gap semiconductor with the conduction band minimum (CBM) 

and the valence band maximum (VBM) coinciding at the K point. In contrast, bilayer MoS2 is an 

indirect gap semiconductor with CBM at the K point and the VBM at the Γ point (Not shown).  

While there are slight variations in the DFT results reported by different groups, all calculations 

agree that the band gap is direct for monolayer MoS2.   

The effect of the number of layers appears most strongly at the conduction band valley at the Λ 

point (Λc) and the valence band hill at the Γ point (Γv). Careful examination reveals that the 

wavefunction associated with these points consists of an admixture of the metal d orbitals and 

the chalcogen pz orbitals. In contrast, the wavefunctions at the Kc and Kv regions have 

predominantly d character. The charge density of the pz orbitals extends at the outer surface of 

the layer while the d electrons are confined in the middle of the X-M-X sandwich (Figure 1d)11. 

Thus, the evolution of the band structure with increasing number of layers results primarily due 

to the interaction of the chalcogen pz orbitals with those of the neighboring layers. 

Photoluminescence 

Splendiani et al.11 and Mak et al.10 systematically studied the evolution of the optical properties 

of mechanically exfoliated MoS2 flakes as a function of the number of layers. The authors 
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observed bright PL from monolayer MoS2 and progressively weaker emission from bilayer and 

thicker multiplayer samples (Figure 2a). This observation is contrary to the expectation that the 

optical response scales with the volume of the material. The bright PL from monolayer MoS2 can 

be, however, explained by the indirect-to-direct band gap cross over at the monolayer limit. As 

an indirect gap semiconductor, the emission quantum yield of bulk MoS2 is negligible because 

the radiative recombination of indirect excitons is a phonon-assisted second order process and is 

slower than non-radiative decay rates. On the other hand, monolayer MoS2 is a direct gap 

semiconductor and the radiative recombination of excitons is substantially more efficient. The 

bright emission centered at 1.9 eV from monolayer MoS2 is therefore associated with the band 

gap at the K point of the Brillouin zone. 

Multilayer MoS2 flakes exhibit weak PL with multiple peaks. The lowest energy peak is due to 

indirect excitons and the higher energy peaks at ~1.9 and 2.05 eV are attributed to hot electron 

direct gap emission at the K point. The shift of indirect and direct emission energies as a function 

of the number of layers reveals the evolution of the electronic structure (Figure 2b). Specifically, 

the indirect gap energy increases rapidly with decreasing number of layers while the direct gap 

energy remains largely unaffected. The indirect-to-direct gap crossover occurs when the indirect 

gap energy exceeds the direct gap energy at the monolayer limit. 

Our research group12 and others13, 14 have shown that the trend of indirect-to-direct gap crossover 

is not a unique phenomenon to MoS2 but is also seen in other group 6 TMDs such as MoSe2, 

WS2, and WSe2, which are isoelectronic to MoS2. The basic trends are the same: they become a 

direct gap semiconductor and exhibit bright band gap PL only when they are thinned to a 

monolayer (Figure 2c). The quantum yield of emission for bilayer samples is typically 10 to 100 

times smaller than that of monolayer samples. The optical gap of monolayers determined from 
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PL spectroscopy is ~1.83, ~1.58, ~1.98 and ~1.63 eV for MoS2, MoSe2, WS2, and WSe2, 

respectively (Figure 2e).  

Absorption 

In the near-IR to ultraviolet frequencies, group 6 TMDs exhibit characteristic absorption peaks 

that can be attributed to excitonic and interband resonances8, 10, 11. The exciton features are 

typically dominant and obscure the onset of free carrier absorption. In fact, this has been the key 

issue for accurately determining the exciton binding energy27. The absorption features for bulk 

crystals and their origins have been discussed in several reports including the detailed low 

temperature studies by Beal et al.28 and Bromley et al.29.  The A and B exciton resonances arise 

from optical excitation of electrons from the spin-orbit-split valance band hill to the degenerate 

conduction band valley at the K point. The C absorption peak, which appears (2.6 ~ 2.8 eV) at 

higher energies, has been attributed to band nesting, which leads to a singularity in the joint 

density of states (JDOS)30. The unique consequence of band nesting will be discussed in the later 

section. The A’ and B’ peaks observed in selenides and tellurides have been attributed to 

splitting of the A and B exciton states but their origin remains unclear. Monolayer crystals 

typically absorb ~10 % of incident photons at its band gap A exciton resonance and more 

strongly (~30 %) at the C peak resonance. In comparison to the optical absorption of graphene, 

which is about 2.3%31, these large values highlight the unusual light-matter interaction in these 

monolayer crystals32. 

Similar to PL, the shift of the absorption resonances as a function of the number of layers reflects 

the evolution of the band structure. The blue shift in the absorption peaks with reducing crystal 

thickness in MoS2 and WSe2 was initially studied by Frindt and coworkers in the 1960’s9. The 
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authors curiously highlighted the deviation in the scaling behavior of the optical gap with the 

crystal thickness when the WSe2 samples were thinner than 4 nm. The origin of this deviation 

remained elusive until recently when the accurate picture of the band structure became available. 

WS2 and WSe2 

In order to gain insight into the origin of the optical transitions, we investigated the confinement-

induced shift of exciton absorption and emission peaks in 1 to 5 layer (L) WS2 and WSe2. Note 

that the layer number can be confirmed readily by atomic force microscopy and Raman 

spectroscopy13, 33, 34. Monolayer of both materials exhibits bright direct gap emission while 

multilayers emit weakly at two distinct energies corresponding to direct and indirect transitions 

(Figure 3a). We also observed weak emission peaks at higher energies due to hot exciton 

recombination. The shift of emission and absorption peaks summarized in Figure 3b clearly 

indicates that the scaling factor is unique to each exciton resonance. The A and B exciton energy 

is only weakly dependent on the crystal thickness while A’, B’ and C peak energies increase 

more rapidly with reduction in the number of layers. The A’ and B’ excitons in WSe2, which had 

been attributed to splitting of the A and B exciton energy levels, show similar trends as the 

indirect exciton peak. This observation suggests that these optical transitions are more strongly 

associated with the pz orbitals of the Se atoms rather than the metal d orbitals. 

The confinement-induced change in the band gap of 2D semiconductors (ΔEg) is predicted to 

scale as ΔEg = π2h2/8μLz
2 where h is the Planck’s constant, μ is the reduced mass of the exciton, 

and Lz is the thickness of the crystals35. This simple relation does not apply to the optical gap of 

TMD crystals in the few layer thickness regime for various reasons. First, the band structure of 

the material is dramatically modified with the relative shift of the conduction band valleys and 
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valence band hills. Second, the dielectric properties are correspondingly altered, leading to the 

remarkable increase in the exciton binding energies with decreasing thickness36. Third, extrinsic 

effects such as unintentional doping by surface adsorbates37 and substrate38 become increasingly 

important with decreasing thickness and obscure the band gap absorption and emission.  

Conduction band minimum 

As discussed above, the band structures obtained from DFT calculations provide a useful guide 

for identifying the origin of the experimentally observed optical absorption and emission. 

However, identifying the origin of indirect band gap emission in few-layer MX2 has been a 

nontrivial task. This is because DFT results show little consensus on the conduction band 

structure of few-layer MX2. For bilayer MoS2 and WS2, some calculations23, 36, 38-40 show that the 

CBM is located at the K point while others11, 39-41 show that it is at the Λ point. On the other hand, 

the DFT calculations consistently show the VBM to be at the Γ point in few-layer MX2. This 

finding has been confirmed to agree with the experimental observations by angle-resolved 

photoemission spectroscopy (ARPES)42, 43.  

One important question is: where is the CBM in few-layer MX2, is it at the Λ or K point? 

Despite the fundamental significance of the location of the CBM, direct investigation of the 

dispersion of unfilled conduction band states is generally a challenging task. In order to 

investigate the competition of the Λ and K valley in few-layer MX2, we studied the temperature 

dependence of the radiative indirect recombination (see schematics in Figure 4a and b).44 

Temperature is used as the knob to arbitrarily vary the lattice parameters through natural thermal 

expansion, which in turn leads to evolution of the band structure. 
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We briefly explain how thermal expansion of the lattice modifies the band structure. The in-

plane expansion influences the overlap of the metal d orbitals, which are responsible for the K 

valleys and hills. Increase in the in-plane lattice constant by Δa leads to reduction of the gap at 

the K point (A=E(Kc)-E(Kv)) and corresponding slight reduction of the indirect gap between Kc 

and Γv
23, 45. In contrast, the expansion of interlayer spacing primarily affects the Λc and Γv points 

because the p orbital energy of the chalcogen atoms are susceptible to changes in the interlayer 

coupling. According to the DFT calculations23, 45, the Λ valley and Γ hill shift upwards and 

downwards, respectively, with increasing interlayer expansion, eventually leading to the band 

structure of monolayer MX2 at infinite interlayer spacing.  

Thermal expansion the lattice leads to a composite effect of in-plane and out-of-plane expansion 

explained above. Using the experimentally measured thermal expansion coefficients for bulk 

MoS2 and WSe2,46, 47 we calculated the temperature dependence of the direct and indirect energy 

gaps. We found that the two indirect gap energies, I1=E(Κc)-E(Γv) and I2=E(Λc)-E(Γv), exhibit 

opposite temperature dependence (Figure 4c). Thus, the temperature dependence of the indirect 

gap emission can help us identify whether the Λ or K valley is involved in the transition. Further, 

by properly taking into account the exciton binding energies, the location of the CBM can be 

identified. 

The temperature coefficient of the indirect emission energy for bilayer WSe2 was experimentally 

found to be negative (Figure 4d). This suggests that the indirect optical transition involves the K 

valley. In contrast, the temperature coefficient in MoS2 and WS2 is positive, suggesting that the 

Λ valley is involved in the optical transition (Not shown in figure). Interestingly, thicker few-

layer WSe2 flakes exhibit two indirect emission peaks with opposite tempeature coefficients 
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(Figure4d). These findings indicate that the conduction band valleys in WSe2 are nearly 

degenerate as indicated by the DFT results48. 

Phase transition 

Solution-based exfoliation of layered materials is a promising route to producing 2D crystals in 

large scale and implementing them into practical applications49-51. We recently showed that the 

exfoliated nanosheets of monolayer MoS2 can be used photosensitize a surface of TiO2 particle52. 

Intercalation-assisted, or chemical exfoliation is a technique that allows high yield preparation of 

monolayer TMDs in colloidal suspensions (Figure 5a)53. The electronic quality of the derived 

nanosheets is, however, not clearly understood due to the structural changes that occur during the 

intercalation process. 

It is well established that alkali metal intercalation of semiconducting 2H-MoS2 results in its 

structural transformation to metallic 1T-MoS2
24. This polymorphic phase transformation is one of 

the most intriguing attributes of TMDs. Earlier studies have shown that the 1T phase is 

metastable and converts back to the stable 2H phase upon mild annealing54. However, the 

structure of the exfoliated material and the extent of the restoration of the original 2H phase have 

been debated55. 

We investigated the structural evolution of chemically exfoliated MoS2 and WS2 through a series 

of spectroscopy and microscopy studies. X-ray photoelectron spectroscopy (XPS) analyses 

indicated that the 2H and 1T phases coexist in the as-exfoliated materials at variable fractions54. 

From the area fraction of the peaks associated with the 2H and 1T phase, we determined the 

phase composition changes as a function of the annealing temperature (Figure 5b). Our results 

show that the fraction of the 2H phase increases with annealing temperature, reaching 0.95 at 
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300 oC.  This observation is in agreement with the dramatic increase in the electrical resistivity 

of the material reflecting its transformation from the metallic 1T phase to semiconducting 2H 

phase. Raman spectroscopy also indicates the gradual loss of 1T phase and recovery of the 2H 

phase with annealing (Figure 5c). 

The coexistence of the two phases prompts a new question: how are these phases distributed 

within the exfoliated material? Atomic resolution scanning transmission electron microscopy 

(STEM) of chemically exfoliated MoS2 and WS2 revealed that the 2H and 1T phases exist in 

nanoscopic domains within individual sheets56. Figure 5d shows the annular dark field (ADF) 

STEM images showing the different contrast variations corresponding to distinct phases. Due to 

the lattice matching, these domains form seamless, coherent interfaces. Interestingly, we also 

observed a charge-density-wave (CDW)-like phase consisting of a superlattice of Mo-Mo and 

W-W zigzag chains56, 57. This is a distorted 1T phase which has been referred to as the 1T’ or ZT 

phase25, 58. These STEM images provide a direct evidence of the CDW-like phase and resolve the 

earlier confusions56. The complex inhomogeneous structure, however, suggests that the synthesis 

protocols need to be improved in order to achieve an electronically ordered phase. 

The optical absorption spectrum of as-produced chemically exfoliated MoS2 shows no clear 

characteristic peaks of pristine 2H-MoS2 except for the excitonic features in the near-UV range 

(200 ~ 300 nm). The free-carrier-like broad absorption continuing towards the near-IR region 

below the optical gap of 2H-MoS2 indicates that the electronic properties of the chemically 

exfoliated material are dominated by the metallic 1T phase component. The progression of the 

1T to 2H-MoS2 transition with annealing can be monitored by studying the emergence of the 

excitonic absorption from the 2H phase (Figure 5e). With increasing annealing temperature, the 

characteristic A, B and C exciton features of 2H-MoS2 emerge and grow in intensity, consistent 
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with the XPS and Raman results. Emergence of these features indicates restoration of 2H phase 

upon annealing.  

Restoration of the 2H phase can be also verified by PL spectroscopy. As expected from the 

metallic character of 1T-MoS2, no luminescence is observed from the as-deposited monolayers. 

With progressive annealing, however, characteristic band gap PL features of monolayer 2H-

MoS2 are observed. The emission spectrum is nearly identical to that of mechanically exfoliated 

monolayer samples, indicating that the electronic quality of the original material is largely 

recovered even after the harsh chemical exfoliation processes and substantial structural 

transitions.  

It is also worth noting the evolution of the emission spectra of restacked multilayers. Figure 5f 

shows the drop in the emission intensity and the gradual red-shift with increasing film thickness. 

Although indirect emission peak was not observed, these trends are similar to those observed in 

mechanically exfoliated materials, indicating strong interlayer coupling despite the stacking 

disorder. Thus, thickness control via solution-processing offers a versatile route to tuning the 

electronic structure. 

Band nesting and photocarrier relaxation 

The large absorption coefficient of semiconducting TMDs has long attracted interest in their use 

as the active layer in photovoltaic devices59. While the absorption in absolute terms is expected 

to be negligible in the 2D limit where the interaction length is only 3-atom long, experiments 

have shown that a single layer MX2 absorbs as much as 30% of incident photons in the blue 

portion of the visible spectrum60. According to DFT calculations30, 61, this extraordinary 

absorption is attributed to the band nesting effect where parallel conduction and valence bands 
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give rise to a singularity feature in the JDOS. The optical conductivity is thus strongly enhanced 

for energy in resonance with the nesting region of the band structure.  

Band nesting has unique implications in the dynamics of photocarrier relaxation. For the 

resonant excitation condition, the landscape of the energy bands in the momentum space dictates 

that the excited electron-hole pairs spontaneously form indirect excitons with electrons and holes 

relaxing with opposite momentum. Figure 6a schematically illustrates this scenario. The 

electrons and holes relax towards the Λc and Γv point, respectively. In monolayer MX2, electrons 

and holes need to further undergo intervalley scattering to relax to the CBM and VBM at the K 

point, respectively. Due to the involvement of intervalley phonons, relaxation of the 

photocarriers to the band edge is expected to be slow and inefficient in monolayers. On the other 

hand, Λc and Γv points are the band extrema in some bilayer MX2 as discussed above and 

photocarrier relaxation to the band edge is expected to be significantly faster. 

We investigated the photocarrier relaxation pathway in MX2 with PL excitation (PLE) 

spectroscopy. The PLE intensity map of monolayer MoS2 (Figure 6b) shows that the emission 

energy is independent on the excitation energy and is consistent with the optical gap. The 

emission intensity, however, decreases with increasing excitation energy. In fact, the relative 

quantum yield (QY) is lowest when the excitation is in resonance with the strong absorption 

peak at ~2.8 eV, which is attributed to band nesting. This observation is consistent with the 

spontaneous formation of indirect excitons with low radiative recombination efficiency. 

We further studied the band nesting effect in bilayer MoS2 in which the band gap is indirect with 

CBM at the Λc point and VBM at the Γv point based on our analysis discussed in the earlier 

section. Interestingly, the direct and indirect emission peaks respond differently to the excitation 
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energy (Figure 6d). The indirect emission (~1.5 eV) intensity is maximized when the excitation 

is in resonance with the C absorption peak. On the other hand, the enhancement of the direct 

emission peak (~1.85 eV) at this excitation energy is minor. These behaviors are consistent with 

the photocarrier dynamics predicted from the band structure and Monte Carlo simulations60.  

Summary and Outlook 

Many of the interesting electronic phenomena observed in 2D TMDs arise from the unique 

energy dispersion and strong correlation between electrons and holes. Optical spectroscopy is an 

effective approach to probing the essential features of the band structure and many-body effects. 

In particular, the emerging PL from mono- to few-layer MX2 plays a crucial role in revealing the 

evolution of the band structure with increasing number of layers. These studies have revealed 

that the optical gap of these 2D materials does not follow a simple scaling law with thickness due 

to the relative shift of the valleys and dramatic changes in the dielectric properties36.  Theoretical 

calculations have been successful in explaining the origin of the experimentally observed optical 

transitions and their shifts. 

Polymorphism of TMDs is a unique characteristic that makes them interesting for non-volatile 

memory and switching devices. The metallic 1T phase of MoS2 and WS2 has been known from 

earlier studies. However, their coexistence within a single crystalline monolayer flake along with 

the highly anisotropic 1T’ (or ZT) phase demonstrates the unusual versatility of these 2D 

materials. The heterogeneous phase structure with metallic electrical conductivity has been of 

interest in the electroscatalysis research57. Stabilization of a desired phase remains an important 

challenge to overcome in order to exploit the full potential of their phase change properties. 
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There have been a rapidly growing number of reports on the fabrication of optoelectronic devices 

based on semiconducting TMDs4-7. While several groups reported promising results, the 

mechanisms responsible for the observed device performance remain largely elusive. 

Understanding the transient processes that occur between optical excitation and detection of 

electrical signals is crucial for optimizing of the device designs and identifying the ideal window 

of operation. The excitation dependence of the relaxation dynamics of excitons is an interesting 

consequence of the 2D band structure of these materials and merits further investigation in their 

exploitation. 

Heterostructures of TMDs are a fundamental building block for realizing tailored optoelectronic 

functionalities6. Hybridization of the electronic states across van der Waals interfaces is expected 

to occur in vertical heterostructures according to DFT calculations62, 63. However, there is 

currently a gap between the experimental observations and theoretical predictions. The 

heterostructures are significantly more complex than the single-component systems and the 

accurate interpretation of spectroscopic features require special care. Nevertheless, the electronic 

structure and the dynamic behavior of excitons in TMD heterostructures will be the key issues to 

address in the new phase of the 2D materials research. 
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Figure 1. Schematic illustration of orbital filling of group 6 TMDs with trigonal prismatic (a) 

and octahedral (b) coordination. The filled and unfilled orbitals are shaded with dark and light 

blue, respectively. In trigonal prismatic (2H) coordination, the d orbitals split into three groups, 

namely dz
2 (a1’), dx

2
-y

2
,xy (e’) and dxz,yz (e”). These orbitals are located within the bonding (σ) and 

antibonding (σ*) states. The energy gap between the fully filled and unfilled orbitals makes it a 

semiconductor. In octahedral (1T) coordination, the d orbitals split into dxy,yz,zx (t2g) and d z
2,x

2
-y

2 

(eg) bands. This phase is metallic because the t2g orbital is half-filled. (c) Calculated electronic 

band structure of monolayer MoS2. The first Brillouin zone is shown in the inset. (d) Electron 

distribution for states at the four extrema in the band structure indicated by colored dots in (c).  It 

can be seen that the d orbital contribution is dominant at the Kc/Kv point while contributions from 

the p orbitals from chalcogen is evident at the Γv and Λc point.  
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Figure 2  (a) PL spectra of mechanically exfoliated monolayer and bilayer 2H-MoS2. Monolayer 

MoS2 exhibits significantly brighter PL compared to bilayer MoS2. (b) Normalized PL spectra of 

1-6 L MoS2. The direct gap PL, marked with A, is not sensitive to the layer number. In contrast, 

indirect gap emission peak, marked with I, decreases in energy with increasing layer number.  

(Adapted with permission from ref 10. Copyright 2010 American Physical Society). (c) PL 

spectra of 1-5 L WS2. (d) Bright field optical and fluorescence images of mechanically exfoliated 

WS2. The monolayer region shows bright fluorescence compared to other multilayer regions. (e) 

Normalized PL spectra (colored plots) and differential reflectance spectra (grey curves) of 

monolayer MX2 flakes on a quartz substrate. The scale bar indicates 20% absorption based on the 

differential reflectance spectra. (Adapted with permission from ref 60. Macmillan Publishers Ltd. 

Copyright 2014.) 
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Figure 3. (a) Normalized PL spectra of 1-5 L WS2 (left) and WSe2 (right), respectively. The shift 

of the PL peaks corresponding to the direct (A, B) and indirect transitions (I) is similar to that of 

MoS2 shown in Figure 2b. (b) PL (color) and absorption (gray) peak energies of WS2 (left) and 

WSe2 (right) as a function of the number of layers. The letters I, A, B, A’, B’, and C refer to the 

peaks as labeled in Figures 2e and 3a. (Adapted with permission from ref 12. Copyright 2012 

American Chemical Society)  
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Figure 4. (a) Structure of bilayer 2H-MX2. (b) Schematic illustration of the electronic band 

structure of bilayer 2H-MX2. The red arrow labeled A represents the optical transition of direct 

band gap at K point. The dashed arrow labeled I1 and I2 indicate the possible indirect emissions. 

(c) Calculated direct and indirect transition energies as a function of temperature for bilayer 

WSe2. (d) Normalized PL spectra of bilayer (left) and tetralayer (right) WSe2 measured at 

different temperatures. The colored plots are the experimental data. The temperature-dependent 

shift of the direct (A: red circle) and indirect emission peaks (I1: blue triangle; I2: green squre) are 

indicated with dashed lines. (c,d: Adapted with permission from ref 44. Copyright 2013 

American Chemical Society) 



 28 

 

Figure 5. (a) Photograph showing an aqueous suspension of chemically exfoliated MoS2. (b) 

Relative composition of 2H and 1T components as a function of annealing temperature extracted 

from XPS spectra. (c) Raman spectra of chemically exfoliated MoS2 thin films with a thickness 

of ~ 4 nm annealed at various temperatures. The characteristic Raman peaks for 1T/1T’ phase 

(J1, J2, and J3) are indicated in the shaded regions. (d) High resolution STEM images of 2H, 1T, 

and 1T’ phases. The blue and yellow balls indicate the position of Mo and S atoms. Adapted 
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with permission from ref 56. Copyright 2012 American Chemical Society. (e) Absorption and 

PL (insert) spectra of MoS2 thin films with a thickness of ~1.3 nm annealed at various 

temperatures. The evolution of the spectra with increasing temperature indicates the restoration 

of the 2H phase from the 1T phase. (f) PL spectra of MoS2 thin films with average thicknesses 

ranging from 1.3 to 7.6 nm. (a,b,e,f: Adapted with permission from ref 54. Copyright 2011 

American Chemical Society) 
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Figure 6. (a) Schematic showing the band structure of monolayer MoS2. At the band nesting 

region, the photoexcited electron-hole pairs spontaneously form indirect excitons with electrons 

and holes relaxing with opposite momentum to the nearest band extrema. PLE intensity map (b) 

and spectrum (c) for band gap emission for monolayer MoS2. Differential reflectance spectrum is 

shown for comparison in gray plot. The PLE spectrum is normalized to the B exciton peak of 

monolayer MoS2. (d) PL spectra of MoS2 excited at different excitation energies. PLE intensity 

map (e) and spectrum (f) for bilayer MoS2. The differential reflectance spectrum is shown for 

comparison in gray plot. The PLE spectrum of the A peak is normalized to the B exciton peak of 

the differential reflectance. The PLE spectrum of the I peak is multiplied by the same factor as 

the PLE spectrum of the A peak. (b,c,e,f: Adapted with permission from ref 60. Macmillan 

Publishers Ltd. Copyright 2014.) 


