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We report on the study of electron—phonon interaction in monolayer MoSs in polarization-resolved Raman
scattering experiments as a function of the excitation laser energy (1.96-2.03 €V). In complementary reflectivity
contrast measurements we determined the temperature evolution of the A exciton resonances. We found that when
excitation laser energy is tuned across the A exciton level the second order ‘b’ mode shifts almost linearly to lower
frequency with the rate equal to —78 and —70 cmfl/eV at T = 7 and 295 K, respectively, which is about twice
higher rate than those reported in the previous studies of monolayer MoS2 but very close to the relevant rate
recorded for bulk MoS2. We interpret this effect as related to the difference of concentration of two dimensional

electron gas.
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1. Introduction

Transition metal dichalcogenides (TMDCs), such as
MoSs have attracted a considerable attention due to the
fascinating physics and the promising applications in op-
toelectronics and spintronics [1-3]. In monolayer MoSs
the bottom of the conduction band and the top of the
valence band are located at the binary indexed corners
K+ and K~ of the two-dimensional (2D) hexagonal Bril-
louin zone (BZ). The lack of inversion symmetry and
strong spin—orbit coupling in monolayers of TMDCs re-
sults in valley-contrasting spin splitting of the valence
and conduction bands. The confinement to a single
layer and reduced dielectric screening results in very high
Coulomb binding energy of excitons (X) of hundreds of
meV [4, 5]. In the presence of excess carriers charged
excitons, trions (T) are observed in optical spectra of
TMDC monolayers [6-12].

The resonant Raman scattering (RRS) is widely used
to study the electron—phonon interactions and electronic
band structures in semiconductor [13]. By changing the
incident photon energy different electronic states and dif-
ferent pairs of phonons, within the BZ, are selected in the
Raman spectra [14].

The goal of presented work was to study electron—
phonon interaction in RRS experiments of monolayer
MoS,. We perform the detailed studies of the RRS spec-
tra of monolayer MoSs as a function of exciting laser en-
ergy and temperature 7' = 7-300 K. In complementary
RC experiments we determined the temperature evolu-
tion of the A exciton and trion resonances.
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2. Results and discussion

The studied monolayers of MoSs were prepared by me-
chanical exfoliation of bulk crystals grown by chemical
vapor transport technique. The details are described in
Ref. [8]. The monolayer MoSy were deposited on the
same Si/S103 (295 nm) target substrate. The RRS mea-
surements were performed using 610-675 nm laser lines
of a DCM dye laser. The spectra were analyzed with a
0.5 m focal length spectrometer. The Peltier cooled CCD
camera was used as a detector. The reflectivity contrast
spectra were measured in the same setup.

We investigated the resonant Raman scattering spectra
of monolayer MoSs mainly in the vicinity of the Raman
active modes E’ (in bulk Ej ) and A} (in bulk Ajg).
Figure la presents examples of the Raman spectra at
T = 7 K and vacuum when the incident photon energy is
tuned across the A exciton level at 1.964 eV determined
from the from the reflectivity contrast spectra presented
at Fig. 1c. When the excitation energy is lower than A
exciton energy the Raman scattering spectrum of mono-
layer MoSs is dominated by two vibrational modes: E’
at 384 cm~! and A} at 409 cm~! (see red spectra at the
bottom of Fig. 1a). The E’ mode is due to in-plane vi-
brations of two S atoms with respect to the Mo atom
and the A} mode results from the out of plane vibra-
tions of S atoms in opposite directions. The broad band
at ~ 460 cm ™! was in previous papers attributed to the
overtone of the LA phonon at the M point in the Bril-
louin zone 2LA(M) [13]. However, in recent papers Car-
valho et al. [15] interpreted this feature as superposition
of four different second order scattering processes.

When the incident photon energy is just above the
A exciton energy (resonant Raman scattering — RRS)
an additional mode named in literature as dispersive
‘b’ mode appears in the Raman spectra at 430 cm ™! (see
blue line in Fig. 1a) and shifts to lower frequency to A}
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Fig. 1. (a) The Raman scattering spectra of monolayer
MoS3 recorded for various incident photon energies at
T = 7 K. (b) The evolution of the ‘" mode as a func-
tion of the incident photon energy. (c) The temperature
evolution of reflectivity contrast spectra of monolayer
MOS2.
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Fig. 2. (a) The Raman scattering spectra of monolayer
MoS3 recorded for various incident photon energies at
T = 7 K and vacuum. (b) The evolution of the ‘0’ mode
as a function of the incident photon energy.

phonon line. Figure 1b presents the dependence of the
frequency shift of the ‘0’ mode as a function of the excita-
tion phonon energy. The (dw/dFE) shift is almost linear
and equal to —78 cm™!/eV. The frequencies of E’, A}
modes are independent on the excitation phonon energy
(not shown). The dependence of the frequency shift E’,
A} and ‘b’ modes as a function of excitation energy has
been obtained by a Lorentzian line-fitting procedure.

In the previous studies Sekine et al. [14] observed the
‘¢’ mode in the RRS of bulk MoS; at T' = 7 K, with
a dispersive behavior near the A and B excitonic res-
onances and access it to excitonic polariton scattered
by successive emission of a dispersive quasi-acoustic in-
terlayer breathing phonon and a dispersionless phonon
E3,, both along the ¢ axis and at I' point of BZ. How-
ever, the ‘b’ mode was also observed in RRS spectra
of monolayer MoSy [16], which rules out this interpre-
tation. In the RRS study of bulk MoSs, Livneh and
Spanier [17] interpreted the ‘b’ band as the double Ra-

man scattering involving combinations of the acoustic
LA’ and TA’ phonons at K points of BZ. This inter-
pretation was confirmed recently by Carvalho et al. [15]
in the multiple energy excitation Raman study of mono-
layer and bulk MoS,.

We performed the similar studies of the Raman scat-
tering spectra of monolayer MoS; as a function of the
incident phonon energy at room temperature 7' = 295 K.
The results are presented in Fig. 2. As at low temper-
ature the energy position of E’ and A} phonon modes
are independent of excitation photon energy whereas the
‘6’ mode shifts almost linearly to lower frequency with
the (dw/dE) rate equal to —70 cm~!/eV, close to those
at T =7K.

We now discuss the nature of the dispersive ‘0’ mode in
the monolayer of MoSs. Surprisingly, in our studies of the
resonant Raman scattering spectra of monolayer MoSs
the frequency shift of the ‘0’ mode as a function of the
incident photon energy, equal to —78 and —70 cm ™! /eV
at T = 7 and 295 K, respectively, is very close to those
obtained in the similar studies of bulk crystals, equal to
~ —80 cm™!/eV at T = 7 K [14] and almost twice higher
than those recently reported by Carvalho et al. [15] for
monolayer MoSs equal to &~ 40 cm™!/eV at T = 295 K.
The interpretation of ‘0’ mode in Ref. [17] as related to
acoustic LA and TA phonons at K valleys was based on
the comparison of experimental and numerical data. Car-
valho et al. [15] claim that the dispersion of the numeri-
cally calculated LA and TA phonons at K valleys are very
close to that obtained for dispersion of ‘b’ mode in exper-
iment. To confirm our interpretation we performed reso-
nant excitation polarization resolved simultaneous photo-
luminescence and Raman scattering measurements. Re-
sults are presented in Fig. 3a. For resonant (1.9974 eV)
excitation we can distinguish in the PL spectrum two
dominant, spectral lines at 1.9485 eV and 1.9119 eV, at-
tributed to the free exciton X and trion T emission, re-
spectively. In addition, Fig. 3b shows the comparison of
helicity-resolved Raman spectra in the vicinity of the Ra-
man active mode Af, obtained by subtracting the emis-
sion in the corresponding PL spectral range, marked by
dashed rectangle. It is clearly seen that the first order
out-of-plane A} mode is visible only in ot¢™ configura-
tion, whereas the ‘0’ mode is detected only in the spectra
of opposite helicity cTo~. This confirms that ‘b’ mode
is a combination of LA and TA phonons [18§].

Twice higher dispersion of ‘b’ mode obtained in our ex-
periments in comparison to those obtained by Carvalho
et al. points out that the dispersion of ‘0’ mode is influ-
enced by additional interaction. It is well known that the
Raman spectra of transition metal dichalcogenides are
strongly dependent on two-dimensional (2D) electrons
(or holes) gas concentration [19]. With the increase of
2D electron gas concentration some Raman resonances
shift to lower or higher energy, which reflects different
degree of the electron—phonon interaction. In our stud-
ies we have evaluated the 2D electron gas concentration
from the RC spectra as equal to n = 1.9 x 1012 ecm~2 [9].
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Fig. 3. (a) Helicity resolved resonant (1.9974 eV) PL
spectra of monolayer MoSy recorded at T = 7 K. (b)
Comparison of the helicity-resolved Raman spectra, ob-
tained by subtracting the emission from the correspond-
ing PL spectra in part (a).

In Ref. [15] the 2D electron gas concentration is not mea-
sured but is very likely that was strongly different than
those measured in our MoS; monolayer. The concen-
tration of 2D carrier gas strongly depend on native de-
fects and methods of monolayer preparation [20]. We
assume that the difference in 2D electron gas concentra-
tion in both experiments explains twice higher dispersion
of ‘0’ mode as a function of the excitation phonon energy
in our experiments. This conclusion awaits the confirma-
tion in future theoretical and experimental study, espe-
cially in the gated monolayer MoSs structures where 2D
electron gas concentration can be controlled.

3. Conclusion

To conclude, we present the study of resonant Raman
scattering spectra of monolayer MoS,; as a function of
exciting laser frequency. In complementary reflectivity
contrast (RC) experiments we determined the temper-
ature evolution of the exciton and trion lines. We fo-
cus our studies on the dispersive, second order scattering
‘’ mode. In comparison of our studies of RRS spec-
tra of the MoSs monolayers with the previous studies of
MoSs monolayers and bulk crystals we pointed out the
role of mediation of the two-dimensional electron gas in
the electron—phonon interaction.
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