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Abstract

®

CrossMark

Raman spectroscopy of transition metal dichalcogenides (TMDs) is reviewed based on our
recent theoretical and experimental works. First, we discuss the semi-classical and quantum
mechanical description for the polarization dependence of Raman spectra of TMDs in which
the optical dipole transition matrix elements as a function of laser excitation energy are
important for understanding the polarization dependence of the Raman intensity and Raman
tensor. Overviewing the symmetry of TMDs, we discuss the dependence of the Raman spectra
of TMDs on layer thickness, polarization, laser energy and the structural phase. Furthermore,
we discuss the Raman spectra of twisted bilayer and heterostructures of TMDs. Finally, we

give our perspectives on the Raman spectroscopy of TMDs.
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1. Introduction

Layered transition metal dichalcogenides (TMDs) are
mostly MX, compounds having a structure with each con-
stituent trilayer consisting of a central layer of metallic atoms
(M = Mo, W, Nb, Ta) sandwiched between two chalcogen
atom layers (X = S, Se, Te). Although TMDs exist as natural
mineral products and have been widely used for many years
for industrial applications, such as lubricant materials for
combustion engines, the newly emerging science of atomic
layer TMDs was investigated significantly only after the rise
of graphene in 2004 [1].

Graphene and TMDs are typical two-dimensional (2D)
atomic layered materials which can be obtained by the exfo-
liation from their bulk three-dimensional (3D) materials
using the scotch tape method [1] or by direct synthesis using
chemical vapor deposition (CVD) [2]. Since graphene is a
semi-metal, semiconducting and insulating atomic layers are

0953-8984/16/353002+16$33.00

needed in order to fabricate a semiconductor device by com-
bining different atomic layer materials. TMD atomic layers
include diverse members from metallic to semiconducting,
which are considered to be the basic units for constructing
building blocks of artificial new materials. By stacking TMD
members together with different energy band alignments and
doping types, we can achieve desirable properties for spe-
cific electronic and optoelectronic devices. This gives more
freedom to engineer novel 2D heterostructures which are not
found in nature.

However, there are some challenges to be addressed when
characterizing the stacked TMD layers, mainly due to the fol-
lowing reasons: (1) many possible structures: the stacking is
not generally epitaxial or unique, but has a rotational (or trans-
lational) freedom with reference to an axis perpendicular to
(or also along) a 2D plane; (2) observation of the weak inter-
layer interaction: the interaction between two adjacent TMD
layers is much smaller than the intralayer interaction within

© 2016 IOP Publishing Ltd  Printed in the UK
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the constituent layers of the trilayer; (3) observation of inner
layers: the physical properties of each layer within the stacked
TMDs are not selectively accessible except for the outermost
layer.

Comparing to other characterization tools, Raman spectr-
oscopy provides a quick, convenient, nondestructive and non-
invasive method for characterizing the 2D materials with high
selectively for the interior layers [3—6]. Measurements can be
made at room temperature and at ambient pressure without
complicated sample preparation processes. Raman scattering
involves the inelastic scattering of the incident light in a mat-
erial, where the energy of the scattered light either decreases
by exciting an elementary excitation of the solid material (i.e.
a phonon) or increases by absorbing a phonon. Raman spectra
give the intensity of the scattered light as a function of the energy
shift from the incident light (Raman shift). The typical accuracy
of measurements of Raman spectra is lem™! (~0.1 meV)
which is sufficient for measuring the interlayer interaction
(several meV) of TMDs. Raman spectroscopy has been widely
used and has become a standard characterization technique
for TMDs, graphene and other atomic layer materials [4]. In
this article, we discuss how to observe the TMDs and related
atomic layer materials by Raman spectroscopy.

There are several advantages of using Raman spectroscopy
for the characterization of low dimensional materials, includ-
ing 2D TMDs [7, 8]. One reason is that the electronic den-
sity of states (DOS) has a so-called van Hove singularity [4],
which leads to a strong Raman feature when the photon energy
is matched to the van Hove singularity of the DOS for each
layer. This special case is known as resonance Raman scatter-
ing. If we have many laser sources available for an experiment
and if we measure the Raman intensity as a function of laser
energy (that is called a Raman excitation profile), we can see
this resonance Raman effect clearly by probing the van Hove
singularity [9]. By using resonance Raman spectroscopy, we
can thus obtain not only phonon frequency information for
each material but also electronic energy band information
which is sensitive to the strain in the materials [10]. In addi-
tion, by changing the laser excitation energy, we can selec-
tively distinguish each layer of different layered materials, as
they have different characteristic resonant conditions, thereby
gaining deeper understanding of the physical principles that
are involved.

The second advantage is that more specific selection rules
predicted from the group theory applicable to the particular
optical transition can be applied to many TMD layered mat-
erials with lower symmetry compared to graphene, as discussed
in this paper. In this way, differences in symmetry distinguish
the spectral features of a particular TMD layer from another
layer, and from another TMD with different symmetry.
Furthermore, by focusing the laser light in a confocal optical
microscope, we can measure a high spatially resolved Raman
signal (about one micron). By scanning focused laser light on
the TMDs, we can get so-called Raman imaging maps [11, 12]
which could provide detailed information about the character-
istic defects of the particular crystal structure over a relatively
large area in comparison to high-resolution transmission elec-
tron microscope studies. Therefore, added information may

often be efficiently obtained by using multiple techniques on
an individual grown sample or on a specially grown group of
samples, specially designed to study a particular effect.

In addition, in the optical transitions involved in the so-
called Raman process, the optical dipole selection rule
restricts the possible electronic transitions and the possible
Raman-active phonon modes, which could be sensitive to the
number of atomic layers and to the laser polarization direction
[13, 14]. In this article, we will show some examples of TMDs
and related materials in which we demonstrate how to analyze
the Raman spectra combined with theory, and with other com-
plementary experimental probes, as appropriate.

The organization of this paper is as follow. In section 2, we
discuss how the polarization dependence and the dipole selec-
tion rules appear in the Raman intensity formula both for the
semi-classical and quantum mechanical approaches. In sec-
tion 3, we show the dependence of TMD Raman spectra on
various parameters, including the number of layers, the laser
excitation wavelength and polarization, and the structural
phase. We consider both model materials for clarifying the
fundamental physics principles and specific physical systems
to illustrate recent advances in this field of study. In section 4,
we will discuss the application of Raman spectra in study-
ing the interlayer coupling of the TMDs heterostructures.
Section 5 is devoted to a summary of the present status of this
field and looking toward to the future.

2. Classical and quantum description for polarized
Raman intensity

2.1. Raman tensor of TMD

In polarized Raman spectroscopy studies, we measure the
intensity of the scattered light as a function of the polariza-
tion direction of both the incident and scattered light inde-
pendently. If the polarization directions of the incident and
scattered light are parallel to each other, the scattering pro-
cess is called parallel polarization. In the parallel polarization
geometry (see figure 1(a)), we generally see the so-called A;
(or Ajg) phonon which is Raman-active. Here, A; or Ay, are
labels of the irreducible representations of a point group for
which we know the labels and the corresponding functions for
the irreducible representations from the character table for the
symmetry group that is involved. In the character table of a
given symmetry group, such as C,, or Ty etc., we can see how
many irreducible representations are in the group. Group the-
ory tells us whether the irreducible representation whose basis
function behaves as a quadratic term of x, y, z, such as x>+ y2
or xy etc. is, or is not a Raman-active mode. This statement
can be understood by the classical formula [15] for the Raman
intensity, /,

I = | le.Re; >

; ey

where e; and e are, respectively, unit vectors of the electric
field for the incident and scattered light and the superscript
t of es denotes the transformation from a column vector to a
row vector. R describes a second rank tensor called the Raman
tensor, and R is transformed by the unitary transformation
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Figure 1. (a) Polarized Raman spectra are observed by rotating the two polarizers 1, and 2 for the incident and scattered light independently.
In the figure, we show the parallel polarization (b) Raman scattering process, in which Ej is the optical light source and fw,, is the phonon
frequency; and i, m, and m’ denote, respectively, the initial, intermediate, and scattered states; Hop (xA-V) and H,)_p, denote the optical
and electron—phonon interactions. (c) Energy bands of monolayer MoS, and the assignment of symmetry for the wave functions at the I"
point. The polar plots of the intensity for the electron—photon interaction matrix elements between Aj and two E’ electronic states are also
shown. (d) Polar plots of the Raman intensity for the E’ mode at the I" point, obtained by the multiplication of two electron—photon matrix
elements. We assume no anisotropy for the electron—phonon interaction.

U~'RU for a given rotation U of coordinate axis, which is scattered light polarization for a given incident light polar-
the definition of the second-rank tensor. The Raman tensor ization e; as shown in figure 1(a). The scattered amplitude
is represented by a 3 by 3 matrix and Re; corresponds to the —observed in the direction of ey is given by the inner product of
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Table 1. Character table for D3y, point group for an odd number of TMD layers.

E 2C, 3G, Oh 2S5 30y Linear, rotations Quadratic Optical activity
Ai 1 1 1 1 1 1 xz =+ yz, ZZ R
A, 1 1 -1 1 1 —1 R.
E' 2 -1 0 2 -1 0 (x, y) % —¥% xy) IR+ R
Al 1 1 1 —1 —1 ~1
Af 1 1 -1 -1 -1 1 z IR
E' 2 -1 0 -2 1 0 (Rw, R)) (xz, y2) R
Lus. 3 3 1 1 1 3 a.s. = atomic sites
Ly, 3 0 -1 1 -2 1 E'+ A}
Liib. 9 0 -1 1 -2 3 Al +2E + 24! + EV
e, and Re; as shown in equation (1). If there is no polarizer in 0do c 0 0
the path of the scattered 1ight, the intensiFy. is giyen by IRe;l. RE.x) =|a 0 o] RE,>—y)=|0o —¢ 0],
Here R represents the vibrating transition dipole moment 000 0 0 0
(i.e. the dipole moment induced by the optical absorption) 200
w¥th a phonon frequency Wph [16]. When the. incident .hght RAL 22+ y2and ) =|0 4 o @)
with photon frequency wy is to be coupled with R having a 00 b

phonon frequency wp,, we get inelastic scattered light with a
beat frequency of either a downshifted wy — wpyp (Stokes shift)
or an upshifted wy, + wpp (anti-stokes shift) phonon response.
In order to get a non-zero intensity / signal, R has a non-zero
matrix element for the Raman tensor R which depends on the
irreducible representation of the phonon modes. The Raman
spectra are observed when / becomes non-zero for the given e;
and e used in our experiment. The information for the Raman-
active modes and the direction of e; and e, can be obtained by
the character table which is special for each materials system
under investigation.

For example, in table 1, we show the character table for the
D3y, point group, to which odd numbers of TMD layers belong.
Suppose that e; is in the direction of x whose irreducible rep-
resentation is E’, and e in y (E’) that corresponds to cross
polarization, then R should belong to the irreducible represen-
tation of xy (E’) in order to get the product y * xy * x = x%?
which becomes an even function of x or y. If the product is
an odd function of x or y, I becomes negative for —x or —y
so that / becomes zero. Since the irreducible representation
E has a function of xy, then the phonon with the symmetry of
E’ is Raman-active for the given geometry of cross polari-
zation e; and e,. For parallel polarization, e; = e; = x (or y),
but on the other hand, the E’, xy phonon is not Raman active,
while (x> + y?), or 22 (A}), or x> — y? (E’) is Raman active.
Thus if we observe a Raman signal for parallel polariza-
tion but not for cross polarization, the symmetry of the pho-
non is Aj. If we observe a Raman signal both for parallel
and cross polarization, then the symmetry of the phonon is
E’ and Raman active. It is noted that the symmetry labels for
the phonon mode can be assigned theoretically by projecting
the so-called projection operator of the E’ irreducible repre-
sentation onto the phonon displacement vector [17]. If the
projected result becomes zero (the identity), the displacement
does not (does) belong to E’. The shapes of the Raman active
R matrices discussed here are expressed as

The shape of the R matrix for the E’, xy phonon can be deter-
mined such that the xy (and yx) matrix element of R becomes
non-zero. For the E’, x* — y2 phonon, the diagonal terms for
x and y have the same value with opposite signs. For the Aj
phonon, the diagonal matrix element of R becomes non-zero
as shown in equation (2). For the remaining Raman modes
(E") of the D3y, point group or the other point groups of TMDs,
the shape of R can be seen in [7], which can be obtained by
ourselves once we know the physical situation.

2.2. Classical theory of the polarization dependence

The classical theory of the polarized Raman spectra is useful
for understanding the polarization dependence of the Raman
intensity for a given incident laser energy geometry. Let us
show a simple example for the polarization dependence of
the E’, xy phonon. The linear polarized light for the scattered
wave e in the direction within the xy plane with an angle ¢
measured from the x axis (the propagating direction is z) is
given by (see figure 1(a))

Cos ¢
sin g |.
0

e =

3

In the parallel polarization geometry (e; = e;), from equations
(1)—~(3) the polarization dependence of E’ phonon is given by

0 d O Cos ¢

I= |(cospsinp0)|ld 0 0O
000

sin ¢
0

c 0 0)[(cos®

4+ (cosp sinp )]0 —c O
0 0 O

sin ¢
0

= |dsin2¢p + c cos 2¢], 4)
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where we particularly assume an interference effect of the two
scattered amplitudes of the Raman tensors between R(E’, xy)
and R(E’, x*> —y?). In general, inelastic scattered light loses
the phase information of the incident light and thus the inter-
ference effect between the two different phonon modes is not
observed. However, when the materials are sufficiently thin
compared with the wavelength of the laser light, two indepen-
dent inelastic scattering processes occur almost at the same
time by emitting a phonon with the different modes but with
the same energy (E’ mode). In such a case, the interference
between the two scattered light modes can be expected to
occur. If the interference does not occur, equation (4) would
give d*sin®2¢ + c? cos? 2. Further, if we assume that d ~ c,
no polarization effect might appear, which we generally see in
the discussion in published works [7]. It would, however, be
interesting to measure the coherent polarization dependence
by selecting a special geometry for the experiment, which
allows direct observation of this interference effect, as is done
in the present work.

2.3. Quantum description of the Raman tensor

In the previous section, we discussed the polarization depend-
ence with a fixed value of the laser energy E; . However, when
we change Ej, we can no longer use the above classical the-
ory for the polarization dependence which is independent of
laser energy, since the discussion of the optical dipole selec-
tion rule for photon absorption and emission is not included
in the classical theory. For Stokes Raman scattering, there are
three sub-processes in a Raman process; (1) photon absorp-
tion, (2) phonon emission, and (3) photon emission, which are
schematically shown in figure 1(b). In the quantum theory, the
dipole selection rule for optical transitions is expressed in the
Raman intensity formula which is given by,

a2
= Z <f|v |m,><ml|Hel—ph|m><m |V |l> (5)
|4~ (Bl — AEu)(EL — Tiw, — AE)

im,m’

where (mlVIi) and (fIVI m') correspond to the electron—
photon interaction of the optical absorption (emission) and
( m'\He_phlm) is the electron—phonon interaction matrix ele-
ment for emitting a phonon [4], w, is the frequency of an
emitted phonon, and AE,,; = E,, — E; + il is the differences
of energies between initial and intermediate states with a
spectral width I' due to the uncertainly principle. It is noted
that the final electronic state f should be identical to the initial
state i so as to show that the electron has recombined with
a hole. If we neglect higher order multipole or non-linear
effects in the interaction of light with an electron, the per-
turbation Hamiltonian for the electron—photon interaction is
given by the inner product of A-V [18] where A denotes the
vector potential associated with light and the direction of A
is parallel to the polarization vectors of the electric field e;
and e for both the incident and scattered light. Usually the
electronic wavefunctions of the initial and intermediate states
are much smaller compared with the wavelength of the light,
so that A in the integration of (mlA-Vli) can be taken as
a constant as a first approximation and we can assume that

(mlA-VIi) =A- (mIVIi) , which is called the dipole-approx-
imation [19]. Thus when we consider the direction of A for
both the incident and the scattered light e; and es, we can
compare equations (5) with (1) and we can understand that
the Raman tensor R in equation (1) can be expressed by two
electron—photon matrix elements for the incident photon
absorption and the scattered photon emission processes and
one electron—photon matrix element in which a photo-excited
electron emits one phonon. Here we can use group theory for
each matrix element. For example, for (mlIVli), if the product
of three irreducible representations of i, m, and V belongs to
the A of D3y, the integration becomes non-zero which is asso-
ciated with the dipole selection rule [17]. Similarly for the
electron—photon interaction { m’ IHel,phIm> , if the product of
the three irreducible representations of m, m' and H,pp, (that
is the irreducible representation of the phonon mode) belongs
to the Aj representation, the integration becomes non-zero and
the phonon mode becomes Raman active for the given inter-
mediate states.

In figure 1(c), we show the energy bands of monolayer
MoS, with the labels of the irreducible representations for the
wavefunctions at the I' point. In figure 1(c) we also show two
polar plots of the intensity for the electron—photon interac-
tion matrix elements between A and two E’ electronic states.
Here we assumed that the two processes of A — E' and
A} — E'® do not interfere with each other. It is important to
note that the two polar plots give not only different maximum
angles but also different values of the maximum intensity. The
two polar plots of the electron—photon matrix elements appear
in the Raman intensity formula for the phonon mode E’ as
shown in figure 1(d). When we assume that the electron—pho-
ton interaction for the E’ phonon does not show any aniso-
tropy, the polarization dependence of the Raman intensity for
the E’ phonon is given by the sum of the four terms of polar
plots as shown in figure 1(d).

When we compare equations (2) with (5), the xy comp-
onent d of the Raman tensor R(E’, xy) in equation (2) for
given m and m’ states in equation (5) can be expressed by

<f|%|ml><m/|He]_ph\m><m|% i>
(Er. — AE)(Er, — hw, — AE ;)

) 9
(A1l ) o gl 211
L (EL - AEml)(EL - ﬁwu - AEm’i)

(ei=x,e=y)
d o]

(e=y, ¢,=1x)

(6)
The upper term of equation (6) corresponds to the case of
e; = x, e; =y, while the lower term corresponds to the case of
e; =Y, es = x. From equation (6), we can guess d = ¢ in equa-
tion (2) and that both d and ¢ are Ey, dependent.

Further, for a given laser energy, we should take the sum
for the i, m, and m’ states for equation (6) in which the reso-
nance states that give the smaller energy denominator of equa-
tion (6) give the main contribution of d. When the energy of the
incident light changes, the intermediate state, m, changes to a
new state m,y to make the energy denominator smaller. Then,
the theoretical dipole matrix element has a new dipole selec-
tion rule, and we may get a different polarization dependence



J. Phys.: Condens. Matter 28 (2016) 353002

Topical Review

Table 2. The space and point groups of TMD materials with different phases and thicknesses (‘— denotes either no structure or no

presently available data).

Space group Point group
Material Phase Bulk N = odd N = even Bulk
MoS,, MoSe,, WS,, WSe,, MoTe,, SnSe, 2H P63 mmc ™! D3y D3y Dgp,
IT P3ml Dsq Dsq D3q
3R R3m — — Ciy
1T P2y m™! — — —
WTe, 1T’ Pnm2, — — —
ReSe,, ReS; 1T Pl _ _ C;

of the optical absorption (emission) and Raman intensity.
Further for myey, the possible phonon mode that gives a non-
zero (m/|Heipnlm’) matrix element might be changed. Such a
situation may frequently happen for TMD materials or black
phosphorous [14] in which many energy bands with different
symmetries exist within a relatively small range of energy. It
is important to note that the relative energy position of many
intermediate states can be exchanged by changing the layer
thickness, which is the reason why we get different polariza-
tion plots for the same Raman spectra by changing the thick-
ness [12]. Thus the analysis of the polarization dependence
of TMD materials is not easy for low dimensional phenom-
ena without detailed theoretical analysis. Hereafter we will
demonstrate these complexities by showing typical examples
below, where symmetry is used with special care. By showing
the examples that we have investigated so far, we will discuss
in the present study what we can learn about low symmetry
materials from spectroscopy experiments.

3. Typical Raman spectral features of TMDs

3.1. Different symmetries in TMD materials

There are many TMD materials, with different crystal struc-
tures [20-22] as shown in table 2, which are classified in this
section. Bulk 2H-MoS,, WS,, MoSe,, WSe; have high sym-
metry with the point group Dgp, while bulk ReS,, and ReSe,,
have lower symmetry with the point group C;. In the case of
layered TMDs, the symmetry changes from that of a bulk
layered material as a function of the number of layers. For
example, the 2H-MoS, stacking arrangement has space group
Dgh and point group Dg, for its bulk phase, but the point group
is reduced to D3y or Dsq for odd or even numbers of layers,
respectively. Further, the symmetry can be changed by chang-
ing the phase of the structures from 2H to 1T, such as occurs
for the point group D34 for 1T-TaS,, 1T-MoS,.

Figure 2(a) illustrates the three phases of structures in
TMDs: 2H, 3R and 1T. The 1T’ phase under some conditions
experiences a lattice reconstruction from the 1T structure to
the 1T’ structure in which the symmetry becomes lower so as
to get a more stable structure, as shown in figure 2(b), occurs
in MoTe; [55]. For a given symmetry of the TMD material,
the number of Raman active or infrared (IR) active modes can
be calculated by the character tables for the crystal symmetry
that is stabilized [17]. Raman or IR active modes belong to

the irreducible representations of the appropriate point groups
which have quadratic terms such as xy, x> — y* etc. or linear
term such as x, y, z, respectively. For example, when we see
the case of the D3y, (table 1), A} (x* 4+ y?, 22), E' (x* — y%, xy),
and E” (xz, yz) are Raman active modes, while E’ (x, y),
and A (z) are IR active modes. Since D3, does not have an
inversion operator, E’ can be both Raman and IR active. In
general if there is an inversion operator in a point group, the
irreducible representations of the group are either even (g, so
that the corresponding phonon mode can be Raman active) or
odd (u, IR active) basis functions. The number of the Raman-
active modes can be obtained by decomposing the reducible
representations of the product of I'y * Iy, into irreducible
representations in which I'y and Ty, are, respectively, the
reducible representations of the so-called atomic sites (num-
ber of atoms in the unit cell that do not change their position
for a given symmetry operation) and a (x,y,z) translation [17].
In table 1, we show the values of 'y, and I'y,; which gives
Raman active modes A| + 2E’ + E”, and IR modes 2E’ + Al
Thus if we measure both the Raman and IR active modes, the
spectra that can be observed in both the Raman and IR modes
correspond to 2E’, and other spectra can be assigned to irre-
ducible representations combined with other polarization
dependences of the spectra.

Odd or even numbers of layers of a TMD can lead to dif-
ferent symmetry labels and numbers of Raman modes. For
example, the Ejg, Elzg and A, modes for bulk MoS, are
notated by E/ and E” and A{ for odd numbers of layers, or as
Eé, E; and Ay, for even numbers of layers, respectively [23].
Further, the frequencies of the Raman active modes of multi-
layer TMDs can be shifted from the values for the monolayer
or bulk TMDs because of the weak interlayer interactions. For
example, the £, and A1, modes of MoS; undergo blue and red
shifts as the thickness decreases from bulk to few layers, lead-
ing to a frequency difference of the E», and A, modes that can
be as large as 20cm™! for monolayer MoS, and 25cm™! for
bulk MoS, [24, 25]. Most TMD materials with the Dgj, sym-
metry are semiconducting in their 2H phase, such as MoS,,
MoSe,, WS,, WSe,, and MoTe, [26]. For all these materials,
the 2H phase is much more stable energetically than the 1T
and 1T’ phases. Among the Dg, TMDs, for MoS,, MoSe;,
WS,, and WSe,, their 2H phase is much more stable than their
1T/ phase, while for MoTe,, the 2H phase is only slightly more
stable than the 1T’ phase by no more than 0.1eV per MX; unit
cell [27, 28]. Thus the 1T’ phase of MoTe, can be observed
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Figure 2. (a) Three phases of Dg, TMDs: 3R, 2H and 1T. (b) Top view for structures with the 1T and 1T’ phases.

from room temperature and up to a high temperature of 570K
[29]. Another material, WTe,, appears to have the 1T’ phase at
room temperature, since its 1T’ phase is more stable than the
2H phase. Therefore, WTe; is typically an orthorhombic struc-
ture with the space group Pnm2,. For 2H MoS,, MoSe,, WS,,
and WSe,, their monolayer structures have a direct bandgap,
while bilayer to bulk are all indirect bandgap semiconduct-
ing materials [30, 31]. Their 1T phases are all semi-metals.
Existence of two phases within the same material is useful for
electrical applications. For example, the 2H — IT(1T') junc-
tion can be used for electronic applications, taking advantage
of their low contact resistance insofar as the electrodes can be
made of the same chemical species [32].

SnSe, is another TMD material with a hexagonal struc-
ture and its bulk phase has Dg, symmetry [33]. It is an
n-type semiconductor, and its small bandgap of around
1.0eV makes it desirable for applications, including infrared
optoelectronic devices [33], solar cells [34], phase change
memories [35], and battery anodes [36]. SnSe; can also be
evolved into SnSe which has an orthorhombic structure [37],
and the 2H —1T(1T’) phases of SnSe offer the opportunity
for flexibly controlling and for mapping systems with tun-
able properties that are desirable for use in various practical
applications [37].

Besides, some other TMD materials, such as the 1T phase
of TaS,, TaSe, and VSe, have shown a charge-density wave
(CDW) phase transition [38, 39]. The only TMD material
with metallic properties in the 2H phase is NbS; [40]. While
NbS; in the 2H phase does not show a CDW phase transition
[41, 42], NbS; in the 3R phase shows a CDW phase transition

[43]. Moreover, NbS, and NbSe; both show superconductivity
below a critical temperature and pressure [40, 44].

The TMD materials with the lowest symmetry are ReSe,
and ReS,, which have space group PI and point group C; in
their bulk phases. In this low symmetry group, only one sym-
metry operation: a center of inversion remains. ReSe, has
some of the heaviest elements of the TMD family, and can,
therefore, also show strong spin—orbit splitting effects. Unlike
some common TMDs, such as MoS,, the ReSe; crystal con-
tains not only metal-chalcogen bonds but also metal-metal
bonds. For any number of layers, ReSe, and ReS, have indi-
rect and direct bandgaps, respectively. Therefore, the inter-
layer coupling in ReSe, and ReS, is generally weaker than
it is in some other TMDs, such as in the common MoS, and
WSe, [45]. In fact, the bulk forms of ReS, and ReSe, resem-
ble their monolayer properties in many ways, including their
electronic and optical properties, due to their special charge
decoupling. Therefore, the study of those bulk materials can
further reveal details about the special properties of few-layer
ReS; and ReSe; [45, 46]. Due to its low symmetry, there is
strong in-plane anisotropy in ReSe,, which is observed in its
various properties, including Raman scattering [47—49] and
its electrical and optical properties [50-52].

For all of the layered materials discussed in this review
article, including the layered TMDs, there are two typical
categories of Raman vibrations that we look for. One occurs
within a layer, and is called intralayer vibrations. These vibra-
tions give the intralayer Raman modes which normally appear
in the high-frequency region of the spectra. Another type of
vibration involves the relative motion of the layers, which
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corresponds to the interlayer Raman modes locating in the
low frequency region (<100cm™') of the Raman spectra. In
the following text, we will describe the dependence of those
Raman modes on the number of layers (section 3.2), the laser
excitation wavelength (3.3) and polarization (3.4), as well as
any phase transition (3.5) that have thus far been identified.

3.2. Number of layer dependence

In the layered TMDs, high-frequency intralayer Raman
modes can be used to determine the number of layers N for
few-layer TMDs [53, 54]. For example, the E>; and A1, modes
undergo red and blue shifts with increasing numbers of lay-
ers for MoS,, WS,, MoSe,, and WSe, [53]. Figure 3 shows
the N dependence of the Raman frequency of MoS, [52],
WS, [53] and MoTe, [55]. The evolution of the A;; and Eég
modes shown in figure 3 which depend on the laser excitation
wavelength tends to change the most between 1 and 2 lay-
ers. For WS, while the red shifts of the Elzg mode are within
2cm™ !, the blue shifts of the A1, mode are more obvious due
to the dielectric screening effect of the vibration [56]. For few-
layer MoS, (not shown in figure 3), the frequency differences
between the E12g and A, modes increase by ~1 cm~! with the
addition of one layer [53]. In particular, for WSe,, the E12g and

Ay modes are degenerate for the bulk material and occur at
252.2cm™!, but as N becomes small, the degeneracy is lifted
due to symmetry breaking, leading to an additional shoulder
feature that appears at 5, 6, and 11cm ™! above the main peak
for trilayer, bilayer and monolayer WSe,, respectively [57].
Moreover, for WSe,, MoSe;, and MoS,, new Ag modes also
appear, and a splitting of the A, modes is observed for MoSe;
and WS,.

Comparing with the high-frequency intralayer Raman
modes, the low-frequency interlayer Raman modes are much
more sensitive to N. Zhao et al observed the low-frequency
Raman spectra for MoS, and WSe, for N = 1-10 [58], in
which the interlayer Raman modes monotonically change
with changing N, indicating that the low-frequency interlayer
Raman modes provide an optimal way to probe the N depend-
ence of TMDs. The phonon frequencies of the interlayer
Raman modes can be explained by a one-dimensional (1D)
chain model in which the layers vibrate as a whole unit with
mass M and a force constant K; (i =s, b) for the shear and
breathing modes operating between the nearest neighbor units
corresponding to the interlayer coupling. The frequencies of
the 1D chain model behave as

i i . (P
wp:wosm(ﬁ), (p=1,...,N), @)
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where wj = /K;/M. The Raman active mode among the wp 18
generally the p = 2.

Not only do the frequencies of the interlayer Raman modes
change with N, but the number of Raman active modes can
also change as well. For suspended monolayer TMDs, since
no interlayer coupling exists, no interlayer Raman mode is
observed. For bilayer TMDs, typically there are two inter-
layer shear modes and one interlayer breathing mode among
the interlayer modes. But the actual number of Raman modes
depends on the symmetry of the modes (whether or not they
are Raman active) and on the actual measurement configu-
ration. For example, in bilayer MoS,, only one shear mode
and one breathing mode is predicted to be observed theor-
etically, because one interlayer shear mode is Raman inactive
[59]. In some TMDs with in-plane anisotropy, such as ReS;
and ReSe;, when the incident and scattered light polariza-
tion are both along a certain crystalline axis, the intensities
for some modes become zero [48, 60]. A similar case occurs
for black phosphorus, another layered material with in-plane
anisotropy, which shows a specific geometry that can result
in a zero intensity for certain low-frequency Raman modes
[57]. More discussion of these effects is given in section 3.4.
With increasing N in few-layer TMDs, more interlayer shear
modes and breathing modes can occur, and this is due to the
increasing number of vibrational possibilities [57, 58]. For
bulk TMDs, typically only one interlayer shear mode and one
dominant interlayer breathing mode remain [59].

3.3. Laser excitation energy dependence

Both the frequencies and intensities of the Raman modes of
TMD materials strongly depend on the laser excitation energy,
Ey . As explained in the Introduction and in section 2.3, if £ is
in resonance with an exciton energy, the intensity of specific
Raman modes can be enhanced significantly, which is asso-
ciated with the resonance Raman effect. For example, since
monolayer MoS; has an exciton energy around 1.8¢V, a laser
energy of 633nm laser (1.96eV), induces a stronger Raman
intensity than other common laser energy sources, such as
green (532nm) or near-infrared (785nm) lasers. Further if
the laser energy is in resonance with a 2D van Hove singu-
larity in the joint density of states, the Raman intensity for a
TMD sample is enhanced. For the hexagonal Brillouin zone
(BZ) of TMD materials, a van Hove singularity appears at the
center of the edge of the hexagonal BZ, which we call the
M point. For example, Liu er al observed many overtone and
combination phonon modes for monolayer MoS, which can
be observed at £, =3.50eV whose intensity is even stronger
than the first order Raman spectra [61]. In this case, 3.50eV
becomes the resonance energy at the M point for which the 2D
van Hove singularity shows a logarithmically singular joint
density of electronic states. A similar resonance effect occurs,
too, in the visible light energy region for MoTe,, since MoTe,
has a relatively smaller energy gap [62].

Under the resonance Raman condition, not only the one-
phonon Raman mode but also the two-phonon Raman modes,
such as occur in the overtone or combination Raman spectra,

can be observed in the double resonance Raman spectra
[63, 64]. Berkdemir ef al measured the Raman spectra of sin-
gle- and few-layered WS, using laser excitation energies of
488, 514 and 647 nm [56]. They found that under 488 nm laser
excitation, which corresponds to a non-resonant condition,
only first-order Raman spectra are observed, while under the
resonant condition with 514nm laser excitation, many sec-
ond-order peaks are observed and these modes show stronger
intensities than those found in bulk WS,. This situation arises
because the 3D van Hove singularity in this case is not so
strong compared with the other 2D van Hove singularity in
WS, samples. Besides the intensities of the Raman modes
shown in figure 3 of [56], another effect, namely that the fre-
quencies of the Raman modes of WS, change slightly with a
change in laser wavelength, and possible reasons are that: (1)
the lattice temperature increases by strong optical absorption
and (2) the photo excited carriers themselves modify the force
constants of the vibration.

3.4. Polarization dependence

In section 2, we discussed the polarization dependence of the
observed Raman spectra of TMD materials. The polarization
dependence is useful especially for low symmetry TMDs with
in-plane anisotropy, such as ReS, and ReSe; [28, 47, 49]. By
changing the polarization direction of the incident or scattered
light, the intensities of a given Raman mode are plotted as
a function of the polarization direction, which is commonly
done in polarized Raman spectroscopy studies. If the polar
plot of Raman spectra has a maximum (or minimum) at a
certain angle, we can analyze the crystalline orientation [12,
48, 57] by the group theoretical analysis as is discussed in sec-
tion 2. If we simply adopt the classical theory of the Raman
tensor, then the Raman tensor in equation (1) is given by
specifying the symmetry of the phonon, and the polarization
dependence of the Raman tensor does not change with Ej or
the thickness, as far as the symmetry of the polarization does
not change. However, our recent theoretical works on the study
of the anisotropic Raman scattering in black phosphorus [14]
and GaTe [13], indicate that special attention should also be
taken when determining the crystalline orientation with polar-
ized Raman spectroscopy, since the polarization dependence
of the Raman spectra can be modified also by changing the
laser excitation energy and the thickness of the sample. The
reason for this unusual behavior is associated with the opti-
cal transition selection rule in the quantum theory of Raman
scattering that can be expressed by the electron—photon matrix
elements (mIVIi) and (fIVim’) in equation (5). Since 2D
TMD materials have many conduction energy bands with
different symmetries at certain high-symmetry points in the
Brillouin zone located over a relatively small region of energy
in reciprocal space, when we change the laser energy or the
thickness of the sample, the final m states in the matrix ele-
ment (mlVIi) can be easily shifted. It is these special final
states with the different symmetries that are specially selected
and this selection allows the polarization dependence of opti-
cal absorption or emission to be controlled and changed.
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The American Association for the Advancement of Science.

In order to get a contribution to the Raman intensity, both
the (mIVIi) and (IVIm') matrix elements in equation (2)
should have non-zero values, which requires the symmetry of
the m and m’ intermediate states to be coupled for a given
initial i state. The symmetry of m and m’ can be determined
by the character table of the point group. As an example of
this strategy, let us explain in more detail an example for
studying the behavior of the E/ phonon with Ds, symmetry
as is shown in the Ds,, character table in table 1.

When we select initial states with the symmetry A’ and the
polarization direction is in x and y directions (E’), the possible
m for non-zero (mlVli) should have E’ symmetry. Then for
such an m state, possible m’ states for non-zero <m’ |Hel_ph|m>
in equation (5) must have A, or A”, or E’ symmetry. Among
these three possible symmetries, only the E’ symmetry is
selected for the Raman process since we need to go back to the
original initial states with A’ symmetry by ( fIVIm') in equa-
tion (5). Thus the symmetries of both m and m’ are uniquely
determined for the E’ states by quantum mechanics, if we
observed the E/ phonon modes.

Since the electronic E’ states have two independent wave
functions, then (mIVIi) and <m’ |Hel,ph|m> are respectively
expressed by 1 x 2 and 2 x 2 matrices. By rotating the
polarization direction of light or the V operator, we gener-
ally get anisotropic matrix elements both for (mlIVIi) and
<m’ |Hel,ph|m> as a function of the polarization dependences
for a given wave function for the initial state, which can not
be expressed simply by b and ¢ parameters, as they should
be given according to the classical theory. By comparing the
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anisotropic PL or optical absorption, the anisotropy of the
electron—photon interaction for given excited states can be
discussed, which will be done in a future study.

3.5. Phase transitions of TMDs

As introduced before, TMDs can undergo phase transitions
between 2H, 3R, 1T and 1T’ phases. Raman spectroscopy has
big advantages in distinguishing the various phases of TMDs,
through measuring distinct Raman intensity and frequencies
for each phase by changing the laser excitation energy, pres-
sure and temperature. Cho et al reported that semiconducting
2H-MoTe, can make a transition to the semi-metallic 1T’-
MoTe,; phase by laser-irradiation [29]. Kappera et al [62] and
Nayak et al [30] reported that the 2H-MoS; can make a trans-
ition to the metallic 1T-MoS, phase through a n-butyl lithium
chemical treatment. Since both the 1T or 1T’ phases of MoS,
are metallic, while the 2H phase is semiconducting, intense
attention has been paid to fabricate ohmic homojunction con-
tact of a transistor using the 1T (or 1T’) phase to the 2H phase
of the same TMD for both the devices and for the electrical
circuit contacts [27, 32, 65]. It should be noted that additional
Raman peaks are observed for the 1T (or 1T’) phase com-
pared to the 2H phase as shown in figure 4(c). For example,
1T/-MoS2 has additional peaks denoted by Ji, J>, and J3 in
the bottom of figure 4(b) at 153, 226, 330 cm™ L respectively,
whose eigenvectors are shown in figure 4(a) [65]. Similarly,
the 2H-MoTe, exhibits only E, and A, modes at 235cm ™!
and 174cm™!, respectively, while the 1T’-MoTe, does not
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clearly show the E>; mode but new peaks near 124, 138, and
272cm™! are instead observed (figure 4(c)) [29]. The appear-
ance of the new peaks comes from the fact that the 1T’ phase
has relatively lower in-plane symmetry than the 2H phase.

4. Raman spectra of TMD heterostructures

In this section, we discuss the Raman spectra of TMD hetero-
structures. By stacking two layers of different TMDs together,
we can obtain new heterostructures made of TMDs that are
not found in natural crystals. When the two layers are of the
same material, we can get so-called twisted bilayer TMDs by
rotating one TMD layer relative to another layer along the axis
perpendicular to the TMD plane. Designing heterostructures of
TMD materials has become a popular trend nowadays, because
the heterojunction applications enabled by such semiconduc-
tor heterostructures offer a vast number of possibilities for
both fundamental and applications research [66—71]. The band
offset effect, especially occurring in the type II heterojunction
[67-70, 72], enables the preparation of many devices with much
better performances than have been observed with devices made
with a single material, such as p—n junctions, highly efficient
LEDs [73], solar cells [67, 74] and tunneling FETSs [75, 76] that
can be achieved using heterojunctions, such as WSe,/MoS, and
WSe»/MoSe,, etc. It should be noted that the idea of a heterojunc-
tion dates back more than 80 years ago [77], when a 2D material
was considered as a non-existing one. Later, in the 1970s, het-
erojunctions were realized experimentally, using semiconduc-
tor superlattices, such as GaAs/AlAs and HgTe/CdTe [78, 79]
where the importance of lattice matching was emphasized.
These superlattices, constructed with very thin layers of mat-
erials, were considered quasi-2D at that time. The recent study
of heterostructures of 2D materials reveals new physics about
possible heterojunctions of ‘true’ 2D materials and the unique
physics regarding electron transport, and optoelectronic trans-
itions in such materials, thereby opening a new route for both
fundamental study and device research as well [66].

In this section, we first discuss twisted bilayer TMD (sche-
matically shown in figure 5(a)). We then present the unique
physics of twisted bilayers of the same TMD and the charac-
terization of them by PL and Raman spectroscopy. Then, we
explain twisted TMD heterobilayers, (schematically shown in
figure 5(b)), and we finally show some examples, too.

4.1. Twisted bilayer TMD

A twisted bilayer TMD is a special case of a heterostructure.
For twisted bilayer TMD, the two layers consist of the same
material, but due to the twisting between them, their interlayer
coupling is dramatically changed compared to the naturally
stacked TMDs, and such interlayer coupling plays a crucial
role in the electronic and optical properties of twisted bilayer
TMDs. Here we present the case of twisted bilayer MoS,
(schematically illustrated in figure 5(a)), and this example can
be used as a standard reference material for TMDs, and the
concepts developed for twisted MoS, can be generalized to
other twisted heterobilayer TMDs.

1

~

(b)

Figure 5. Schematic illustrations of (a) a twisted bilayer TMD and
(b) a heterobilayer TMDs.

The twisted MoS; bilayer is synthesized by a single crystal
flake which can be made experimentally by the CVD-grown
monolayer process for MoS, with a triangle shape [2], and
by using a so-called dry transfer method, by which the two
layers are stacked onto each other through the manipulation
of a micro-stage and an optical microscope [80]. Therefore,
the twisting angle is easily controlled by an optical micro-
scope, as shown in figure 6(a). Such a dry transfer method
avoids introduction of foreign substances in between the two
layers of MoS,, and therefore, the best interlayer coupling is
achieved by this method.

The interlayer coupling of 2H stacked MoS; is relatively
strong, due to the p, orbitals of the S atoms which stretch out
well beyond the single layer and interact with the S atoms of the
adjacent layer. Therefore, from a monolayer to a bilayer, the
electronic properties of 2H MoS, change dramatically: the
band gap changes from direct to indirect, and the photolumi-
nescence (PL) quantum yield drops by a factor of more than
100 [30]. These applications and PL intensity ratios can be
used to characterize the quality of the 2H-MoS, bilayer that
is formed.

Similar to 2H-stacked bilayer MoS,, twisted bilayer MoS,
also has a much smaller photoluminescence intensity than a
monolayer [80], which also confirms the weaker PL inten-
sity coming from the bilayer area than from the monolayer
area. A similar phenomenon occurs in 2H stacked MoS,. In
a control experiment, we built a twisted bilayer MoS, sample
with the wet transfer method which introduces trace amounts
of PMMA residues between the two layers of MoS,, and the
resulting photoluminescence spectra show bilayer areas that
are not well coupled because they have stronger PL intensity
than the monolayer area.

Low-frequency Raman spectra can further characterize
twisted bilayer MoS, [59] and are also sensitive to the inter-
layer coupling of layered materials. Nayak er al observed [62]
the interlayer shear mode and breathing mode of twisted bilayer
MoS; as shown in figure 6(a). As reported from the literature
for bilayer MoS,, the interlayer shear mode is at ~23cm™!
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Figure 6. (a) An optical microscope image of twisted bilayer MoS,. (b) Low frequency (interlayer) Raman spectra of twisted bilayer MoS,
with twisting angles of 55° and 25°, as well as of exfoliated bilayer MoS, with 2H stacking, and of monolayer (1L) MoS; [59]. Reproduced
with permission from [59]. Copyright 2016 American Chemical Society.

and the interlayer breathing mode is at ~36cm™! [58]. The
twisted bilayer MoS,, on the other hand, has interlayer breath-
ing and shear modes that are highly sensitive to variation of
the twist angle. For example, the interlayer shear mode can be
observed in bilayer MoS, with a twist angle with § = 55°, but
not with a twist angle of 25° (see figure 6(b)). In fact, when the
twisting angle is close to 30°, the interlayer coupling becomes
very weak, and thus shear modes are not observed [59].
Combined with DFT calculations, it turns out that the inter-
layer shear mode in such a case gives a very low frequency
(1-2cm™!), which suggests a 100 times smaller interlayer
shear force than that for 2H stacked MoS, [59], and this result
was confirmed by experimental observation [81]. Exfoliated
2H stacked bilayer MoS, shows stronger interlayer shear
modes than the twisted bilayers. The shear mode frequency
can vary by around 8cm™! with several twisting angles, and
the intensity can vary by around a factor of 5. Such a large
degree of sensitivity cannot occur in the high-frequency
Raman modes of MoS,, since their variation in frequency with
twist is no more than 1cm™.

Similar phenomena for the low-frequency Raman modes
were observed in twisted bilayer MoSe, [82], and were
explained by a combination of the high-symmetry stackings
with different twisting angles. Moreover, CVD-grown bilayer
and trilayer TMDs with different stacking configurations
(2H, 3R, etc) were studied by low-frequency Raman spectr-
oscopy [83], and it was found that low-frequency Raman
spectroscopy is sensitive to stacking patterns, while the high-
frequency Raman spectra yield the same spectra for different
stacking configurations, because they are generally not sensi-
tive to such small percentage changes.

Except for the low-frequency Raman modes, the PL
parameters also change by changing twisting angles. The
PL spectrum of monolayer MoS, consists of three peaks: A-,
A and B, which represent the A- trion (doped exciton by an
additional electron or hole), the A exciton and the B exci-
ton, respectively [80, 84]. The intensity ratio Ix-/Ix shows a
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dependence on twisting angles: the maximum intensity value
occurs at 0° and 60°, and a minimum value at 30°. The trion
binding energy witnesses a similar trend: the maximum bind-
ing energy around 55 meV occurs at 0° and 60°, and a mini-
mum at 30 meV occurring at around 30°. These results for the
change in the interlayer coupling with twisting angle 0, were
confirmed by the DFT calculations [80]. In some other works,
the indirect PL peaks of twisted bilayer MoS, were studied
[85, 86], in which a PL peak between around 1.4 eV-1.6eV
shows up experimentally, and is demonstrated to be caused
by an indirect band gap due to the presence of bilayer MoS,,
which changes with different twisting angles (different inter-
layer coupling) and results in the tuning of the PL peak
positions.

From the above analyses of twisted bilayer TMD, we can
see that low-frequency Raman and PL spectroscopies are very
sensitive ways to probe the interlayer coupling of layered
TMD materials, and these sensitivities can be utilized in the
practical applications and device research [67, 70-73, 76, 87].

4.2. TMD hetero bilayers

The TMD hetero bilayers are built to achieve different kinds
of devices for various applications. Generally, dry-transfer and
CVD growth [2, 88] are two ways to construct TMD hetero
bilayers. While the dry-transfer method is limited to produce
vertically stacked hetero bilayers only, the CVD growth is able
to generate parallel-stitching of TMD materials, resulting in
in-plane heterojunction [68, 69, 88-90]. As a first check of the
device performance, low-frequency Raman spectroscopy can
be used to characterize the interlayer coupling of vertically
stacked hetero bilayers. Several works have been performed
to study this. For example, Lui et al [79] built several types of
heterobilayer TMDs and characterized them by low frequency
Raman spectroscopy. They showed that the low-frequency
Raman spectra are mainly the breathing mode as a combi-
nation of the two constituent materials, but that the shearing
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mode disappears in most cases [81]. This is because the shear
mode requires the relative shear motion for the entire layers
of the hetero structure to move in the direction parallel to the
layers, and thus the shear force with a lattice-mismatched het-
ero structure can be negligibly small. Such a shear force for
the lattice-mismatched heterostructure occurs within a rela-
tively short distance compared with the sample size, and can
only be of significant magnitude when the interlayer coupling
is strong enough. Such a low frequency shear mode is hard
to detect experimentally, due to the limitations of a strong
Rayleigh spectra [59]. DFT calculations also demonstrated
that the interlayer shear mode is much more sensitive to inter-
layer coupling or to the interlayer separation distance than the
interlayer breathing modes [59]. On the other hand, for the
interlayer breathing modes, the relative motions between
the layers are vertical, and such force constants for verti-
cally motion are less sensitive to the lattice hetero structure
mismatch. Thus we mainly observe experimentally the inter-
layer breathing modes of heterobilayers.

The high-frequency Raman spectra are also useful to char-
acterize parallel heterojunctions. For example, we measured
Raman mapping for the high frequency mode around the junc-
tion area from which we confirm that the heterojunction is
in-plane [88], because there are no overlapping Raman signals
coming from the two materials simultaneously. On the other
hand, the high-frequency Raman spectra can be used to char-
acterize the strain in the materials close to the junction area,
since these Raman modes are sensitive to strain [89].

Moreover, several heterojunctions have been constructed
for the study of interlayer PL, which shows different mech-
anisms for the optical transition at the junction from the tra-
ditional PL. A typical example of the interlayer PL is that the
hetero junction of 2D TMDs exhibits direct optical transitions
of electrons from one material to another material [73, 91].
Rivera et al show that the interlayer excitons are found to
exhibit long lifetimes compared with the exciton coming from
bulk materials [71]. The peak position of the PL spectra from
the junction is shifted from the PL spectra of the constituent
two materials. Such studies of the PL emissions in TMD het-
ero bilayers can lead to both new optoelectronic devices and
characterization tools for hetero bilayers.

The above analyses and Raman spectroscopy for both
twisted bilayer TMDs, homojunctions and heterojunctions of
TMDs can benefit similar studies on other 2D materials, such
as graphene [92] and black phosphorus [87]. By combining
the new science coming from characterization studies for all
systems, Raman spectroscopy can provide a standard tool for
characterizing the interlayer coupling and junction properties
of hetero structure TMDs for obtaining measurements from
high quality optoelectronic devices.

5. Summary and perspective

With the wide variety of structures and phases presently avail-
able for TMD materials, the research community can already
see that TMD materials can obtain various electronic and
optical properties enabling their applications in different areas

13

of fundamental scientific research and for new applications
capabilities at the nanoscale. From the viewpoint of funda-
mental research, Raman spectroscopy is becoming a common
and standard tool for probing the properties of layered mat-
erials. Pure TMDs are becoming a class of standard reference
materials for well-defined 2D layered materials with a band-
gap. Thus combining TMD materials into a new artificial mat-
erial is expected to provide new possibilities for electronics
applications.

We here consider MoS, as being a TMD standard reference
material, analogous to the role of graphene, which is a stand-
ard reference material for single-layer constituents in most
2D layer hetero structure assemblies not found in nature, but
capable of offering device applications not available presently.
We can expect this TMD material MoS; to be followed by a
whole family of new materials and their hetero structured sys-
tems with different levels of complexity as they are combined.
After TMDs, more complex systems are expected. Such mat-
erials systems are now under investigation and include low-
symmetry systems with only one or two available symmetry
operations. Such systems are also found in nature and may
become more important once we know more about them and
their unique advantages for different types of applications.

In this article we have provided a systematic discussion of
the Raman spectra of TMDs, giving particular attention to the
control of TMD properties as classical layered materials. Here
control of the properties of the whole class of materials comes,
as in all cases, from the control of the properties of the indi-
vidual fundamental building block layers. Additional control
comes through the change in properties coming from increas-
ing the number of layers, one by one at first, and then use of
possible stable phases of the fundamental materials. Further
control comes from use of different laser excitation energy
wavelengths, looking for resonance behaviors from a quantum
mechanical standpoint, and then when assembling multilayer
structures of more than one material. Many variations are pos-
sible through exploitation of materials parameters such as
layer thickness, structural phases and phase transitions, exci-
tation laser wavelengths, including very long wavelengths or
low frequency excitations and polarization-dependent charac-
teristics. In addition, use can be made of variations coming
from commonly used parameters of temperature, pressure,
stress, pressure, magnetic and electric fields, and materials
processing characteristics. This large number of variables can
be further increased by using more than one building block
together, thereby giving us a large phase space for operation
and the exploration of new environments for our nanomat-
erial heterostructures. This research landscape offers great
complexity because the appropriate variables for each of the
constituents in the heterostructures that are somewhat inde-
pendent, though the layers need to be assembled in a way as
to be mutually compatible chemically.

Our goal is both to find new scientific phenomena occur-
ring at the nanoscale through these heterostructures not found
in natural nanostructured materials, and to identify the struc-
tures and environments of particular promise and interest for
science and for applications. The next step is to pursue the
new science and to develop opto-electronic devices in two
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dimensions. At this point, new variables enter, such as safety
in production and use, cost of materials and their processing,
long term stability, materials availability, and possible com-
mercial interest. At the research and applications level, nano
heterostructures are likely to become more complex with
time. Studies of fundamental scientific interest going beyond
the model systems will have to be carried out and we will be
excited whenever new scientific ideas are identified through
these studies and also when sensitive methods are found to
control more effectively the fruitful research directions that
have already been identified.
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