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CONSPECTUS: Raman spectroscopy is one of the most
powerful experimental tools to study graphene, since it
provides much useful information for sample characterization.
In this Account, we show that this technique is also convenient
to study other bidimensional materials beyond graphene, and
we will focus on the semiconducting transition metal
dichalcogenides (MX,), specifically on MoS, and WS,.

We start by comparing the atomic structure of graphene and
2H-MX, as a function of the number of layers in the sample.
The first-order Raman active modes of each material can be
predicted on the basis of their corresponding point-group
symmetries. We show the analogies between graphene and
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2H-MX, in their Raman spectra. Using several excitation wavelengths in the visible range, we analyze the first- and second-order
features presented by each material. These are the E,, and 2TO(K) bands in graphene (also known as the G and 2D bands,
respectively) and the A,’, E/, and 2LA(M) bands in 2H MX,. The double-resonance processes that originate the second-order
bands are different for both systems, and we will discuss them in terms of the different electronic structure and phonon

dispersion curves presented by each compound.

According to the electronic structure of graphene, which is a zero band gap semiconductor, the Raman spectrum is resonant for
all the excitation wavelengths. Moreover, due to the linear behavior of the electronic dispersion near the K point, the double-
resonance bands of graphene are dispersive, since their frequencies vary when we change the laser energy used for the sample
excitation. In contrast, the semiconducting MX, materials present an excitonic resonance at the direct gap, and consequently, the
double-resonance Raman bands of MX, are not dispersive, and only their intensities depend on the laser energy. In this sense,
resonant Raman scattering experiments performed in transition metal dichalcogenides using a wide range of excitation energies
can provide information about the electronic structure of these materials, which is complementary to other optical

spectroscopies, such as absorption or photoluminescence.

Raman spectroscopy can also be useful to address disorder in MX, samples in a similar way as it is used in graphene. Both
materials exhibit additional Raman features associated with phonons within the interior of the Brillouin zone that are activated by
the presence of defects and that are not observed in pristine samples. Such is the case of the well-known D band of graphene.
MX, samples present analogous features that are clearly observed at specific excitation energies. The origins of these double-
resonance Raman bands in MX, are still subjects of current research. Finally, we discuss the suitability of Raman spectroscopy as
a strain or doping sensor. Such applications of Raman spectroscopy are being extensively studied in the case of graphene, and
considering its structural analogies with MX, systems, we show how this technique can also be used to provide strain/doping

information for transition metal dichalcogenides.

B INTRODUCTION

Raman spectroscopy has proven to be a very useful tool to
study graphite-based materials, such as carbon nanotubes and
graphene, and provides much different valuable information.'
For example, the presence of disorder and defects manifests
itself by the appearance of a disorder-induced Raman band, the
so-called D band,* and this band can also be useful to
distinguish between zigzag and armchair edges.” The
phenomenom of charge transfer or doping by both electrons
and holes is related to the change in the position and line width
of the first-order Raman mode, the G band.® The G band splits
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into two components when the graphene sample is uniaxially
strained,”® and the strain value can be obtained from the
splitting between these two components. The stacking order in
graphite, crystalline or turbostratic, can also be distinguished
from the shape of the 2D band (also called G’ band), which
corresponds to a second-order Raman process involving two
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Figure 1. Atomic structure of (a) graphene/graphite and (b) monolayer TMD and bulk 2H-TMD. (c) Atomic displacements in two Raman active

modes of monolayer TMD and bulk 2H-TMD.

phonons near the Dirac point with opposite momenta." Both
the D and 2D bands are enhanced by a special mechanism
where there are, simultaneously, two or three resonances
(double- or triple-resonance process).” "' The presence of a
single atomic layer of graphene can be evidenced by the
intensity ratio between the 2D and G bands (/I > 1) and
the sharpness of the 2D band (fwhm around 25 cm™).*'* In
the case of few-layer graphene stacked in the Bernal, also called
the AB, configuration, the shape of the 2D band also provide
information about the number of atomic layers.'” Recently, it
was shown that Raman spectroscopy is also extremely sensitive
to the twisting angle in rotationally disordered bilayer
graphene.''*

All information on Raman spectroscopy discussed in the
previous paragraph can be obtained using only one laser line.
However, further valuable information can be obtained by
changing the wavelength (or energy) of the laser. As we will
discuss in the following, resonant Raman spectroscopy, where
we analyze the intensity of the Raman peaks as a function of the
laser energy, provides important information about electrons
and their interaction with phonons.”"

The transition metal dichalcogenides (TMDs) are layered
compounds in which each layer has the basic form XMX (or
MX,), where M is a metal atom from the IVB, VB, and VIB
columns in the periodic table and X is a chalcogen atom (S, Se,
or Te). The electronic structure of these compounds depends
on the transition metal species. The TMDs composed of a
metal from groups IVB and VIB are semiconductors or
insulators, and those composed of a metal from group VB
atoms are metallic.'® Although the bulk form of TMDs has
been extensively studied in the past,'® only recently monolayer
and few-layer TMDs were obtained. In the case of semi-
conducting TMDs, they show a transition from an indirect
band gap in the bulk to a direct gap for a monolayer.'” This fact
together with the rich physics of strong spin—orbit coupling in
these materials has opened up several opportunities in both
basic research and optoelectronic applications."®

In this Account, we will discuss the Raman spectra of
bidimensional (2D) and bulk TMDs and compare these spectra
with the graphene and graphite spectra. We will show the
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similarities and differences, and many possible ways to obtain
physical information in these materials using Raman spectros-
copy. We will present results in MoS, and WS, samples
(monolayer and bulk) and discuss the origin and assignment of
the Raman bands. The dependence of the TMD Raman spectra
on the laser excitation energy will be discussed in terms of
resonances with excitons. We will also give perspectives of new
directions for Raman spectroscopy in TMDs that will be useful
and will give much different information for these systems just
as it also provides for graphene as a model system.

B ATOMIC STRUCTURE OF GRAPHENE AND MX,

Figure la shows the atomic structure for monolayer (1L)
graphene. The unit cell contains two carbon atoms, A and B,
each one forming a triangular 2D network but displaced from
each other by the carbon—carbon distance. The structure of
bulk crystalline graphite is also shown in Figure la and
corresponds to a stacking of individual graphene layers in the
direction perpendicular to the layer plane (c-axis) in an AB (or
Bernal) stacking arrangement, in which the vacant centers of
the hexagons in one layer have carbon atoms on hexagonal
corner sites on the two adjacent graphene layers.”

In the case of MX,, each layer corresponds to XMX triple
atomic planes, with one plane of metal M atoms organized in a
triangular lattice, and two planes of chalcogen atoms X, above
and below the M atoms plane, also organized in triangular
lattices. Depending on the arrangement of the X atoms,
monolayer MX, appears in two distinct structures: the trigonal
prismatic 2H (AbA) and the distorted octahedral 1T (AbC)
arrangements The 1T phase is metastable for MoS,-type
materials,"® and therefore, we will only discuss in this Account
the 2H TMD structure.

Figure 1b shows the atomic structure of a monolayer (1L)
2H-TMD, viewed perpendicularly and laterally to the basal
plane1 620 Viewed from the top, the atomic structure looks
similar to the single layer graphene structure, where the metal
and chalcogen atoms would correspond, respectively, to the A
and B carbon atoms in graphene. The unit cell is in this case
composed of three atoms (one M and two X). The most
common polytype of bulk MX, is the 2H-MX, structure where
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the TMD layers are stacked in a Bernal configuration, similarly
to bulk crystalline graphite, as shown in Figure 1a,b.

Both Bernal stacked graphite and 2H-MX, crystalline
structures belong to the P6;/mmc nonsymmorphic space
group (D, point group),lé’21 with an inversion symmetry
center in the middle of the two monolayers. The unit cells of
graphite and bulk 2H-MX,, structures are composed of four and
six atoms, respectively. However, in the case of a monolayer,
the symmetries of graphene and 2H-MX, are different:
graphene belongs to the centrosymmetric point group Dy,
whereas MX, has no inversion symmetry and its point group is
D;,. In the case of bilayer MX, stacked in the Bernal
configuration, the inversion symmetry operation is recovered,
but due to the lack of translation symmetry along the z axis, the
point group is D, Therefore, the few layered TMD
compounds with an even number of layers belong to the D,
point group and those with an odd number of layers belong to
the Dj;, point group.

B GROUP-THEORY ANALYSIS OF RAMAN MODES IN
GRAPHENE AND 2H-MX,

Monolayer graphene has only one first-order Raman active
mode, belonging to the two-dimensional irreducible represen-
tation E,,. It corresponds to the vibration of the sublattice
formed by the A carbon atoms against the B carbon atom
sublattice, in any direction of the basal plane, and gives rise to
the so-called Raman G band, around 1580 cm™. In the case of
bulk crystalline graphite, two modes are Raman active, both
belonging to the E,, representation. One of them appears at
very low frequency (42 cm™") and corresponds to the rigid-
layer mode, where two adjacent graphene layers vibrate against
each other. In the high frequency mode, the atoms of each layer
vibrate, like in the monolayer graphene E,, mode.>¥*!

A single layer of 2H-MX, has three zone-center first-order
Raman active modes belonging to the A}, E’, and E” irreducible
representations of the Ds;, group. For the A] mode, the metal
atoms do not move and the chalcogen X atoms vibrate in the
out-of-plane direction with the X atoms of the upper layer
vibrating in-phase and against the lower layer of X atoms, as
shown in Figure lc. In the case of the E’ and E” modes, the
atomic displacements are in-plane. For the E’ mode, all X
atoms move in-phase, and all M atoms move in-phase and in
opposite directions. This mode, also shown in Figure Ic, is
somewhat similar to the graphene Raman active mode (G
band), where the A carbon atom sublattice vibrates against the
B atom sublattice. For the E” mode, the non-null elements of
the Raman tensor correspond to the quadratic functions xz and
yz. Therefore, this mode does not appear in the commonly
used Raman backscattering configuration where the direction of
the laser beam is perpendicular to the layer xy-plane. Therefore,
the Raman spectra of monolayer 2H-MX, in this special
backscattering configuration exhibit only two first-order Raman
modes, with A} and E’ symmetries.**

The phonon dispersion relations for graphene and MoS, are
shown in Figure 2a,b. The symmetries of the zone-center and
Raman active modes are represented.”® The eletronic structure
of graphene (7 electrons) and monolayer Mo$S, are shown in
Figure 2c,d. While graphene is a zero gap semiconductor (the
conduction and valence bands touch each other at the K and K’
points),>" monolayer MoS$, is a direct band gap semiconductor
where the minimum of the conduction band and maxima of the
valence band are at the K point.'”** The optical properties of
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Figure 2. Phonon dispersion relations of (a) graphene and (b) MoS,.
Electronic structure of (c) graphene and (d) MoS,.

MoS,-type compounds are dominated by excitonic transitions
at the K point of the Brillouin zone (BZ).*

For bulk 2H-MX,, there are four Raman active modes, which
are assigned according to the representations of the Dg, group
as Ay, Epy E%g, and E%g. The Ay, Ep, and Eig modes
correspond, respectively, to the Aj, E”, and E’ modes of
monolayer MX,, where the atoms in adjacent layers move in-
phase with respect to inversion symmetry. The E%g mode
corresponds to the vibration of adjacent rigid layers with
respect to each other, similar to the rigid-layer mode of
graphite, and also appears at very low frequencies. Therefore,
the Raman spectra of 2H-MX, crystals using conventional
spectrometers and in a backscattering configuration discussed
above, also exhibit only two first-order Raman peaks, with A,
symmetry (out-of-plane atomic dis‘}alacements) and Ezlg
symmetry (in-plane displacements).>*

B RESULTS AND DISCUSSION

Figure 3a shows the Raman spectrum of monolayer graphene.
We can observe the so-called G band around 1580 cm™!, which
here we will call the E,; band, since it corresponds to the zone-
center Raman active mode with E,, symmetry. Around 2700
cm™!, we can observed a very strong peak, which is associated
with two phonons of the iTO branch near the K point and
which is called in the literature the 2D or G’ band. Since both
denominations lack a precise physical meaning, we will call this
feature here the 2TO(K) band. Notice that, despite the fact that
this 2TO(K) band comes from a second-order process, it is
usually more intense that the first-order E,; band (G band) in
monolayer graphene. Figure 3¢ shows the Raman spectrum of
crystalline graphite, where we can see both the E,, and 2TO(K)
bands. Notice that the 2TO(K) band of graphite is weaker than
the E,, band and is clearl?f asymmetric, different from the case
of monolayer graphene.”'*

It was proposed many years ago that the 2TO(K) band of
graphitic systems is originated by a double-resonance (DR)
Raman process, where two intermediate states of the Raman
process are in resonance with real electronic states.”'® In this
case, two of the terms in the denominator of the Raman
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Figure 3. Raman spectra of (a) graphene, (b) disordered graphene, (c) graphite, (d, e) monolayer MoS, excited with different laser lines, (f) bulk
MoS,, (g, h) monolayer WS, excited with different laser lines, and (i) bulk WS,. The different excitation energies (in €V) are represented. For
graphene and graphite, the E,, TO(K), LO(I"), and 2TO(K) bands corresponds, respectively, to the so-called G, D, D’, and 2D (or G’) bands.

intensity expression are simultaneously resonant, explaining
why this second-order feature can be as intense as the first-
order E,, band. The fact that the 2TO(K) band can be even
more intense than the E,, band in monolayer graphene was
ascribed to a triple-resonance (TR) Raman process, where all
intermediate states of the Raman process, involving electrons
and holes, are resonant.'’

Figure 3b shows the Raman spectrum of a sample of
disordered graphene. We can observe in this figure a strong
feature around 1350 cm ™', which is usually called the D-band,
where the letter D stands for disorder (or defect). This band
also comes from a DR process, but involving only one phonon
of the iTO branch, near the K point. In this case, an elastic
scattering process involving defects is needed for momentum
conservation, and the presence of this band is a signature of
defects or disorder in graphene systems. Since other Raman
bands are also related to disorder or defects in graphene
systems,1 it is interesting to give a more precise notation for the
D band, and we will call it here the TO(K) band. The origin of
the other weak features in the Raman spectra of graphene
systems is discussed in refs 1 and 2.

Let us now make a comparison between the Raman spectra
of graphene and TMDs, discussing the similarities, the
differences, and how the Raman spectra of TMDs provide
useful information for these systems. Figure 3d,g shows the
spectra of 1L MoS, and WS, recorded, respectively, with the
2.41 and 2.54 eV laser lines. The two prominent peaks in these
figures correspond to the first-order Raman active modes with
E’ and A] symmetries. The E’ mode is somewhat similar to the
E,, mode of graphene (G band), since it involves an in-plane
vibration of the sublattice formed by metal atoms against the
sublattices formed by the chalcogens. The A; mode of TMDs
has no correspondence with graphene, since it corresponds to
out-of-plane vibrations of the upper and lower sublattices of
chalcogen atoms against each other.

Figure 3e,h shows the spectra of 1L MoS, and WS, recorded
with different laser lines, with 2.05 and 2.33 eV energies,
respectively. Notice that the Raman spectrum of TMDs is
strongly dependent on laser energies, since the spectra in
Figure 3e/h are completely different from those shown in Figure

a4

3d,g. We can see now a number of features that are associated
with second-order processes involving combinations (sums and
differences) of phonons within the interior of the Brillouin zone
(BZ). A detailed study of the second-order bands in MoS, and
WS, can be found in refs 26 and 28—31. Here we will only
focus on the most intense second-order feature, which involves
two phonons of the longitudinal acoustic (LA) branch with
opposite momenta, at the M point of the BZ. This band is,
therefore, called the 2LA(M) band.>" It is interesting to observe
that the second-order 2LA(M) band is more intense than the
first-order A; and E’ bands in Figure 3eh, and this result is
similar to the behavior of 1L graphene, where the 2TO(K)
band is more intense than the first-order E,, band (see Figure
3a).

The Raman spectra of bulk MoS, and WS, are shown,
respectively, in Figure 3fi. The positions and attribution of the
Raman features are the same as 1L MoS, and WS,, but now the
2LA(M) band is less intense than the first-order Ay, band.
Notice that this behavior is similar to crystalline graphite, where
the 2TO(K) band is less intense than the E,, (see Figure 3c).

The fact that the 2LA(M) band can be stronger than the
first-order bands in 1L TMDs suggests that the second-order
spectra in TMDs also involve double- or triple-resonance
processes, as in the case of graphene. In a recent study, the
double-resonance process in TMDs was calculated using a
fourth-order Fermi golden rule, and it was demonstrated that
the intensity of the 2LA(M) band comes from a DR Raman
process involving phonons at the M point of the BZ.>* Many
other weak peaks also comes from a combination of phonons at
the M point.”

The essential check for the DR mechanism is a resonance
Raman experiment, where the Raman spectra is studied as a
function of the laser excitation energy. Figure 4a,b show the
spectra of 1L graphene and MoS,, respectively, recorded with
different laser lines. In the graphene spectra, we only show the
spectral region of the 2TO(K) band. Notice in Figure 4a that
the 2TO(K) band is dispersive, its position depending linearly
on the laser energy in the visible range. This behavior can be
explained by the DR process in graphene, which is illustrated in
Figure 4c.”> Due to the linear dispersion of electrons in
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Figure 4. Dependence of the double-resonance bands of (a) graphene
and (b) MoS, on the laser energies. Diagrams showing the directions
of phonons involved with DR process and transitions with different
energy photons in (c) graphene and (d) MoS,-type TMDs.

graphene, the Raman process is always resonant, because the
energy of the incident photon will always correspond to the
separation between the conduction and valence band in a
specific point in the BZ near the Dirac (or K) point (see Figure
4c). The 2TO(K) band is associated with an intervalley
process, involving resonances with valleys around the K and K’
points. We can see in Figure 4c that the wavevector of the
phonon conecting points around K and K' is, in fact, close to
the K point (compare the orange and blue horizontal arrows in
the figure). Therefore, when the double- and triple-resonance
processes that originate the 2TO(K) band are probed with
different laser lines, phonons with different wavevectors around
K are involved, and consequently the position of the 2TO(K)
band changes and provides information about the dispersion of
electrons and phonons in graphene systems.”

Figure 4b shows the Raman spectra of 1L MoS, recorded
with different laser lines. Now we can observe that the 2LA(M)
band is not dispersive, and only its intensity changes with
varying laser energy. In particular, the 2LA(M) band is more
intense for laser energies around 2 eV, which corresponds to
the B exciton energy in 1L MoS,,> suggesting that it is really
associated with a double-resonance process. Resonance Raman
scattering can provide useful information about the electronic
states of these materials. For this reason, in the literature we can
find a number of papers combining Raman characterization
with other optical spectroscopies, such as photoluminescence.*

Figure 4d illustrates the proposed DR mechanism for
TMDs.> It now involves resonances at valleys at the K and I
points (the I point is the intermediate point between I" and K).
It is shown in this figure that the phonon that connects these
two valleys has a wavevector at the M point (compare the
orange and blue arrows in the BZ). The optical spectrum of
TMD systems of the MoS, family is dominated by excitonic
transitions involving electronic states at the K point.”> A
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resonant process with excitonic states is illustrated in Figure 4d.
Notice that the double-resonance mechanism will enhance the
intensity of 2(LA) bands only in a small range of energies that
are in close resonance with the exciton states at the K point and
the intermediate state at the I point. Therefore, the process
involving resonances with excitonic transitions in TMDs
explains our observed results shown in Figure 4b, where the
intensity of the 2LA(M) band, and not its frequency, depends
on the laser energy.

Let us now discuss the possibility of using Raman
spectroscopy to characterize disorder and defects in TMDs.
In the case of graphene, a number of features in the spectrum
are activated by disorder, and the stronger one (the D band) is
related to phonons belonging to the iTO branch near the K
point. Therefore, this band might be called the TO(K) band.

It was reported many years ago that disorder-induced Raman
bands also appear in the spectrum of MoS, and WS, films,
around 223 and 176 cm™, respectively,>* and their frequencies
correspond to the frequencies of the phonon of the LA branch
at the M point in MoS, and WS,. Therefore, we call this
disorder-induced feature the LA(M) band. This band might be
also associated with a DR process illustrated in Figure 4d,
involving one phonon and a defect for momentum con-
servation, in contrast to the 2LA(M) band that involves two
phonons. So, the behavior of the LA(M) and 2LA(M) bands in
TMDs seems to be analogous to the TO(K) (or D) and
2TO(K) (or 2D) bands in graphene. The observation of other
weak peaks induced by disorder were also reported for MoS,
and WS,.>> These bands involve phonons of other branches
within the interior of the BZ in TMDs that are activated by
disorder, showing that Raman spectroscopy is also very useful
to characterize disorder and defects in these systems.

Raman spectroscopy is also a very useful tool to distinguish
between monolayer or few-layer graphene and bulk graphite,
both from the shape and intensity of the 2TO(K) band™"* and
from the appearance of new bands associated with interlayer
breathing and shear vibrations.*® Few-layer TMDs can also be
characterized by Raman spectroscopy. For example in MoS,, it
has been shown that the splitting between the A} and E’ band
frequencies is related to the number of layers.>” It was shown
recently that extra first-order Raman modes that are absent in
both 1L and bulk are activated in the spectra of few-layer
TMDs.*> These new modes belong the totally symmetric
irreducible representation and involve out-of-plane vibrations of
the M and X atoms.

The presence of external charges and doping in graphene can
also be characterized from the position and line width of the
first-order E,; band.®** Moderate doping of graphene systems,
with both electrons and holes, stiffens and narrows the E,,
band, due to the suppression of the electron—phonon
mechanism that gives rise to the Kohn anomaly. This effect
reveals the nonadiabatlc behavior of electron—phonon
interaction in graphene In a recent study of a monolayer
MoS, transistor,® it was shown that the A] mode softens and
broadens with electron doping, whereas the E’ Raman mode
remains essentially inert. This observation shows that TMD
devices exhibit an opposite behavior compared with graphene,
and this behavior is ascribed to the fact that they are
semiconductors and phonon renormalization occurs within
the adiabatic approximation.®” Raman spectroscopy may also be
useful to identify doping of TMD systems with other type of
atoms, such as MoS, doped with Se.*’
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Finally, let us discuss the possibility of using Raman
spectroscopy to characterize strain in 2D systems. As discussed
in the last section, the first-order E,, Raman mode in graphene
is a double-degenerate mode that involves vibration of the
sublattices formed by the A and B carbon atoms against each
other. Due to the hexagonal symmetry of the graphene
structure, the frequency does not depend on the vibration
direction in the xy-plane. However, when graphene is uniaxially
strained, the degeneracy is broken, and the E,, band splits into
two components (E3, and E3,), which are associated with
vibrations parallel and perpendicular to the strain direction.>*'
The splitting between these two components can be used as a
strain gauge.

The E’ mode in 1L TMD (or the Eig mode in bulk TMDs) is
analogous to the E,, mode in graphene. It is also a double-
degenerate mode involving the in-plane vibration of the M and
X sublattices against each other in any direction in the xy-plane.
The splitting of the E’ (or E;,) is also expected to occur in
uniaxially strained TMDs. For MoS,, it was observed as a
frequency shift of the E’ mode as a function of applied strain.**
However, according to our knowledge, the expected splitting of
the E’ (or Eég) mode into two components in strained TMDs
was not yet observed, and further experiments are needed to
confirm this prediction.

B CONCLUSIONS

In this Account we made a comparative study of Raman
spectroscopy in graphene and TMD systems of the MoS,
family. We first discussed the analogies and differences of the
atomic structures, phonon dispersion, and electronic structures,
and we presented a group theory analysis of the first-order
Raman modes in 1L and bulk systems. The double-resonance
processes in graphene and TMDs were compared, showing that
they involve phonons in different points within the BZ. The
double-resonance bands in graphene are dispersive, due to the
linear behavior of the electronic dispersion near the K point,
whereas in the case of TMDs, they are not dispersive and only
the intensities depend on the laser energy, in agreement with a
double-resonance process in TMDs involving excitonic
transitions. We showed that in analogy to the disorder-induced
D band in graphene, new Raman features associated with
phonons within the interior of the BZ in TMDs are activated by
disorder (or defects), showing that Raman spectroscopy is also
useful to characterize disorder in these systems. We have briefly
mentioned that Raman spectroscopy is useful to characterize
and distinguish few-layer TMDs, and finally, we also showed
that this technique can also be used to provide information
about doping and strain in TMDs.

B METHODS AND EXPERIMENTAL DETAILS

The graphene and 1L MoS, samples were obtained by
mechanical exfoliation of natural graphite and 2H-MoS, crystals
transferred to a Si substrate with a 300 nm thick SiO, coating.
The 1L WS, samples consist of CVD growth triangular islands
synthesized as described elsewhere.”> The micro-Raman
measurements were registered in a DILOR XY triple-
monochromator spectrometer equipped with N,-cooled
charge-couple device (CCD) detectors and with 1800 g/mm
diffraction gratings, giving spectral resolution better than 1
cm™". The graphene and WS, samples were excited by an Ar/
Kr ion laser with excitation energies of 1.92, 2.18, 2.41, 2.54,
and 2.71 eV. Additionally, the MoS, sample was excited by a
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tunable dye laser (with DCM Special and rthodamine 6G dyes),
covering a wide excitation energies from 1.90 to 2.15 eV. All the
measurements were conducted in backscattering geometry at
room temperature. The samples were focused by a 100X
objective providing a spot size of 2 ym in diameter. The laser
power at the sample surface was kept below 1.0 mW in order to
avoid sample heating.
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