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CDW  Charge density wave
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CVD Chemical vapor deposition
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DFT Density functional theory
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MX, Metal atoms (M) and chalcogen atoms (X)

IR Infra-red

uv Ultra-violet

PL Photoluminescence

PLE Photoluminescence excitation spectroscopy
SHG Second harmonic generation spectroscopy
STEM  Scanning transmission electron microscopy
ST™M Scanning tunneling microscopy

STS Scanning tunneling spectroscopy

TA Transient absorption

TMD  Transition metal dichalcogenide
VBM Valence band maximum
XPS X-ray photoelectron spectroscopy

5.1 Introduction

Layer compounds of metal chalcogenides (sulfides, selenides, and tellurides) form a
large family of materials with a wide range of properties. Many transition metal and
post-transition metal chalcogenides such as MoS, and GaS have been studied
extensively since the early 60s due to their quasi-two-dimensional (quasi-2D)
character and excitonic absorption properties [1—4]. Similar to graphite, many of
these compounds intercalate guest molecules and ions [5], and superconductivity of
such intercalation compounds has also been a subject of intense research [6, 7].
More recently, experimental observation of symmetry-protected topological surface
states in bismuth selenides and tellurides have generated tremendous interest in the
condensed matter physics community [8].

Metal chalcogenide layer compounds can be categorized into several groups
accordingly to their chemistry. Layered transition metal dichalcogenides (TMDs)
form a well-defined family consisting of about forty distinct compounds [9]. MoS,
is an archetypal group 6 TMD well known for its naturally occurring molybdenite
and its lubricating properties [10—12]. Transition metal trichalcogenides such as
TiS; can be characterized by their unique quasi-one-dimensional (quasi-1D)
structure [13]. Group 13 metal monochalcogenides such as GaS and InSe form a
class of semiconducting hexagonal materials whose monolayers consist of four
atomic layers [14]. Group 14 monochalcogenides are semiconductors but are found
in distorted NaCl structure. Sn-based dichalcogenides are also semiconductors
having the same crystal structure as some TMDs such as TiS, [15]. In,Se; and
Bi,Sej; share a similar crystal structure consisting of quintuple layers. Many of these
compounds exhibit band gap in the visible to near-IR frequencies. Figure 5.1 shows
the crystal structure (Fig. 5.1a) of different classes of layered chalcogenides and
their bandgap values (Fig. 5.1b).
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Fig. 5.1 a Overview of the crystal structures of layered TMDs nanosheets. The yellow atoms
correspond to chalcogen species. b Bandgap of different layered semiconductors with respect to
electromagnetic spectrum. The exact bandgap value would depend on the number of layers, strain
level and chemical doping. Reprinted with permission from Refs. [16, 17] with slight modification
(copyright 2015, Royal Society of Chemistry, American Physics Society)

While studies on chalcogenide nanosheets appear in early literatures [18], the
seminal work on graphene by Geim and coworkers in 2004 [19] renewed interest in
the field and led to a number of milestone studies. In particular, nanosheets of
semiconducting group 6 TMDs have been extensively studied in recent years due to
their emerging rich physics and potential in technological applications [20, 21].
This Chapter will introduce some basic aspects of group 6 TMDs and other
semiconducting chalcogenide nanosheets with a focus on their electronic structure,
excitonic properties, and spectroscopic signatures. For more general overviews,
readers may be referred to recent review articles on this class of materials [22, 23].
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5.2 Transition Metal Dichalcogenides

The family of TMDs shares a chemical formula of MX, (M: transition metal, X:
chalcogen) and assumes a van der Waals layer structure in which the individual
monolayer consists of a covalently bonded X—M-X sandwich. The basic properties
of TMDs have been studied for over half a century (see [1] for a comprehensive
review of early studies). The recent surge of interest in 2D TMDs was partly
triggered by the reports on direct band gap photoluminescence (PL) from mono-
layer MoS, by two independent research teams [24, 25]. Studies further revealed a
number of emerging properties inherent to mono- and few-layer sheets of MoS, and
its isoelectronic compounds. These include optically accessible valley polarization
[26, 27], large nonlinear susceptibility [28-30], piezo-electricity [31, 32], large
exciton binding energy [33-35], and electrically tunable many-body states [36].
Semiconducting TMD nanosheets are effectively quantum wells but with accessible
surfaces and mechanical flexibility. These unique characteristics make TMD
nanosheets attractive as fundamental building blocks for novel optoelectronics and
photonics applications [20-23, 37].

5.2.1 Crystal Structure

Layered TMDs occur in various polymorphs (metal coordination geometry) and
polytypes (stacking order). Group 6 TMDs are stable in trigonal prismatic coor-
dination with a 2H (2-layer unit cell, hexagonal) or a 3R (3-layer unit cell, rhom-
bohedral) crystal structure [38]. TMDs from other transition metal groups such as
TiS, are stable in octahedral coordination with a 1T (1-layer unit cell, trigonal)
structure. For monolayer MX,, there is no distinction between 2H and 3R poly-
types. Monolayer MX, in trigonal prismatic coordination is non-centrosymmetric in
contrast to its 2H bulk counterpart, which is centrosymmetric. This difference in
crystal symmetry is responsible for some of the unique characteristics of monolayer
TMDs. Some TMDs such as WTe, and f;-MoTe, exhibit distorted 1T (1T’) crystal
lattice structure [39, 40]. Polymorphism and d-electron count of transition metal
largely determine whether TMD is metallic or semiconducting. For example, MoS,
(formally a d° compound) in trigonal prismatic coordination is semiconducting
whereas its octahedral polymorph is metallic (Fig. 5.2). Based on a simple ligand
field model, the semiconducting nature of trigonal prismatic MoS, is due to the
splitting between the completely filled d,» and empty d,, and d,»_,» orbitals
(Fig. 5.2a). In contrast, octahedral MoS, is metallic because of partially filled t,,
band (d.y, dy;, dy;) as depicted in Fig. 5.2b. The M-X bonding states (o) appear
deep in the valence band due to its strong covalent character. The precise position
of the M-X antibonding states (c*) has been debated [1, 41] but for clarity it is
shown to be above the nonbonding states in Fig. 5.2a, b.
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Fig. 5.2 Filling of the nonbonding d-orbitals for a typical @ TMD along with the band structure
and the representative position of the Fermi level for a 2H phase and b 1T phase. Reprinted with
permission from Ref. [20] with slight modification (Copyright 2013, Nature Publishing Group)

5.2.2 Preparation

Mono- and few-layer MX, can be readily obtained by micromechanical exfoliation
of bulk crystals onto a substrate [42]. The starting bulk crystals can be obtained
either from natural sources or synthesized by techniques such as chemical vapor
transport (CVT) [43]. The size of mechanically exfoliated nanosheets is typically
limited to tens of micrometers. Nanosheets can also be obtained via chemical vapor
deposition (CVD), molecular beam epitaxy (MBE) [44], solution-based exfoliation
techniques [45, 46], etching of bulk crystals (chemical [47, 48], plasma [49] and
photothermal [50]), chemical synthesis [51], and atomic layer deposition
(ALD) [52]. CVD-growth of monolayer MoS, [53-68], MoSe, [69, 70], WS, [71]
and WSe; [72, 73] on various substrates has been demonstrated by many groups.
Growth of semiconducting alloys such as MoS,Se,—, [74] and doped MX, [75] has
also been reported. The exciton resonance features and charge transport properties
of some CVD-grown monolayer samples reveal their high electronic quality
equivalent to or superior to that of mechanically exfoliated counterparts.

Recent studies have shown that sulfur vacancies and antisite substitutions (S
replaced by Mo) are the most commonly occurring point defects in MoS, [76, 77].
For bulk MoS,, n-type doping has been attributed to donor states arising from sulfur
vacancies [78]. It is believed that vacancy defects also play a role [79] in the
observed strong n-type doping of monolayer MoS, [66, 80—82]. The reported sulfur
vacancy densities vary from 3.5 X 10" ¢m™? in bulk MoS, samples [78] as
measured by scanning tunneling microscopy (STM) to significantly higher values
of the order of 10"* cm™ for monolayer MoS, [83, 84] as measured by scanning
transmission electron microscopy (STEM).



138 I. Verzhbitskiy and G. Eda

5.2.3 Energy Band Structure

Layered TMDs display a wide spectrum of electronic properties depending on the
number of electrons in their nonbonding d-orbitals and the coordination geometry
of the metal atom (see [2, 3, 85] for discussion of the crystal structure, band
structure, and optical properties). As discussed above, basic electronic properties of
TMDs can be predicted from filling of crystal-field-split d-orbitals. However, many
interesting properties of TMD nanosheets arise from the unique dispersion of the
electronic states that extend over the 2D plane. A more precise description of their
electronic structure requires rigorous density functional theory (DFT) calculations.
Figure 5.3a shows the electronic energy band structure of monolayer and bilayer
2H-WS, from DFT calculations. The key features are the two valence band hills
and the two conduction band valleys. The valence band hills are at the center (I')
and corners (K) of the Brillouin zone. On the other hand, the conduction band
valleys are at the K point and the A point (sometimes called the Q point), which is
midway between the K-I" line. The valence band at the K point is split due to
spin-orbit coupling. The conduction band also exhibits spin-orbit splitting at the K
point but with a much smaller strength. In contrast to bulk WS,, which is an indirect
gap semiconductor, monolayer WS, is a direct gap semiconductor with the con-
duction band minimum (CBM) and the valence band maximum (VBM) coinciding
at the K point. Bilayer WS, is an indirect gap semiconductor with CBM at the A
point and the VBM at the I" point, similar to bulk WS,. Other group 6 TMDs
such as MoS,, MoSe,, and WSe, exhibit similar evolution of band structure
when thinned down to a single monolayer [24, 25, 86-90]. However, the
indirect-to-direct crossing point is still a subject of debate for some materials such
as WSe, [91] and MoTe, [92].

The origin of band structure evolution cannot be simply explained by quantum
confinement effect. Figure 5.3a shows that the number of layers most strongly
influences the conduction band valley at the A point (A.) and the valence band hill
at the I" point (I'y). DFT calculations reveal that the wavefunction associated with
these points consists of an admixture of the metal d-orbitals and the chalcogen p,-
orbitals (Fig. 5.3b). In contrast, the wavefunctions at the K. and K, regions exhibit
predominantly d-character. In other words, the wavefunctions at the A, and T,
points spatially extend to the outer surface of the X—-M—-X sandwich layer whereas
K. and K, states are confined in the middle of the layer (Fig. 5.3b). Thus, the
indirect band gap between the A. and I', points increases more rapidly with
reducing number of layers compared to the direct gap at the K point, leading to a
crossover in the monolayer limit.

According to a simple particle-in-a-well model, change in the band gap E, of a
2D semiconductor should scale as AE, = n*h*/8uL? where h is the Planck’s
constant, u is the reduced mass of the exciton, and L, is the thickness of the crystals
[95]. This simple relation does not apply to the optical gap of TMD crystals in the
few-layer thickness regime for various reasons. First, thickness reduction does
not only influence carrier confinement but also average interlayer interaction,
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Fig. 5.3 a Calculated electronic band structure of mono- (leff) and bilayer (right) WS,. The dots
indicate the valence band maximum (VBM) and the conduction band minimum (CBM).
b Representative isosurface plot for states associated with different points of the band structure.
a reprinted with permission from Ref. [93] with slight modification (copyright 2015, Royal Society
of Chemistry), b reprinted with permission from Ref. [94] with slight modification (copyright
2015, American Chemical society)

thus resulting in modification of the band structure and effective mass of carriers as
discussed above. Second, exciton binding energy increases rapidly with thickness
reduction due to reduced screening [96]. As a result, the optical gap scales only
weakly with the number of layers. Third, extrinsic effects such as unintentional
doping by surface adsorbates [97] and substrate [98] obscure the band gap
absorption and emission in mono- to few-layer materials.

Another important consequence of thinning group 6 TMDs down to monolayer
limit is the loss of inversion symmetry and corresponding changes in the electronic
structure. Since K and K’ valleys are connected by time reversal symmetry, the
spin-orbit splitting is opposite in these two valleys such that they are degenerate in
energy but nondegenerate in spin states. Thus, spin and valley quantum degrees of
freedom are inherently coupled in monolayers. This makes the valley degrees of
freedom optically accessible by circularly polarized light [99].

The hexagonal symmetry of monolayer group 6 TMDs is the same as that of
monolayer graphene. The main difference is that the A and B sublattices in TMDs
are occupied by metal and chalcogen atoms, respectively. The effective two-band
Hamiltonian is that of a massive Dirac fermion model

~ =R =R A
H = at(1:k,0, + k) + 50z (5.1)
where 1, = %1 is the valley index, a is the lattice constant, ¢ is the effective nearest
neighbor hopping integral, A is the band gap, ¢ is the Pauli matrices for the two
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basis functions representing metal d-orbitals with m =0 and m = 27,. A more
complete Hamiltonian has an additional term on spin-orbit coupling, which splits
the valence band top [100].

5.2.4 Optical Signatures of Band Structure

Linear absorption and emission spectroscopies have proven to be simple yet
powerful tools to probing a number of key features of TMD nanosheets such as
their electronic band structure [101], many-body interaction [102, 103], valley
polarization [27], excited-state coherence [104], doping [105], defects [79], and
strain [106, 107]. In 2010, Splendiani et al. [24] and Mak et al. [25] independently
reported that PL. from monolayer MoS, is distinctly stronger than that from bilayer
and thicker multiplayer samples, which is contrary to the expectation that the
optical response scales with the volume of the material. The authors attributed the
bright PL. from monolayer MoS, is due to its direct band gap. The emission
quantum Yyield of indirect gap multilayer MoS, is substantially lower because the
radiative recombination of indirect excitons is a phonon-assisted second order
process and is significantly slower than non-radiative decay processes. Following
these initial studies, similar observations on enhanced PL were reported for
monolayer WS, (Fig. 5.4a), WSe,, MoSe,, and MoTe, [86, 87, 90, 92]. Figure 5.4
shows PL spectra and fluorescence image of mechanically exfoliated mono- and
few-layer WS, sheets, demonstrating the distinctly bright PL. from the monolayer
region of the sample.

Absorption spectrum of group 6 TMDs exhibits characteristic excitonic reso-
nance peaks in the near-IR to ultraviolet frequencies [1, 25]. Unlike typical
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Fig. 54 a PL spectra of 1L-5L WS,. b Bright field optical and fluorescence images of
mechanically exfoliated WS,. The monolayer region shows bright fluorescence compared to other
multilayer regions. Adapted with permission from Ref. [86] with slight modification (Copyright
2015, American Chemical society)
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conventional quantum wells for which free carrier absorption features dominate at
room temperature, excitonic features are dominant in TMDs and obscure the onset
of free carrier absorption [34, 108]. Figure 5.5 shows the room temperature
absorption spectrum of monolayer WS, obtained by a differential reflectance
measurement. A sharp ground exciton resonance feature (labeled as A) is clearly
visible at ~2 eV. The origin of such absorption features for bulk crystals has been
discussed in early studies by Beal et al. [109] and Bromley et al. [3]. The A and B
resonances are associated with excitonic transitions involving electrons in the
spin-orbit-split valance band valley and the nearly degenerate conduction band
valley at the K and K’ points. Thus, the energy separation of the A and B reso-
nances roughly represent the spin-orbit interaction strength. The C absorption peak,
which appears at higher energies of ~2.8 eV has been attributed to band nesting,
which leads to a singularity in the joint Density of States (jDoS) for 2D systems
[110]. Additional peaks referred to as A’ and B’ are observed in selenides and
tellurides. High quality crystals of monolayer TMDs typically absorb more than
10% of incident photons at their band gap ground exciton resonance and more
strongly at the C peak resonance [111]. This unusually large absorption [112, 113]
is in contrast with that of graphene, whose absorption is 2.3% in the optical fre-
quencies [114].

Bilayer and thicker multilayer TMDs exhibit both direct and indirect exciton
emission peaks. Figure 5.6a shows confinement-induced shift of PL emission peaks
in 1-5 layer (L) WS,. The shift of emission and absorption peaks are summarized in
Fig. 5.6b. Indirect emission in multilayer WS, involves electrons and holes in the A
and I" valley, respectively. Thus, indirect emission peak shift indicates changes in
the valley energies that are sensitive to interlayer interaction as discussed above.
The direct A and B exciton energy is only weakly dependent on the number of
layers while the indirect emission peak energy increases rapidly with reduction in
the number of layers. It is worth noting that the hot exciton emission from B
excitons is also observable at higher energies (2.3-2.4 eV).
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Fig. 5.6 a Normalized PL spectra of 1IL-5L WS,. b PL (colored symbols) and absorption (grey
symbols) peak energies of WS, as a function of the number of layers. The letter / refers to indirect
exciton peak. Reprinted with permission from Ref. [86] (Copyright 2013, American Chemical
Society)

Confinement-induced shift of indirect and direct emission is a general trend
reported for MoS,, MoSe,, WS,, WSe,, and MoTe,. However, subtle details of the
band structure evolution are unique to each material and are still a subject of debate.
For instance, since the conduction band valleys at the K and A point are nearly
degenerate in energy in few-layer materials, experimental determination of the
CBM has been a nontrivial task. DFT results show little consensus on the con-
duction band structure of few-layer MX,. For bilayer MoS, some calculations [96,
115] show that the CBM is located at the K point while others [24, 87, 116, 117]
show that it is at the A point. On the other hand, the DFT calculations consistently
show the VBM to be at the I" point in few-layer MX,. The calculated valence band
structure shows good agreement with the experimental observations by
angle-resolved photoemission spectroscopy (ARPES) [89, 118]. Direct investiga-
tion of the dispersion of unfilled conduction band states, however, is generally a
challenging task. Several groups used ARPES to investigate the conduction band
structure of MX, by introducing heavy electron doping from potassium [88]. While
this approach is effective in identifying CBM, it is yet unclear how heavy doping
and surface electric fields influence the band structure. Studies [119] suggest that
the band renormalization effect is nonnegligible. For instance, a change in doping
density by 10" cm™ is reported to result in a bandgap shift on the order of
~ 100 meV for monolayer WS, [120]. Large electric fields can also substantially
modify the band structure according to theoretical predictions [121].

Our research team employed a less invasive approach to determining the
conduction band structure in bilayer and thicker multilayer MX, samples [101].
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In this approach, we used temperature as the knob to continuously change the band
structure of the sample and studied the corresponding changes in the direct and
indirect PL emission energies. Indirect emission in bilayer MX, involves holes in
the I'; valley and electrons in either K. or A, valleys (Fig. 5.3). DFT calculations
predict that thermal expansion of the lattice leads to opposite temperature depen-
dence for K.—TI', gap and A.—T', gap. We found the temperature coefficient of the
indirect emission energy of bilayer WSe, to be negative. This suggests that the
indirect optical transition involves the CBM at the K, valley. On the other hand,
the temperature coefficient for bilayer MoS, and WS, was positive, suggesting that
the A, valley is the CBM for these materials. Interestingly, 3 ~ 8L WSe, samples
showed two indirect emission peaks with opposite temperature dependence. These
observations further highlight that the conduction band valleys in WSe, are nearly
degenerate.

Ditellurides of molybdenum and tungsten exhibit multiple crystal phases that are
not commonly seen in other group 6 TMDs [39, 40]. There are limited reports on
the behaviors of monolayer MoTe, and WTe,. Bulk 2H-MoTe, is an indirect gap
semiconductor with a band gap of ~1.0 eV. Ruppert et al. [122] reported that
thinning 2H-MoTe, down to monolayer limit yields a direct gap material with an
enhanced PL yield similar to the case of other group 6 TMDs. The authors con-
cluded that multilayer samples are indirect gap semiconductors based on reduced
PL emission intensities. Lezama et al. [92] further investigated low temperature
absorption and emission properties of mono- and few-layer MoTe, samples and
found that the PL quantum yield remains largely unchanged up to 3L sample and
drops substantially for thicker materials (Fig. 5.7). These authors concluded that
2H-MoTe, remains a direct gap up to 3L, unlike MoS, and WS, that exhibit direct
to indirect crossover only at the monolayer limit. Both studies agree that direct and
indirect transition energies are close in energy such that indirect emission peak is
not readily observable for 2H-MoTe,.

It is well known that semiconducting 2H-MoS, and 2H-WS, undergo phase
transformation to metallic 1T structure upon alkali metal intercalation [123, 124].
1T phase is metastable for these materials after deintercalation and the stable 2H
phase is mostly restored upon mild annealing or aging. We studied the electronic
structure evolution of 1T and distorted 1T (1T') phase of MoS, during progressive
restoration of the stable 2H phase [125]. The samples were prepared by lithium
intercalation followed by liquid phase exfoliation in water following the pioneering
work by Joensen et al. [126]. X-ray photoelectron spectroscopy (XPS) analyses
[127] and STEM revealed that the 2H and 1T phases coexist in the as-exfoliated
materials at variable fractions. Figure 5.8a shows the optical absorption spectrum of
as-produced and progressively annealed chemically exfoliated MoS, samples. The
as-produced sample in which the metallic phase response is dominant exhibits no
clear characteristic peaks of pristine 2H-MoS, except for the exciton-like features in
the near-UV range (200-300 nm). The Drude-like broad absorption background
that extends to the near-IR region below the optical gap of 2H-MoS, reveals the
predominantly metallic character of the material. Characteristic exciton absorption
and emission features of 2H-MoS, emerge with annealing, indicating gradual
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Fig. 5.7 Photoluminescence 140
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restoration of the 2H phase. Similar to mechanically exfoliated samples, restacked
nanosheets of chemically exfoliated MoS, exhibit thickness-dependent PL energy
and intensity (Fig. 5.8b), revealing the presence of interlayer coupling despite
stacking disorder.

5.2.5 Optical Signatures of Excitons

Layered TMDs are known as an ideal platform to study many-body effects that give
rise to myriads of unique phenomena such as superconductivity [36] and charge
density wave (CDW) [128]. Strong excitonic character of monolayer MX is also a
manifestation of enhanced many-body effects in these systems. Exciton binding
energy is a measure of how strongly electrons and holes interact with each other
through Coulomb forces. Its magnitude corresponds to the difference between the
electronic and optical gap as schematically shown in Fig. 5.9. According to a
simple hydrogen model, exciton binding energy is four times greater for 2D sys-
tems compared to bulk systems. In practice, reduced dielectric screening also
enhances Coulomb interaction (Fig. 5.10). Large electron and hole effective masses
in TMDs also contribute to the large exciton binding energy. The large binding
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Fig. 5.8 a Absorption of MoS; thin films annealed at various temperatures. Note the restoration
of A and B features (~600-700 nm) at high-temperature annealed samples. b PL spectra of
annealed MoS; films as a function of film thickness. Inset shows peak energies extracted from PL
spectra in the main panel. Note the absence of clear A exciton peak in 7.6 nm film. Reprinted with
permission from Ref. [125] (Copyright 2011, American Chemical Society)

Fig. 5.9 Typical exciton
excitation spectrum of
monolayer group 6 TMDs.
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energy classifies excitons in monolayer TMDs to Frenkel-type, however, their
comparatively large Bohr radius of 0.7 ~ 1 nm [108, 129] that extend over several
unit cells makes them behave as Wannier-Mott excitons. Such dual-character
excitons are also a fingerprint of single-wall carbon nanotubes [130].

In conventional quantum wells, the electronic gap can be identified from the
onset of free carrier absorption, which has a distinct step-like function reflecting the
density of states (DoS) of a 2D electronic system. As it can be seen from Fig. 5.5
excitonic absorption dominates in group 6 TMDs [108, 131] and the onset of
interband transition is not immediately evident. Thus, the determination of elec-
tronic gap or conversely the exciton binding energy needs to resort to other
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Fig. 5.10 a Real-space representation of bound excitons for the 3D bulk and a quasi-2D
monolayer. The changes in the dielectric environment are indicated schematically by different
dielectric constants e;p and €,p and by the vacuum permittivity €,. b Changes in the electronic and
excitonic properties upon reduction of dimensionality, schematically represented by optical
absorption. The transition from 3D to 2D is expected to lead to an increase of both the band gap
and the exciton binding energy (indicated by the dashed red line). Adapted from Ref. [34]
(Copyright 2014, American Physical Society)

measurement techniques. These include scanning tunneling spectroscopy (STS),
ARPES, two-photon photoluminescence excitation (2P-PLE) spectroscopy, and
photocurrent spectroscopy. A number of papers reporting fundamental electronic
gap and exciton binding energy of various TMDs appeared in the past few years.
These values are summarized in Table 5.1. While the reported values vary, exciton
binding energies are typically found to be of the order of few hundreds of meV,
which is one order of magnitude larger than that of conventional quasi-2D
GaAs-type quantum wells [132, 133] and bulk TMDs [134].

Ugeda et al. [119] investigated the electronic gap of MBE-grown monolayer
MoSe; on an epitaxial bilayer graphene (BLG) and graphite (HOPG) surface by
STS. The electronic gap was measured to be 2.18 £ 0.04 eV for MoSe,/BLG
system. The measured optical band gap of 1.63 eV for this sample implied exciton
binding energy of 0.55 eV. Further, the authors found the electronic gap of MoSe,/
HOPG sample to be smaller by 11% and attributed this to the different dielectric
screening properties of BLG and HOPG substrates. Interestingly, the optical gap
was nearly identical for the two samples, indicating that the exciton binding energy
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Table 5.1 Electronic gap and exciton binding energies of quasiparticles in group 6 TMD

monolayers
Material | References E())( E% V) E§( Eg clec Substrate® | T Sample Method
(eV) V) | (V) (K) | source®

MoS, [102] 0.018 10 PL, abs
[129] 0.032 5 abs
[135] 0.57 2.5 susp. 77 CVD Photocurrent
[33] 0.22— 2.15- | HOPG 77 | CVD STS, PL

0.42 2.35
[145] 0.07 74 | CVD TA®
[146] 0.04, AlO3 10 TA
0.06

WS, [147] 0.02-0.04 4 PL
[137] 0.71 0.034 2.73 10 PL, 2P-PLE
[35] 0.7 10 2P-PLE
[34] 0.32 2.41 5 dR
[148] 0.043 0.065 PL
[149] 0.01-0.015 0.045 PL

MoSe, [119] 0.55 2.18 BLG 77 | MBE STS, PL
[119] 0.27 1.94 HOPG 77 | MBE STS, PL
[150] 2.1 HOPG 4 MBE STS, PL
[105] 0.03 55 PL
[91] 0.5 2.15 HOPG 79 | MBE STS

WSe, [104] 0.024-0.04 30 PL
[151] 0.37 2.02 300 2P-PLE
[152] 0.6 4 SHG",

2P-PLE

[103] 0.052 50 PL
[91] 0.5 2.12¢ HOPG 79 | CVD STS

MoTe, | [92] 0.025 4.5 PL
[153] 0.58 | 0.024, 0.027 1.8 gel film®* | 300 PLE

4Si0,/Si substrate is used if not mentioned otherwise

®Flakes were exfoliated from bulk crystal if not mentioned otherwise

“Transient absorption (TA)
9The quasiparticle bandgap was calculated (GW-BSE) to be 2.73 eV [152]
°Quasiparticle gap in monolayer WSe, was found to be indirect (from Q to K). However, similarly accessed direct gap

(from K to K, ~2.20 eV) was found to nearly degenerate with indirect [91]

fSecond harmonic generation (SHG) spectroscopy

Elastic (PDMS-like) GEL film by Gel-Pack was used as the substrate

was reduced by as much as 51% for the MoSe,/HOPG sample. It is worth noting
that the electronic gap of similarly prepared but heavily potassium-doped mono-
layer MoSe, on BLG was measured to be 1.58 eV by ARPES by Zhang et al. [88].
These reports indicate that band renormalization effect is significant in these
materials.
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Zhang et al. [33] conducted similar STS investigation on CVD-grown monolayer
MoS, on a HOPG surface. These authors found the electronic gap and exciton
binding energy to be 2.15 £ 0.06 and 0.22 eV, respectively, at 77 K. Klots et al.
[135] utilized photocurrent spectroscopy to measure the electronic gap of
mechanically exfoliated and suspended monolayer MoS,. The authors attributed the
step-like increase in photocurrent at ~2.5 eV to the onset of interband transition,
and reported a significantly larger exciton binding energy of 0.57 eV. The dis-
crepancies may be related to different dielectric screening effects in suspended and
supported samples.

Chernikov et al. [34] proposed a simpler approach based purely on linear optical
spectroscopy to estimate the exciton binding energy of monolayer WS, on a SiO,/
Si substrate. This requires examination of low temperature reflectance contrast
(differential reflectance, dR) spectrum of a high quality sample. As shown in
Fig. 5.11, derivative of reflectance contrast reveals higher lying exciton transition
features that can be identified as 2s, 3s, 4s, and 5s states of the A exciton. Assuming
2D hydrogenic Rydberg series for the 3s, 4s, and 5s states, the authors extract an
electronic gap to be 2.41 + 0.04 eV, which yields an exciton binding energy of
320 meV. The same group [136] confirmed the assignment of higher lying exciton
transitions using photoluminescence excitation spectroscopy (PLE). Interestingly,
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Fig. 5.11 The first derivative of the reflectance contrast spectrum of the WS, monolayer. The
notion 1s, (2s, 3s,..., 5s) stands for exciton ground state and the higher excited states. Neutral
Ls transition (AX) accompanied by the trion peak (AXr) at the low-energy shoulder, this part of
the spectrum is scaled for clarity. The Inset shows the as-measured reflectance contrast for
comparison, allowing for the identification of the A, B, and C transitions. Adapted from Ref. [34]
(Copyright 2014, American Physical Society)
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this binding energy is nearly half of what was measured in the same material in
nonlinear optical excitation. While s exciton states (s, 2s, 3s,...) are accessible via
one-photon excitation, p states (2p, 3p,...) can only be probed through two-photon
spectroscopy. Ye et al. [35] and Zhu et al. [137] employed 2P-PLE spectroscopy to
probe 2p and 3p states of A excitons in monolayer WS,. These dipole-forbidden
states were found at energies close to the 2s and 3s states measured by one-photon
excitation.

Exciton complexes such as trions and biexcitons are also indications of strong
many-body Coulomb interactions. A trion or a charged exciton is a quasi-particle
consisting of either two electrons and one hole (negative trion) or two holes and one
electron (positive trion) [138]. These particles have been observed in monolayer
TMDs with excess charges (Fig. 5.12). Mak et al. [102] and Ross et al. [105]
reported observation of trions in electrically gated monolayer MoS, and MoSe,,
respectively. The trion binding energies were found to be 20 and 30 meV in these
studies. These values are one order of magnitude larger compared to trion binding
energies in conventional quantum wells [139, 140]. For isotropic 2D semicon-
ductors with equal electron and hole masses, the exciton binding energy is expected
to be approximately 10 times larger than the trion binding energy [141, 142]. The
reported exciton and trion binding energies for TMDs are roughly consistent with
this rule of thumb.

A biexciton is a four-particle complex comprised of two free excitons. Biexciton
emission typically occurs at a lower energy of a neutral exciton emission line and its
emission intensity increases superlinearly with excitation power. Biexcitons in
monolayer WSe, have been observed at high-power pulsed laser excitation at low
temperatures [103]. Theory and experiments indicate that biexciton binding energy
of 52 meV and Bohr radius of ~4 nm. Ratio of biexciton and free exciton binding
energies, known as the Haynes factor, was found to be comparable with that of
GaAs quantum wells [143]. Thermally activated dissociation suppresses biexciton
emission peak at room temperature [103, 144].
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5.2.6 Many-Body Effects in Bilayers and van der Waals
Heterostructures

Two quantum wells separated by a thin insulating barrier layer are considered to be
coupled when carriers with opposite charge in the two layers interact by Coulomb
forces and form a bound state. Coupled quantum wells of InGaAs have been
studied both experimentally and theoretically for Bose—Einstein condensation [154,
155] and giant Stark effects [156, 157] of such spatially indirect excitons. A bilayer
TMD sheet is effectively a coupled quantum well in that electrons and holes can
form a bound state across the van der Waals gap. In a typical intrinsic bilayer
system, however, intralayer exciton states are anticipated to dominate. The findings
by Schuller et al. [158] indicate that in-plane dipoles, i.e., intralayer excitons, are
solely responsible for emission from bilayer MoS,. Jones et al. [159] reported that
in an electrostatically gated bilayer WSe,, the trion emission peak splits into a
doublet in the presence of large vertical electric fields. The authors attributed this
splitting to electric-field-induced Zeeman-type splitting of energy bands associated
with upper and lower layers. The doublet could then be explained by inter- and
intralayer trion species. These interlayer trions consist of an intralayer exciton
bound to an electron in the other layer.

Several groups have also reported observation of interlayer excitons in van der
Waals heterostructures [160-162]. These interlayer excitons are effectively
charge-transfer species that are commonly seen in donor-acceptor molecular
complexes [163]. Monolayer group 6 TMDs typically form a type-II junction when
placed in contact with each other [164, 165]. Photoemission studies indeed indicate
that band alignment of a monolayer MoS,/WSe, heterostack is type-II as predicted
by DFT calculations [166, 167]. In such heterojunctions, excitation of intralayer
excitons leads to spontaneous interlayer charge transfer and formation of interlayer
excitons. Several research groups reported observation of a low-energy PL peak
that does not belong to intralayer emission species and attributed it to interlayer
excitons (Fig. 5.13). Rivera et al. [161] found that this low-energy emission peak
redshifts with external electric field and concluded that their observation is con-
sistent with the out-of-plane exciton dipole. Studies suggest that the brightness of
interlayer excitons strongly depends on the orientation of the two layers [162]. This
is consistent with the fact that misorientation of the layers renders the interlayer
species indirect not only in space but also in momentum [168].

5.3 Other Layered Chalcogenides

Semiconducting nanosheets derived from other families of layered chalcogenides
exhibit properties that are unique to their crystal symmetry and bonding. We briefly
review chalcogenide nanosheets that have recently attracted interest for their
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Fig. 5.13 a Depiction of a MoSe,—WSe, heterostructure (HS). b Microscope image of a MoSe,—
WSe, HS with a white dashed line outlining the overlapping region. ¢ Room-temperature PL of the
HS. Inset shows spatial map of integrated PL intensity from the low-energy peak (1.273-
1.400 eV), which can only be observed in HS area. d Photoluminescence of individual monolayers
and the HS at 20 K (plotted on the same scale). Notations X9, (X;;) and X3, (X;,) stand for neutral
(charged) exciton peak emissions due to WSe, and MoSe,, respectively. Reprinted with
permission from Ref. [161] (Copyright 2014, Nature Publishing group)

potential in nanoelectronics [169, 170], optoelectronics [171-174], solar cells
[175], photonics [176], and many other fields.

5.3.1 Sn-Based Monochalcogenides

Tin monochalcogenides (SnS and SnSe) represent an interesting class of layered
materials with structural in-plane anisotropy. Along with their dichalcogenide
compounds SnS, and SnSe,, they are known for their attractive thermoelectric
properties. Recently reported ZT of 2.6 for SnSe at 923 K [177] its potential uses in
thermoelectric devices. Bulk SnS and SnSe have orthorhombic crystal structure of
distorted NaCl type. The o phase of SnS, also known as herzenbergite, is a naturally
occurring mineral. Its bandgap of ~ 1.3 eV and large absorption coefficient makes
it attractive as the absorbing layer for solar cells [172, 175].
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Fig. 5.14 Valley selection in
monolayer SnS for an external
oscillating electric field.
Depending on the polarization
of the field, different valleys
are excited. Reprinted with
permission from Ref. [171]
(Copyright 2016, American
Physical Society)

DFT calculations predict the bandgap of SnS to increase with decreasing thick
from 1.3 eV for bulk to 1.96 eV for monolayer, similar to the case of MoS,. The
gap, however, is predicted to remain indirect for SnS for all thicknesses. In contrast,
indirect-to-direct gap crossover is predicted for SnSe. Monolayer SnSe is expected
to be a direct gap semiconductor with a band gap of ~1.4 eV [17].

Lack of inversion symmetry in monolayer SnS and SnSe and strong spin-orbit
coupling imply presence of energy degenerate but spin dependent valleys like in
monolayer MoS,. It is worth noting that according to DFT calculations, spin-orbit
splitting of both valence and conductance bands reduces the electronic gap as much
as 95 meV for SnS and 85 meV for SnSe [17]. Theory also predicts that the four
spin- and momentum-dependent valleys in the rectangular Brillouin zone can be
accessed by linearly polarized light [171] (Fig. 5.14). This is different from group 6
TMD monolayers, where a circular polarized light is needed to achieve valley
polarization [99]. While experimental investigation of monolayer SnS and SnSe is
limited, these attributes of SnS and SnSe make them attractive for valleytronics and
spintronics.

5.3.2 Ga-Based Monochalocogenides

Monolayer GaX (X=S, Se, Te), which is made up of a X—Ga—Ga—X sandwich, has
recently attracted attention for its potential as high performance photodetectors
[174, 178-180]. GaTe is an exceptional member of GaX family that possesses a
direct gap of ~ 1.7 eV [181] in its bulk form. This is attributed to the unique crystal
structure of monoclinic GaTe, where the Ga—Ga bonds are slightly tilted with
respect to the c-axis, unlike in GaS and GaSe, whose Ga—Ga bonds are perpen-
dicular to the layer plane [180]. Interestingly, monolayer GaTe is predicted to be an
indirect gap semiconductor with a hexagonal structure [14, 182].

A recent experimental report showed that GaS and GaSe exhibit no clear sig-
nature of indirect-to-direct gap crossover as their thickness is reduced to monolayer
[183]. However, the authors suggest that the difference between the direct and
indirect gap in mono- and few-layer GaSe is small enough for electrons to thermally
distribute over conduction band valley minima when electrons are injected into the
system [183, 184]. Cathodoluminescence (CL) spectroscopy of GaSe nanosheets



5 Chalcogenide Nanosheets: Optical Signatures ... 153

(@) (b)
ﬁ gy GaSixSex
N L
s S
] g
=z &
£ S
2 a
2 <]
c w
S <
o ~
Pr— T T T = .l - T
500 550 600 650 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Fig. 5.15 Band gap tuning of GaS;_,Se, multilayers. a UV-visible diffuse reflectance spectrum
(in absorption) and b PL spectrum (at 8 K) of the GaS,_,Se, nanosheets with various values of x.
Reprinted with permission from Ref. [183] (Copyright 2015, American Chemical Society)

showed pronounced enhancement of the band gap emission with increasing number
of layers, suggesting that the energy difference between the direct and indirect gaps
are reduced for thicker flakes. Interestingly, CL spectra of GaS showed an opposite
trend with emission from monolayer most strongly enhanced. Theoretical analysis
[183] suggested that oxygen chemisorption induces indirect-to-direct gap transition
in monolayer GaS. According to CL measurements, electronic gap of GaS (GaSe)
increases from 2.5 eV (2.0 eV) to about 3.4 eV (3.3 eV) when the thickness is
reduced from bulk to monolayer.

GaS;_Se, alloys are interesting for their highly tunable band gap due to the
distinctly separated band gaps of GaS and GaSe. A broad tuning of PL from
near-UV to red range has been demonstrated for alloys with varying sulfur and
selenium compositions as shown in Fig. 5.15. The accessible range of band gaps is
distinctly larger than that for group 6 TMD alloys [185-187].

5.3.3 Re-Based Dichalcogenides

ReX, (X=S, Se) exhibits 1T crystal structure common to TMDs but with a periodic
lattice distortion and Re-Re bonding network (Fig. 5.16a, b). Owing to this
structural deformation, interlayer coupling in stacked layers is weak and corre-
spondingly, the thickness dependence of band gap is marginal. DFT predicts that
ReS, remains a direct bandgap semiconductor independent of crystal thickness and
estimates band gap of ~1.35 eV for bulk and ~1.43 eV for monolayer [188].
However, ReSe; is an indirect gap semiconductor with an experimentally measured
optical gap of ~1.26eV and ~1.32eV for bulk and monolayer at 80 K,
respectively [189]. PL intensity of RX, scales directly with thickness of the flakes,
unlike for group 6 TMDs (Fig. 5.16c, d). A recent experimental study reported
that the direct gap of bulk ReS, lies just 0.07 eV above the indirect gap [190].
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Fig. 5.16 Low magnification annular dark field (ADF) STEM image of ReS,. The upper part is
single-layer with the diamond-shape-chain phase structure, while the lower part is three-layer
stacking. b Schematic illustrations of the ReS, atomic structure in the basal plane and cross section
(Re, green; top S, yellow; bottom S, pink). Four Re atoms form a diamond cluster (green line). The
diamond-shape clusters form a chain-like structure along the b[010] direction. ¢ PL spectrum of
ReS, flakes with different number of layers. d Integrated PL intensity as a function of the number
of layers (normalized to that of monolayer) in ReS,, MoS,, MoSe,, WS,, and WSe,. Unlike for
group 6 TMDs, PL intensity of ReS, scales proportionally with thickness of the flake. (a) and
(b) reprinted with permission from Ref. [169] (Copyright 2015, American Chemical Society),
(c) and (d) reprinted with permission from Ref. [188] (Copyright 2014, American Chemical
Society)

The zig-zag Re-Re bonded chains break the in-plane hexagonal symmetry and give
rise to the anisotropy of optical, electrical and mechanical properties [169, 191, 192].

5.3.4 Trichalcogenides

Transition metal trichalcogenides such as TiS; and NbSj; are another family of
materials with strong in-plane anisotropy [170, 193]. TiS; has a monoclinic
structure with individual layers consisting of an array of 1D chains of triangular
TiS3 units. Bulk TiS3 is a direct gap semiconductor with an optical gap of ~1 eV
and a strong anisotropy in electrical conductivity [194]. Niobium trisulfide, NbSs, is
a model CDW metal that was found to exhibit characteristic 1D transport properties
in thin exfoliated samples [195, 196].

Recently Island et al. [173] exfoliated 2D nanosheets of TiS; down to monolayer
and field-effect transistors and photodetectors have been demonstrated [13, 197].
Experiments have shown that TiS; nanosheets exhibit pronounced in-plane aniso-
tropy in electron transport (carrier mobility anisotropy of 2.3 and 7.6 at
room temperature and 25 K, respectively) and strong linear optical dichroism,
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i.e., change of absorption with rotation of polarization axis [198]. Strong quasi-1D
behavior combined with large photoresponsivity [197] and predicted high carrier
mobility in monolayers (10,000 cm?® V! s_l) [170] make this material attractive
for both fundamental and applied research.

5.4 Summary

The rapid development of chalcogenide nanosheet research in recent years has seen
a number of key discoveries that highlight the unique potential of this class of
materials in a range of novel applications. TMDs are diverse in basic material
properties and rich in physics due to enhanced many-body effects and unique
crystal symmetry. This chapter focused on the fundamental understanding of the
electronic structure and spectroscopic signatures of excitonic effects in group 6
TMDs. There are, however, a large number of other TMDs and chalcogenides that
remain unexplored in terms of their fundamental electronic properties and
many-body-induced phenomena. While these 2D systems exhibit familiar features
of conventional III-V quantum wells, dramatically enhanced many-body interac-
tions, optically accessible valley quantum indices, and other emerging physical
properties make them attractive for technological exploitations. Van der Waals
heterostructures are not limited by lattice matching conditions, and allow prepa-
ration and study of any combination of chalcogenide nanosheets and other 2D
materials. The prospects for realizing heterostructures with tailored physical
properties and desired functionalities offer an exciting vista in many aspects of
physical sciences and materials research.
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