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

experiments on other 2-D crystals and related van der Waals heterostructures.

1 Introduction

The fast progress of graphene research, fueled by the unique
properties of this two-dimensional (2-D) material, stimu-
lated scientists’ interests on other 2-D crystals.' Beyond
graphene, several representative 2-D crystals have been ob-
tained experimentally by similar methods, such as BN, MoS,,
NbSe,, BiyTes, BirSes, Bi»Sr,CaCu,0,, etc.! Actually, the
library of the original 2-D crystals is very rich, including
many naturally-occurred layered materials, such as a wide
range of minerals, transition metal oxides and transition
metal dichalcogenides (TMDs).” The capability of prepar-
ing/growing different families of 2-D crystals will further en-
hance tremendously the library of materials that one can ob-
tain and thus allow one to explore the fascinating unusual
physics in two dimension.! Recently, 2-D TMDs, such as
MoS,, MoSe;, WS, and WSe,, have attracted considerable
attention due to their unique properties and their potentials
in (opto-)electronics.¥16 Those 2-D crystals can be grown or
mechanically exfoliated down to the monolayer like the ex-
foliation of graphene. However, in contrast to graphite and
graphene, TMDs consist of more than one atomic element
(as shown in the case of MoS, in Fig.1(a), where one Mo
plane sandwiched by two S planes), which makes their lat-
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tice dynamics more complex than that in multilayer (ML)
graphene, 7 including the symmetry, force constants and fre-
quency trends varying with thickness of flakes. 820 Further,
in comparison to the bulk form, monolayer (1L) and few-layer
(FL) TMDs show very distinctive physical properties, particu-
larly in lattice dynamics, electronic structure and optical prop-
erties.

Many TMDs show a graphene-like layered structure with
the single carbon atomic layer replaced by the repeat unit of 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 occur, dependent on the combination of chalcogens
and metals. The chalcogen atoms (S) in 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 trian-
gular prism in Fig.1(a), the Mo atom has trigonal prismatic co-
ordination, where the upper triangle is obtained by mirroring
the bottom triangle. This repeat unit stacking along c axis will
form two different polytypes, i.e., 2H (hexagonal symmetry,
two X-M-X layers per repeat unit, trigonal prismatic coordi-
nation, H stands for hexagonal) and 3R (rhombohedral sym-
metry, three X-M-X layers per repeat unit, trigonal prismatic
coordination, R stands for rhombohedral).* Actually, the site
of metal atom can also has octahedral coordination, where the
upper triangle is inversion of the bottom triangle, which gives
the third polytype of 1T*+?%>23 (tetragonal symmetry, one X-
M-X unit in the unit cell, octahedral coordination, T stands for
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Fig. 1 (a) Three-dimensional structure schematic of 1L.-MoS,. The triangular prism denoted by black lines represents trigonal prismatic
coordination of Mo atoms. (b) Schematics of the three typical structure polytypes of MX;: 2H, 3R and 1T. @ and ¢ represent 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) SEM images of triangle MoS thin films by vapour phase growth. Reproduced with

permission from ref.21. Copyright 2013, Nature Publishing Group.

trigonal). The schematics of the three structure polytypes are
depicted in Fig.1(b).* Difference between symmetry of trigo-
nal prismatic and octahedral coordination for metal atoms can
result totally different electronic structure in its monolayer.
For example, monolayer of 2H-MoS, is semiconducting, °
while that of 1T-MoS, is metallic.?*?* Recently, monolayer
of 1T-MoS, obtained by intercalation with alkali metals cause
a transition to 2H-MoS; by annealing at 300°C, which is fur-
ther verified by the re-emergence of bandgap photolumines-
cence (PL).%? The symmetry difference between monolayer of
2H-MX,/3R-MX, (with point group D3;) and 1T-MX, (with
point group Ds,) can be differentiated by Raman analysis. >
Here, we mainly focus on 2H-MX, and bulk 2H-MX is sim-
ply denoted as bulk MX, if without any specification.

Great advances have been demonstrated in MoS,, which
is gradually expanding to other TMDs. Most TMDs are

indirect-gap semiconductors in bulk, but undergo transitions
into direct-gap semiconductors when thinned down to the
monolayer.3%2% This can be probed by a variety of spectro-
scopic tools. 322631 For example, as an indirect-gap material,
bandgap PL in bulk 2H-MoS; is very weak due to its phonon-
assisted process and is known to have negligible quantum
yield. Appreciable PL is observed in FLL MoS; and surpris-
ingly bright PL is detected in 1L.-MoS,, which is indicative of
being a direct-gap semiconductor.? Indirect-to-direct transi-
tion is attributed to the absence of the weak interlayer coupling
in monolayer,?2 which was directly verified in FL-MoSe,
via interlayer thermal expansion.33 The direct bandgap of
monolayer TMDs promises the high performance in the opto-
electronic applications, such as transistors with an extra-high
on/off ratio at room temperature. ' Two peaks (A and B) are
observed in the absorption spectra of 1L- and 2L- MoS,, cor-
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responding to transitions between split valence bands (VBs)
and conduction band (CBs).® The energy splitting between
A and B in bulk MoS, arises from combined effect of in-
terlayer coupling and spin-orbit coupling (SOC), but solely
comes from SOC in 1L-MoS; due to the absence of interlayer
coupling.® Further, coupled spin and valley in 1L.-MoS, due to
strong SOC and inversion symmetry breaking introduce new
controllable degree of freedom beyond charge and spin, lead-
ing to valleytronics. !'~1¢ An excited electron will attract a hole
by Coulomb interaction to form a bound state (called exciton)
with bound energy levels lying in bandgap region. This exci-
tonic effect is significantly enhanced in low dimensional mate-
rials owing to strong spatial confinement and reduced screen-
ing effect.3-3° Thus, as a 2-D material, 1L-MX; is expected
to have a strong excitonic effect with a large exciton binding
energy of ~ 0.5-1.0 eV,**3 which will significantly influ-
ence its optical properties. In addition, one-dimensional non-
linear optical edge states are observed at the edge of 1L.-MoS,,
which allows direct optical imaging of the atomic edges and
boundaries of a 2-D material. **

Various methods were developed to obtain uniform, high-
purity, thickness-controlled and large-area TMDs monolay-
ers, which can be mainly divided into two categories: exfo-
liation from parent bulk crystals and chemical vapor depo-
sition (CVD) on substrates. The coupling by weak van der
Waals forces between the repeat unit X-M-X of bulk TMDs
allows the crystal to be readily cleaved along the layer sur-
face. Methods inheriting from community of graphene, like
micro-mechanical cleavage, '8 liquid-phase exfoliation34¢
and exfoliation by intercalation with ionic species> had 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., Si0,/Si as shown
in Fig.1(c)) for optical identification.*’*® The liquid-phase
preparations of MX, (Fig.1(d)) are promising, which permits
composites and hybrids of different MX,.3*° The thickness
and size of thin layers cannot be well-controlled in compar-
ison with above exfoliation processes. Inspired by CVD of
large-area graphene on copper, several CVD methods based
on insulating substrates have recently been reported.*>1-2
The CVD growth offers TMD monolayers the possibilities
for wafer-scale fabrication of electronic and optoelectronic de-
vices. >

An ideal tool for fundamental research and material charac-
terization should be fast and non-destructive, offer high spec-
tral and spatial resolution, provide structural and electronic
information, and be applicable at both laboratory and mass-
production scales. Raman spectroscopy fulfils all of above
requirements. Through Raman spectroscopy, one can identify
unwanted by-products, functional groups, structural damage
and chemical modifications introduced during the preparation,
processing or placement of various LMs. Here we review new

developments of Raman spectroscopy on the 2-D TMDs. We
first introduce the lattice vibrations and phonon dispersion of
1L-, 2L- and bulk MX, (Section 2). Then, we discuss the
fundamentals of Raman scattering and its selection rule (Sec-
tion 3). We outline the non-resonant (Section 4) and reso-
nant Raman (Section 5) spectroscopy in areas of TMDs. Ra-
man spectroscopy of the 2-D TMDs modified by the external
conditions such as strain, pressures, temperature and electric
field are given in Section 6. We further demonstrate the po-
tentials of shear and layer breathing modes in characterization
of thickness of unknown ML TMDs and probing the the inter-
face coupling of two-dimensional hybrids and heterostructures
(Section 7). We hope that such a discussion will enable a bet-
ter understanding of the recent progresses on the phonon and
Raman scattering of 2-D TMD from 1L, ML to bulk material,
and be helpful to design and perform decisive Raman exper-
iments to employ the great potentials of Raman spectroscopy
on the various LMs and their hybrids and heterostructures.

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

2.1 Lattice vibrations at I" point and its symmetry classi-
fication

Lattice vibrations can be classified based on the irreducibles
presentations of symmetry group of crystals.> The unit cell
of bulk MX5 consists of two X-M-X units with total 6 atoms,
suggesting that there are 18 phonon modes (3 acoustic and 15
optical modes). Bulk MX, has Dgj, point group. Thus, the
lattice vibrations of bulk MX, at I" can be expressed by the
irreducible representations of Dgy, as follows 7 I'= 4, ¢t
2A2, +2Bog + B, + E1g + 2Ey, + 2E, + Epy, where one Ay,
and one E}, are acoustic modes, Ay,, E, and Epg are Raman
(R) active, another A, and Ey, are infrared (IR) active, By,
By, and Ej, are optical inactive (Silent). The modes denoted
by letter ”E” here are doubly degenerate in xy plane.

Due to the lack of translational symmetry (7) along the z
axis which is perpendicular to the basal xy plane, there is a re-
duction in symmetry in FL- TMDs (NL-MX3),® here, N is an
integer and refers to the layer number. Odd NL-MX, (ONL-
MX5) has D3y, point group because of the presence of the hor-
izontal reflection plane (0},) that passes through the transition
metal atom (M). Particularly, the unit cell of 1L-MX3 is com-
posed of 3 atoms with 9 normal vibrational modes at I" point
expressed by based on D3, 2%%7: ['= 24,+A|+2E +E", where
one Azﬂ and one E are acoustic modes, another Ag is IR ac-
tive, A/1 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-MXj
(ENL-MX) is D3, due to the existence of inversion symmetry
i. oy existed in ONL- and bulk MX is not present in ENL-
MX;.8 In particular for 2L-MX,, its unit cell is composed
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Fig. 2 (a) Symmetry and normal displacements of each optical vibration mode for bulk MX», 2L-MX, and 1L-MX,. The Raman-active (R),
infrared-active (IR), or both R and IR inactive (silent) modes are identified. The dotted lines demonstrate that each mode in 1L-MXj is split
into two modes in both 2L-MX; and bulk MX; of which one vibrates in-phase and another out-of-phase. Phonon dispersion curves of (b)
1L-MX; and (c) bulk MX, are calculated for MoS,. Points in (c) are experimental data extracted from neutron scattering measurents in
ref.53. Reproduced with permission from ref.54. Copyright 2011, American Physical Society.

of 6 atoms belong to D3;. There are 18 normal vibrational
modes at I point20’58: I'= 3A14+3A2,+3E,+3E,, where one
A», and one E, are acoustic modes, the other A;, and E,, are
IR active, A1z and E; are R active, as demonstrated in Fig.2(a).
It should be noted that the R and IR modes are mutually ex-
clusive in MX, and ENL-MX, due to the presence of inver-
sion symmetry i. The symmetry and normal mode displace-
ment of each mode of bulk, 2L- and 1L- MX, are depicted in
Fig.2(a). In general, 9N normal vibrational modes in NL-MX;
at I' point can be expressed based on its corresponding point
group?%383% as : Tonr = 3NT’I(Al1 +E")+ WTH(A; +E)
for ONL-MX, (D3p,) and Teyy = (A + Eg + Axy + E,)
for ENL-MX, (D34). These 9N modes can be further clas-

sified into three categories according to their frequencies (will
be discussed in Section 4): acoustic, ultra-low frequency and
high frequency modes, as shown in Table.1, whose number
of Raman active modes for the three categories are also in-
cluded. Likewise, the symmetry classifications for lattice vi-
brations away from I point, e.g., at high-symmetry edges of
the Brillouin zone, can also be obtained according to its corre-
sponding point group, which has lower symmetry than that in
I point.>>

Each of 9 normal vibrational modes in 1L-MX, will split
into the corresponding two modes in both 2L- and bulk MX5,
as shown in Fig.2(a) by dotted lines. For example, E ' (R+IR)
in 1L-MX is split into £} (R) and E, (IR) in 2L-MX>, or Ezlg
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Table 1 Symmetry, Raman activity and number of acoustic, ultra-low frequency and high frequency modes in ENL-, ONL- and bulk MX5. R,
IR and S in brackets after symmetry refer to Raman active, infrared active and optically silent. All the ”E” are doubly degenerated. Num(R)

denotes the number of Raman active modes.

NL-MX, Acoustic Ultra-low frequency High frequency modes Num(R)
C modes LBMs
Bulk Ay +Ey, E5,(R) B3, (S) Eig(R) +E1,(IR) 4 Epg(R) + En,(S) 7
+Alg(R) +A2u (IR) +BZg(S) +Blu(S)
ENL Ay +E, NE(R+Y2 E,(IR) ¥ A1g(R)+Y52 Ay, (IR)  N(Eg(R) +Eu(IR) +A14(R) + Az (IR)) 9N/2
ONL AE LN E(IR+HR)+E'(R)  M(A{(R) +AS(IR)  N(E(IR+R)+E'(R)+A|(R)+A5(IR))  5(3N-1)12

(R) and Ej, (IR) in bulk MXj,, where the displacements be-
tween the top and bottom layers are in phase for E,/E},, but
out of phase for E[} /Ezlg. The positive integer in the upper right
corner of mode notation "E” is used to distinguish the modes
with same symmetry (e.g., E;, and E3, in Fig.2(a)), with gen-
eral applicability to other modes. In the case of Ez/E;, in
2L-/bulk M X3, additional ”’spring” coupling between X atoms
of neighboring layers increases its frequency with respect to
E,/Ey,. This is known as "Davydov splitting”,60 which also
happens to other modes in 2L- and bulk MX,. Thus, the po-
sition of Ezlg, Pos(Ezlg), in bulk MX; is expected to be larger
than Pos(E},). However, this is not the case in bulk MoS;
where Pos(Ezlg) is ~ 1 cm™! lower than Pos(E},) due to the
existence of other causes beyond the weak interlayer interac-
tion.®! Interesting splitting happens in acoustic A; (ZA) and
E' (LA/TA) in 1L-MX. Ag (ZA) in 1L-MX; will be split into
A3 . and Ay, (ZA) in 2L-MX,, or ng and Ay, (ZA) in bulk
MX5, while E (LA/TA) in 1L-MX, splits into Eg and E, in
2L-MX,, or Egg and Ey, (LA/TA) in bulk MX,. A3 g/ng and
EJ/E3, in 2L-/bulk MX, are vividly referred as layer breath-
ing (LB) and shear modes, which corresponds to the relative
motions of its two X-M-X layers perpendicular and parallel
to the layer plane, respectively. Similar shear mode has been
observed in multilayer graphenes.!” It is usually named as C
because it provides a direct measurement of the interlayer cou-
pling. !

2.2 Phonon dispersion

Away from I point, normal vibrational modes are dispersive
with respect to wave vector g. The calculated phonon disper-
sions by density functional theory (DFT) within local density
approximation (LDA) of 1L- and bulk MoS; are displayed in
Figs.2(b) and 2(c).>*

The phonon dispersion of 1L.-MX, has three acoustic and
six optical branches inheriting from the 9 vibrational modes at

I' point. The three acoustic branches include the in-plane lon-
gitudinal acoustic (LA) and transverse acoustic (TA) ones and
the out-of-plane acoustic (ZA) one. The LA and TA branches
have a linear dispersion and higher frequency than the ZA one
around I".>*6%:63 The six optical branches are two in-plane lon-
gitudinal optical (LO; and LO,), two in-plane transverse op-
tical (TO; and TO;) and two out-of-plane optical (ZO; and
Z0,) branches. These six optical modes at I" point corre-
spond to the irreducible representations as follows (Fig.2(b)):
E" (LO; and TO,), E' (LO; and TO,), A; (ZO;) and A
(Z0O,). Since MX, are slightly polar materials, certain IR-
active phonon modes (for example, E ,) display LO-TO split-
ting due to the coupling of the lattice to the macroscopic elec-
tric field created by the relative displacements of M and X
atoms in long-wavelength limit. 36164 Tn addition, there is a
bandgap between acoustic and optical branches, which is ~
100 cm™! for MoS; (Figs.2(b) and 2(c)) and WS, ~ 30 cm ™!
for WSe; and ~ 15 cm™! for MoSe;, (See Electronic Supple-
mentary Information (ESI)-Fig.S1).3462.63

For 2L- and bulk MX,, there are 18 phonon branches,
which are split from 9 phonon branches in 1L-MX,. Ow-
ing to the weak van der Waals interlayer interaction 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 resemblance of optical
phonon dispersion curves among 1L-, 2L- and bulk MX5. For
example, the phonon dispersions of 1L- (Fig.2(b)) and bulk
(Fig.2(c)) MoS, are much similar, except three new branches
below 100 cm~! in bulk due to interlayer vibrations. The gen-
eral features of 1L-, 2L- and bulk MoS,>*, WS, %05 WSe, 03
and MoSe, % are similar to each other. However, their phonon
frequencies are much different. (See Fig.2(b) and ESI-Fig.S1)
In comparison to 1L-MoS;, the phonon bands in 1L-WS, are
shifted down to lower frequencies, which is mainly due to
the larger mass of W atoms.>* Similar behaviors happen be-
tween 1L-WSe; and 1L-WS,.%3% Furthermore, the interlayer
phonons in bulk MX, are different from each other, which is

This journal is © The Royal Society of Chemistry [year]
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due to their intrinsic differences in both the whole mass of
MX; and interlayer coupling strengths.

3 Raman scattering and its selection rule of
phonons in 1L-, FL- and bulk MX,
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Fig. 3 Calculated Raman spectra of (a) bulk and (b) 1L-MoS; with
polarization vectors of ¢;(1, 0, 0) and e, (cos6,sin6,0) for the
incoming and scattered photons, respectively. The inset figures show
I(Ezlg) /1(A1,) and IE)/I (A/l) as a function of 6. Reproduced with
permission from ref.67. Copyright 2014, Royal Society of
Chemistry. (c) Raman spectra of 5SL-, 6L- and bulk MoS; measured
under XX (red) and Y X (black) polarization configurations. Here,
XX and YX refer to & = 0 and 6 = 7/2, respectively. The
irreducible representation of each mode is indicated. Reproduced
with permission from ref.19. Copyright 2013, American Physical
Society.

Raman scattering is one of the main methods for obtaining
information about the lattice vibration information of a crys-
tal. 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 surroundings in all directions. As a
result, the photon loses (Stokes) or gains (anti-Stokes) the en-
ergy of the phonon, which is then detected and analyzed. Such
Raman process is called as first-order Raman process. The

process is called as second-order Raman process if involved
with two phonons. Under the restriction of the momentum
conservation, only the phonon with wavevector g ~ 0 (I" point)
can contribute to the first-order Raman scattering. The two
phonons in second-order Raman process should have opposite
wavevector g. The second-order Raman scattering is usually
much weaker than the first-order one, 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 Brillouin zone (e.g., M and K points). ®® Furthermore,
under the excitonic resonance condition, the symmetry of ex-
citon levels could mediate the scattering of Raman-inactive
phonon at T" point.® Non-resonant and resonant Raman pro-
cess in TMDs will be discussed in Section 4 and Section 5.

The Raman scattering intensity of a Raman-active mode in
a crystal can be expressed by the defined Raman tensor (R) in
the crystal as: do/dQ = e - R - ¢;|*, here ¢; and e; are the po-
larization vectors of the incoming and scattered photons. The
above equation results in the Raman selection rule of Ry, v # 0,
here, Ry v is one component of R. Furthermore, |, - R- eil* es-
tablishes the selection rule for Raman spectrum of the Raman
mode on ¢; and e;. R for a Raman mode with specific symme-
try can be found in some standard references.’%’!

For example, Raman active modes in Bulk MX, are denoted
by Ay, E1g and 2Ep, (E21g and Ezzg). Their R are listed as

follows7°:
a 0 0
Alg . 0 a O s
0 0 b
0 0 O 0 0 —c
Eqg 0 0 ¢ |, 0O 0 O ,
0 ¢c O —c 0 O
0 4 0 d 0 0
Ex:1 d 0 0 |, 0O —d O
0 0 O 0 0 0

Under the back-scattering configuration, e; and e are within
xy plane, which can be set to, ¢; = (cos0,sin0,0) and e; =
(1,0,0), respectively, where 6 is the angle between e; and
es. Usually, (1,0,0), (0,1,0) and (0,0,1) of ¢; and e; are,
respectively, denoted as X, Y and Z. Thus, the intensity of
Aig modes, I(Aj), in Bulk MX; is proportional to a*cos?6,
which monotonically reduces from maximum to minimum
with 0 being varied from 0 (XX) to 7/2(Y X). E; is double-
degenerated and there are two Raman tensors, R, and Ry.
I(Eio)=|es Ry eil> + es ‘Ry- e;|* = 0, which means that it can
not be detected under this polarization configuration. Sim-
ilarly, I(Ezg):dz, independent on 6. The calculated Raman

spectra of bulk MoS; in Fig.3(a) show a decrease of I,,, and

a constant of /g, for 6 varying from from 0 to 7 /2.7
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For Raman active Ay, and E, in ENL-MX, their R are
listed as follows:

a 0 0
Alg 0 a O y
0 0 b
c 0 O 0 —c —d
E,:l 0 — d |, —c O 0
04 0 —d 0 0

Ajg in ENL-MX; has an identical R to that in bulk MX,,
indicating similar polarization properties as discussed above,
i.e., Ay, is absent under YX configuration and approaches to
maximum intensity under XX configuration. However, Ej is
present under both XX and Y X configurations.

R of Raman active All, E" and E in ONL-MX, are listed as
follows:

/ a 0 0
A1 0 a 0 |,

0 0 b

/ 0 d 0 d 0 0
E:|ld 0 0], 0O —d 0 |,

0 0 O 0 0 0
, 0 0 O 0 0 —c
E:| 0 0 ¢ |, 0O 0 O
0 ¢ O —- 0 O

In fact, R of A/1 s E'and E' is, respectively, identical to that of
Aig, E1g and Ey,. It results from the correlation between D3,
and Dgj,.> Thus, these modes show similar polarization de-
pendence to their corresponding modes in bulk M X3, as shown
in Fig.3(b) for 1L-MoS,.

Based on the above discussion, we can assign all the ob-
served Raman modes in ONL- and ENL-MX,. As an ex-
ample, Raman spectra of 5L-, 6L- and bulk MoS; under XX
and Y X configurations are depicted in Fig.3(c). Those modes
which only appear under XX but not YX configurations cor-
respond to the relative motions of the atoms perpendicular to
the layer plane, and are assigned by A/l (ONL) and A;, (ENL
and bulk), while those exist under both XX and Y X correspond
to the relative motions of the atoms within xy plane, and are
assigned as E (ONL), E, (ENL) and E, (bulk). The upper
right corner of mode notation in Fig.3(c) is used to distinguish
the modes with same symmetry. Furthermore, polarized Ra-
man measurement can distinguish two overlapped modes in
the unpolarized Raman spectrum by their different polariza-
tion dependence. For example, in 5L-MoS,, the mode at 19
cm™ ' (E /) can be identified under Y X although it is overlapped
under XX due to the presence of the broad A/1 at 17 cm~!. The
properties of these modes including the 2LA(M) mode at ~
450 cm™! will be discussed latter.

4 Non-resonant Raman scattering in TMDs

4.1 Anomalous frequency trends of Ezlé and A, with in-
creasing layer number

From Table.1, there are seven Raman active modes (A, dou-
bly degenerate 2E>, and doubly degenerate E1) for bulk MXo.
Under back-scattering Raman configuration, E1, is absent ac-
cording to its Raman tensor. Thus, three Raman peaks are
expected in the Raman spectrum. Indeed, three peaks, ~ 33.5
(Egg), ~ 383.6 (Ezlg) and ~ 408.7cm™! (Ay,), are detected in
bulk MoS, and assigned by their polarization properties, as
shown in Fig.3(c). The frequency of the corresponding modes
in 1L- and ML-MX is expected to be dependent on the layer
number in frequency. Based on the discussions in Section 2,
the denotations of these modes in ONL- (£ "and All) and ENL-
(E, and A1) MX; are different to bulk due to their intrinsic
different symmetries. When we discuss the evolution of peak
parameters of Raman modes from bulk to monolayer, for the
sake of convenience, we simply refer the corresponding modes
as Ezlg and Ay, in bulk for the high-frequency modes as com-

monly done in the literature. 1834

The layer number (N) dependence of peak position and
width for Ezlg and A, of NL-MoS, is depicted in Fig.4(a).
Pos(Ezlg) and Pos(A1,) show opposite trends from bulk to 1L,
as summarized in Fig.4(b). However, based on the linear chain
model (only van der Waals interaction is included), the two
modes would decrease in frequency from 2L to 1L.!° This un-
expected trend of Ezlg indicates that other interactions beyond

van der Waals forces exist, 13473 which is also revealed by the
anomalous Davydov splitting between Ezlg and Ey, (Section
2). Molina-Sdnchez and Wirtz carefully examined the self-
interaction term of S atoms for A, (Mo atoms stay still) and
both S and Mo atoms for Ezlg in 1L- and bulk MoS,.* They

attributed the unexpected trends of Pos(Ez1 o) to the long-range
Coulomb term, which decreases considerably in few layer and
bulk due to the significant increase of the dielectric tensor with
N.>4 The long-rang Coulomb interaction is induced by the ef-
fective charges resulting from the relative displacement be-
tween Mo and S atoms. Ej, (Fig.2(a), observable under XZ
and YZ polarization configuration) also shows relative dis-
placement, thus, is expected to present anomalous frequency
trend. 34

Similar anomalous frequency trends with N between Ay,
and Ezlg exist in NL- WS,, WSe; and MoSe,. Figs.4(c)
and (d) show the trends for NL-WS,.”? Those in WSe; and
MoSe, are depicted in ESI-Fig.S2.7%74 The trends favor the
layer number identification of MX, through their relative fre-
quency difference. '®7> For example, the frequency difference
Aw(Ag — Ezlg) of NL-MoS, (N=1-5) can be expressed as
Aw(Aig szlg) = 25.8—8.4/N, as shown in Fig.4(b). How-
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Fig. 4 (a) Raman spectra of NL- (N=1-8, 10, 14, 18) and bulk MoS,. Two grey-dashed lines indicate Pos(Ezlg) and Pos(A1g) in bulk MoS;.
(b) Frequency (w) and its discrepancy (A®) between Ezlg and Ay, as a function of 1/N. For I <N <5, the linear fitting gives

A®(A—E)=25.8—8.4/N. (c) Polarized Raman spectra of 1-5L and bulk WS, with their frequency, frequency discrepancy, I(A1,)/I (E o)
and peak width summarized in (d). Reproduced with permission from ref.72. Copyright 2013, Royal Society of Chemistry.

ever, further N identification for N > 5 must be done by other
methods, such as interlayer vibration modes to be discussed
in following subsection. This empirical expression only ac-
counts for exfoliated NL-MoS,, but not for NL-MoS, grown
by CVD. Actually, Aw(A, — Ezlg) for CVD-grown 1L-MoS;
is ~ 20 cm™!, ~ 2 cm™! larger than that in exfoliated 1L-
1\/1082.76

4.2 Interlayer shear and layer breathing modes

Since the restoring forces for A?g/B%g (LB) and Eg/Ezzg ©
in ML- and bulk MX, are weak due to their van der Waals
interlayer interactions, the modes are expected to have low
frequencies. Indeed, the C mode of bulk MoS; is located at
33.5 cm™!, as seen in Fig.3(c). The LB mode is absent in
the Raman spectrum of bulk MX; since 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-MX3, a series of C and LB modes appear
at ultra-low-frequency (ULF) region, whose frequencies will
significantly depend on the weak interlayer restoring force and
layer number N.

Typical frequencies of LB modes are usually under ~ 100
cm~ !, while those of C modes are smaller, bellow ~ 50 cm™!.
The traditional approach to perform very low-frequency Ra-
man measurements involves the use of a triple spectrometer,
which has been applied to ML- MoS, or WSe; by several
groups. 19207779 A cross-polarized backscattering geometry
can be used to suppress the Rayleigh signal to obtain Raman
spectra very close to the laser line.”” Because the spectral
throughput is very low for the triple spectrometer, the sys-
tem is difficult to be applied to various MX; and other 2-D
materials. For example, there is no report on the C modes
in ML graphenes by the triple spectrometer up to now. Tan

et al. by combining a single monochromator with BragGrate
bandpass and notch filters (OptiGrate Corp.) can detect ULF
Raman signal down to ~ 5 cm™! with high signal through-
put. They had successfully observed C and LB modes for
ML graphenes. !78%8! 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). 19 Similar results
are also revealed in multilayer WSes up to 7L.2°(ESI-Fig.S3)
Figs.5(b) and (c) show frequency and FWHM of typical C and
LB modes as a function of N. The larger FWHM of LBM
in comparison to the C mode has been interpreted as its an-
harmonic feature with a significant enhancement of phonon-
phonon scattering when N decreases. ””

In order to elucidate the origin of these C and LB modes
in NL-MX5, a diatomic chain model (DCM) can be built (see
Fig.5(d)), where only two force constants are needed to de-
scribe the vibrations under nearest-neighbor interlayer inter-
action approximation: oy and Oy, where oy is the force
constant per unit area between two nearest X planes in two ad-
jacent layers, and oy is force constant per unit area between
the nearest X and M planes within a MX, layer. Their L (or ||)
components are used to describe the vibrations along z axis (or
with xy plane). By solving the dynamic eigen-equation and fit-
ting the results to observed E //A/l in 1L-MX; and C/LB modes
in NL-MX, (N>2), one can obtain the strength of intra-/inter-
layer coupling and the atomic displacements. In MoS,, we
have ates/0tdh;,=2.6%, and alg/aly, =1.5%. The atomic dis-
placements of both C and LB modes in 3L- MoS; are depicted
in Fig.5(e), where corresponding irreducible representations
are determined by symmetry analysis on 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 % E and % E" for C modes, and %
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Fig. 5 (a) Stokes and anti-Stokes Raman spectra of NL-(N=1-8, 10, 14, 18) and bulk MoS, between -60 and 60 cm~!. Dashed and dotted
lines are guides to the eye for the frequency trends of C and LB modes. (b) Frequency and (c) FWHM of C and LB modes as a function of N.
Solid lines are guides to the eye. Reproduced with permission from ref.19. Copyright 2013, American Physical Society. (d) Diatomic chain
model (DCM) and monatomic chain model (MCM) for NL-MX, here, otxx and oy describe the force constant between X-X layers and
X-M layers, respectively. my and my, are mass of the X and M layers, respectively. (e) Symmetry, frequencies and atomic displacements for
C and LB modes in 3L-MoS,, which are Raman-active (R) and/or infrared-active (IR).

A/1 and % A; for LB modes. When N is even, there are %
E, and 52 E, for C modes, and § A;, and Y52 A,, for LB
modes. The peak positions of all C and LB modes in NL-MX,
can be calculated based on 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 DCM, the relative displacements between Mo
and two S atoms in an S-Mo-S layer for all the C and LB
modes in ML-MoS; are very small. As an example, the rel-
ative displacement in 2L-MoS, is around 0.6%, which fur-
ther decreases with increasing N. Thus, a monatomic chain
model (MCM) can be considered if one treats an entire X-
M-X layer as a single ball, as depicted in Fig.5(d). Tak-
ing the entire layer as a ball with mass (M = my; + 2my)
and interlayer coupling @y for LB modes, and (x)H(X for C
modes, the eigen-equation can be analytically solved and the
relation between position and N for both C and LB modes

can be obtained, a)éfZNO(N) = 0c(2)y/1 £cos(Nym/N) and

wLiBQNo (N)=wr5(2)+/1 £cos(Nomr/N) (N and Ny are integer
and N >2Ny), where o¢(2) and wpp(2) refer the frequencies
of C and LB modes in 2L-MX, respectively. These vibra-
tion modes can be assigned to a series of branches, as shown
in Fig.6 for NL-MoS,. Each branch of the C (coéZN0 (N), de-
noted as CitNo) and LB (wLiB,ZNO (N), denoted as LB;NO) modes
includes one high-frequency subbranch (”+ ") and one low-
frequency subbranch (" —”). The two subbranches cross at

N=2Nj. In the case of bulk (N = o), we have wg (bulk) =
V20c(2) and @' (bulk) = v/2@.5(2). Thus, the frequencies
of C and LB modes in bulk can be obtained from those de-
tected 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 @¢(2) and wp(2) are ob-
tained, the whole sets of relation between peak position and N
for both C and LB modes are completely determined.

Because @w¢(2) and w;p(2) are, respectively, linked with
force constants between two nearest S planes in adja-

cent layers: @c(2) = (1/V2mc)y/ OCSHS/M and @ p(2) =
(1/v/2mc)\/ak /M, the good agreement between MCM and
experimental data for NL-MoS; is indicative of constant inter-
layer interaction from 2L, ML to bulk MoS,.!® Other TMDs
show similar structures to MoS;, which indicates the above
equation can also be applied to these materials by replacing
the wzp(2) and @¢(2) with the corresponding values in other
2L-TMDs. Further, this MCM can predict the dependencies
of C and LB modes on layer thickness in other LMs beyond
TMDs, such as hBN. !9 It is also noted that C and LB modes
are directly related to interlayer coupling, which has potential
in probe of the interface coupling in folded (or twisted) TMDs
and heterostructure built from TMDs.
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Table 2 Symmetry, polarization (polar.), experimental positions (Exp., in cm~!) and theoretical frequencies (Theo., in cm™!) of all the C and
LB modes in 5SL-, 6L- and bulk MoS,. The polarization configuration in the bracket is not available under the back-scattering condition.

C LB
5L mode E/(R,IR) E’(R) Al(R) AJ(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 E,(R) E.(IR) AjgR) Ay (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 Egg(R) ng(S)
polar. XX, YX -
Exp. 33.5 -
Theo. 335 -

4.3 Phonon dispersive trends away from I" point

Due to the Heisenberg uncertainty principle, the fundamen-
tal ¢ ~ 0 Raman selection rule is relaxed for a finite-size
domain, allowing the participation of phonons away from
the Brillouin-zone center (I'). The phonon uncertainty goes
roughly as Ag ~ 1/d, where d is the size of crystal domain.
The Raman spectrum of 1L-MX, with small domain size
could provide enough information on the phonon dispersion
near I point. This usually gives a downshift and asymmet-
ric broadening of the Raman peak. The corresponding Ra-
man mode will usually red-shift in frequency.3>%3 The ion-
implantation technique has been widely used to get nanocrys-
talline from graphene, ML graphenes and graphite. 3485 Re-
cently, smaller crystal size of 1L-MoS; and 1L-WS; is
obtained by increasing the dosage of ion-implantations.®
As shown in Figs.7(c) and 7(d), with increasing the ion-
implantation dosage, the softening of E' and hardening of
A/1 in 1L-MoS; were observed, while both £’ and A'1 modes
are soften in 1L-WS,. Correspondingly, the ion-implantation
also results in the reduction of PL intensity from A exciton.
PL is almost quenched when the ion-implantation dosage is
larger than 5x 10'3 Arf/cm?, which indicates that 1L-MoS,
is highly disordered.

To understand the above results, a phenomenological
phonon confinement model originally proposed by Richer,
Wang and Ley (WRL model)®” has been applied to nanocrys-
talline of 1L.-MoS; and 1L-WS,; induced by ion-implantation.
This model explained the frequency shifts of A/1 and E' of 1L-
MoS; with increasing ion-implantation dosage, as shown in
Fig.7(c) by vertical dash-dotted lines. The small hardening of
A/l in 1L-MoS, manifests that ZO, phonon branch increases in
frequency slowly with ¢ away from 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
decrease rapidly with ¢ away from I" point. However, for the
nanocrystalline 1L-WS;, both A/1 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 in-
creases, the trend of phonon dispersion away from I" point is
steeper, the peak frequency shift is larger, and the peak profile
is more asymmetric and broadening. Although LO; of 1L-
WS, increase rapidly near M point (Fig.7(b)), only non-zero
q close to I point can participate in the Raman process so that
the corresponding blueshift of E' can not be observed.

4.4 Raman characterization of TMD alloys

Alloying materials with different band gaps have been widely
used in the band gap engineering of bulk semiconductors. The
realization of band gap tuning in atomically thin 2-D alloys
and various choices of layered TMDs could allow wide range
band gap tuning for applications of 2-D materials in nano-
electronics and optoelectronics. Alloying monolayer TMD
has been proposed by theoretical calculations ¥+ and demon-
strated in experiments®!2. A series of monolayer TMD al-
loys (Mo;_xW,Ss, x = 0 to 1) have been cleaved from their
bulk crystals.®! Monolayer alloy film of MoSy (1) Seoy of ar-
bitrary composition can be grown by CVD through control of
the S/Se ratio of the organic precursors used in the growth pro-
cess.”?

Structure characterization of 2-D alloys, such as compo-
sition and atom mixing, is of fundamental importance to
their applications. Raman spectroscopy is a powerful tool
to characterize structures of 2-D alloys by the frequency
shift for alloy composition and by peak broadening for al-
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Fig. 6 Positions of (a) C and (b) LB modes of NL-MoS; as a
function of N. The experimental data are shown by blue open circles
whose diameter represents the Raman intensity of each mode. The
green crosses are calculations from DCM. The gray dashed lines are
another set of the C and LB modes based on the MCM. The black
solid lines in (a) and (b) are, respectively, fitted by

o(N) = 0(2)\/1+cos(Ngm/N) (N>2Ny) and

oO(N) = w(2)\/1—cos(Nom/N) (N>2N) for the phonon branches
originating from 2L-(Np=1), 6L-(Np=3) and 10L-(Nyp=5) MoS,
based on MCM. They are simply denoted as C;No and LB, ,
respectively. Reproduced with permission from ref.19. Copyright
2013, American Physical Society.

loy degree.®® In comparison to FL and bulk Mo;_W,S,,
Mo;_W,S, monolayer shows smaller frequency difference
between A/] and E and similar polarization dependence of
Raman modes.?! Composition-dependent unpolarized Raman
spectra of Mo;_,W,S, monolayer with W composition from
0 to 1 is shown in Fig.8(a). The assignments of A/1 and E’
are based on the polarized Raman spectra.'® Similar to that
of Mo;_,W,.S; bulk alloys94, All and E' show one-mode and
two-mode behaviors, respectively. As shown in Fig.8(b), with
W composition x increases from O to 1, A/1 mode continuously
upshifts, while MoS;-like E " mode shifts to lower frequency.
WS,-like E' appears at x = 0.2 and moves slowly towards
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The experimental (crosses) and calculated (solid lines) results of (c)
1L-MoS; and (d) 1L-WS,; for different ion implantation doses. The
dashed lines are the contribution of sub peaks from LO; and TO,
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Composition-dependent Raman frequencies of each mode in
Mo;_W,S; monolayers. Reproduced with permission from ref.88.
Copyright 2014, Royal Society of Chemistry.

higher frequency. As W composition increases, the relative
intensity of WS-like E increases, while that of MoS;-like
E' decreases. The Raman peak at ~ 360 cm~! appearing
from x = 0.13 to x = 0.77 was 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 overall shows a decrease trend with decreasing
W composition (Fig.8(b)). Based on the modified random-
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element-isodisplacement model, Chen et al. reproduced the
dependence of All, MoS;-like E' and WS5-like E' on W com-
position x, which can be used to quantify Mo/W composi-
tions.®%% This systematic Raman scattering investigation on
Mo;_W,S, monolayer is very helpful for the spectroscopic
determination of composition and alloy degree for various 2-
D crystal alloys.

5 Resonant Raman scattering in TMDs

5.1 Phonons of bulk MX; at I" and M points
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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 presented, where I', M and I'-A in the
bracket after each mode represent involved phonons which come
from I', M points and along I'-A direction. The star (*) labels the
Raman peak of Si ~ 520 cm~!. Reproduced with permission from
ref.96. Copyright 2014, AIP Publishing LLC.

At first, we will check the non-resonant and resonant Ra-
man spectra of bulk MoS,,% as depicted in Fig.9. The non-
resonant and resonant Raman spectra of bulk WS, and WSe,;
are afforded in ESI-Fig.S4. The non-resonant spectrum is
usually dominated by four basic vibration modes lying at I
point 18195657 Egg (32cm™!, ), Eiy (286 cm™1), Ezlg (384
cm™!) and Aqg (409 cm™!). Because E, (286 cm™!) is for-
bidden under 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 ~ 450 cm~ ! 2LAM)) and
several weaker peaks above 520 cm™! are also observed in the
non-resonant Raman spectrum in Fig.9(a).
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Fig. 10 Resonant Raman spectra of bulk MoS, at room temperature
(top) and at low temperature of 4.2 K (bottom). The black arrows
denote the five phonon replica of £1,(M) and A3, (M). The mode at
782 cm~! is the first phonon replica of the mode at 603 cm ™!, as
indicated by blue line with double arrows. Reproduced with
permission from ref.96. Copyright 2014, AIP Publishing LLC.

Because 1.96 eV is close to the energy (~ 1.88 eV at room
temperature) of A exciton in bulk MoS,,? it is usually used
to excite the resonant Raman spectrum of bulk MoS,, as
shown in Fig.9(b).% Under the resonant excitation, more in-
tense modes are found at and usually assigned as: %9798 ~
178 cm™" (A1(M)-LAM)), ~ 420 cm™ ! (B3, +E}, (T-A)), ~
465 cm™' (2LAM)(~ 450 cm™ 1) and A5, () (~ 465 cm™!)),
~ 572 cm™! (2E;4(I)), ~ 600 cm™! (Ezlg(M)+LA(M)) and ~
643 cm™! (A1g(M)+LA(M)). The mode ~ 420 cm s highly
dispersive and explained by Sekine et al. as a second-order
Raman process, where a polariton created by incident laser in
photon-like branch will first be scattered by emitting a lon-
gitudinal dispersive quasi-acoustic (QA) phonon along I'-A,
then scattered by emitting a E 12u phonon (which is dispersion-
less along I'-A) into the exciton-like final state.”® Here, [-A
is perpendicular to the 2-D Brillouin plane. The QA phonon
at the I" point is the B%g of MoS;. The energy difference

of its Stokes and anti-Stokes under 217K is ~ 4.7 cm~!.%°
Pos(B%g) can be deduced from the dispersive B%g+E12u(F—A)

based on the exciton-polariton dispersion.°® The most intense
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and asymmetric resonant mode lying ~ 465 cm ™! was first as-

signed by Stacy et al. "% as 2LA(M), then suggested by Frey
et al. to be composed of double-mode feature, second-order
2LA(M) and first-order Ay, (I'), due to its splitting in nanopar-
ticles.®® The mode ~ 643 cm ™! is assigned as A ¢M+LAM),
which can be used to estimate the energies of Ag(M) and
LA(M) when combined with ~ 178 cm™! (A1g(M)-LA(M)).
A1¢(M) and LA(M) are found ~410.5 cm~! and ~232.5cm ™!,
respectively.®® The frequency (~410.5 cm™!) of A1g(M) is
close to that (~409 cm™!) of A1), reflecting its disper-
sionless character.”>* The mode ~ 600 cm™! is denoted as
E; (M)+LAM), which leads to E; (M) ~ 367 cm™!. Sim-
ilar to ~ 178 cm™! (A1,(M)-LA(M)), the mode (Ezlg(M)-
LA(M)) is expected at ~ 134 cm~!. However, the obtained
LAM)(~232.5cm™ 1) is larger than the value determined from
2LA(M) in non-resonant spectrum (~226.3 cm™ ). Recently,
the double structure of ~ 465 cm™! is re-assigned by Golasa
et al. as 2LA(M) and first phonon replica (E1,(M)+XA(M)) of
E1¢(M), inspired by the close analogy in profile to the mode at
~ 643 cm~!, which is accordingly assigned as A1,(M)+LA(M)
and second phonon replica (E1,(M)+2XA(M)) of E1,(M), here
XA is related to the transverse acoustic (TA) and/or out of
plane acoustic (ZA) mode.

Raman spectrum at low temperature can be used for the
identification of two-phonon difference combination mode.
Fig.10 demonstrates the Raman spectra of bulk MoS, at room
temperature (upper panel) and at 4K (lower panel). The in-
tensity of a two-phonon mode at @; — @, will be strongly
dependent on temperature as n(w;,T)[n(w,,T) + 1] for cre-
ation of a phonon @, and annihilation of ®;, where n(®,T) =
(e"®/¥T _ 1)~ is the phonon occupation probability.®” The
intensity of the mode ~ 178 cm™! at 4K is predicted to be
a factor of 37 weaker than the intensity at room temperature.
Thus, this peak disappears at low temperature, as shown in
Fig.10.%¢ That is why the mode ~ 178 cm™! is assigned as
A1g(M)-LAM) in Fig.9(b). Moreover, Golasa et al. observed
five phonon replicas of E1g(M)(~ 466, ~ 645, ~ 825, ~ 1005
and ~ 1185 cm™!) and A, (M)(~ 574, ~ 751, ~ 930, ~ 1108
and ~ 1290 cm™!) at 4.2K, as shown in Fig.10 (lower panel).
In addition, the mode ~ 782 cm™! (Ezlg(M)+LA(M)+XA(M))
can be considered as the first phonon replica (Ezlg(M)+LA(M))

of ~ 603 cm™!, as shown in Fig.10 (lower panel) by blue line
with double arrows. This leads to a series of phonon repli-
cas lying at ~ 962 (Ez]g(M)+LA(M)+2XA(M)), 1142 cm™!
((Ezlg(M)+LA(M)+3XA(M))) and so on. The resulted fre-
quency of LA(M) is ~ 230.5 cm~!, and XAMM) ~ 180
cm~!. LA(M) approaches the value determined from the non-
resonant spectrum, but the attribution of involved XA phonon
to M point needs further theoretical analysis.’® From the
phonon dispersion in Ref.54, XA probably corresponds to ZA
branch (See Fig.2(c)).

Other bulk MX, are expected to exhibit similar resonant
behaviors to bulk MoS,. However, the resonant excitation en-
ergy will be different due to the different band structures. For
example, Fan et al. have found that Raman resonance in bulk
WS, covers a large energy range from 1.96 (633nm) to 2.41
(514nm) eV, '°" which is attributed to broad features of its B
exciton (ESI-Fig.S4).102

5.2 Phonons of monolayer MX; at I" and M points

a = 3
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Fig. 11 Resonant (black solid lines) and non-resonant (gray dashed
lines) Raman spectra for (a) 1L-MoS; (b) 1L-WSe; (c) 1L-WS; at
room temperature. The insets show the sub-peak fitting results. The
frequencies of each modes are denoted. The star (*) labels the
Raman peak of Si ~ 520 cm™!.

The Raman studies of 1L-MXj is critical to understand the
phonon spectrum of FL-MXj. Fig.11 shows the resonant and
non-resonant Raman spectra for 1L-MoS;, 1L-WSe; and 1L-
WS,. The insets show the detailed fitting results for the reso-
nant peaks near A,1 and E'. The peak notations in bulk MXj,
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have been changed in 1L-MX, due to the different point group
(D3p) of 1L-MXo.

In the case of Raman spectrum of 1L.-MoS; in Fig.11(a),
the modes lying at ~ 178, ~ 450 and ~ 628 cm~! are as-
signed as A} (M)-LA(M), 2LA(M) and A (M)-LA(M), which
is similar to that in bulk.?”-19%103 Similarly, the modes ~
150 and ~ 600 cm™! are assigned as E'(M)-?2-LA(M) and
E' (M)LO24LAMM). !9 Here, E (M)-02 is the high-frequency
branch of the two splitting branches of E at M point,
E' (M)E02 and E'(M)702, as shown in Fig.2(b). The mode
~ 600 cm~! is E (M)LO2+LA(M) with its second and third
phonon replicas found at ~ 638 (E" (M)71+2ZA(M)) and
820 (E" (M)T?143ZA(M)), respectively. The modes ~ 756,
~ 782 and ~ 820 cm™! are 2E (M)-02, E'(M)-02+A (M) and
2A'1 (M), which can be used to estimate the spin-orbit splitting
in 1L-MoS, (will be discussed in Section 5.4).1% It should
be noticed that the mode ~ 420 cm ™" (B3 +E7,(I-A)) in bulk
MoS, disappears due to the absence of the interlayer breathing
mode in 1L-MoS,.

For the Raman spectrum of 1L-WSe, in
Fig.11(b), E' (M)EO2-LAM), A’1 (M)-LAM), 2LAM),
E (M)L024LAM), A{(M)+LAM) are found at ~ 116, ~
136, ~ 261, ~ 374 and ~ 398 cm~!. Besides, the modes
~ 96 and ~ 157 cm~! are E'(M)T%2-LAM) and E (M)L02-
TAM), where E' (M)T02+LA(M) (expected at ~ 357 cm™1)
and E (M)L22+TA(M)(expected at ~ 332 cm™!) are not
observed. The combination modes from LA(M), TA(M) and
ZAM) are observed at ~ 219 cm™!' (LAM)+TAM)), ~
239 cm~! (LAMM)+ZA(M)) and ~ 263 cm™! (3TA(M)) and
~ 394 cm~! (BLA(M)). The modes ~ 634 and ~ 656 cm ™!
are E (M)-2243LAM) and A;(M)+3LA(M), respectively.
E' (M)L0242LA(M) and A}(M)+2LA(M) are expected to be
~ 504 and ~ 528 cm~!, which is not well-distinguished due
to the broad peak range from 460 to 540 cm~! in Fig.11(b).

As for the Raman spectrum of 1L-WS, in Fig.11(c),
EM)T%2-LAM),  E (MF2-LAM),  A;(M)-LAM),
2LA(M) and A'I(M)+LA(M) are lying at ~ 176, ~ 193,
~ 231, ~ 353 and ~ 583 cm~!.% In addition, the modes ~
204 and ~ 214 cm™! can be assigned as E" (M)T01-ZA(M)
and E'(M)TO1-TA(M). 4LA(M) is also observed at ~ 702
em-!.65

All the tentative assignments of 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 N. More vibrational modes are expected to be involved
in the Raman scattering as N increases. Because of the exis-
tence of weak interlayer coupling in 2-D LMs, FL-LM each
shows distinctive band structure, resulting in the dependency

Il‘
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Fig. 12 Resonant Raman spectra of NL- (N =1, 2, 4 and 7) and
bulk MoS, excited by a 633nm laser. Different modes are indicated
with arrows. The symmetry assignments are also addressed for each
mode. The 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.

of the corresponding interband transition energy on N. Thus,
resonant Raman scattering in 2-D LMs is expected to be layer-
number dependent.

Fig.12 shows the resonant Raman spectra of NL- (N =1, 2,
4 and 7) and bulk MoS,. % The strong Raman mode marked
by stars(*) is from the SiO,/Si substrate and is completely ab-
sent in bulk MoS,. Different notations of the modes in ENL-
and ONL- and bulk MoS; are neglected for the convenience
for comparison. The mode assignments in bulk MoS; can re-
fer those in Section 5.1, except for the observation of By, (')
at ~ 409 cm™! and Ej,(M)+LAM) at ~ 526 cm~!. In the
low-frequency spectral region (160-250 cm™!), the lineshape
asymmetry of the Ajo(M)-LA(M) mode at ~ 179 cm™! are
more distinct for N = 2, 4 and 7 because Aj, branch is nearly
flat and LA branch is concave down at M point (see Figs.2(b)
and (c)). An additional peak near 230 cm~! observed in N = 2,
4 and 7 can be assigned as the first-order LA(M). In the spec-
tral region (360-430 cm™!), the mode at ~ 377 cm~! which
is broad in 1L becomes sharper in 2L, 4L and 7L. It has been
assigned as Ep, with a finite wave vector near the I" along I'-A
(c axis), ' which is in contrast to the previous assignment to
Elzu(l“).g&99 Actually, Elzu(F) is observed on the higher side
of Ej,(I").%! Tts relative integrated intensity with respect to

Ezlg(F) decreases with increasing N, as shown in Fig.12. The

prominent peak ~ 420 cm~! is assigned as B%g+El2 T-A),

which can be used to roughly predict frequency of B%g(F—A)
to be ~ 43 cm™~!. By, (D) at ~ 403 cm™! is the Davydov cou-
ple of A1,(I') (see Fig.2(a)) with its relative intensity to A
increases with N. The frequencies of 2LA(M) and Ay, (') in-
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Table 3 Peak positions and their corresponding assignments of each Raman modes observed in 1L-MoS;, 1L-WSe, and 1L-WS,.

1L-MoS, 1L-WSe, 1L-WS,
Peak (cm™ 1) Assignments Peak (cm™1) Assignments Peak (cm~1) Assignments
150 E (M)LO2.LAM)? 96 E M) LAM) 176 E MO LAM)
178 A} (M)-LAM)* 116 E' (M)EO2.LAM)P or LAM)4
376 E (M)L02 136 A (M)-LA(M) 193 E' (M)LO:LAM)P
385 E' (D) 157 E' (M)LO2 - TAM)® 204 E' MTO1_ZAM)®
404 AL (D)2 219 LAM)+TAM)® 214 E' M)TOr-TAM)®
414 AL (M) 239 LAM)+ZA(M)® 231 A\ (M)-LAM)?
450 2LAM)? 248 E )P 298 E'(T)
460 E'M)TO01:ZAM) 250 A @P 325 E"(M)T01e
566 2E" ()2 258 Ay (M) 347 E'(M)T0z¢
600 E' (M)EO24LAM)? 261 2LAM)P 353 2LA(M)4
628 A (M)+LAM)* 263 3TAM)® 357 E )¢
638 E' MTO1+2ZAM) 374 E' (M)LO2 4L A(M)P 419 Ay
756 2E (M)L022 394 3LAM)P 583 AL (M)+LAM)¢
782 E' (M)L02 44| (M) 398 A (M)+LAM) 702 ALAM)¢
820 E" M)TO1+3ZAM) 534 24 (M)

24 (M)* 634 E' (M)FO243LAM)

656 A (M)+3LAM)

a ref.103. P ref.72. © based on the phonon dispersion in ref.63. 9 ref.65. € based on the phonon dispersion in ref.54.
crease with N, but the relative intensity of 2LA(M) to A, (I") ar s ont b 457 nm

decreases with N, which is similar to the intensity ratio de-
pendence on the size of nanoparticles®®. The spectral re-
gion between 430 and 490 cm™! is assigned to the second-
order Raman spectra, which also show layer dependence with
high intensity. The modes Ej,(M)+LA(M), Ezlg(M)+LA(M)
and Ag(M)+LA(M) have an asymmetrical tail towards low-
frequency region, which is due the nearly flat dispersion for
EZIA and A1, and concave down LA along I'-M. There are sev-
eral new peaks ~ 554 (labelled as Q), ~588 (P) and ~628 (S)
cm~!in 2L, 4L and 7L, whose peak positions do not vary with
N, but their relative intensities with respect to the neighboring
modes 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 func-
tion of N.

5.4 Spin-obit splitting in MoS, revealed by triply reso-
nant Raman scattering

The sizeable spin-orbit (SO) splitting in 1L-MoS; is promis-
ing in its potential applications in spintronics and quantum in-
formation processing, but also makes it a challenge to develop
an experimental method to detect and explore intrinsic SOC.
Previous attempts were mainly concerned with the energy dif-
ference between A and B exciton peaks in the corresponding
one-photon (linear)® and two-photon (non-linear)*%4143 PL
spectra. However, the identifications of A and B exciton peaks
are still unsettled because of the involvement of an additional
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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 the spectra are
normalized by I(A;,). Dashed lines in (a) are the fitting curves. The
vertical dashed lines represent the peak positions the Raman modes
in bulk MoS,. (d) Schematic diagram for the TRRS process in
MoS,, where vy, v, represent the valence band splitting due to
spin-orbit interaction, and ¢; represents a conduction band.
Reproduced with permission from ref.104. Copyright 2013,
American Physical Society.
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bound exciton peak, which is sensitive to the ambient envi-
ronment. 1419 On the other hand, the electron (hole) in CB
(VB) band resonantly excited by incident laser could be scat-
tered into a real electronic state by emitting phonon, resulting
in double-resonant (DR) or triply resonant (TR) Raman scat-
tering process. Those resonant Raman processes widely exist
in the case of graphene.!?” The resonant Raman spectrum is
thus very sensitive to the matching between the VB splitting
energy and the energy of phonons involved.

Figs.13(a), (b) and (c¢) show the Raman spectra of 1L-,
2L-, 4L- and bulk MoS, excited by 325nm, 457nm and 488
nm laser lines, respectively. !9 Three high-order modes in the
range of 750 to 840 cm~! excited by the 325 nm laser are
enhanced dramatically and have been assigned as the second
order combination Raman modes of Ezlg and Ajg. The three
Raman modes are also present in 1L-MoS; in Fig.11(a) at ~
756, ~ 782 and ~ 820 cm~!. The intensity enhancement has
been attributed to the electron-two-phonon involved TR Ra-
man scattering (TRRS) process. As illustrated in Fig.13(d),
(1) an electron is excited from the v, band to ¢; band (cg band
in Ref.104 lying up the band gap) 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 ¢ to the v; band
by an interband transition as a consequence of deformation
potential interaction; (3) another phonon with momentum -q
scatters the hole to the top of the v; band by intraband tran-
sition to form an exciton with the electron in the ¢; band due
to the Frohlich interaction !%%; (4) the electron-hole pair re-
combines at the top of the v; band and emitting a photon.
For the energy and momentum conservation in TRRS process,
one has: Ejueer = Eexciton + 2EE21g; Eluser = Eexciton + 2EA1g;

Ejuser = Eoxciton —|—EE21g +EA1g for the different modes 2E21g,

2A1; and Ezlg -+ Ajg. The flat phonon dispersion favors the
energy and momentum conservation where the right ¢ can
be selected in a large range along I'-M for the right phonon
energy (AEgo/2), which is responsible for the observing the
strong TRRS. In experiment, three resonant high-order peaks
excited by 325 nm in 1L-MoS, have the energy between 93
meV (2E21g, actually is 2E') and 102 meV (2A,, actually is

24)), giving a SO splitting ~ 100 meV for 1L-MoS,.'%* It
should be noticed that the splitting in 2L-MoS, arises from the
combination of SO coupling and interlayer coupling.® Much
weaker intensities of overtone and combination modes are ob-
served in bulk MoS; (Fig.13(a)). Bulk MoS; is predicted to
have much larger VB splitting which results in a reduction in
probability of TRRS due to the loss of energy match between
VB splitting and the energy of two-phonons involved.

6 Raman scattering of TMDs modified by ex-
ternal perturbation

External perturbations can modify the electric, phonon,
thermal and mechanical properties of 1L-, 2L- and ML-
TMDs, 10-114 which facilitates their applications for tunable
photonic devices, solar cells, flexible electronics, thermoelec-
tric energy conversion, field effect transistors and catalysts for
hydrogen evolution!’>. For example, bandgap engineering
through strain is implanted in both 1L- and 2L- MoS, 113116,
Chang et al. calculated the electronic properties of MoS,,
MoSe;, WS, and WSe; monolayers and found that their band
gaps are more sensitive to biaxial strain. !'? A large value of
the Seebeck coefficient is reported for 1L-MoS, (-4 x 10? and
-1x10° uVK~! depending on the strength of external elec-
tric field) in thermoelectric energy conversion.!'* Electrical
control of neutral and charged excitons in several 1L-TMDs
has been recently reported. 7118 Mitioglu ef al. observed PL
peaks associated with charged excitons of 1L-WS, at low tem-
peratures. '1° Pressure-induced phase transition is revealed in
MoS5. 20 TMDs under external perturbation attract much at-
tentions.

Raman spectroscopy is an ideal technology to probe the dis-
turbance of external environmental conditions to material sys-
tem by means of spectral-feature analysis with high resolu-
tion. This makes Raman spectroscopy useful in fundamental
research and device characterization. Indeed, phonon spectra
of 1L- and ML-TMDs are significantly changed by external
perturbation, which allows one to probe their response to ex-
ternal interaction through Raman spectroscopy. In the follow-
ing, we will discuss in detail 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

One can apply biaxial and uniaxial strains to the 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 a col-
lective softening/hardening of the vibrational modes and does
not lift the degeneracy of the E' and A,1 mode of the 1L-
WSe,. 2! Chang et al. further calculated the phonon disper-
sions of monolayer MoS;, WS,, WSe, and MoSe; mono-
layers and found their phonon frequencies are shifted up-
ward/downward under compressive/tensile biaxial strains. %
Figs. 14(a) and (b) show the phonon dispersion of 1L.-MoS;
and 1L-WS; under unstrain, compressive (bi-axial), tensile
(bi-axial), armchair (uni-axial) and zigzag (uni-axial) strain.
E and E” are degenerate under both compressive and tensile
strains, which implies that these modes remain degenerated as
long as the hexagonal symmetry of M X, is retained. However,
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Copyright 2013, American Physical Society.

these two modes are split when uniaxial strain is applied , in-
dicating that isotropic symmetry in xy plane has been broken.

A three-point bending apparatus in Fig.14(c) is usually used
to apply uniaxial strain to small MX, flakes. !'® Zhu et al. 11
observed the splitting of E'/E; with increasing strength of
strain in both 1L and 2L under uniaxial strain, as shown in
Figs. 14(d) and (e). A/I/A%g reflect the vibrations along the

z axis, whereas El/E; describe the vibrations in the xy base

plane. In the absence of strain, E’/Egl are 2-D degenerate
modes. Applied uniaxial strain will remove the degeneracy
due to the symmetry breaking within xy plane, leading to a
mode splitting for E and Egl The lattice symmetry of 1L
and 2L changes to C,; and C;;, under uniaxial strain, respec-
tively. The corresponding modes are characterized by three A
(1L) and three A, (2L). ' For the 1L.-MoS,, with the increase
of applied strain, the frequency shift is small for A'(3) mode,
indicating that the strain has little effect on the vibration per-
pendicular to the xy plane (Fig.14(d)). The larger frequency
shift of A/(l) with strain signifies that it vibrates along the di-
rection of applied strain. The intensities of the splitted A'(l)
and A/(Z) orthogonally respond to the angle between the po-

larization of the scattered Raman signal and the strain axis,
which can be used to identify crystallographic orientations of
1L-MoS;.?? Similar results are also observed in uniaxially-
strained 2L.-MoS; (Fig.14(e)). Moreover, the dispersion of
low energy flexural phonons in strained 1L-MoSe, were found
to cross over from quadratic to liner. °> Based on the strain de-
pendence of A/(l)and A/(2), Conley et al. calculated parame-
ters to characterize the anharmonicity of molecular potentials:
the Griineisen parameter, Y, and the shear deformation poten-
tial, B. ¥,» = 1.1 £ 0.2 and 8,/ = 0.78 + 0.1 are obtained. '3
In addition, strain naturally exists in state-of-the-art for TMD
nanotubes, which is similar to MX5 with uniaxial strains. 123

6.2 Temperature dependence

Livneh et al. reported the temperature and pressure depen-
dence of Stokes and anti-Stokes Raman spectra of bulk 2H-
MoS,, as the energies of the A and B excitons are tuned to
resonate with exciting laser.”® Generally, Stokes scattering
peaks are stronger than anti-Stokes scattering peaks with a
temperature-dependent intensity ratio, which can practically
be exploited for the temperature measurement.'? Livneh et
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al. found that the absolute values of the temperature coeffi-
cients (dw/dT),—o of the frequency of nearly all modes are
roughly within 1.0-1.6x 1072 cm~!/K. The temperature coef-
ficient of Ezlg is found larger in magnitude than that of A,

in bulk MoS,, however, in 1L-MoS,, 12* the temperature co-
efficient of E is lower in magnitude than that of All, which
is intuitively attributed to that no interlayer interactions re-
strict the vibrations away from the basal plane. Najmaei et al.
reported the thermal effects induced by laser heating on the
Raman spectra of MoS; with thickness ranging from bulk to
1L.13% Due to the anomalous trends in frequency for Ezlg and
Ajg, they found considerable thickness-dependent red-shifts
as well as line-width changes for Ezlg and A as the laser
power increases. The temperature coefficients of 1L-WS,,
FL-MoS, and WS, in a broader temperature range (77K-
623K) are reported by Thripuranthaka et al. 1>%1?7 Figs.15(a)
and (b) present the temperature-dependent Raman spectra of
E' and A/1 modes whose frequency trends with temperature
are summarized in Figs.15(c) and (d), respectively. Both

two modes decrease in frequency with increasing temperature
with almost equal temperature coefficient ~ -0.006 cm™!/K.
Temperature-dependent Raman spectra of 1L- and FL- WSe;
and MoSe;, is reported by Late et al. '?® The obtained tempera-
ture coefficients for 1L-, FL- and bulk TMDs are summarized
in Table 4.

The negative temperature coefficients ()r) in Table.4 are
obtained by fitting the peak positions versus temperature us-
ing equation: @(7T') = wy+ xrT, where @y is the peak position
at zero Kelvin temperature and 7 is the first-order tempera-
ture coefficient. The intrinsic softening with increasing tem-
perature can be attributed to anharmonicity of the interatomic
potentials including: (I) contribution from the thermal expan-
sion and (II) phonon-phonon coupling. 13132 The observed
linear evolution of phonon frequencies in 1L-MoS, has been
separately attributed to the thermal expansion '3 and phonon-
phonon couplings %4, which needs further experimental and
theoretical supports in a larger temperature range. The nonlin-
ear evolution of phonon frequencies in 70-150 K was detected
in 1L-MoS,, which was interpreted based on a phenomenon of
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Table 4 Comparison of the temperature coefficients ()x7) for each
mode in 1L-, FL- and bulk TMDs.

E)E Yy
Material Type (cm~/K) (cm~Y/K)
1L-MoS, silicon-supported -0.0132 -0.016*
1L-MoS, suspended -0.011> -0.013"
1L-MoS, sapphire-supported -0.017° -0.013b
FL-MoS, glass-supported -0.016¢ -0.011°¢
Bulk MoS, -0.013% -0.015%
1L-WS, glass-supported -0.0064 -0.0064
FL-WS, glass-supported -0.008¢ -0.004¢
1L-WSe, silicon-supported -0.0048f -0.0032f
1L-MoSe; silicon-supported - -0.0054f
3L-MoSe; silicon-supported -0.0045f

A ref.124. P ref.125. © ref.126. 9 ref.127. f ref.128.

the optical phonon decay of two acoustic phonons with equal
energies due to lattice potential anharmonicity. !33 In addition,
the temperature-dependent frequency shifts strongly depend
on the coupling of TMDs with various substrates. 134

Yan et al. observed the linear softening of both E and A'1
in suspended 1L-MoS, with increasing temperature and laser
power under 0.25 mW before heating saturation. !> They ob-
tained thermal conductivity k =(34.5+4) W/mK at room tem-
perature based on the linear temperature and power-dependent
coefficients of the A/1 mode. This value is smaller than that re-
ported for the prepared 1L-MoS; by CVD, ~ 52 W/mK '3
and much smaller than the ultrahigh thermal conductivity
(4800-5600 W/mK) of graphene. 130 Cai et al. predicted a & of
23.2 W/mK for 1L-MoS; by the nonequilibrium Green’s func-
tion calculations, which is in good agreement with reported
(34.5+4) W/mK. 37 They also calculated Griineissen param-
eter () for all acoustic and optical modes at the I" point. The
positive ¥ 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
due to the negative y of the ZA mode. 138139

Further, local heating in TMDs flakes induced by laser
power has been demonstrated in both supported and suspend
1L-MoS,, where both E' and All soften with increasing laser
power (see ESI-Fig.S5). 25135 Particularly, E' and A soften
linearly with increasing power under 0.25 mW, but saturate in
the range of 0.25-0.8 mW (see ESI-Fig.S5).!%> The appear-
ance of nonlinear effects results either from the nonlinearity
of absorption or higher orders of the temperature-dependent
coefficients. Besides, differences in thermal expansion coef-
ficient between TMDs flake and substrate could lead to strain
in TMDs, which further enhances the softening effect.

6.3 Phonon renormalization under electric field

A 1L-MoS, transistor can exhibit an on-off ratio ~ 10® and
an electron mobility of ~ 200 cm~2V~'s~1.19 Actually, the
electronic mobility of semiconductors is limited by the strong
electron-phonon interactions which will also have significant
effects on phonon frequencies. Recently, Chakraborty et al.
observed the phonon renormalization of A/1 in 1L-MoS, tran-
sistor. ! The field effect transistor (FET) and its device per-
formance is demonstrated 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 FWHMs are summarized in

Fig.16(c). For a maximum voltage of 2.0 eV, Pos(All) soft-
1

ens by 4 cm~!, as compared to only ~ 0.6 cm ™! for E'. The
FWHM of A/1 increases significantly by ~ 6 cm™!, whereas no
appreciable change happens to E ". The gate induced electron
concentration (n) can be estimated by ne = Crg(Vrg — Vr),
where V7 is threshold gate voltage and Cr¢ is top-gate capac-
itance. Thus, the A/l mode frequency shift can be used as an
readout of the carrier concentration in MoS; devices. !'! They
calculated the electron-phonon coupling (EPC) based on first-
principle density functional theory, showing that A'l couples
much more strongly with electrons than the E' mode. %111
Actually, the structure distortions due to A'1 do not break the
symmetry of MoS,, results in that all electronic states can have
a nonzero value in electron-phonon matrix. Electron doping
leads the occupation of the bottom of the CB at K point, yield-
ing a significant change in the EPC (4,) of Aj,. In contrast,
the matrix element vanishes for E’, resulting in a weak de-
pendence on doping. The phonon linewidth at specific n (I';)
is contributed by two different terms, I',, = TEPC 4-T9" where
I"EPC s from EPC contribution and I'*" is contributed from an-
harmonic effects. The ratio of observed I'zo/I"—o is found
to follow the calculated strengthening EPC value A,,0/A,—o,
which indicates that the increasing in FWHM of A’ mode
(Fig.16(c)) is due to the increase in EPC value with doping. !

It should be noted that A'l renormalization is different from
the G-mode renormalization in graphene. The latter is actually
due to phonon-induced electron-hole (e-h) pair creation. !4?
The phonon-induced e-h pairs are blocked in doped graphene,
hence affecting the phonon self-energy. Besides, the G-mode
renormalization in graphene is the breakdown of the adiabatic
approximation, 4! but A'1 renormalization occurs within adia-
batic approximation.

6.4 Substrate effect

TMDs are usually prepared by micro-mechanical exfoliation
and transferred on SiO,/Si substrate. Actually, much more
conducting (for example, Au and few-layer graphene (FLG))
and insulating (such as, Gel-Film~, h-BN flakes and mus-
covite mica flakes) sample can be taken as substrates. !4?
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Fig. 17(a) presents E and A/1 of 1L-MoS; on six different sub-
strates. The intensities of E and A/1 modes are clearly mod-
ulated by the substrate, which needs account for optical in-
terference and absorption effects, as depicted in Fig.17(b) for

MoS; laid on SiO,/Si substrate. The Raman intensity of 1L-
MoS; lying on SiO,(285 nm)/Si is expected to be strong than
that on both Gel-Film and 15nm FLG, as shown in Fig.17(c).
It should be noted that this interference effect of the substrate
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dose not shift the peak position. However, A/1 shows a sizeable
stiffening of up to ~ 2 cm~! with varying substrates in the se-
quence of SiO,, Au, Gel-Film, FLG, Mica and h-BN, while E '
is barely affected by the substrate, as indicated in Fig.17(a).
Two possible explanations can be accounted for this stiffen-
ing: charge transfer between 1L-MoS, and substrate '!!, and
dipolar interaction between 1L.-MoS; and the fixed charges in
the different substrates. '4?

The temperature behaviors of A'1 and E of 1L-MoS, is also
dependent on substrate. 43 Strong nonlinearity on the temper-
ature shift of A,1 is observed in 1L-MoS; on sapphire and SiO,
(Fig.17(d)), while that of E' is almost linear. This nonlinear-
ity can be associated with likely chemical bonding between
film and substrate, and also mismatch in thermal expansion
between the film and substrate.

6.5 Pressure-induced semiconducting to metallic transi-
tion

TMDs with lattice distortions by applying external pressure
are predicted theoretically to undergo a semiconductor to
semimetal transition and even full metallization.'*>~147 The
metallization arises from the overlap of the valance and con-
duction bands as interlayer spacing reduces. Recently, both
x-ray diffraction (XRD) and Raman spectroscopy of ML (at
~ 19 GPa) and bulk MoS; (between 20GPa and 30GPa) un-
der high pressure verified the above transitions. 7%-120:148
Fig.18(a) presents the Raman spectra of bulk MoS, at var-
ious pressures up to 57 GPa in both compression (denoted
by c) and decompression (denoted by d) run.'* Both E3,
and Ezlg develop new split-off features when the applied pres-
sure is above 23.0 GPa. The splitting of Ezlg was also re-

ported to begin at 19.1 GPa.”” Further, E22g is directly asso-
ciated with interlayer stacking. Its splitting indicates the ex-
istence of new phase due to layer sliding. This new phase
at high pressure is denoted by 2H, whose lattice parame-
ter ¢ drops down compared to that of normal 2H phase (de-
noted by 2H, in Ref.120). 2H, is a metallic state, as re-
vealed by the temperature-dependent resistivity. The two sep-
arate peaks for both E22g and Ezlg in bulk 2H, totally disap-
pear around 40 GPa, indicating that the transformation from
2H, to 2H, is complete. Upon decompression, Raman modes
from 2H come up, which indicates the reversibility of 2H,
and 2H, phase. Figs.18(b), (c) and (d) summarize the data
for the pressure dependence of the frequencies of Ezzg, Eq,,

A}, and E;,.%1#-143 Discontinuities are revealed for Pos(E3,)
and Pos(Ezlg) at beginning of phase transition (about 20 GPa),
but not for Pos(E1g) and POS(A% g). The discontinuities of
Pos(Ezzg) and Pos(Ezlg), together with that of frequency differ-
ence, Pos(Ay,) — Pos(Ezlg) (Fig.18(e)), clearly divide the phase
into three parts, ie, 2H,, 2H, and the coexistence of them.

7 Applications of ULF Raman spectroscopy in
2-D layered materials

7.1 Substrate-free characterization of layer number for
multilayer TMDs

The properties of 2-D TMDs and other layered materials sig-
nificantly depend on their layer number, N, which is a pre-
request for their potential applications. It requires a reli-
able and rapid characterization technique for ultrathin 2-D
TMDs. The methods such as optical contrast, atomic force mi-
croscopy (AFM), photoluminescence (PL) and Raman spec-
troscopy have been widely used as characterization tools.

Optical contrast is initially the most powerful characteri-
zation tool for 1L and ML graphenes 4’ and TMDs*®. Op-
tical contrast (0(A)) is defined as 1-Ifjgke(A)/Igup(A), Where
Itiake(A) and Iy;(A) are the reflected light intensity at flake
and substrate, respectively.*$150:151 To precisely identify N,
one must compare the experimental optical contrast with the
theoretical one with different layer number. In the calculation
of optical contrast, the number aperture of the used objective,
the thickness of 1L flake, the thickness of the dielectric layer
(usually SiO;) on substrate and complex refractive index of
the flakes are necessary to give a reliable theoretical result.
However, the refractive index and its monolayer thickness of
many novel layered materials is unknown. The thickness of
the SiO; layer provided by a company is usually with an error
of £5%. In this case, optical contrast is not so easy for layer-
number identification of novel layered materials. In Fig.19(a),
we show the evolution of optical contrast of 1L- to 8L-MoWS,
deposited on 90nm SiO,/Si. It is obviously difficult to match
the theoretical curve with the experimental one to identify its
layer number because the refractive index of the flakes is sen-
sitive to its layer number.

Atomic force microscopy(AFM) is a direct and powerful
technique to identify layer number with a precision of 5%. 132
However, the different interactions of AFM tip with the flake
and with substrate will lead to discrepancies in the layer num-
ber. 133 Also, the precision of AFM measurement is subject to
the substrate roughness and the cleanliness of flake surface.
Indeed, in Fig.19(b), 4L- and SL-MoWS,; can be clearly iden-
tified in the optical image. However, the accidental glue spots,
rough surfaces and substrate make it unable to accurately de-
termine the layer number of this real flake in Fig.19(b), as
shown by its AFM image (Fig.19(c)) and the height profile
across 4L- and 5L-MoWS, (Fig.19(d)).

Photoluminescence(PL) is based on the evolution of peak
position or peak intensity of PL peaks on the flake thick-
ness. %% MoS, is undergoing from indirect bandgap in bulk to
direct bandgap in 1L, which also happens in WS,, WSe, and
MoSe;. 20 The transition leads to an enhanced PL emission in
1L and weaken PL intensity as N increases. PL signal is nor-
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mally used as a rapid characterization of 1L- and 2L- TMDs
with high crystal quality. Because PL emission is very sensi-
tive to the temperature, defect and doping, it is not efficient to

identify layer number for thicker flakes or for 2-D LMs with-
out PL emission.

Raman spectroscopy has been a nondestructive and
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high-throughput characterization method for 1L and ML
graphene !7:84107.154-158 and shown its potentials in general 2-
D layered materials. '%7515% The anomalous frequency trends
for E21g and A1, modes in 1-6L and bulk MoS5,'® as shown
in Fig.4, can be used for their layer thickness determination
for 1-5L MoS; and WS,. However, it is not sensitive for the
MoS,/WS,; flakes with layer number larger than 5L. Also, for
other 1L- and ML-MX, the frequency difference between Ezlg
and A, dependent on the layer number is needed for recon-
struction, during which the layer number must be determined
initially by other methods.

It is essential to demonstrate a substrate-free approach to
identify the layer number of 2-D LM flakes, which is not
bound up 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 significantly depend on the layer number
of the MX, flakes. !> In the following, we will discuss how
to identify the layer number of MoWS, alloy, whose physical
properties have not been well-known yet.

By mechanical exfoliation, we obtained a series of MoWS,;
flakes with different thickness. 0 At first, when we measure
the ULF Raman modes of bulk MoWS,, we can get the C
mode at 28.8 cm~!, as shown in Fig.19(e). There is no any
Raman signal in the C mode range for the flake with smallest
optical contrast. It could be assigned as 1L-MoWS, because
the C mode does not exist in 1L-MoWS,. Another flake only
shows two ULF Raman modes at 20.4 cm~! and 35.7 cm™!,
respectively. Note that C mode at 20.4 cm ™! is exactly 1/1/2
times as much as that (28.8 cm™!) of bulk sample. Accord-
ing to the MCM in Section 4.2, the flake is 2L-MoWS, and
another mode at 35.7 cm™~! is the LB mode of 2L-MoWS,.
Then, the C and LB frequencies of NL-MoWS,, respectively,
follow the equations of ®(Cy)(N) = C(2)+/1+cos(w/N)
(N >2) and o(LB; )(N) = LB(2)\/1—cos(n/N) (N > 2).
We measure ULF Raman modes of thicker MoWS, flakes,
as summarized in Fig.19(e). By comparing the theoretical
frequencies of C and LB modes with the experimental ones,
we can identify the layer number of thicker MoWS, flakes.
However, as shown in Fig.19(e), when N > 7, o (LB, )(N)
exhibits a lineshape different from the Lorentzian one, and
the frequency difference of @(C, )(N) between sequential lay-
ers will be too small to be distinguished with each other be-
cause of the limit of spectral resolution. The phonon branches
of C2+ and LB, can not be further used for layer identifica-
tion of N > 7 any more. As demonstrated in Fig.19(f), we
can consider another phonon branches of Cgr and LB; and
the corresponding C and LB frequencies, respectively, follow
the equations of ®(C;)(N) = C(2)\/1+cos(3w/N)(N > 6)
and w(LBg )(N) = LB(2)\/1 —cos(3n/N) (N > 6). One can
also consider the phonon branches of Cﬁ) and LB, further
for higher layer-number identification. In fact, the above ap-
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3L- and 6L- MoS,. Inset shows the optical image for the t(3+3)L-
and 3L- MoS,. Dash-dotted lines indicate Pos(LLBg3), Pos(Cg3) and
Pos(LBgs) in 2H-stacked 6L.-MoS;.

proach can be robust for any 2-D LMs once we can detect the
C and LB modes of the material.

7.2 Probing the interface coupling in folded TMDs

Interface coupling is emerging as a powerful method to en-
gineer physical properties of atomically thin two-dimensional
materials. New physical phenomena including new van Hove
singularities, '61-193 Fermi velocity renormalization'®* and
unconventional quantum Hall effects!®> has been revealed
in graphene bilayers and graphene/boron nitride heterostuc-
tures. Several attempts has been devoted to folded MoS; bi-
layers to study how the interface coupling will affect its op-
tical emission, exciton and valley polarization. !90-1%8 The in-
direct bandgap varies appreciably with the stacking configu-
ration, where it shows the largest redshift for AA- and AB-
(2H) stacked bilayers, and a significantly smaller but constant
redshift for all other twist angles. '%7 Further, strong valley and
spin polarization is achieved in folded MoS; bilayers. 168
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 by t(3+3)L-MoS,.
In NL-MoS,, there are N-1 C modes, which we indicate as
Cyn-—i, with i=1,...,N-1. In this notation, for a given N, the
label Cy; is used for the highest frequency C peak. Similar
notation can be used for N-1 LB modes in NL-MoS,. Optical
image of the t(3+3)L is shown in the inset to Fig.20, whose 3L
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constituent can be verified by its C (Cz; at 29.2cm™!) and LB
(LB3; at 28.1cm™!) modes, as shown in Fig.20. Fig.20 also
present the Raman spectrum of 2H-stacked 6L.-MoS,, where
Ce1, Co3, LBg3 and LBgs5 are detected, in agreement with the
results in Figs.3 and 6. However, t(3+3)L-MoS, exhibits a
quite different Raman spectrum from that of both 3L- and 6L-
MoS,. LBg; and LBgs are observed in t(3+3)L-MoS; with
lower frequency than those in 6L.-MoS,, howsoever, the cor-
responding Cg; and Cgz in 6L-MoS, are absent in t(3+3)L-
MoS; with a presence of Cg,. Based on the linear chain model,
we find that the interlayer coupling constant at the twisted in-
terface (o5-) follows: o /03 =95%, here - is the interlayer
coupling constant in 2H-stacked MoS; for LB modes. It di-
rectly indicates that the interlayer coupling is reduced at the
twisted interface. Obviously, the LB modes here make them-
selves the direct probe of the interface coupling in folded (or
twisted) TMDs.

8 Perspective of the study on layered materials

8.1 Other 2-D materials beyond TMDs

In parallel with the researches on graphene-like materials,
TMDs received growing interests, which will promote next
studies on other 2-D materials. Geim and Grigorieva builded
a current 2-D library, including three families: Graphene
family (graphene, hBN, graphene oxide...), 2-D chalco-
genides (MoS,, WS,, MoTe,, GaSe, BiSes...) and 2-
D oxides (WO3, layered Cu oxides, MnO,...), as shown
in Fig.21(a).'%° Although several achievements have been
made in BiSes/BiTez !"173, GaTe!™, GaS!"®, GaSe!”,
InSe 76177 CuSe!”® and ReS,'7°, a large number of these
2-D materials, especially in ultra-thin scale, are still waiting
for explorations.

Raman spectroscopy will continuously gain our knowledge
of unique properties of these 2-D materials. For example,
ReS,, in contrast to TMDs, is found to remain direct bandgap
from bulk to monolayer and its Raman spectrum shows no
dependence on the layer number (Fig.22(a)), which is due to
electronic and vibrational decoupling.!”® The topological in-
sulators Bi;Ses and Bi;Tes hold low-frequency modes which
are different from interlayer C and LB modes, as shown in
Fig.22(b). The out-of plane A}, mode located at ~ 72 cm™"
in bulk BipSes exhibits a sensitive red shift as the thickness
decreases due to phonon softening. !’ A significant broaden-
ing of the in-plane Eg mode is also identified as the thickness
decreases, resulting from a decrease of the phonon lifetime of
the intralayer modes, possibly due to an enhanced electron-
phonon coupling.'”® Fig.21(c) shows the Raman spectra of
thin (29 nm) and bulk GaSe under both XX and YX configu-
rations.!”3 In bulk GaSe (upper panel), those modes present
under both XX and YX are E1; and E»g, while the modes only

present under XX are A1,. The polarization and peak position
of each mode in FL-GaSe (29 nm) are similar to those in bulk
GaSe, indicating good crystal structure. However, a signifi-
cant decreasing in intensity of Raman vibrations can be seen
from the signal-to-noise of the Raman spectra of FL-GaSe
flakes (lower panel), which is different to the case of MoS,,
where Raman spectra of 45L.-MoS; (~ 29 nm) is identical to
that of bulk.

8.2 van der Waals Heterostructures

Various 2-D materials could be “restacked” or assembled
vertically 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 opportuni-
ties for devices. !7°~18! These hybrids and heterostructures are
vividly referred to as van der Waals heterostructures, where
strong covalent bonds provide in-plane stability of 2-D crys-
tals, whereas relatively weak, van-der-Waals-like forces are
sufficient to keep the stack together.

Graphene/MoS, heterostructure firstly synthesized by
Chang et al. %2 stimulates growing works on its applications
in electronics and optoelectronics due to the semiconductiv-
ity of MoS; and high conductivity of graphene. Now, more
exciting works are devoted to exploring the heterostructures
fabricated by various TMDs. Before the extensive produc-
tion of TMD heterostructures, several theoretical works have
been implanted to study their electronic structures.3>-183-186
For example, Kosmider et al. found that the band gap in 1L-
MoS,/1L-WS, heterostructure is direct, which is in contrast
to both 2L-MoS; and 2L-WS,. Additionally, the lowest en-
ergy electron and highest energy hole states in the optically
active K point are localized on different monolayers, i.e.,
electron-holes pairs are spatially separated. '35 Kang et al. cal-
culated Moiré pattern effects on the electronic structure of 1L-
MoS,/1L-MoSe, heterostructure and found that VBM state
is strongly localized while CBM state is only weakly local-
ized. '8% The experimental works are growing, and preliminary
results have been obtained. 187-1%0

The interlayer coupling, strain, charge transfer, lattice vi-
brations, and interface diffusion within heterostructures and
hybrids will change the band structure, Fermi level, and band
offsets. Raman scattering as a nondestructive measurement
at room temperature under ambient pressure is ideal to probe
the variation of properties from those of the constituent mate-
rials. Indeed, Raman scattering was applied in twisted BLG
to reveal changes in band structure, with appearance of angle-
dependent van Hove singularities. ! Because the interactions
between different layers inside heterostructures and hybrids
are much weak due to van der Waals forces holding them to-
gether, the vibrations of heterostructures and hybrids will con-
sist of those from the individual building blocks. Therefore,
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Fig. 21 (a) Current 2-D library. Monolayers proved to be stable under ambient conditions (room temperature in air) are shaded blue; those
probably stable in air are shaded green; and those unstable in air but that may be stable in inert atmosphere are shaded pink. Grey shading
indicates 3-D compounds that have been successfully exfoliated down to monolayers. (b) Building van der Waals heterostructures.
Reproduced with permission from ref.169. Copyright 2013, Nature Publishing Group.
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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.

Raman spectroscopy is expected to be useful to probe the sto-
ichiometry of heterostructures and hybrids. For example, the
Raman peaks from graphene and FeCl; can be identified in
FeCl;-intercalated FLGs,'®! while at the same time probing
the layer coupling, stability, charge transfer, strain, and orien-
tation. 19! E" and A/1 modes from 1L-MoS, and 1L-WS, are all
observed in the Raman spectra of MoS,/WS; heterostructure,
indicative of forming a 1L-MoS,/1L-WS; heterostructure. 188
C and LB modes are mainly determined by the weak interlayer
interactions, thus will be an effective tool to probe the inter-
layer coupling in heterostructure '°>. Raman spectroscopy can
also be used to monitor/optimize growth conditions for het-
erostructures and hybrids. 1?3

Before the attempts on TMDs heterostructure, several ad-
vances of ULF Raman spectroscopy has been made in twisted
multilayer graphene.®-1%* Fig.23(a) shows the optical image
of a flake which contains monolayer graphene (1LG), trilayer

graphene (3LG) and twisted (1+3) layer graphenes(t(1+3)LG).
Here, #(m + n)LG refers to artificially assembling m-layer
graphene (mLG, m > 1) on n-layer graphene (nLG, n > 1),
where the mLG and nLG can be twisted by an angle 6, with
respect to each other. 6; between the layers can be used
to tune the optical and electronic properties of the twisted
system. 11195 The optical contrast of t(1+3)LG shown in
Fig.23(b) is quite different from that of 4LG. An additional
feature appears at around 2.0 eV for t(1+3)LG, revealing
that the band structure of twisted t(1+3)LG is modified af-
ter twisting in comparison to Bernal-stacked graphene lay-
ers. 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 addi-
tional G peak in t(1+3)LG, and the G peak in t(1+3)LG is
enhanced in intensity, suggesting a weak coupling between
1LG and 3LG constituents in t(1+3)LG. The C mode of 3LG
is observed at 37 cm~! (C3).8" Another C mode at 22 cm™!
(C32) 1789 is not observable in 3LG. The t(1+3)LG contains
four layers. In Bernal-stacked 4LG, three C modes are ex-
pected at 41 (C41), 31 (C42) and 17 (C43) cm~'. 1780 How-
ever, only two C modes at 22 cm ! and 37 ecm™! are observed
in t(14+3)LG, whose frequency is close to that of 3LG. The ob-
servation of C3; and Csp in t(14+3)LG shows that the weaker
interlayer coupling between 1LG and 3LG constituents in
t(1+3)LG makes the C mode vibration mainly localized in
the 3LG constituent. Also, the C3; intensity in t(1+3)LG ex-
cited by 1.96 eV is significantly enhanced by about 100 times
in comparison to that in 3LG. All the above results demon-
strate that the peak position and intensity of the C modes in
t(m+n)LG is very sensitive to probe the interlayer coupling
at the interface of #(m 4 n)LG,3! which paves way for fun-
damental understanding into the interface coupling of van der
Waals interface coupling in 2-D crystal based heterostructures.
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Fig. 22 (a) Raman spectra of bulk (blue) and monolayer (red) ReS,. Reproduced with permission from ref.170. Copyright 2014, Nature
Publishing Group. (b) Raman spectra of bulk Bi;Se; and Bi,Tes. (c) Polarized Raman spectra of bulk GaSe (top) and a 29nm flake (bottom).
Reproduced with permission from ref.171. Copyright 2014, American Chemical Society.

9 Conclusion

2-D layered TMDs with extraordinary electronics, spintronics,
valleytronics, optoelectronics and appealing applications in
devices will stimulate much progress in this field. We mainly
reviewed the phonon structure of type MX, from 1L, ML to
bulk and the extensive capabilities of Raman spectroscopy in
studying the properties of various TMDs. Non-resonant Ra-
man scattering has made advances in characterization of layer
number, phonon structure at and around I'" points, probing in-
terlayer coupling and determination of alloy composition and
degree for various 2-D crystal alloys. Resonant Raman spec-
troscopy has potentials in studying the phonon structure at M
point or along non-planar direction, and intrinsic spin-orbit
coupling in valence band. Both non-resonant and resonant
Raman spectroscopy can be used to investigate the effect on
TMDs from external perturbation, such as strain, temperature,
pressure, charge transfer and electric field. We further demon-
strated that Raman spectroscopy is expected to be an effective
tool for TMDs-based van der Waals heterostructures and other
2-D materials beyond TMDs. In particular, the measurement
of C and LB modes will develop our knowledge on the inter-
face coupling in various van der Waals heterostructures.
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