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Two-dimensional (2D) transition metal dichalcogenide (TMD) nanosheets exhibit remarkable electronic and
optical properties. The 2D features, sizable bandgaps and recent advances in the synthesis, characterization
and device fabrication of the representative MoS,, WS,, WSe, and MoSe, TMDs make TMDs very attractive
in nanoelectronics and optoelectronics. Similar to graphite and graphene, the atoms within each layer in
2D TMDs are joined together by covalent bonds, while van der Waals interactions keep the layers together.
This makes the physical and chemical properties of 2D TMDs layer-dependent. In this review, we discuss
the basic lattice vibrations of 2D TMDs from monolayer, multilayer to bulk material, including high-
frequency optical phonons, interlayer shear and layer breathing phonons, the Raman selection rule,
layer-number evolution of phonons, multiple phonon replica and phonons at the edge of the Brillouin
zone. The extensive capabilities of Raman spectroscopy in investigating the properties of TMDs are
discussed, such as interlayer coupling, spin—orbit splitting and external perturbations. The interlayer
vibrational modes are used in rapid and substrate-free characterization of the layer number of multilayer
TMDs and in probing interface coupling in TMD heterostructures. The success of Raman spectroscopy
in investigating TMD nanosheets paves the way for experiments on other 2D crystals and related van der
Waals heterostructures.

1 Introduction

Driven by the unique properties of graphene, the rapid progress
of graphene research has stimulated interest in other two dimen-
sional (2D) crystals.' ® Several representative 2D crystals, such as
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The library of 2D crystals is very rich, including many
naturally-occurring layered materials (LMs), e.g., minerals,
transition metal oxides and transition metal dichalcogenides
(TMDs).” The capability to prepare/grow different families
of 2D crystals will greatly enhance the library of materials
and thus allow exploration of the fascinating unusual physics
in two dimensions." Recently, 2D TMDs such as MoS,, MoSe,,
WS, and WSe, have attracted considerable attention because
of their unique properties and their potential applications
in (opto-)electronics.®**® These 2D crystals can be grown or
mechanically exfoliated to monolayer thickness, similar to the
exfoliation of graphene. However, in contrast to graphite and
graphene, TMDs consist of more than one element (as shown
in the case of MoS, in Fig. 1(a), where one Mo plane is
sandwiched between two S planes), which makes their lattice
dynamics more complex than multilayer (ML) graphene,”
including the symmetry, force constants and frequency varia-
tion with the thickness."®° Furthermore, compared with
the bulk form, monolayer (1L) and few-layer (FL) TMDs show
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very distinctive physical properties, especially the lattice
dynamics, electronic structure and optical properties.

Many TMDs possess a graphene-like layered structure
with the single carbon atomic layer of graphene replaced by
the repeat unit X-M-X, where M is a transition metal of group
VI (Mo or W) and X is a chalcogens (S, Se or Te). More than 40
different types of TMDs can occur depending on the combi-
nation of chalcogen and metal. For example, in MoS,, the
chalcogen atoms (S) in the two hexagonal planes are separated
by a plane of metal atoms (Mo), as shown in the case of
1L-MoS, in Fig. 1(a). As indicated by the black triangular
prism in Fig. 1(a), the Mo atom has trigonal prismatic coordi-
nation, where the upper triangle is obtained by mirroring
the bottom triangle. This repeat unit stacking along the c axis
will form two different polytypes, i.e., 2H (hexagonal sym-
metry, two X-M-X layers per repeat unit, trigonal prismatic
coordination, H stands for hexagonal) and 3R (rhombohedral
symmetry, three X-M-X layers per repeat unit, trigonal pris-
matic coordination, R stands for rhombohedral)." The site of
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(a) Schematic diagram of the three-dimensional structure of 1L-MoS,. The triangular prism (black lines) shows the trigonal prismatic coordination of Mo
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atoms. (b) Schematic diagrams of the three typical structural polytypes of MX,: 2H, 3R and 1T. a and c represent the lattice constants. Reproduced with
permission from ref. 4. Copyright 2012, Nature Publishing Group. (c) Optical image of 1L- and 2L-MoS, obtained by micro-mechanical cleavage. (d) Stable
suspensions of MoS,, WS, and BN from liquid-phase exfoliation in solvents (top), and thin films derived from vacuum filtration of these suspensions (bottom).
Reproduced with permission from ref. 21. Copyright 2013, American Association for the Advancement of Science. (e) Scanning electron microscopy images of
triangular MoS; thin films by vapour phase growth. Reproduced with permission from ref. 21. Copyright 2013, Nature Publishing Group.

the metal atom also have octahedral coordination, where the
upper triangle is inversion of the bottom triangle, which gives
the third polytype 1T*?*?* (tetragonal symmetry, one X-M-X
unit in the unit cell, octahedral coordination, T stands for
trigonal). Schematic diagrams of the three structure polytypes
are shown in Fig. 1(b).* The difference between the trigonal
prismatic symmetry and octahedral coordination of metal
atoms can result in completely different electronic structures
in the monolayer. For example, 1L 2H-MoS, is semiconduct-
ing,®° while 1L 1T-MoS, is metallic.>*** Recently, 1L 1T-MoS,
obtained by intercalation with alkali metals transformed to
2H-MoS, by annealing at 300 °C, which was verified by the
re-emergence of bandgap photoluminescence (PL).>*> The sym-
metry difference between the monolayer of 2H-MX,/3R-MX,
(point group D;p) and 1T-MX, (point group Dsg) can be
determined by Raman analysis.>® Here, we mainly focus on
2H-MX, and bulk 2H-MX, is simply denoted as bulk MX,.
Great advances have been made with MoS,, and research is
gradually being extended to other TMDs. Most TMDs are indirect-
gap semiconductors in the bulk, but transform to direct-gap
semiconductors when reduced to monolayer thickness.**?® This
can be probed by a variety of spectroscopic tools.®2¢73!

This journal is © The Royal Society of Chemistry 2015

For example, as an indirect-gap material, bandgap PL in bulk
2H-MoS, is very weak because it is a phonon-assisted process
and known to have negligible quantum yield. Appreciable PL is
observed in FL-MoS, and surprisingly bright PL is detected
in 1L-MoS,, which is indicative of it being a direct-gap semi-
conductor.®® The indirect-to-direct transition is attributed to
the absence of weak interlayer coupling in the monolayer,®®??
which was directly verified in FL-MoSe, via interlayer thermal
expansion.®® The direct bandgap of monolayer TMDs promises
high performance in optoelectronic applications, such as the
extra-high on/off ratio reported for MoS, transistors at room
temperature.'® Two peaks (A and B) are observed in the
absorption spectra of 1L- and 2L-MoS,, corresponding to tran-
sitions between split valence bands (VBs) and conduction
bands (CBs).® The energy splitting between A and B in bulk
MoS, arises from the combined effect of interlayer coupling
and spin-orbit coupling (SOC), but solely comes from SOC in
1L-MoS, because of the absence of interlayer coupling.®
Furthermore, coupled spin and valley physics introduces a new
controllable degree of freedom beyond charge and spin, leading
to valleytronics."" ™ An excited electron will attract a hole by
Coulomb interactions to form a bound state (called an exciton)

Chem. Soc. Rev., 2015, 44, 2757-2785 | 2759
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with the bound energy levels lying in the bandgap region.
This excitonic effect is significantly enhanced in low-dimensional
materials owing to strong spatial confinement and a reduced
screening effect.**° Thus, as a 2D material, 1L-MX, is expected
to have a strong excitonic effect with a large exciton binding energy
of 0.5-1.0 eV,**™* which will significantly influence its optical
properties. In addition, one-dimensional nonlinear optical
edge states are observed at the edge of 1L-MoS,, which allows
direct optical imaging of the atomic edges and boundaries of
the 2D material.**

Various methods have been developed to obtain uniform,
high-purity, thickness-controlled and large-area TMD mono-
layers, which can be mainly divided into two categories:
exfoliation from parent bulk crystals and chemical vapor
deposition (CVD) on substrates. The coupling between the
X-M-X repeat units of bulk TMDs by weak van der Waals
forces allows the crystal to be easily cleaved along the layer
surface. Methods inherited from the graphene community,
such as micro-mechanical cleavage,'®** liquid-phase exfolia-
tion>*® and exfoliation by intercalation with ionic species®*
have been widely used in preparing monolayer TMDs. Samples
obtained by micro-mechanical cleavage exhibit high crystal
quality but need to be supported on substrates (e.g., SiO,/Si, as
shown in Fig. 1(c)) for optical identification."””*® Liquid-phase
preparation of MX, (Fig. 1(d)) is promising, and allows the
preparation of composites and hybrids of different MX,.*>*
However, the thickness and size of thin layers cannot be
well-controlled compared with exfoliation processes. Inspired
by CVD of large-area graphene on copper,”® several CVD
methods based on insulating substrates have recently been
reported.»>>*> CVD growth of TMD monolayers offers the
possibility of wafer-scale fabrication of electronic and opto-
electronic devices.*®

Ideally, methods for fundamental research and material
characterization should be fast and non-destructive, offer
high spectral and spatial resolution, provide structural and
electronic information, and be applicable at both laboratory
and mass-production scales. Raman spectroscopy fulfills all
of the above requirements. Raman spectroscopy can identify
unwanted by-products, functional groups, structural damage
and chemical modifications introduced during preparation,
processing or placement of various LMs. Here we review recent
developments in Raman spectroscopy for characterization of 2D
TMDs. We first introduce lattice vibrations and phonon dis-
persion of 1L-, 2L- and bulk MX, (Section 2). Then, we discuss
the fundamentals of Raman scattering and its selection rule
(Section 3). We outline non-resonant (Section 4) and resonant
Raman (Section 5) spectroscopy of TMDs. In Section 6, Raman
spectroscopy of 2D TMDs modified by external conditions, such
as strain, pressure, temperature and electric field, is discussed.
Finally, we discuss the potential of shear and layer breathing
modes for characterization of the thickness of unknown ML
TMDs and probing the interface coupling of 2D hybrids and
heterostructures (Section 7). We hope that this review will enable
a better understanding of the recent progress in phonon and
Raman scattering of 1L, ML and bulk TMDs, and be helpful to
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design and perform Raman experiments to make use of the great
potential of Raman spectroscopy for LMs and their hybrids and
heterostructures.

2 Lattice vibrations and phonon
dispersion of 1L-, 2L- and bulk 2H-MX,

2.1 Lattice vibrations at the I" point and its
symmetry classification

Lattice vibrations can be classified based on the irreducible
presentation of the symmetry group of the crystals.>® The unit
cell of bulk MX, consists of two X-M-X units with a total six
atoms, suggesting that there are 18 phonon modes (3 acoustic
and 15 optical modes). Bulk MX, has D¢, point group symmetry.
Thus, the lattice vibrations of bulk MX, at the I' can be
expressed by the irreducible representations of Dgy, as follows:>*”
I' = Ajg + 2Ay, + 2Byg + Byy + Eqg + 2Eqy + 2By, + E,, where
one Ay, and one Ey, are acoustic modes, Aq, E;; and E,, are
Raman (R) active, another A,, and E,, are infrared (IR) active,
and B,,, By, and E,, are optically inactive (silent). Here the
modes denoted by the letter “E” are doubly degenerate in
the xy plane.

Because of the lack of translational symmetry (7) along
the z axis which is perpendicular to the basal xy plane, there is
a reduction in symmetry in FL-TMDs (NL-MX,),*® where N is
an integer and refers to the layer number. Odd NL-MX,
(ONL-MX,) has Dj, point group symmetry because of the
presence of the horizontal reflection plane (o},) that passes
through the transition metal atom (M). In particular, the unit
cell of 1L-MX, is composed of three atoms with nine normal
vibrational modes at the I" point, which is expressed based on
Dsp, as®™® I' = 2A + A} + 2E' + E’, where one A} and one E’
are acoustic modes, another A} is IR active, A| and E” are R
active, and another E’ is both R and IR active, as shown in
Fig. 2(a). The point group of even NL-MX, (ENL-MX,) is Dzq
because of the existence of inversion symmetry i. o}, exists
in ONL-MX, and bulk MX, bulk but it is not present in
ENL-MX,.*® In particular, for 2L-MX,, the unit cell is
composed of six atoms belonging to Dzq. There are 18 normal
vibrational modes at the I' point:>*>*® I' = 3A;, + 3A,, + 3E, +
3E,, where one A,, and one E, are acoustic modes, the other
A,y and E, are IR active, and A, and E, are R active, as shown
in Fig. 2(a). It should be noted that the R and IR modes are
mutually exclusive in bulk MX, and ENL-MX, because of the
presence of inversion symmetry i{. The symmetry and normal
mode displacement of each mode of bulk, 2L- and 1L-MX,
are shown in Fig. 2(a). In general, the 9N normal vibrational
modes in NL-MX, at the I point can be expressed based

on its 20,58,59

3N -1
2

3N
T'ENL = 7(Alg + Eg + Ay + Ey) for ENL-MX, (D3q4). These 9N

modes can be further classified into three categories accord-
ing to their frequencies (see Section 4): acoustic, ultra-low

corresponding point
3N +1

group as: I'onL =

(A; + E”) + (Alz/ + E’) for ONL-MX, (Dn) and
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Fig. 2 (a) Symmetry and normal displacements of each optical vibration mode for bulk MX5, 2L-MX, and 1L-MX,. The Raman-active (R), infrared-active
(IR), and both R and IR inactive (silent) modes are identified. The dotted lines show that each mode in 1L-MX; is split into two modes in both 2L-MX; and
bulk MX; of which one vibrates in-phase and another out-of-phase. Calculated phonon dispersion curves of (b) 1L-MX; and (c) bulk MX; for MoS,. The
points in (c) are experimental data extracted from the neutron scattering measurements in ref. 53. Reproduced with permission from ref. 54. Copyright

2011, American Physical Society.

frequency (ULF) and high frequency modes. These classifica- from the I" point, e.g., at high-symmetry edges of the Brillouin
tions are shown in Table 1, where the number of Raman zone, can also be obtained according to the corresponding
active modes for the three categories are also included. Like- point group, which has lower symmetry than that at the
wise, the symmetry classifications for lattice vibrations away I point.>”

Table1 Symmetry, Raman activity and number of acoustic, ultra-low frequency and high frequency modes in ENL-, ONL- and bulk MX,. R, IR and S in
brackets after the symmetry refer to Raman active, infrared active and optically silent, respectively. All of the “E” modes are doubly degenerated. Num(R)

denotes the number of Raman active modes

Ultra-low frequency

NL-MX, Acoustic C modes LB modes High frequency modes Num(R)
Bulk Aw+Ey  E(R) B34(S) E1g(R) + Eqy(IR) + Egg(R) + Epy(S) 7
+ Ajg(R) + Ayy(IR) + Byy(S) + Byy(S)
ENL Ay + E N N -2 N N -2 N(Eg(R) + Ey(IR) + Ajo(R) + Ay,(IR 9N/2
B DR (R) + SRR SALR) + A (IR) (Eg(R) + Eu(IR) + A1g(R) + Azu(IR)) /
" ! — — ’ " ! " _
ONL Ay +E N_l(E/(IR +R)+ E'(R)) N . I(A’l (R) + AJ(IR)) N(E'(IR +R) + E"(R) + A|(R) + A5(IR))  5(3N — 1)/2

This journal is © The Royal Society of Chemistry 2015
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Each of the nine normal vibrational modes in 1L-MX, will
split into the corresponding two modes in both 2L- and bulk
MX,, as shown by the dotted lines in Fig. 2(a). For example,
E/(R+IR) in 1L-MX, splits into E4(R) and E,(IR) in 2L-MX,,
or E;,(R) and E,,(IR) in bulk MX,, where the displacement
between the top and bottom layers are in phase for E,/Eq,
but out of phase for E4/E,. The positive integer in the upper
right corner of the mode notation is used to distinguish
modes with the same symmetry (e.g:, E;; and Ej, in
Fig. 2(a)), and is generally applicable to other modes. In the
case of Eg/E;, in 2L- and bulk MX,, additional “spring”
coupling between X atoms of neighboring layers increases
the frequency with respect to Eu/Eq,. This is known as
“Davydov splitting”,°® which also occurs to other modes in
2L- and bulk MX,. Thus, the position of E;,(Pos(E;g)) in bulk
MX, is expected to be larger than the position of E;,(Pos(E;y))-
However, this is not the case in bulk MoS, where Pos(E;g)
is ~1 cm™' lower than Pos(E;,) because of the existence
of causes other than the weak interlayer interaction.®’ Inter-
esting splitting occurs in acoustic Aj(ZA) and E'(LA/TA) in
1L-MX,. AY(ZA) in 1L-MX, will split into Aj, and A,,(ZA) in
2L-MX,, or B3, and A,,(ZA) in bulk MX,, while E'(LA/TA) in
1L-MX, splits into Ej and E, in 2L-MX,, or E3, and E,,, (LA/TA)
in bulk MX,. Aj,/B3, and Ej/Ej, in 2L- and bulk MX, are
referred as layer breathing (LB) and shear modes, which
corresponds to the relative motions of two X-M-X layers
perpendicular and parallel to the layer plane, respectively. A
similar shear mode has been observed in multilayer graphene.'”
It is usually called C because it provides a direct measurement of
the interlayer coupling.'”

2.2 Phonon dispersion

Away from the I’ point, normal vibrational modes are dis-
persive with respect to wave-vector g. The phonon disper-
sions of 1L- and bulk MoS, calculated by density functional
theory within the local density approximation are shown in
Fig. 2(b) and (c).**

The phonon dispersion of 1L-MX, has three acoustic and six
optical branches inherited from the nine vibrational modes at
the I' point. The three acoustic branches are the in-plane
longitudinal acoustic (LA), the transverse acoustic (TA) and
the out-of-plane acoustic (ZA) modes. The LA and TA branches
have linear dispersion and a higher frequency than the ZA mode
around I'.>*®*® The six optical branches are two in-plane long-
itudinal optical (LO; and LO,), two in-plane transverse optical
(TO; and TO,) and two out-of-plane optical (ZO; and ZO,)
branches. These six optical modes at the I point correspond
to the irreducible representations (Fig. 2(b)) E’(LO; and TO,),
E'(LO, and TO,), AJ(ZO;) and A|(ZO,). Because MX, com-
pounds are slightly polar materials, certain IR-active phonon
modes (e.g., E’) show LO-TO splitting because of the coupling
of the lattice to the macroscopic electric field created by the
relative displacement of M and X atoms in the long-wavelength
limit.>*°"** In addition, there is a bandgap between the acoustic
and optical branches, which is ~100 cm ™" for MoS, (Fig. 2(b)
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and (c)) and WS,, ~30 cm ™" for WSe, and ~15 cm ™" for MoSe,
(see Fig. S1 in the ESIf).>+%*%3

For 2L- and bulk MX,, there are 18 phonon branches,
which are split from nine phonon branches in 1L-MX,. Owing
to the weak van der Waals interlayer interactions in 2L- and
bulk MX,, the frequency splitting of the corresponding two
branches in 2L- and bulk MX, from each optical branch in
1L-MX, is very small, resulting in similar optical phonon
dispersion curves for 1L-, 2L- and bulk MX,. For example,
the phonon dispersions of 1L- (Fig. 2(b)) and bulk MoS,
(Fig. 2(c)) are very similar, except for the three new branches
below 100 cm ™" in bulk because of interlayer vibrations. The
general features of 1L-, 2L- and bulk MoS,,>* WS,,>*%* WSe,
(ref. 63) and MoSe, (ref. 66) are similar. However, their
phonon frequencies are very different (see Fig. 2(b) and
Fig. S1, ESIf). Compared with 1L-MoS,, the phonon bands
in 1L-WS, are shifted to lower frequencies, which is mainly
because of the larger mass of W atoms.>* Similar behavior
occurs between 1L-WSe, and 1L-WS,.%*®® Furthermore, the
interlayer phonons in bulk MX, are different, which is because
of the intrinsic differences in both the complete mass of MX,
and the interlayer coupling strengths.

3 Raman scattering and its selection
rule for phonons in 1L-, FL- and bulk
MX5

Raman scattering is one of the main methods to obtain informa-
tion about the lattice vibration of a crystal. In the Raman scattering
process for a crystal, an incident photon from a laser can absorb or
emit a phonon of the crystal, and is then scattered into the
surroundings in all directions. As a result, the photon loses (Stokes
shift) or gains (anti-Stokes shift) the energy of the phonon, which
is then detected and analyzed. Such a Raman process is called a
first-order Raman process. The process is called as a second-order
Raman process if two phonons are involved. Under the restriction
of momentum conservation, only the phonon with wavevector
g =~ 0 (I' point) can contribute to first-order Raman scattering. The
two phonons in the second-order Raman process should have
opposite wavevector g. Second-order Raman scattering is usually
much weaker than first-order scattering, but will be resonantly
enhanced by the interband transition of a semiconductor. This
enhancement makes it possible to detect the phonons at the edge
of the Brillouin zone (e.g., M and K points).*® Furthermore, under
the excitonic resonance conditions, the symmetry of exciton levels
can mediate the scattering of the Raman-inactive phonons at the
I' point.*® Non-resonant and resonant Raman processes in TMDs
will be discussed in Sections 4 and 5, respectively.

The Raman scattering intensity of a Raman-active mode in
a crystal can be expressed by the Raman tensor (R) in the
crystal as do/dQ = |es-R-¢;|?, where e; and e, are the polarization
vectors of the incoming and scattered photons, respectively.
The above equation results in the Raman selection rule of
R,, # 0, where, R,, is one component of R. Furthermore,
|es-R-e;| establishes the selection rule for the Raman spectrum

This journal is © The Royal Society of Chemistry 2015
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of the Raman mode on e¢; and e;. R of a Raman mode with
specific symmetry can be found in some standard works such
as ref. 70 and 71.

For example, the Raman active modes in bulk MX, are
denoted as Ay, Eqy and 2E,, (E;, and E3,). Their R are as
follows:”°

a 0 0
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Fig. 3 Calculated Raman spectra of (a) bulk MoS, and (b) 1L-MoS, with
polarization vectors of €(1,0,0) and es(cos 0,sin 6,0) for the incoming and
scattered photons, respectively. The inset figures show I(Eég)/l(Alg) and
I(E')/1(A}) as a function of 0. Reproduced with permission from ref. 67.
Copyright 2014, Royal Society of Chemistry. (c) Raman spectra of 5L-,
6L- and bulk MoS, measured in XX (red) and YX (black) polarization
configurations. Here, XX and YX refer to 6 = 0 and 6 = n/2, respectively.
The irreducible representation of each mode is indicated. Reproduced
with permission from ref. 19. Copyright 2013, American Physical Society.
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In the back-scattering configuration, e; and ey are within
the xy plane, which can be set to e; = (cos 0,sin 0,0) and e =
(1,0,0), where 6 is the angle between e; and e,. Usually, (1,0,0),
(0,1,0) and (0,0,1) of e; and e are denoted as X, Y and Z,
respectively. Thus, the intensity of the A;, modes (I(A;,)) in
bulk MX, is proportional to a®cos” 0, which monotonically
decreases from the maximum to the minimum when 0 is
varied from 0(XX) to m/2(YX). Eq, is doubly degenerate and
there are two Raman tensors: R, and R,. I(Eyg) = |esRye;|” +
les'Ry-€i|*> = 0, which means that it cannot be detected in this
polarization configuration. Similarly, I(E,;) = d°, which is
independent of 0. The calculated Raman spectra of bulk
MOoS, in Fig. 3(a) show decreasing I, and constant I, when
0 decreases from 0 to m/2.%”

For Raman active A, and E, in ENL-MX,,, their R are listed as
follows:

a 0 0
Ay 0 a 0],
0 0 b
c 0 0 0 —c —d
E, 0 —c dJ|,| —¢ O 0
0 d 0 —-d 0 0

Az in ENL-MX, has an identical R to that in bulk MX,, indicating
similar polarization properties as discussed above. That is, A,
is absent in the YX configuration and approaches the maximum
intensity in the XX configuration. However, E; is present in
both XX and YX configurations.

R of Raman active A, E” and E’ in ONL-MX, are listed as
follows:

a 0 0
A:lo a of,
00 b
0 d 0\ [d 0 0
E:|d 0 o0f |0 —d of,
000/ \o o0 o
000 0 0 —c
E':[0 0 ¢|,] 0 0 0

In fact, R of A}, E” and E’ are the same as those of Aig, Eip
and E,, respectively. This is because of the correlation between
Dsn, and Dgp,.>® Thus, these modes show similar polarization
dependence to their corresponding modes in bulk MX,, as
shown in Fig. 3(b) for 1L-MoS,.

Based on the above discussion, we can assign all of the
observed Raman modes in ONL- and ENL-MX,. As an example,
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the Raman spectra of 5L-, 6L- and bulk MoS, in the XX and YX
configurations are shown in Fig. 3(c). Modes that are present in the
XX configuration but not in the YX configuration correspond to the
relative motions of the atoms perpendicular to the layer plane, and
are assigned as A{(ONL) and A;,(ENL and bulk). Conversely, the
modes that exist in both XX and YX correspond to the relative
motions of the atoms within the xy plane, and are assigned as
E’(ONL), E,(ENL) and E,(bulk). The upper right corner of the mode
notation in Fig. 3(c) is used to distinguish modes with the same
symmetry. Furthermore, a polarized Raman measurement can
distinguish two overlapping modes in the unpolarized Raman
spectrum by their different polarization dependence. For example,
in 5L-MoS,, the mode at 19 cm™* (E') can be identified in the YX
even though it is overlapping with the broad A} mode at 17 cm ™" in
XX. The properties of these modes, including the 2LA(M) mode at
~450 cm ™, will be discussed later in detail.

4 Non-resonant Raman scattering in
TMDs

4.1 Anomalous frequency trends of E;, and A, with
increasing layer number

From Table 1, there are seven Raman active modes (A, doubly
degenerate 2E,; and doubly degenerate E,g) for bulk MX,. In the
back-scattering Raman configuration, E;, is absent according to
its Raman tensor. Thus, three Raman peaks are expected in the
Raman spectrum. Indeed, three peaks at ~ 33.5 (E3y), ~383.6 (E3,)
and ~408.7 cm™ ' (A,,) are observed for bulk MoS, and assigned
according to their polarization properties, as shown in Fig. 3(c).
The frequencies of the corresponding modes in 1L- and ML-MX,
are expected to be dependent on the layer number. Based on
the discussion in Section 2, the denotations of these modes in
ONL- (E' and A}) and ENL- (E, and A,,) MX, are different to the
bulk because of their different symmetries. When we discuss the
evolution of the peak parameters of the Raman modes from the
bulk to the monolayer, for the high-frequency modes, we simply
refer to the corresponding modes as Eig and A, in the bulk, as is
commonly done in the literature.'®>*
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The layer number (N) dependence of the peak position and
width for E;, and Ay, of NL-MoS, is shown in Fig. 4(a). Pos(E},) and
Pos(A;z) show opposite trends with decreasing thickness from the
bulk to 1L, as summarized in Fig. 4(b). However, based on the linear
chain model (only van der Waals interactions are included), the two
modes would decrease in frequency from 2L to 1L."° The unex-
pected trend of E;, indicates that interactions other than van der
Waals forces exist,"®>*”* which was also revealed by the anomalous
Davydov splitting between Eég and E,, (Section 2). Molina-Sanchez
and Wirtz carefully examined the self-interaction term of S atoms
for A, (Mo atoms fixed) and both S and Mo atoms for Ej in 1L- and
bulk MoS,.>* They attributed the unexpected trends of Pos(E3,) to
the long-range Coulomb term, which considerably decreases in the
FL and bulk structures because of the significant increase of the
dielectric tensor with N.>* The long-range Coulomb interaction is
induced by the effective charges resulting from the relative displace-
ment between Mo and S atoms. E;, (Fig. 2(a), present in XZ and YZ
polarization configurations) also shows relative displacement, and is
thus expected to exhibit an anomalous frequency trend.>*

Similar anomalous frequency trends with N between A;, and
Ej, exist in NL-WS,, WSe, and MoSe;. Fig. 4(c) and (d) show the
trends for NL-WS,.”* The trends for WSe, and MoSe, are shown in
Fig. S2, ESL.17>”* The trends favor the layer number identification of
MX, through their relative frequency difference.’®”> For example,
the frequency difference Aw(A;,—E;,) of NL-MoS, (N = 1-5) can be
expressed as Aw(Aq4-E;g) = 25.8-8.4/N, as shown in Fig. 4(b).
However, further N identification for N > 5 must be performed
by other methods, such as interlayer vibration mode analysis,
which will be discussed in Section 4.2. This empirical expression
accounts for exfoliated NL-MoS,, but not for NL-MoS, grown by
CVD. Aw(A;4-E;,) for CVD-grown 1L-MoS, is ~20 cm ™', which is
~2 cm™ ' larger than that in exfoliated 1L-MoS,.”®

4.2 Interlayer shear and layer breathing modes

Because the restoring forces for Aj,/B3,(LB) and E3/E3(C)
in ML- and bulk MX, are weak owing to the van der Waals
interlayer interactions, the modes are expected to have low
frequencies. Indeed, the C mode of bulk MoS, is located at
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Fig. 4 (a) Raman spectra of NL-(N = 1-8, 10, 14 and 18) and bulk MoS,. The two grey-dashed lines indicate Pos(Eég) and Pos(Ag) in bulk MoS,. (b)
Frequency (w) of Eég and Ay and the frequency difference (Aw) between Eﬁg and A.q as a function of 1I/N. For 1 < N < 5, the linear fitting gives Aw(A-E) =
25.8-8.4/N. (c) Polarized Raman spectra of 1-5L and bulk WS,, with the frequencies of Eég and Ay frequency difference, I(Alg)/l(Eig) and peak width
summarized in (d). Reproduced with permission from ref. 72. Copyright 2013, Royal Society of Chemistry.
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33.5 cm ™', as shown in Fig. 3(c). The LB mode is absent in
the Raman spectrum of bulk MX, because it is Raman inactive.
No C or LB modes are expected in 1L-MX, because there is only
one X-M-X layer. However, when 1L-MX, is vertically stacked to
form ML-MX,, a series of C and LB modes appear in the ULF
region, whose frequencies will significantly depend on the weak
interlayer restoring force and layer number N.

The frequencies of LB modes are usually less than ~100 cm™ ",
while those of C modes are smaller (less than ~50 cm™"). The
traditional approach to perform very low-frequency Raman mea-
surements involves the use of a triple spectrometer, which has
been applied to ML-MoS, and WSe, by several groups.*>%”7~7°
A cross-polarized backscattering geometry can be used to sup-
press the Rayleigh signal and obtain Raman spectra very close
to the laser line.”” Because the spectral throughput is very low
for the triple spectrometer, the system is difficult to apply to
various MX, compounds and other 2D materials. For example,
there have been no reports on the C modes in ML graphene by
triple spectrometer. Using a combination of a single monochro-
mator with BragGrate bandpass and notch filters (OptiGrate
Corp.), Tan et al. detected ULF Raman signals down to ~5 cm™"
with high signal throughput. They successfully observed C modes
for ML graphene.'”*>*" This ULF technique has been applied to
multilayer MoS, up to 18L, where several sets of C and LB modes
were detected, as shown in Fig. 5(a)."® Similar results have also
been reported for ML WSe, up to 7L>° (Fig. S3, ESIY). Fig. 5(b)
and (c) show the frequency and full-width at half maximum
(FWHM) of typical C and LB modes as a function of N. The larger
FWHM of LB modes compared with the C mode was interpreted
as its anharmonic feature with a significant enhancement of
phonon-phonon scattering with decreasing N.”°

Review Article

To elucidate the origin of these C and LB modes in NL-MX,,
a diatomic chain model (DCM) can be built (see Fig. 5(d)).
In a DCM, only two force constants are required to describe
the vibrations under the nearest-neighbor interlayer interaction
approximation: axx and oxny, Where axy is the force constant per
unit area between the two nearest X planes in two adjacent layers,
and axy is the force constant per unit area between the nearest X
and M planes within an MX,, layer. Their L (or Il) components are
used to describe the vibrations along the z axis (or with within the
xy plane). By solving the dynamic eigen-equation and fitting
the results to the observed E'/A| in 1L-MX, and C/LB modes in
NL-MX, (N > 2), the strength of intra-/inter-layer coupling and the
atomic displacements can be obtained. In MoS,, 35/05n0 = 2.6%,
and oks/oive = 1.5%. The atomic displacements of both the C and
LB modes in 3L-MoS, are shown in Fig. 5(e), where the corres-
ponding irreducible representations are determined by symmetry
analysis of these displacements. In NL-MX,, there are (N — 1) LB
modes and (N — 1) doubly degenerate C modes from symmetry
analysis (Table 1). When N is odd, there are Nz_ IE’ and N= 1E”

2
N—-1,. " .
5 A, and A, for LB modes. When N is even,

N N-2 N N -1
there are 3Eg and TEu for C modes, and 3A1g and TAZU

for C modes, and

for LB modes. The peak positions of all of the C and LB modes in
NL-MX, can be calculated based on the DCM. Those of 5L-, 6L-
and bulk MoS, are summarized in Table 2 along with the
experimental data (Fig. 3(c)) and polarization properties.

Based on the DCM, the relative displacements between Mo
and two S atoms in a S-Mo-S layer are very small for all of the C
and LB modes in ML-MoS,. For example, the relative displacement
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Fig. 5 (a) Stokes and anti-Stokes Raman spectra of NL-(N = 1-8, 10, 14 and 18) and bulk Mo$S, between —60 and 60 cm™. Dashed and dotted lines are
guides for the eye for the frequency trends of the C and LB modes. (b) Frequency and (c) FWHM of C and LB modes as a function of N. Solid lines are
guides for the eye. Reproduced with permission from ref. 19. Copyright 2013, American Physical Society. (d) The diatomic chain model (DCM) and
monatomic chain model (MCM) for NL-MX,, where, axx and axm describe the force constant between X—X layers and X—M layers, respectively. my and my
are the mass of the X and M layers, respectively. (€) Symmetry, frequencies and atomic displacements for the C and LB modes in 3L-MoS,, which are

Raman-active (R) and/or infrared-active (IR).
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Table2 Symmetry, polarization (polar.), experimental positions (Exp., in cm™2)
and theoretical frequencies (Theo., in cm™) of the C and LB modes in 5L-,
6L- and bulk MoS,. The polarization configuration in the bracket is not
available under the back-scattering conditions

C LB
5L Mode E'(R,IR) E'(R) A (R) A’(IR)
Polar.  XX,YX (xz,yz) XX —
Exp. 19.0, 31.1 — 17.5,46.0  —
Theo. 19.1, 31.0 — 17.5,46.1  —
6L Mode  Ey(R) Ey(IR) A(R) A(IR)
Polar.  XX,YX,(XZ,YZ) — XX —
Exp. 22.7, 31.2 — 14.6,40.3  —
Theo. 23.0, 31.5 — 14.6,40.2  —
Bulk  Mode  E3,(R) B3,(S)
Polar. XX, YX —
Exp. 33.5 —
Theo. 33.5 —

in 2L-MoS, is ~0.6%, and it decreases with increasing N. Thus,
a monatomic chain model (MCM) can be considered if the
entire X-M-X layer is treated as a single ball, as shown in Fig. 5(d).
Taking the entire layer as a ball with mass (M = my + 2my)
and interlayer coupling oy for LB modes, and axy for C modes,
the eigen-equation can be analytically solved and the relation-
ship between the position and N for both the C and LB modes

can be obtained: f,y (N)=wc(2)/1+cos(Non/N) and

o1, (N) = o(2)y/1 £ cos(Non/N) (N and N, are integers
and N > 2N,), where w¢(2) and w;p(2) refer to the frequencies
of the C and LB modes in 2L-MX,, respectively. These vibration
modes can be assigned to a series of branches, as shown in
Fig. 6 for NL-MoS,. Each branch of the C (w¢,y, (N), denoted as
C3y,) and LB (@i 5y, (N), denoted as LBy, ) modes includes
one high-frequency subbranch (“+”) and one low-frequency
subbranch (“—”). The two subbranches cross at N = 2N,. In
the case of the bulk (N = o), of(bulk)=+v2mc(2) and
o g(bulk) = V201 5(2). Thus, the frequencies of the C and
LB modes in the bulk can be obtained from those detected
in 2L-MX,. The theoretical results from the DCM and MCM
are in good agreement with the experimental data for
NL-MoS,, as shown in Fig. 6. Once w¢(2) and wg(2) are
obtained, the complete sets of relationships between the peak
positions and N for both the C and LB modes are completely
determined.

Because w¢(2) and w;p(2) are linked with the force constants
between the two nearest S planes in adjacent layers

(wc(2) = (1/V2ne), /oz‘sls/M and orp(2) = (1/vV2nc)y /ot /M,

respectively), the good agreement between the MCM and the
experimental data for NL-MoS, is indicative of a constant
interlayer interaction from 2L to ML to bulk MoS,."® Other
TMDs show similar structures to MoS,, which indicates that the
above equation can also be applied to these materials by
replacing the w;g(2) and wg(2) values with the corresponding
values of the other 2L-TMDs. Furthermore, this MCM can
predict the dependencies of the C and LB modes on the layer
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(@) and (b) are fitted by w(N)=w(2)\/T+cos(Non/N)(N >2N,) and
o(N) = o(2)y/T = cos(Non/N)(N > 2Np), respectively, for the phonon
branches originating from 2L-(Ng = 1), 6L-(Ng = 3) and 10L-(Ng = 5)
MoS, based on the MCM. They are simply denoted as C;Vo and LBy,

respectively. Reproduced with permission from ref. 19. Copyright 2013,
American Physical Society.

thickness in other LMs, such as hexagonal boron nitride
(hBN)." 1t should also be noted that the C and LB modes are
directly related to the interlayer coupling, which has the
potential to probe the interface coupling in folded (or twisted)
TMDs and heterostructures built from TMDs.

4.3 Phonon dispersion trends away from the I' point

Because of the Heisenberg uncertainty principle, the funda-
mental ¢ ~0 Raman selection rule is relaxed for a finite-
size domain, allowing participation of phonons away from the
Brillouin-zone center (I'). The phonon uncertainty is Ag ~ 1/d,
where d is the size of the crystal domain. The Raman spectrum
of 1L-MX, with a small domain size can provide sufficient
information about the phonon dispersion near the I' point.
This usually gives a downshift and asymmetric broadening of
the Raman peak. The corresponding Raman mode will usually
red-shift in frequency.®>® The ion-implantation technique
has been widely used to obtain nanocrystalline graphene, ML
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graphene and graphite.®>®* Recently, small crystal size 1L-MoS,
and 1L-WS, were obtained by increasing the dosage of ion-
implantation.®® As shown in Fig. 7(c) and (d), with increasing
ion-implantation dosage, softening of E’ and hardening of
| in 1L-MoS, occurs, while both the E’ and A] modes are
softened in 1L-WS,. Correspondingly, ion-implantation also
results in the reduction of the PL intensity from the A exciton.
PL is almost quenched when the ion-implantation dosage is
larger than 5 x 10" Ar" per cm?, which indicates that 1L-MoS,
is highly disordered.

To understand the above results, the phenomenological
phonon confinement model originally proposed by Richter,
Wang and Ley (WRL model)®” has been applied to nanocrystal-
line 1L-MoS, and 1L-WS, induced by ion-implantation. This
model explains the A} and E’ frequency shifts of 1L-MoS,
with increasing ion-implantation dosage, as shown in Fig. 7(c)
by vertical dash-dotted lines. The small hardening of A in
1L-MoS, results in the ZO, phonon branch slowly increasing
in frequency when ¢ is away from the I' point, which agrees
with the trend of ZO, dispersion in Fig. 7(a). Similarly, the
larger softening of E’ in 1L-MoS, suggests that LO,/TO,
branches rapidly decrease with g away from the I point.
However, for nanocrystalline 1L-WS,, both A} and E’ are
softened with increasing ion-implantation dosage (Fig. 7(d)),
which can be well reproduced by the WRL model. When the
ion dosage increases, the trend of phonon dispersion away
from the I" point is steeper, the peak frequency shift is larger,
and the peak profile is more asymmetric and broader.
Although LO, of 1L-WS, rapidly increases near the M point
(Fig. 7(b)), only non-zero g close to the I" point can participate
in the Raman process, so the corresponding blueshift of
E’ cannot be observed.
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4.4 Raman characterization of TMD alloys

Alloying materials with different bandgaps have been widely
used in bandgap engineering of bulk semiconductors. The
realization of bandgap tuning in atomically thin 2D alloys with
various choices of layered TMDs could allow a wide range
of bandgap tuning for application of 2D materials in nano-
electronics and optoelectronics. Monolayer TMD alloys have been
proposed by theoretical calculations®**° and demonstrated in
experiments.”> A series of monolayer TMD alloys (Mo;_,W,S,,
x =0 to 1) have been cleaved from their bulk crystals.”” A monolayer
alloy film of MoS,(;_ »Se,, of arbitrary composition can be grown by
CVD through control of the S/Se ratio of the organic precursors
used in the growth process.’>

Structure characterization of 2D alloys, such as composition
and atom mixing, is of fundamental importance for their
potential applications. Raman spectroscopy is a powerful tool
to characterize structures of 2D alloys by the frequency shift for
alloy composition and by peak broadening for alloy degree.’?
Compared with FL and bulk Mo, ,W,S,, the Mo, ,W,S, mono-
layers show a smaller frequency difference between A and E’
and a similar polarization dependence of Raman modes.”*
Composition-dependent unpolarized Raman spectra of the
Mo, ,W,S, (x = 0-1) monolayers are shown in Fig. 8(a). The
assignments of A} and E’ are based on the polarized Raman
spectra."® Similar to Mo, _,W,S, bulk alloys,”* A} and E’ show
one-mode and two-mode behavior, respectively. As shown
in Fig. 8(b), with x from 0 to 1, the A} mode continuously
upshifts, while the MoS,-like E’ mode shifts to lower frequency.
WS,-like E’ appears at x = 0.2 and slowly moves towards
higher frequency. As the W composition increases, the relative
intensity of WS,-like E’ increases, while that of MoS,-like
E’ decreases. The Raman peak at ~360 cm ' present from
x = 0.13-0.77 is assigned to an alloy disorder-related peak,
which is not sensitive to the alloy composition. The peak
frequency at ~346 cm™ " is attributed to 2LA(M) of WS, and
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Fig. 8 (a) Raman spectra of Mo, ,W,S, monolayers with different W
composition x. The three solid lines are guides for the eye to show
Pos(E’) and Pos(A|) peaks with W composition x. (b) Composition-
dependent Raman frequencies of each mode in Mo;_,W,S, monolayers.
Reproduced with permission from ref. 88. Copyright 2014, Royal Society
of Chemistry.
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overall shows a decreasing trend with decreasing x (Fig. 8(b)).
Based on the modified random-element-isodisplacement model,
Chen et al reproduced the dependence of A/, MoS,-like E' and
WS,-like E’ on x, which can be used to quantify Mo/W composi-
tions.®*®°® This systematic Raman scattering investigation of the
Mo, _,W,S, monolayers is very helpful for the spectroscopic
determination of the composition and alloy degree of various
2D crystal alloys.

5 Resonant Raman scattering in TMDs
5.1 Phonons of bulk MX, at the I and M points

First, we will discuss the non-resonant and resonant Raman
spectra of bulk MoS,,® as shown in Fig. 9. The non-resonant
and resonant Raman spectra of bulk WS, and WSe, are
shown in the Fig. S4, ESIf. The non-resonant spectrum is
usually dominated by four basic vibration modes lying at
the I' point:'®'***% E3, (32 em™', C), Eiq (286 cm '), Ej,
(384 cm™') and A, (409 em™'). Because E;, (286 cm™') is
forbidden under the backscattering geometry according to its
Raman tensor, it does not appear in the spectrum excited by
2.33 eV in Fig. 9(a). A very weak peak at ~450 cm ™' (2LA(M))
and several weaker peaks above 520 cm ™" are also observed in
the non-resonant Raman spectrum in Fig. 9(a).

Because 1.96 eV is close to the energy of the A exciton in bulk
MoS, (~1.88 eV at room temperature),® it is usually used to
obtain the resonant Raman spectrum of bulk MoS,, as shown
in Fig. 9(b).°® Upon resonant excitation, intense modes are
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Fig. 9 (a) Non-resonant and (b) resonant Raman spectra of bulk MoS, at

room temperature. The peak position and corresponding assignment of
each mode are shown, where I', M and I'-A in brackets after each mode
indicate the involved phonons that come from I', M points, and along the
I'-A direction, respectively. The asterisk (*) labels the Raman peak of
Si ~520 cm™'. Reproduced with permission from ref. 96. Copyright
2014, AIP Publishing LLC.
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found at®®®”%® ~178 ecm™' (A1g(M)-LA(M)), ~420 cm !
(B3g + ETu(I-4)), ~465 cm ™" (2LA(M)(~450 cm™ ") and A,y(I')
(~465 ecm™ '), ~572 em™! (2E;4(I), ~600 em ™' (Exq(M) +
LA(M)) and ~643 cm ' (Ajg(M) + LA(M)). The mode at
~420 cm™ " is highly dispersive and explained by Sekine et al.
as a second-order Raman process, where a polariton created by
the incident laser in a photon-like branch will first be scattered
by emitting a longitudinal dispersive quasi-acoustic (QA) phonon
along I'-4, and then scattered by emitting a E7, phonon (which
is dispersionless along I'-A) into the exciton-like final state.’®
Here, I'-A is perpendicular to the 2D Brillouin plane. The QA
phonon at the I" point is B3, of MoS,. The energy difference
of its Stokes and anti-Stokes shifts at 217 K is ~4.7 em™".%°
Pos(B3,) can be deduced from the dispersive B3, + Ei,(I'-A)
based on the exciton-polariton dispersion.’® The most intense
and asymmetric resonant mode at ~465 cm ' was first
assigned by Stacy et al.'®® as 2LA(M), then suggested by Frey
et al. to be composed of a double-mode feature (second-order
2LA(M) and first-order A,,(I')), because of its splitting in
nanoparticles.®® The mode at ~643 cm ' is assigned as
A;4(M) + LA(M), which can be used to estimate the energies
of Aj,(M) and LA(M) when combined with the mode at
~178 ecm ™' (A;g(M)-LA(M)). Thus, A4(M) and LA(M) at
~410.5 cm™ " and ~232.5 cm ', respectively.”® The frequency
of Ayy(M) (~410.5 cm ™) is close to that of Ayy(I') (~409 cm ™),
reflecting its dispersionless character.®>* The mode at ~600 cm™*
is E;o(M) + LA(M), which leads to Ej,(M) at ~ 367 cm .
Similar to A;4(M)-LA(M) (~178 cm '), the mode E;,(M)-
LA(M) is expected at ~134 cm™'. However, the obtained
LAM) (~232.5 cm™ ") is larger than the value determined
from 2LA(M) in the non-resonant spectrum (~226.3 cm ).
Recently, the double structure of ~465 cm™ ' was re-assigned by
Golasa et al. as 2LA(M) and first phonon replica (E;4(M) + XA(M)) of
E14(M) inspired by the close analogy in the profile to the mode at
~643 cm ', The mode at ~643 cm™* is accordingly assigned as
Aqg(M) + LA(M) and the second phonon replica (E4(M) + 2XA(M)) of
E;4(M), where XA is related to the transverse acoustic (TA) and/or
out of plane acoustic (ZA) mode.”®

The Raman spectrum at low temperature can be used to
identify the two-phonon difference combination mode. Fig. 10
shows the Raman spectra of bulk MoS, at room temperature
(upper panel) and 4 K (lower panel). The intensity of a two-
phonon mode at w; — w, will be highly dependent on the
temperatures for creation of phonon w, and annihilation of w;:
n(ws,T)[n(w,,T) + 1], where n(w,T) = (e"*" — 1)* is the phonon
occupation probability.’” The intensity of the mode at ~178 cm™*
at 4 K is predicted to be 37 times weaker than the intensity at
room temperature. Thus, this peak disappears at low tempera-
ture, as shown in Fig. 10.°° That is why the mode at ~178 cm ™"
is assigned as A;4(M)-LA(M) in Fig. 9(b). Moreover, Golasa et al.
observed five phonon replicas of E;4(M)(~466, ~645, ~ 825,
~1005 and ~1185 cm ') and A, (M)(~574, ~751, ~930,
~1108 and ~1290 cm™ ) at 4.2 K, as shown in Fig. 10 (lower
panel). In addition, the mode at ~782 cm™" (Exy(M) + LA(M) +
XA(M)) can be considered as the first phonon replica (Ezy(M) +
LA(M)) of the mode at ~603 cm ™", as shown by blue line with
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Fig. 10 Resonant Raman spectra of bulk MoS, at room temperature
(top) and at 4.2 K (bottom). The black arrows indicate the five phonon
replicas of Eiq(M) and Ay, (M). The mode at 782 cm™t is the first phonon
replica of the mode at 603 cm™2, as indicated by the blue line with double
arrows. Reproduced with permission from ref. 96. Copyright 2014, AIP
Publishing LLC.

double arrows in Fig. 10 (lower panel). This leads to a series of
phonon replicas at ~962 (Ej(M) + LA(M) + 2XA(M)), 1142 cm ™!
((E3¢(M) + LA(M) + 3XA(M))), and so on. The resulting frequency of
LA(M) is ~230.5 cm ', and XA(M) is ~ 180 cm '. LA(M)
approaches the value determined from the non-resonant spectrum,
but the contribution of the involved XA phonon to the M point
requires further theoretical analysis.”® From the phonon dispersion
in ref. 54, XA probably corresponds to the ZA branch (see Fig. 2(c)).

Other bulk MX, compounds are expected to exhibit similar
resonant behavior to bulk MoS,. However, the resonant excita-
tion energy will be different because of the different band
structures. For example, Fan et al. found that the Raman
resonance in bulk WS, covers a large energy range from 1.96
(633 nm) to 2.41 (514 nm) eV,'”" which is attributed to the
broad features of its B exciton (Fig. S4, ESIt).'**

5.2 Phonons of monolayer MX, at the I and M points

Raman investigation of 1L-MX, are critical to understand the
phonon spectrum of FL-MX,. Fig. 11 shows the resonant and
non-resonant Raman spectra of 1L-MoS,, 1L-WSe, and 1L-WS,.
The insets show the detailed fitting results for the resonant peaks
near A} and E'. The peak notations in bulk MX, have been changed
in 1L-MX, because of the different point group (Dsp,) of 1L-MX,.

This journal is © The Royal Society of Chemistry 2015
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In the case of the Raman spectrum of 1L-MoS, in Fig. 11(a),
the modes at ~178, ~450 and ~628 cm ' are assigned as
Al (M) — LA(M), 2LAM) and A|(M)— LA(M), respectively,
which is similar to bulk.””'°*'% Similarly, the modes at ~150
and ~600 cm™ " are assigned as E'(M)"“**-LA(M) and E'(M)"° +
LA(M)."* Here, E'(M)"** is the high-frequency branch of the two
split branches of E’ at the M point (E'(M)"°> and E'(M)"??), as
shown in Fig. 2(b). The mode at ~600 cm ™" is E'(M)"°> + LA(M)
with its second and third phonon replicas found at ~638
(E"(M)™" + 2ZA(M)) and 820 (E"(M)™" + 3ZA(M)) cm ™", respec-
tively. The modes at ~756, ~782 and ~820 cm ™" are 2E'(M)",
E/(M)t0> 4 A (M) and 2A, (M), respectively, which can be used
to estimate the spin-orbit splitting in 1L-MoS, (see Section 5.4).'%*
It should be noted that the mode at ~420 cm™* (B3, + E3,(I™-4)) in
bulk MoS, disappears because of the absence of the interlayer
breathing mode in 1L-MoS,.

For the Raman spectrum of 1L-WSe, in Fig. 11(b), E'(M)"°>-
LAM), A|(M)-LA(M), 2LAM), E'(M)**> + LAM) and
Al (M) + LA(M) are found at ~116, ~136, ~261, ~374 and
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Fig. 11 Resonant (black solid lines) and non-resonant (gray dashed lines)
Raman spectra of (a) 1L-MoS; (b) 1L-WSe, (c) 1L-WS, at room temperature.
The insets show the sub-peak fitting results. The frequencies of each mode
are denoted. The asterisk (*) indicates the Raman peak of Si at ~520 cm™%.
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~398 cm™ ", repectively. The modes ~96 and ~157 cm™ " are
E'(M)"®-LA(M) and E'(M)“°*-TA(M), where E'(M)"®> + LA(M)
(expected at ~357 cm ') and E'(M)"> + TA(M) (expected at
~332 cm™ ') are not observed. The combination modes of
LA(M), TA(M) and ZA(M) are observed at ~219 (LA(M) + TA(M)),
~239 (LA(M) + ZA(M)) and ~263 (3TA(M)), and ~394 cm™*
(3LA(M)). The modes at ~634 and ~656 cm " are E'(M)"** +
3LA(M) and A/ (M) + 3LA(M), respectively. E'(M)""* + 2LA(M)
and A} (M) + 2LA(M) are expected at ~504 and ~528 cm ™,
but they are not easily distinguished because of the broad peak
range from 460 to 540 cm ™" in Fig. 11(b).

For the Raman spectrum of 1L-WS, in Fig. 11(c), E'(M)"°>-
LA(M), E'(M)***-LA(M), A} (M) + LA(M), 2LA(M) and A} (M) +
LA(M) are at ~176, ~193, ~231, ~353 and ~583 cm?,
respectively.®® In addition, the modes at ~204 and ~214 cm ™"
can be assigned as E"(M)"?'-ZA(M) and E"(M)"*'-TA(M). 4LA(M)
is also observed at ~702 cm™'.%°

All of the tentative assignments of the main peaks observed
in 1L-MoS,, 1L-WSe, and 1L-WS, are summarized in Table 3.

5.3 Layer-dependent resonant Raman scattering in few layer
MoS,

The number of atoms in the unit cell of NL-LMs increases with
increasing N. More vibrational modes are expected to be
involved in the Raman scattering as N increases. Because of
the existence of weak interlayer coupling in 2D LMs, FL-LMs
show a distinctive band structure, resulting in the dependency
of the corresponding interband transition energy on N. Thus,
resonant Raman scattering in 2D LMs is expected to be layer-
number dependent.

Fig. 12 shows the resonant Raman spectra of NL-MoS,
(N =1, 2, 4 and 7) and bulk MoS,."*® The strong Raman mode
marked with an asterisk (*) is from the SiO,/Si substrate and is
completely absent in bulk MoS,. The different notations of the
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modes in ENL- and ONL- and bulk MoS, are ignored for the
convenience of comparison. For the mode assignments in bulk
MoS,, refer to those in Section 5.1, except for the observation of
Byy(I') at ~409 cm™ " and E;4(M) + LA(M) at ~526 cm™ . In the
low-frequency spectral region (160-250 cm™ "), the lineshape
asymmetry of the A;4(M)-LA(M) mode at ~179 cm ' is more
distinct for N = 2, 4 and 7 because the A, branch is nearly flat
and the LA branch is concave at the M point (see Fig. 2(b) and
(c)). The additional peak near 230 cm ™" for N = 2, 4 and 7 can
be assigned as the first-order LA(M). In the spectral region
(360-430 cm™'), the mode at ~377 ecm ' that is broad in
1L-MoS, becomes sharper in 2L-, 4L- and 7L-MoS,. It is
assigned as E;,, with a finite wave-vector near the I" point along
I'-A (c axis),’®® which is in contrast to the previous assign-
ment (E3,(I).°%°° Actually, E3,(I') is observed on the higher
frequency side of Ej,(I').°" Its relative integrated intensity with
respect to E,(I) decreases with increasing N, as shown in
Fig. 12. The prominent peak at ~420 cm ' is assigned as
B3, + Efy(I'-A), which can be used to approximately predict the
frequency of B3,(I'-A) as ~43 em™ . By,(I') at ~403 ecm ' is
the Davydov couple of A;,(I') (see Fig. 2(a)), and its relative
intensity with respect to A, increasing with increasing N. The
frequencies of 2LA(M) and A,,(I') increase with increasing N,
but the relative intensity of 2LA(M) to A,,(I') decreases with
increasing N, which is similar to the intensity ratio dependence
on the size of nanoparticles.®® The spectral region between
430 and 490 cm ' is assigned to the second-order Raman
spectra, which also shows layer dependence with high inten-
sity. The modes E;4(M) + LA(M), E3,(M) + LA(M) and A,4(M) +
LA(M) have an asymmetrical tail towards the low-frequency
region, which is because of the nearly flat dispersion for Eﬁg
and A, and concave down LA along I'-M. There are several new
peaks at ~554 (Q), ~588 (P) and ~628 (S) cm™ " in 2L-, 4L- and
7L-MoS,, whose peak positions do not vary with N, although
their relative intensities with respect to the neighboring modes

Table 3 Peak positions and corresponding assignments of each Raman mode observed in 1L-MoS,, 1L-WSe, and 1L-WS;

1L-MoS, 1L-WSe, 1L-WS,
Peak (cm ™) Assignments Peak (cm ™) Assignments Peak (cm ™) Assignments
150 E'(M)“9*-LA(M)* 9 E'(M)"*-LA(M) 176 E'(M)"*-LA(M)
178 A| (M) — LA(M)* 116 E'(M)"-LA(M)® or LA(M)*
376 E'(M)"©* 136 A{(M) - LA(M) 193 E/(M)“O-LA(M)
385 E'(IN)* 157 E'(M)"“O>-TA(M)° 204 E"(M)"°'-ZA(M)°
404 Al (D) 219 LA(M) + TA(M)* 214 E'(M)"*'-TA(M)*
414 Al (M) 239 LA(M) + ZA(M)* 231 Al (M) — LA(M)?
450 2LA(M)* 248 E'(I? 298 E'(I
460 E"(M)"™°" + ZA(M) 250 Al(T)? 325 E"(M)™¢
566 2E"(I')* 258 AS(M)° 347 E/(M)">
600 E/(M)*°* + LA(M)* 261 2LA(M)” 353 2LA(M)?
628 A\ (M) — LA(M)* 263 3TA(M)" 357 E'(N)*
638 E'(M)™ + 2ZA(M) 374 E/(M)"© + LA(M)? 419 Al (n)?
756 2E'(M)+2¢ 394 3LA(M)® 583 A\(M) +LA(M)?
782 E'(M)L0: + Al (M) 398 AL (M) +LA(M) 702 4LA(M)*
820 E"(M)™" + 3ZA(M) 534 2A (M)

2A (M)* 634 E'(M)"® + 3LA(M)

656 A{(M) + 3LA(M)

“ Ref. 103. ? Ref. 72. © Based on the phonon dispersion in ref. 63. ¢ Ref. 65. ¢ Based on the phonon dispersion in ref. 54.
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Fig. 12 Resonant Raman spectra of NL-MoS, (N =1, 2, 4 and 7) and bulk
MoS, excited by a 633nm laser. Different modes are indicated by arrows.
The symmetry assignments are also given for each mode. A noticeable
feature is the appearance of completely new modes and their evolution
with layer number. Reproduced with permission from ref. 105. Copyright
2013, John Wiley & Sons, Inc.

clearly depend on N.'°* A quantitative understanding of these

new features would require theoretical calculations of phonon
dispersion and two phonon density of states as a function of N.

5.4 Spin-orbit splitting in MoS, revealed by triply resonant
Raman scattering

The sizeable spin-orbit (SO) splitting in 1L-MoS, is promising
for its potential application in spintronics and quantum infor-
mation processing, but also makes it a challenge to develop an
experimental method to detect and explore the intrinsic SOC.
Previous attempts have mainly focused on the energy difference
between the A and B exciton peaks in the corresponding one-
photon (linear)® and two-photon (non-linear)*®*"** PL spectra.
However, the identifications of the A and B exciton peaks are
still uncertain because of the involvement of an additional
bound exciton peak that is sensitive to the ambient environ-
ment."*'°® The electron (hole) in the CB (VB) band resonantly
excited by incident laser can be scattered into a real electronic
state by emitting a phonon, resulting in a double-resonant
(DR) or triply resonant (TR) Raman scattering process. These
resonant Raman processes commonly exist in graphene.'®” The
resonant Raman spectrum is thus very sensitive to the match-
ing between the VB splitting energy and the energy of the
phonons involved.

Fig. 13(a)-(c) show the Raman spectra of 1L-, 2L-, 4L- and
bulk MoS, excited by 325, 457, and 488 nm laser lines,
respectively.'® The three high-order modes in the range 750-
840 cm ™' excited by 325 nm laser are dramatically enhanced
compared with the other laser lines and are assigned as the
second-order combination Raman modes of Eég and Ay,. These
three Raman modes are also present in 1L-MoS, at ~756,
~782,and ~820 cm ™' (Fig. 11(a)). The intensity enhancement
has been attributed to the electron-two-phonon involved TR Raman
scattering (TRRS) process. In the TRRS process (Fig. 13(d)), (1) an
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Fig. 13 Raman spectra of 1L-, 2L-, 4L- and bulk MoS, excited by (a) 325,
(b) 457, and (c) 488 nm laser lines. All of the spectra are normalized
by I(A1g). The dashed lines in (a) are the fitting curves. The vertical dashed
lines represent the peak positions of the Raman modes in bulk MoS,.
(d) Schematic diagram of the TRRS process in MoS,, where 11 and v,
represent the valence band splitting because of the spin—orbit interaction,
and ¢; represents a conduction band. Reproduced with permission from
ref. 104. Copyright 2013, American Physical Society.

electron is excited from the v, band to the ¢; band (¢s band
in ref. 104) by absorbing a photon at the K point of the
Brillouin zone, (2) the hole in the v, band is scattered by a
phonon with momentum g to the v; band by an interband
transition as a consequence of the deformation potential
interaction, (3) another phonon with momentum —q scatters
the hole to the top of the v; band by intraband transition to
form an exciton with the electron in the ¢; band because of the
Frélich interaction,'®® and (4) the electron-hole pair recom-
bines at the top of the v; band and emitting a photon. For
energy and momentum conservation in the TRRS process,
Elaser = Eexcilon + 2EE;g’ Elaser =

Eoxciton + EE;g + Ea,, for the 2B, 2A,, and Ej, + Ay, modes,

exciton T 2EA1g; and Elyser =

respectively. The flat phonon dispersion favors energy and
momentum conservation, where the correct g value can be
selected in a large range along I'-M for the correct phonon
energy (AEso/2), which is responsible for observation of
strong TRRS. In experiments, the three resonant high-order
peaks in 1L-MoS, excited by 325 nm laser have energies
between 93 (2Eq, which is actually 2E') and 102 meV (2A,,,
which is actually 2A), giving a SO splitting of ~100 meV for
1L-Mo0S,."** It should be noted that the splitting in 2L-MoS,
arises from the combination of SO coupling and interlayer
coupling.® Much weaker intensities of overtone and combi-
nation modes are observed in bulk MoS, (Fig. 13(a)). Bulk MoS,
is predicted to have a much larger VB splitting, which results in
a decrease in the probability of TRRS because of the loss of
energy match between VB splitting and the energy of the two-
phonons involved.
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6 Raman scattering of TMDs modified
by external perturbation

External perturbations can modify the electric, phonon, thermal
and mechanical properties of 1L-, 2L-, and ML-TMDs,"%%*
which facilitates their application in tunable photonic devices,
solar cells, flexible electronics, thermoelectric energy conversion,
field effect transistors and catalysts for hydrogen evolution.'*®
For example, bandgap engineering through strain has been
reported for both 1L- and 2L- MoS,."**'*® Chang et al. calculated
the electronic properties of MoS,, MoSe,, WS,, and WSe, mono-
layers and found that their bandgaps are more sensitive to
biaxial strain than uniaxial strain.'’? A large value of the
Seebeck coefficient has been reported for 1L-MoS, in thermo-
electric energy conversion (—4 x 10*> and —1 x 10° pv K !
depending on the strength of the external electric field).'**
Electrical control of neutral and charged excitons in several
1L-TMDs has been recently reported."'”''® Mitioglu et al.
observed PL peaks associated with charged excitons of 1L-WS,
at low temperatures."'® The pressure-induced phase transition is
revealed in MoS,."*° TMDs under external perturbation attracted
considerable attention.

Raman spectroscopy is an ideal technique to probe the
influence of external environmental conditions on material
systems by spectral-feature analysis with high resolution. This
makes Raman spectroscopy useful in fundamental research
and device characterization. Indeed, the phonon spectra of

Chem Soc Rev

1L- and ML-TMDs are significantly affected by external perturba-
tion, and their response can be probed by Raman spectroscopy.
In the following, we will discuss how external perturbations such
as strain, pressure, electric field, charge transfer, temperature,
and substrate affect the Raman spectra of TMDs.

6.1 Effect of uniaxial and biaxial strain

Biaxial and uniaxial strains can be applied to a sample. Sahin et al.
recently calculated the phonon dispersion of 1L-WSe, after 1%
biaxial compressive and tensile strain was applied and found that
such biaxial deformation only results in collective softening/
hardening of the vibrational modes and does not lift the degeneracy
of the E’ and A modes of the 1L-WSe,."*" Chang et al. calculated
the phonon dispersions of MoS,, WS,, WSe,, and MoSe, mono-
layers, and found that their phonon frequencies shifted upward/
downward under compressive/tensile biaxial strain.®® Fig. 14(a) and
(b) show the phonon dispersion of 1L-MoS, and 1L-WS, under
no strain, and compressive (bi-axial), tensile (bi-axial), armchair
(uni-axial), and zigzag (uni-axial) strain. E’ and E” are degenerate
under both compressive and tensile strain, which indicates that
these modes remain degenerate as long as the hexagonal sym-
metry of MX, is retained. However, these two modes split when
uniaxial strain is applied, indicating that the isotropic symmetry
in the xy plane has been broken.

A three-point bending apparatus (Fig. 14(c)) is usually used
to apply uniaxial strain to small MX, flakes."'® Zhu et al.™*®
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Fig. 14 Phonon dispersion of (a) 1L-MoS, and (b) 1L-WS,. For compressive (tensile) bi-axial strain, the phonon frequencies of E’ and E” shift upward
(downward). For uniaxial strains, the degeneracies of E’ and E” at I' lift because of the introduced anisotropy of bond strengths. Reproduced with
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observed the splitting of E'/E; with increasing strength of
uniaxial strain in both 1L- and 2L-MoS,, as shown in

Fig. 14(d) and (e). A] / A%g describes the vibrations along the

z axis, whereas E’/Eé describes the vibrations in the xy base
plane. In the absence of strain, E'/Eg are 2D degenerate modes.
Applied uniaxial strain will remove the degeneracy because of
the symmetry breaking within the xy plane, leading to mode
splitting for E’ and Eg. The lattice symmetry of 1L- and 2L-MoS,
changes to Cy and C,;, under uniaxial strain, respectively. The
corresponding modes are characterized by three A’ (1L) and
three A, (2L)."'° For 1L-MoS,, with increasing applied strain,
the frequency shift is small for the A’(3) mode, indicating that
the strain has little effect on vibrations perpendicular to the xy
plane (Fig. 14(d)). The larger frequency shift of A’(1) with
increasing strain indicates that it vibrates along the direction
of the applied strain. The intensities of the split A’(1) and A’(2)
modes orthogonally respond to the angle between the polariza-
tion of the scattered Raman signal and the strain axis, which
can be used to identify crystallographic orientations of 1L-MoS,."**
Similar results have also been observed in uniaxially-strained
2L-MoS, (Fig. 14(e)). Moreover, the dispersion of low-energy
flexural phonons in strained 1L-MoSe, has been found to cross
over from quadratic to linear.®” Based on the strain dependence
of A’(1) and A’(2), Conley et al. determined parameters to
characterize the anharmonicity of the molecular potentials: the
Griineisen parameter (y) and the shear deformation potential (f).
yg = 1.1 & 0.2 and Sy = 0.78 + 0.1 were obtained.'" In addition,
strain naturally exists in state-of-the-art TMD nanotubes, which
is similar to MX, with uniaxial strain.'*

6.2 Temperature dependence

Livneh et al reported the temperature and pressure depen-
dence of the Stokes and anti-Stokes Raman spectra of bulk
2H-MoS, as the energies of the A and B excitons were tuned to
resonate with the exciting laser.’® Generally, Stokes scattering
peaks are stronger than anti-Stokes scattering peaks with a
temperature-dependent intensity ratio, which can be exploited
practically for the temperature measurement.'*® Livneh et al.
found that the absolute values of the temperature coefficients
(0w/T)p-, of the frequency of nearly all of modes were approxi-
mately within (1.0-1.6) x 107> cm™" K '. The temperature
coefficient of E;, was found to be larger in magnitude than
that of A, in bulk MoS,. However, in 1L-MoS,,"** the tempera-
ture coefficient of E’ was lower in magnitude than that of A,
which can be attributed to no interlayer interactions restricting
the vibrations away from the basal plane. Najmaei et al. reported
laser-induced thermal effects on the Raman spectra of MoS, with
thickness ranging from 1L to bulk."*® Because of the anomalous
trends in frequency for E;, and A,,, they found considerable
thickness-dependent red-shifts as well as line-width changes for
Eég and A, with increasing laser power. The temperature
coefficients of 1L-WS,, FL-MoS,, and WS, in a wide temperature
range (77-623 K) were reported by Thripuranthaka et al.'**'*
Fig. 15(a) and (b) show the temperature-dependent Raman
spectra of the E' and A} modes, whose frequency trends with

This journal is © The Royal Society of Chemistry 2015
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temperature are summarized in Fig. 15(c) and (d), respectively.
Both the modes decrease in frequency with increasing tempera-
ture with almost the same temperature coefficient of about
—0.006 cm™* K. The temperature-dependent Raman spectra
of 1L- and FL-WSe, and -MoSe, were reported by Late et al.'*®
The obtained temperature coefficients for 1L-, FL-, and bulk
TMDs are summarized in Table 4.

The negative temperature coefficients (yr) in Table 4 were
obtained by fitting the peak positions and temperature to the
equation: o(T) = w, + x7T, where «, is the peak position at 0 K
and yr is the first-order temperature coefficient. The intrinsic soft-
ening with increasing temperature can be attributed to anharmo-
nicity of the interatomic potentials including contributions from (1)
thermal expansion and (2) phonon-phonon coupling.’*"'** The
observed linear evolution of phonon frequencies in 1L-MoS, has
been separately attributed to thermal expansion'?® and phonon-
phonon coupling,'** which needs further experimental and theore-
tical supports in a wider temperature range. Nonlinear evolution of
phonon frequencies in the range 70-150 K was detected in 1L-MoS,,
which was interpreted based on the phenomenon of optical phonon
decay of two acoustic phonons with equal energies because of lattice
potential anharmonicity."* In addition, the temperature-dependent
frequency shifts strongly depend on the coupling of TMDs with
various substrates."**

Yan et al observed linear softening of both E' and A} in
suspended 1L-MoS, with increasing temperature and laser power
at 0.25 mW before heating saturation.'” They obtained the thermal
conductivity x = (34.5 = 4) W mK " at room temperature based on
the linear temperature and power-dependent coefficients of the A
mode. This value is less than that reported for 11.-MoS, prepared by
CVD (~52 W mK " (ref. 135)) and much less than the ultrahigh
thermal conductivity of graphene (4800-5600 W mK *)."*® Cai et al.
predicted a x of 23.2 W mK " for 11-MoS, by nonequilibrium
Green'’s function calculations, which is in good agreement with the
reported value of 34.5 £ 4 W mK ."*” They also calculated the
Griineissen parameter (7) for all of the acoustic and optical modes at
the I' point. The positive y value suggests a positive coefficient of
thermal expansion even at low temperature, which is in contrast to
the negative thermal expansion observed in graphene at low
temperatures because of the negative y of the ZA mode.*"*°

Furthermore, local heating in TMD flakes induced by laser power
has been reported in both supported and suspended 1L-MoS,, where
both E' and A soften with increasing laser power (see Fig. S5,
ESI})."*>'* E’ and A linearly softened with increasing power at
0.25 mW, but saturated in the range 0.25-0.8 mW (see Fig. S5,
ESI$)."> The appearance of nonlinear effects is because of either
the nonlinearity of absorption or high orders of the temperature-
dependent coefficients. Moreover, differences in the thermal expan-
sion coefficients between the TMD flakes and substrates could lead
to strain in TMDs, which further enhances the softening effect.

6.3 Phonon renormalization under an electric field

A 1L-MoS, transistor can exhibit an on/off ratio of ~10% and an
electron mobility of ~200 cm The electronic mobility
of semiconductors is limited by the strong electron-phonon
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Fig. 15 Raman spectra of 1L-WS, with the (a) E’ and (b) A} mode measured in a temperature range from 77 to 623 K. The Pos(E’) and Pos(A’l) values for
1L-WS, are summarized in (c) and (d), respectively. Reproduced with permission from ref. 127. Copyright 2014, American Chemical Society. (e) Schematic
diagram of 1L-MoS;, on a SizN4/SiO,/Si substrate. Here, MoS, is suspended over the holes in the 20-nm-thick SizN4. (f) Four typical Raman spectra of
suspended 1L-MoS, collected at 100, 180, 260, and 320 K, which are offset vertically for clarity. (g) Raman peak frequencies of the A (blue squares) and
E’ (red circles) modes as a function of temperature. Reproduced with permission from ref. 125. Copyright 2014, American Chemical Society.

Table 4 Comparison of the temperature coefficients (y7) for each mode
in 1L-, FL- and bulk TMDs

Material ~ Type Eg/E' (em™ K™Y) Afg/A’1 (em™ 'K
1L-MoS,  Silicon-supported = —0.013¢ —0.016“
1L-MoS,  Suspended —0.0117 —0.013”
1L-MoS,  Sapphire-supported —0.017” —0.013%
FL-MoS,  Glass-supported —0.016° —0.011°
Bulk MoS, —0.013% —0.015%
1L-WS,  Glass-supported  —0.006% —0.006%
FL-WS, Glass-supported —0.008° —0.004°
1L-WSe,  Silicon-supported  —0.0048° —0.0032°
1L-MoSe, Silicon-supported — —0.0054°
3L-MoSe, Silicon-supported — —0.0045°

@ Ref. 124. ? Ref. 125. © Ref. 126. ¢ Ref. 127. © Ref. 128.

interactions, which will also have a significantly affect on the phonon
frequencies. Recently, Chakraborty et al observed the phonon
renormalization of A} in a 1L-MoS, transistor.™" The 1L-MoS,
field-effect transistor (FET) and its device performance are shown
in Fig. 16(a). Fig. 16(b) shows the evolution of E’ and A} of 1L-MoS,
at different top-gate voltages, whose frequencies and FWHMSs
are summarized in Fig. 16(c). At a maximum voltage of 2.0 eV,
Pos(A') softens by 4 cm™ ", compared with only ~0.6 cm™ " for E'.
The FWHM of A} significantly increases by ~6 em™", whereas E'

2774 | Chem. Soc. Rev., 2015, 44, 2757-2785

does not significantly change. The gate induced electron concen-
tration (n) can be estimated by ne = Cy(Vog — Vi), where Vi is the
threshold gate voltage and Cyy; is the top-gate capacitance. Thus, the
A} mode frequency shift can be used as a readout of the carrier
concentration in MoS, devices."™" Chakraborty et al. calculated the
electron-phonon coupling (EPC) based on first-principles density
functional theory, which showed that A couples much more
strongly with electrons than the E' mode.®*** The structure distor-
tions due to A do not break the symmetry of MoS,, which means
that all of the electronic states having a nonzero value in the
electron-phonon matrix. Electron doping leads to occupation of
the bottom of the CB at the K point, which results in a significant
change in the EPC (/,) of A, In contrast, the matrix element
vanishes for E’, resulting in a weak dependence on doping. The
phonon linewidth at a specific n(I',,) is composed of two terms: I, =
™€ + ™ where I'™° is the EPC contribution and I'™ is the
contribution from anharmonic effects. The ratio of I',.o/I = is
found to follow the calculated strengthening EPC value 4,0/,
which indicates that the increase in the FWHM of the A’ mode
(Fig. 16(c)) is because of the increase in the EPC value with doping.'"!

It should be noted that A| renormalization is different
from G-mode renormalization in graphene. The latter is
because of phonon-induced electron-hole (e-h) pair creation."*
The phonon-induced e-h pairs are blocked in doped graphene,

This journal is © The Royal Society of Chemistry 2015
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Copyright 2012, American Physical Society.

which affects the phonon self-energy. The G-mode renormali-
zation in graphene is due to the breakdown of the adiabatic
approximation,'*! but A/ renormalization occurs within the
adiabatic approximation.

6.4 Substrate effect

TMDs are usually prepared by micro-mechanical exfoliation
and transferred on a SiO,/Si substrate. However, much higher

conducting (e.g., Au and few-layer graphene (FLG)) and insulat-
ing (e.g., Gel-Film®™, h-BN flakes, and muscovite mica flakes)
samples can be used as substrates.*” Fig. 17(a) shows E’ and

A} of 11-MoS, on six different substrates. The intensities of the

E’ and A} modes are clearly modulated by the substrate, which
account for optical interference and absorption effects, as
shown in Fig. 17(b) for MoS, on the SiO,/Si substrate. The
Raman intensity of 1L-MoS, on Si0,(285 nm)/Si is expected to
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Fig. 17 (a) Normalized Raman spectra of 1L-MoS, on mica, FLG, Gel-Film, Au, SiO,, and h-BN, which are shifted vertically for clarity. The dots are the experimental
points and the solid lines are Lorentzian fits. The dashed solid lines correspond to Pos(E’) and Pos (A1) on SiO,. Reproduced with permission from ref. 142. Copyright
2014, Royal Society of Chemistry. (b) Model geometry of optical interference for a heterostructure based on 1L-MoS,. The spacer layer can be Au, FLG, h-BN, or mica.
(c) Enhancement factor (I'"%) as a function of wavelength for 1L-Mo$S, on three different substrates. The dashed black line indicates I'™* = 1. Temperature dependence
of (d) E’ and (e) A, of the bulk, CVD-grown 1L-MoS; on sapphire (1L-CVD-sa), the transferred layer of CVD-grown 1L-MoS; on SiO,/Si (1L.-CVD-SiO,) and 1L-MoS,
on SiO,/Si by direct mechanical exfoliation from bulk MoS; (1L-ME-SIO,). Reproduced with permission from ref. 143. Copyright 2014, Royal Society of Chemistry.
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be stronger than that on both Gel-Film and 15 nm FLG, as
shown in Fig. 17(c). It should be noted that this interference
effect of the substrate does not shift the peak position. How-
ever, A| shows a sizeable stiffening of up to ~2 em " with
varying substrates in the sequence SiO,, Au, Gel-Film, FLG,
Mica and h-BN, while E’ is barely affected by the substrate, as
shown in Fig. 17(a). There are two possible explanations for this
stiffening: charge transfer between 1L-MoS, and the sub-
strate,""* and the dipolar interaction between 1L-MoS, and
the fixed charges in the different substrates."**

The temperature behavior of A} and E’ of 1L-MoS, also
depends on the substrate."** The temperature shift of A] is
nonlinear in 1L-MoS, on sapphire and SiO, (Fig. 17(d)), while
that of E is almost linear. This nonlinearity can be attributed to
the chemical bonding between the film and the substrate, and
the mismatch in thermal expansion between the film and the
substrate.

6.5 Pressure-induced semiconductor to metallic transition

TMDs that undergo lattice distortion upon applying external
pressure are theoretically predicted to undergo a semiconductor
to semimetal transition, or even full metallization.**™*” The
metallization arises from the overlap of the valence and conduc-
tion bands as the interlayer spacing decreases. Recently, both
X-ray diffraction and Raman spectroscopy of ML (at ~19 GPa)
and bulk MoS, (between 20 and 30 GPa) at high pressure
confirmed the above transitions.”®'2%148

Fig. 18(a) shows the Raman spectra of bulk MoS, at various
pressures up to 57 GPa in both compression (denoted as c¢) and
decompression (denoted as d) runs."*® Both E3, and E}, develop
new split-off features with applied pressure above 23.0 GPa. The
splitting of E;, has been reported to begin at 19.1 GPa.”
Furthermore, E3, is associated with interlayer stacking. Its

Chem Soc Rev

splitting indicates the existence of a new phase because of
layer sliding. This new phase at high pressure is denoted as
2H,, whose lattice parameter c is less than that of the normal
2H phase (denoted as 2H. in ref. 120). 2H, is a metallic state, as
revealed by the temperature-dependent resistivity. The two
separate peaks for both E3, and Ej, in bulk 2H. completely
disappear at around 40 GPa, indicating that the transformation
from 2H, to 2H, is complete. Upon decompression, the Raman
modes from 2H appear, which indicates the reversibility of
the 2H. and 2H, phases. Fig. 18(b)-(d) summarize the data of
the pressure dependence of the frequencies of E3,, Eyg, Alg, and
Eg.”>1**1*° Discontinuities occur for Pos(E3,) and Pos(E;,) at
the beginning of the phase transition (about 20 GPa), but not
for Pos(E;,) and Pos(A{,). The discontinuities of Pos(E3,) and
Pos(E;g), as well as the frequency difference, Pos(A;4)-Pos(E,)
(Fig. 18(e)), clearly divide the phase into three parts, i.e., 2H,,
2H,, and their coexistence of 2H. and 2H,.

7 Applications of ULF Raman
spectroscopy in 2D layered materials

7.1 Substrate-free characterization of layer number of
multilayer TMDs

The properties of 2D TMDs and other layered materials signifi-
cantly depend on their layer number, N, which is important for
their potential applications. A reliable and rapid characteriza-
tion technique is required to determine the layer number of
ultrathin 2D TMDs. Methods such as optical contrast, atomic
force microscopy (AFM), PL and Raman spectroscopy have been
widely used as characterization tools.

Optical contrast was considered as the most powerful char-
acterization tool for 1L and ML graphene'*® and TMDs.*®
Optical contrast (6(1)) is defined as 1 — Igare(4)/Isun(2), where

Relative intensity
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(@) Raman spectra of MoS; at various pressures up to 57 GPa in both compression (denoted by c) and decompression (denoted by d) runs. The

insets represent the in-plane modes ESQ, Eiq and E%g and the out-of-plane mode Ayq. (b) Pos(Egg), (c) Pos(Eyg), (d) Pos(E%g) and Pos(Ayg), and (e) Pos(A;g)—
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phases, respectively. Reproduced with permission from ref. 120. Copyright 2014, American Physical Society.
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Inake(4) and Ig,p(2) are the reflected light intensity at the flake
and substrate, respectively.*®>'*>'>! To precisely identify N,
the experimental optical contrast must be compared with the
theoretical contrast for different layer numbers. In the calcu-
lation of optical contrast, the numerical aperture of the
objective used, the thickness of the 1L flake, the thickness
of the dielectric layer (usually SiO,) on the substrate and
the complex refractive index of the flakes need to be known
to obtain a reliable theoretical result. However, the refrac-
tive index and monolayer thickness of many novel layered
materials are unknown. The thickness of the SiO, layer
provided by a company usually has an error of +5%. In this
case, the optical contrast is not very useful for layer-number
identification of novel layered materials. Fig. 19(a) shows the
evolution of the optical contrast of 1L- to 8L-MoWS, deposited
on 90-nm-SiO,/Si. It is obviously difficult to match the theore-
tical curve with the experimental curve to identify its layer
number because the refractive index of the flakes is sensitive
to their layer number.

Atomic force microscopy is a direct and powerful technique
to identify the layer number with a precision of 5%."> How-
ever, the different interactions of the AFM tip with the flake and
the substrate will lead to discrepancies in the layer number.">?
In addition, the precision of the AFM measurement is depen-
dent on the substrate roughness and the cleanliness of the
flake surface. In Fig. 19(b), 4L- and 5L-MoWS, can be clearly
identified in the optical image. However, accidental glue spots,
the rough surfaces and the substrate make it difficult to
accurately determine the layer number of this real flake in
Fig. 19(b), as shown in its AFM image (Fig. 19(c)) and the height
profile across 4L- and 5L-MoWS, (Fig. 19(d)).

Review Article

Photoluminescence is based on the evolution of the peak
position or peak intensity of PL peaks with flake thickness.®®
MoS, changes from an indirect bandgap structure in the bulk
to a direct bandgap structure in 1L-MoS,, which also occurs for
WS,, WSe,, and MoSe,.?® This transition leads to enhanced PL
emission in 1L-MoS, and weakened decreasing PL intensity
with increasing N. The PL signal is normally used for rapid
characterization of 1L- and 2L-TMDs with high crystal quality.
Because PL emission is very sensitive to temperature, defects
and doping, it is not possible to accurately identify the layer
number for thick flakes or for 2D LMs without PL emission.

Raman spectroscopy has been used as a nondestructive
and high-throughput characterization method for 1L and ML
graphene'”84107:1347158 and shows its potential for general 2D
layered materials."®”>"*® The anomalous frequency trends for
E;g and A;, modes in 1-6L and bulk MoS,,"® as shown in Fig. 4
can be used for layer thickness determination for 1-5L MoS,
and WS,. However, it is not enough for MoS,/WS, flakes with
layer number greater than 5. In addition, for other 1L- and
ML-MX,, the frequency difference between Eég and A;; needs
to depend on the layer number for reconstruction, during
which the layer number must be initially determined by other
methods.

It is essential to develop a substrate-free approach to identify
the layer number of 2D LM flakes, that is not associated with
the refractive index, monolayer thickness, PL emission, and
high-frequency optical modes of the material. As discussed in
Section 4.2, the peak positions and number of C and LB modes
depend on the layer number of MX,, flakes."*® In the following,
we will discuss how to identify the layer number of MoWsS,
alloys, whose physical properties are unknown.
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(a) Optical contrast as a function of N for NL-MoWS, supported on a 90 nm thick SiO,/Si substrate. (b) Optical and (c) AFM images of 4L- and

5L-MoS,. (d) Height profile along the dashed green lines in (c). Raman spectra of (e) 1-7L and (f) 6-11L MoWS,. The dashed lines in (e) and (f) are

guides for the eye.
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Using mechanical exfoliation, we obtained a series of MoWS,
flakes with different thicknesses.'®® When we measured the ULF
Raman modes of bulk MoWS,, we determined the C mode to be
at 28.8 cm™ !, as shown in Fig. 19(e). There was no any Raman
signal in the C mode range for the flake with the smallest optical
contrast. It was assigned as 1L-MoWS, because the C mode
does not exist in 1L-MoWS,. Another flake only showed two
ULF Raman modes at 20.4 and 35.7 em ™ ". Note that, the C
mode at 20.4 cm ™' is exactly 1/v2 times that of the bulk
sample (28.8 cm™"). According to the MCM in Section 4.2, the
flake is 2L-MoWS, and the mode at 35.7 cm ™" is the LB mode of
2L-MoWS,. Then, the C and LB frequencies of NL-MoWS,
follow the equations »(C3)(N) = C(2)/1 + cos(n/N)(N > 2)
and o(LB;)(N) =LB(2)\/1 —cos(n/N)(N > 2), respectively.
We measured the ULF Raman modes of thicker MoWS, flakes
(N = 6-11), as summarized in Fig. 19(e). By comparing the
theoretical frequencies of the C and LB modes with the experi-
mental frequencies, we identified the layer number of the thick
MoWS, flakes. However, as shown in Fig. 19(e), when N > 7,
o(LB3)(N) exhibits a different lineshape to the Lorentzian
one, and the frequency difference of w(C,)(N) between sequen-
tial layers will be too small to distinguish each layer because of
the limit of spectral resolution. The phonon branches of C} and
LB, cannot be used for layer identification for N > 7. As shown
in Fig. 19(f), we can consider other phonon branch of C¢ and
LBs, and the corresponding C and LB frequencies follow
the equations (C{)(N) = C(2)y/1+ cos(3n/N)(N > 6) and
o(LBg)(N) = LB(2)y/1 — cos(3n/N)(N > 6), respectively. The
phonon branches of Cj, and LBy, can also be considered for
higher layer-number identification. In fact, the above approach
can used for any 2D LMs once the C and LB modes of the
material are detected.

7.2 Probing the interface coupling in folded TMDs

Interface coupling is emerging as a powerful method to engineer
the physical properties of atomically thin 2D materials. New
physical phenomena, including van Hove singularities,"®' %
Fermi velocity renormalization,'®* and unconventional quantum
Hall effects,'® have been revealed in graphene bilayers and
graphene/boron nitride heterostructures. Several attempts have
been made to fold MoS, bilayers to investigate how the interface
coupling will affect their optical emission, excitons and valley
polarization.’®*™®® The indirect bandgap significantly varies
with the stacking configuration, and shows the largest redshift
for AA- and AB-(2H) stacked bilayers, and a significantly smaller
but constant redshift for all other twist angles.'®” Furthermore,
strong valley and spin polarization has been achieved in folded
MoS, bilayers."®

From the results in Section 4.2, C and LB modes are directly
related to the interlayer coupling, which can be used to probe the
interface coupling in folded TMDs. Here, we present the C and
LB modes in 3L-MoS, folded by another 3L-MoS, on its top. This
twisted 6L-MoS, is denoted as t(3+3)L-MoS,. In NL-MoS,, there
are N — 1 C modes, which we denote as Cyn_;, withi=1,.. . ,N — 1.
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Fig. 20 ULF Raman spectra of t(3+3)L, and 2H-stacked 3L- and
6L-MoS,. The inset shows an optical image of t(3+3)L- and 3L-MoS,.
Dash-dotted lines indicate Pos(LBgz), Pos(Ce1) and Pos(LBgs) in 2H-stacked
6L-MoS,.

In this notation, for a given N, the label Cy; is used for the
highest frequency C peak. A similar notation can be used for the
N — 1 LB modes in NL-MoS,. The optical image of t(3+3)L is
shown in the inset of Fig. 20, whose 3L constituent can be
verified by its C (Cs; at 29.2 cm™ ') and LB (LBj, at 28.1 cm ™)
modes, as shown in Fig. 20. Fig. 20 also shows the Raman
spectrum of 2H-stacked 6L-MoS,, where Cgq, Cg3, LBg3, and LBgs
are detected, in agreement with the results in Fig. 3 and 6.
However, t(3+3)L-MoS, exhibits a quite different Raman spec-
trum from to both 3L- and 6L-MoS,. LBg; and LB¢; are observed
in t(3+3)L-MoS, with lower frequency than those in 6L-MoS,.
However, the corresponding Cg; and Cg; modes in 6L-MoS, are
absent in t(3+3)L-MoS, and Cg, is present. Based on the linear
chain model, we found that the interlayer coupling constant at
the twisted interface (oc,l] follows. o;- /g = 75%, where o is the
interlayer coupling constant in 2H-stacked MoS, for the LB
modes. This indicates that the interlayer coupling is reduced
at the twisted interface. Obviously, the LB modes here are
themselves the direct probe of the interface coupling in folded
(or twisted) TMDs.

8 Perspective of the study of layered
materials
8.1 Other 2D materials beyond TMDs

Similar to the research on graphene-like materials, TMDs have
received increasing interest, which will prompt studies on other
2D materials. Geim and Grigorieva built a 2D library including
three families: the graphene family (graphene, hBN, graphene
oxide, etc.), 2D chalcogenides (MoS,, WS,, MoTe,, GaSe, Bi,Se;,
etc.) and 2D oxides (WOj3, layered Cu oxides, MnO,, etc.), as

This journal is © The Royal Society of Chemistry 2015
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Fig. 21 (a) Current 2D library. Monolayers that are stable under ambient conditions (room temperature in air) are shaded blue, those that are probably

stable in air are shaded green, and those that are unstable in air but that may be stable in an inert atmosphere are shaded pink. Grey shading indicates
three-dimensional (3D) compounds that have been successfully exfoliated down to monolayer thickness. (b) Building van der Waals heterostructures.
Reproduced with permission from ref. 169. Copyright 2013, Nature Publishing Group.

shown in Fig. 21(a)."®® Although several achievements have been

made with Bi,Se,/Bi,Tes,'”>'”® GaTe,'”* GaS,'”® GaSe,'”® InSe, """
CuSe,"’® and ReS,,"”° a large number of these 2D materials,
especially at the ultra-thin scale, are still to be investigated.
Raman spectroscopy will give information about the unique
properties of these 2D materials. For example, in contrast to
TMDs, ReS, has been found to remain a direct bandgap
material with decreasing thickness from the bulk to the mono-
layer and its Raman spectrum shows no dependence on the
layer number (Fig. 22(a)), which is because of electronic and
vibrational decoupling.’® The topological insulators Bi,Se;
and Bi,Te; show low-frequency modes that are different from

the interlayer C and LB modes, as shown in Fig. 22(b). The out-
of plane Aj, mode located at ~72 cm ™" in bulk Bi,Se; exhibits a
sensitive red shift with decreasing thickness because of phonon
softening.'”” A significant broadening of the in-plane E; mode
is also observed with decreasing thickness, resulting from
a decrease of the phonon lifetime of the intralayer modes,
possibly because of enhanced electron-phonon coupling.'”?
Fig. 22(c) shows the Raman spectra of thin (29 nm) and bulk
GaSe in both XX and YX configurations.'”® In bulk GaSe (upper
panel), E;; and E,, are present in both XX and YX configuration,
while A, is only present in the XX. The polarization and peak
position of each mode in FL-GaSe (29 nm) is similar to that in

@ | 488nm Ag-like Res, | ©[ 134 AL, Bulk-GaSe
- MonolayerE B
— Bulk 2nd_order 2
- A1g
E21g 308
; Y 213 E1
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b ~
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7 [z R
= c
c L
= = 308
£
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‘»
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9
=
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Raman Shift (cm1) Raman Shift (cm1)
Fig. 22 (a) Raman spectra of bulk (blue) and 1L (red) ReS,. Reproduced with permission from ref. 170. Copyright 2014, Nature Publishing Group.

(b) Raman spectra of bulk Bi,Ses and Bi,Tes. (c) Polarized Raman spectra
permission from ref. 171. Copyright 2014, American Chemical Society.
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of bulk GaSe (top) and a 29-nm-thick flake (bottom). Reproduced with
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bulk GaSe, indicating good a crystal structure. However, a
significant decrease in the intensity of Raman vibrations can
be seen from the signal-to-noise ratio of the Raman spectra of
FL-GaSe flakes (lower panel), which is different from the case of
MoS,, where the Raman spectrum of 45L-MoS, (~29 nm) is to
the same as that of the bulk.

8.2 van der Waals heterostructures

Various 2D materials can be “restacked” or assembled verti-
cally in a chosen sequence (Fig. 21(b)) to form various hybrids
and heterostructures, creating materials on demand, which will
provide fine-tuned properties and new opportunities for
devices."”*5! These hybrids and heterostructures are referred
to as van der Waals heterostructures, where strong covalent
bonds provide in-plane stability of 2D crystals, whereas rela-
tively weak, van der Waals-like forces are sufficient to keep the
stack together.

The graphene/MoS, heterostructure firstly synthesized by
Chang et al.'®* has stimulated investigation of its applications
in electronics and optoelectronics because of the semiconduc-
tivity of MoS, and the high conductivity of graphene. Interest-
ing studies have been performed to investigate heterostructures
fabricated with various TMDs. Before the extensive production
of TMD heterostructures, several theoretical studies have been
performed to investigate their electronic structures,?>'8%7186
For example, Kosmider et al. found that the bandgap in the
1L-MoS,/1L-WS, heterostructure is direct, which is in contrast
to both 2L-MoS, and 2L-WS,. Additionally, the lowest energy
electron and highest energy hole states in the optically active K
point are localized on different monolayers, i.e., electron-hole
pairs are spatially separated.'®® Kang et al. calculated the Moiré
pattern effect on the electronic structure of the 1L-MoS,/
1L-MoSe, heterostructure and found that the VBM state is
strongly localized while the CBM state is only weakly localized."®*
The number of experimental studies is growing, and preliminary
results have been obtained."®” "%

Interlayer coupling, strain, charge transfer, lattice vibrations,
and interface diffusion within heterostructures and hybrids will
change the band structure, Fermi level, and band offsets. Raman
scattering is ideal to probe the difference of the properties from
those of the constituent materials. Indeed, Raman scattering has
been applied to twisted BLG to reveal changes in the band
structure, and the appearance of angle-dependent van Hove
singularities.'® Because the interactions between the different
layers of heterostructures and hybrids are weak, the vibrations of
heterostructures and hybrids will consist of those from the
individual building blocks. Therefore, Raman spectroscopy is
useful to probe the stoichiometry of heterostructures and
hybrids. For example, the Raman peaks of graphene and FeCl;
can be identified in FeCl;-intercalated FLGs using Raman
spectroscopy,'®’ while at the same time can also be used to
probe the layer coupling, stability, charge transfer, strain, and
orientation.'” The E’ and A} modes of 1L-MoS, and 1L-WS, are
all observed in the Raman spectra of the MoS,/WS, heterostructure,
indicating formation of a 11-MoS,/1L-WS, heterostructure."®
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The C and LB modes are mainly determined by the weak
interlayer interactions, and will thus an effective tool to probe
the interlayer coupling in the heterostructures.’®> Raman
spectroscopy can also be used to monitor/optimize the growth
conditions for heterostructures and hybrids."??

Several advances in ULF Raman spectroscopy have been made
in investigating twisted multilayer graphene.®™™** Fig. 23(a)
shows the optical image of a flake containing monolayer gra-
phene (1LG), trilayer graphene (3LG), and twisted (1+3) layer
graphene (t(1+3)LG). Here, t(m+n)LG refers to artificially assem-
bling m-layer graphene (mLG, m > 1) on n-layer graphene (nLG,
n > 1), where mLG and nLG are twisted by an angle 0, with
respect to each other. 0, between the layers can be used to tune
the optical and electronic properties of the twisted system.¢"%°
The optical contrast of t(1+3)LG shown in Fig. 23(b) is quite
different to that of four-layer graphene (4LG). An additional
feature appears at around 2.0 eV for t(1+3)LG, revealing that the
band structure of t(1+3)LG is modified after twisting compared
with Bernal-stacked graphene layers. Fig. 23(c) shows the Raman
spectra of 1LG, 3LG, and t(1+3)LG in the C and G peak region.
There is an additional G* peak in t(1+3)LG, and the G peak
in t(1+3)LG has higher intensity, suggesting weak coupling
between the 1LG and 3LG constituents in t(1+3)LG. The
C mode of 3LG is observed at 37 cm™* (C34).*° Another C mode
at 22 cm™ " (C3,)"7"*? is not observed for 3LG. t(1+3)LG contains
four layers. In Bernal-stacked 4LG, three C modes are expected
at 41 (Cy4), 31 (Cyy) and 17 (Cy3) cm™ "7 However, only two
C modes at 22 and 37 cm ™" are observed, whose frequencies are
close to those of 3LG. The presence of Cs; and Cj, in t(1+3)LG
indicates that the weaker interlayer coupling between the 1LG
and 3LG constituents in t(1+3)LG makes the C mode vibration
mainly localized in the 3LG constituent. In addition, the Cj;
intensity of t(1+3)LG excited by 1.96 eV about 100 times higher
than that of 3LG. All of the above results demonstrate that the
peak position and intensity of the C modes in t(m+n)LG are
suitable to probe the interlayer coupling at the interface of twisted
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S t+3)LG
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£ 30
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Photon Energy (eV) Raman shift (cm-1)
Fig. 23 (a) Optical image of a graphene flake containing 1LG, 3LG, and

t(1+3)LG. (b) Optical contrast of t(1+3)LG and Bernal-stacked 4LG. (c) Raman
spectra of 1LG, 3LG, and t(1+3)LG in the C and G peak range excited
by 1.96 eV. The G* mode is clearly identified by the fit to the t(1+3)LG
G band. Reproduced with permission from ref. 81. Copyright 2014, Nature
Publishing Group.
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multilayer graphenes,®" which paves the way for fundamental
research of van der Waals interface coupling in 2D crystal based
heterostructures.

9 Conclusion

2D layered TMDs have extraordinary electronic, spintronic,
valleytronic, and optoelectronic properties, and appealing
applications in devices. We have reviewed the phonon struc-
tures of 1L, ML, and bulk MX, compounds and the capability of
Raman spectroscopy to investigate the properties of various
TMDs. Non-resonant Raman scattering can determine the layer
number and phonon structure at and around I" points, probe
interlayer coupling, and determine the alloy composition and
degree of various 2D crystal alloys. Resonant Raman spectro-
scopy has potential to determine the phonon structure at the
M point or along the non-planar directions and the intrinsic
spin-orbit coupling in the valence bands. Both non-resonant
and resonant Raman spectroscopy can be used to investigate the
effect of external perturbations, such as strain, temperature,
pressure, charge transfer and electric field, on TMDs. Raman
spectroscopy is expected to be an effective tool for TMD-based
van der Waals heterostructures and other 2D materials beyond
TMDs. In particular, the measurement of C and LB modes
will increase our knowledge of interface coupling in various
van der Waals heterostructures.
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