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This work describes a resonance Raman study performed on samples with one, two, and three layers
(1L, 2L, 3L), and bulk MoS,, using more than 30 different laser excitation lines covering the visible range,
and focusing on the intensity of the two most pronounced features of the Raman scattering spectrum of
MoS, (E} , and A;, bands). The Raman excitation profiles of these bands were obtained experimentally, and
itis found that the A, , feature is enhanced when the excitation laser is in resonance with A and B excitons of
MoS,, while the E} , feature is shown to be enhanced when the excitation laser is close to 2.7 eV. We show
from the symmetry analysis of the exciton-phonon interaction that the mode responsible for the Eég
resonance is identified as the high energy C exciton recently predicted [D. Y. Qiu, F. H. da Jornada, and

S. G. Louie, Phys. Rev. Lett. 111, 216805 (2013)].
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Excitonic effects are expected to be very strong and
influence the optical properties of 2D materials, such as the
MoS,-type transition metal dichalcogenides (TMDs), giv-
ing rise to the rich physics reported in the literature [1-3].
Resonance Raman spectroscopy is a very useful tool to
study excitonic transitions and exciton-phonon interactions
in semiconductors [4] and, in this work, we present a
resonance Raman study of 1L, 2L, 3L, and bulk MoS,
samples. Our results show that the A}, feature is enhanced
when the excitation laser is in resonance with the A and B
excitons of MoS,, while the Eég feature is shown to be
enhanced when the excitation laser is close to 2.7 eV, in a
region of the optical spectrum of MoS, that possesses a
diversity of excitonic states that cannot be distinguished at
room temperature [1]. We present a symmetry analysis that
shows that the in-plane E%g phonon couples preferentially
with the predicted high energy exciton state near the I’
point, called the C exciton [1]. Our results show that
phonons of MoS, with different symmetries are enhanced
by different types of excitons, and provide experimental
values for the dependence of the exciton energies and
lifetimes on the number of layers.

Sekine et al. [5] were the first to report a resonance Raman
study of TMD compounds and measured the Raman
excitation profile (REP) of the A;, and Eig modes of bulk
2H-MoS,, -WS,, -MoSe, and -WSe,, using many different
laser lines in the range of laser energies 1.6-2.8 eV. In the
case of MoS, and WS,, only the A;, mode was observed to
resonate with the A and B excitons, but both A, and E} g
peaks were enhanced at higher energies. This high energy
resonance was observed to be broad and it was attributed to
the transition between the high density of states in the
valence and conduction bands. Sourisseau et al. [6] have
also measured the REP of the A, and Eé g bands in bulk WS,
in the range of the A and B excitons, and obtained results

0031-9007/15/114(13)/136403(5)

136403-1

PACS numbers: 71.35.-y, 63.20.kd, 63.22.Np, 78.30.-j

similar to those reported by Sekine et al. [5]. Frey et al. [7]
showed using dynamics calculation that the electronic
structure is modulated when applying the A, ,-mode dis-
placement for the material, but not significantly affected
by the E2 -mode displacements. These previous works show
that the Al 4 bhonon couples preferentially with the A and B
excitons, but report similar behavior for the Ay, and E;; )
modes at higher laser excitation energies. We will show
below that, contrarily to the prev10us resonance Raman
results [5,6], the A;, and E2 modes exhibit different
resonant Raman behavior at hlgher laser energies.

With the recent possibility of producing two-dimensional
(2D) TMD samples, a number of Raman studies of few-layer
MoS, have been reported. It has been observed that the
Raman spectrum is significantly dependent on the laser
excitation energy [8—13]. Scheuschner et al. [14] measured
the REP of the A}, phonon mode of 1L and 2L MoS, in
the range of laser energies of the A and B excitons
(1.75-2.05 eV) [14], and observed that the amplitude of
the REP associated with the B transition is larger than the A
REP amplitude. It was also reported in this work [14] that the
amplitudes of the REPs are larger in bilayer than in mono-
layer MoS,, suggesting that the electron-phonon coupling
decreases with a decreasing number of atomic layers. The
enhancement of the A}, mode under resonance with the A and
B excitons was also observed in recent Raman studies of 1L
and few-layer MoS, [15,16], but detailed results using many
different laser lines of higher energies were not reported in
the previous resonance Raman studies of 2D MoS,.

In this Letter we present a resonant Raman spectroscopy
study of MoS, samples of 1L, 2L, 3L, and bulk using up to
30 excitation energies in the visible range. Our measure-
ments allowed us to obtain separately the REP of the A},
and Eég Raman bands. Our results confirm previous
conclusions that the A, band resonates preferentially with
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the A and B excitons, but shows, for the first time, that the
E}_ band exhibits a strong and sharp resonance around
2.7 eV, which is ascribed to the coupling of this specific
phonon with an exciton with different k-space character-
istics (C exciton), recently predicted [1].

All details about the samples and the Raman experiments,
including the different laser sources and a polarization
analysis, are presented in the Supplemental Material [17].
In addition, a group theory analysis and the assignment of
the Raman modes are also presented in the Supplemental
Material [17].

Figure 1 shows the Raman spectra of 1L, 2L, 3L, and
bulk MoS, obtained with many different laser excitation
energies, in the spectral range 300-500 cm™!. The peaks
around 387 and 410 cm™! correspond, respectively, to the
in-plane E} , and the out-of-plane A, phonons (for notation
simplicity, we will use the irreducible representations of
bulk MoS,) [26,27]. We can see in Fig. 1 that the relative
intensities of these modes are strongly dependent on the
excitation energy. The A, mode is more intense than the
Eég for laser energies below 2.5 eV and above 2.8 eV,
but there is a clear inversion in the intensities of these
peaks, for all investigated samples, in the range 2.6-2.7 eV.
This result was not reported so far in the literature.

In order to understand this effect in more detail, Fig. 2
shows the Raman excitation profile of the A;, and Eég
phonon modes for (a) 1L, (b) 2L, (c) 3L, and (d) bulk MoS,
samples. The intensities of the MoS, Raman peaks were
normalized by the intensity of the Si Raman peak of the
substrate, considering its excitation energy dependence as
reported by Renucci er al. [28]. There is a correction in
the relative intensities of the MoS, and Si peaks due to
multiple optical interferences in the SiO, layer. However,
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FIG. 1 (color online). Raman spectra of MoS, samples with a
different number of layers, and recorded with the different laser
excitation energies shown in the right side. Panels from left to
right correspond, respectively, to 1, 2, and 3 layers, and bulk
samples.

as discussed in the Supplemental Material [17], this
correction does not affect our main results and conclusions.

The REP of the bulk sample, depicted in Fig. 2(d), shows
two maxima for the A;, phonon mode (black triangles)
around 1.9 and 2.1 eV, which are associated with the A and
B excitonic transitions. The intensities of these two maxima
decrease in the case of few-layer MoS,, and are very weak
for the monolayer sample, as shown in Fig. 2(a). This result
is in agreement with a previous resonance Raman study of
this phonon in the region of the A and B excitons [14]. We
can also see in Fig. 2 that the E;g phonon mode is strongly
enhanced for all samples at higher laser excitation energies,
around 2.7 eV.

The REP of the A;, and E} , modes shown in Fig. 2 were
fitted by the expression for the Raman intensity as a
function of the laser energy E; derived by a third-order
time dependent perturbation theory, and given by [4]:

<f|He—r|b><b|He—ph|a> <a|H€—}’|i> 2
(EL - Eex - l}/) (EL - Eph - Eex - l}/)

where (f|H,_,|b), (b|H,_y|a), and (alH,_,|i) are the
matrix elements associated with the electron-radiation,
exciton-phonon, and electron-radiation interactions,
respectively, and E., is the energy of the intermediate
excitonic state (A, B, or C). The damping constant y is
related to the finite lifetime 7 of the intermediate states, and
E,, is the corresponding phonon energy. The red curves in

. (1)

I(E)) =K
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FIG. 2 (color online). Raman excitation profiles of the E;g
(open squares) and A, (solid triangles) Raman peaks in
(a) monolayer, (b) bilayer, (c) trilayer, and (d) bulk MoS,
samples. The insets show a zoom-in of the data in the range
of 1.8-2.2 eV. The red curves represent the fitting of the
experimental data by the expression given in Eq. (1).
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FIG. 3 (color online). (a) Energies and (b) damping constants of
the A, B, and C excitons for the samples with a different number
of layers. Red stars represent optical absorption values from
Ref. [29] for 1L, 2L, and 3L and from Ref. [30] for bulk.

Fig. 2 correspond to the best fit of the experimental data,
and Figs. 3(a) and 3(b) show, respectively, the energy and
damping constant values, as a function of the number of
layers, obtained from the fitting of Fig. 2 by Eq. (1).

Let us now discuss the observed enhancement of the E}
mode at 2.7 eV. The optical spectrum of bulk 2H-MoS,
was measured more than 40 years ago [31,32] and, besides
the sharp peaks ascribed to the A and B excitons, a broad
band was also observed between 2.5 and 3.3 eV. This band
was shown to exhibit two maxima around 2.76 and 3.18 eV,
denominated respectively as C and D peaks. In these
pioneer works, the C and D peaks were interpreted as
optical transitions between high density of states regions at
the K and M points of the 2D Brillouin zone. This high
energy broad band was also observed in the optical spectra
of atomically thin MoS, samples [29], and it was observed
that its position blueshifts with a decreasing number of
layers.

In a resonance Raman study of bulk 2H-MoS, crystal,
Sekine et al. [5] showed that the A;, mode REP exhibits
two sharp peaks at 1.93 and 2.15 eV, and a broad peak at
2.61 eV. The sharp peaks were attributed to the A and B
excitons and the broad peak to the direct band-to-band
transition [32]. The Eég peak was also observed to be
enhanced in the region of the broad peak at 2.61 eV. Our
results, presented in Fig. 2, agree with previous resonance
Raman studies of MoS, in the range of the A and B
excitons, but clearly show that the Eéy mode is specially
enhanced at higher laser energies. In order to show this
effect more clearly, Fig. 4(a) plots the ratio between the
intensities of the E;g and A, bands in a logarithmic scale,
as a function of the laser excitation energy, for the different
samples studied in this work. Points below (above) the
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FIG. 4 (color online). (a) Ratio of the intensities of the Eég and
A}, Raman bands, plotted in a logarithmic scale. (b) Atomic
displacements of the A;, phonon mode and electronic orbitals of
the A and B excitons. (c) Atomic displacements of the Eég
phonon mode and electronic orbitals of the C exciton.

horizontal red line correspond to enhancements of the A,
(E3,) mode.

In a recent first-principle calculation of the optical
response of monolayer MoS, [1], Qiu et al. showed that
the broad band in the optical spectra between 2.5 and
3.3 eV has contributions of different types of excitons and
excitonic states, which cannot be spectrally resolved at
room temperature. Besides the excited states of the A and B
excitons (A’ and B’), the existence of a bound excitonic
state with novel k-space characteristics, called the C exciton
state, was also predicted.

Let us discuss if the enhancement of the Eég phonon
mode is due to the band-to-band transition, as proposed
many years ago by Sekine et al. [5], or by a high energy
excitonic transition, predicted recently by Qiu et al. [1].
First, notice in Fig. 2 that the enhancement of the E} , mode
around 2.7 eV is stronger and sharper than the enhancement
of the A, mode around 1.9 and 2.1 eV, which are
demonstrated to be associated with the A and B exciton
states. When the intermediate state in a Raman process is
excitonic, the Raman cross section is enhanced more
strongly than when the intermediate states correspond to
band-to-band transitions [33-35]. Moreover, the Raman
excitation profile of the E%y phonon around 2.7 eV (see
Fig. 2) is much sharper than the broad band in the optical
spectra of MoS,. This result suggests that, among many
excitonic states that contribute to the broad band in the
optical spectra in the range of 2.5-3.3 eV, the E} , mode is
selectively enhanced by a specific excitonic state. This
selective enhancement is related to the exciton-phonon
matrix element, given by the middle term in the numerator
of Eq. (1), which depends on the phonon and the exciton
symmetries.
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This distinct exciton-phonon coupling can be explained
considering the symmetries of the A}, and E2 phonons and
of the orbitals associated with the A, B, and C excitons.
According to Ref. [1], the A and B excitons reflect the Mo
d orbitals of the states in the lowest MoS, conduction
band, and the exciton wave function is azimuthally sym-
metric, with the orbitals pointing along the z direction [see
Fig. 4(b)]. On the other hand, the C exciton originates from
a sixfold degenerate state made from transitions between
the highest valence band and the first three lowest con-
duction bands near, but not directly at, the I" point of the
Brillouin zone [1]. When this exciton is plotted in real
space, the electron has both Mo d» and S p, and p,, with
more S character near the hole. The representation of the C
exciton orbitals is shown in Fig. 4(c). The A;, mode
involves out-of-plane vibration of S atoms and, therefore,
it is expected to modulate the ¢ orbitals more strongly
than the E} , In-plane mode. The situation is the opposite for
the C exciton due to the presence of the in-plane p, and p,
orbitals shown in Fig. 4(c). In this case, the in-plane
movements of the S atoms modulate the electronic cloud
and, therefore, one can expect a stronger exciton-phonon
coupling for the E2 mode with the C exciton.

The symmetry- dependent exciton-phonon coupling can
be also discussed using group theory arguments. For both
few-layer and bulk MoS,, the d > orbitals belong the totally
symmetric irreducible representation (A}, A;, and A, for
odd few-layer, even few-layer and bulk, respectively),
whereas the p, and p, orbitals belong to a two-dimensional
irreducible representation (E’, E,, and E,, for odd few
layer, even few layer and bulk, respectively). Therefore, the
d orbitals couple with the totally symmetric out-of-plane
phonon [26,27], and the A}, mode is enhanced by the A and
B excitons. On the other hand, the two-dimensional p, ,
orbitals of the C excitonic state couple with the two-
dimensional in-plane E%g phonon [26,27], explaining why
it is enhanced by resonance with the C exciton. Notice that
the C exciton is not exactly at the I' point, but at sixfold
points within the interior of the BZ that do not exhibit
inversion symmetry. Therefore, the exciton-phonon cou-
pling between the C exciton and the E} , mode is indeed
allowed by group theory.

Figure 3(a) shows that the values of the exciton energies
obtained from our resonance Raman results do not depend
significantly on the number of layers, within our exper-
imental uncertainty. Figure 3(a) also shows the A and B
exciton energy values obtained from optical absorption
experiments [29,30], which are in a good accordance with
our resonance Raman results. It is interesting to observe
that the difference between the A and B exciton energies,
which is related to the spin-orbit splitting [36], is practically
the same for few-layer and bulk MoS, (0.23, 0.18, 0.21,
and 0.20 eV for 1L, 2L, 3L, and bulk MoS,, respectively).
The value for the bulk is in good agreement with that
reported in Ref. [36]. Figure 3(b) shows that the damping

constant y of the A exciton increases significantly with a
decreasing number of layers. The y constant of the B
exciton increases slightly with a decreasing number of
layers and the C exciton y is practically constant. These
results explain why the REP of the A, mode is smeared out
in the case of few-layer MoS, and why the A exciton REP is
weaker than the B exciton REP [14].

According to the theoretical calculation by Qiu et al. [1],
the broad band observed by optical absorption has the
contribution of different excitonic transitions. By symmetry
arguments based on group theory, we show that the in-
plane E} , mode couples with the C exciton. The difference
between the sharp width of the resonance Raman profile
and the broad band observed by other experimental
techniques [37—40], is due to the fact that, differently from
Raman scattering, these techniques do not involve exciton-
phonon interactions. Therefore our results allow distinction
of the contribution of the C exciton from all other excitonic
states.

In conclusion, we have presented a resonance Raman
study of 2D and bulk MoS, using many different laser lines
in the range of 1.85 to 2.81 eV, that allowed us to obtain the
resonance Raman profile of the first order A;, and E%y
phonon modes. We have shown that the A, phonon mode
is enhanced by the A and B excitons, but the enhancement
decreases with a decreasing number of layers, due to the
dependence of the lifetime of the intermediate excitonic
states on the number of layers. We observed for the first
time that the E2 phonon mode is strongly enhanced around
2.7 eV, in a region of the optical spectrum that exhibits a
broad band associated with a diversity of excitons [1].
A group theory analysis shows that the high energy C
exciton is responsible for the enhancement of the Eég
phonon mode, due to the symmetry-dependent exciton-
phonon interaction in MoS,.
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