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Distinctive characteristics of exciton-phonon interactions in optically driven MoS,
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Polarized Raman spectroscopy offers the capability to study the interactions between electrons/excitons and
phonons in the presence of intervalley scattering within two-dimensional materials. This study explores the
relation between phonon symmetry and exciton-phonon interactions in monolayer and bilayer MoS, using
polarization-resolved photoluminescence and Raman spectroscopy. The resonant second-order Raman spectra
in MoS, are closely tied to material properties and laser excitation energy. Experimental and numerical analyses
systematically examined phonon symmetry in Raman scattering, revealing a strong correlation between phonon
symmetry and spin-valley polarization, especially under resonant excitation. Resonant excitation changed Raman
scattering polarization because of the dominant Frohlich interaction. The strong spin-orbit coupling in monolayer
MoS, unaffected by thermal vibrations at low temperatures leads to a notable increase in the valley polarization
resulting from the restricted energy-level distribution of electron transitions. This phenomenon significantly
influences the b mode in second-order resonant Raman scattering, consequently altering the chirality of phonon
vibrations. We further propose a mechanism diagram elucidating the interaction between electrons and excitons
of intervalley scattering. The study highlights the interplay between electron transitions and phonon-related
behaviors in MoS,, emphasizing the significance of electron/exciton-phonon interactions under varying exci-
tation energies and temperatures. These insights hold crucial implications for the optoelectronic applications

of MoS,.
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I. INTRODUCTION

The excellent optoelectronic properties of molybdenum
disulfide (MoS;) and other transition metal dichalcogenides
(TMDs) have positioned them as leading semiconductor mate-
rials in recent years [1-4]. However, the electronic properties
of these materials are significantly influenced by electron-
phonon interactions. Current research strategies encompass a
variety of approaches, such as gating [5—10], doping [11-14],
thermal effect [15-18], and optical control [19-21] to explore
the interactions of these quasiparticles. The second-order Ra-
man spectra observed in MoS; and other TMDs exhibit a wide
range of distinct features. These characteristics are closely in-
tertwined with the material’s properties and the specific laser
energy employed for excitation. Previous investigations into
two-dimensional (2D) MoS, centered around the examination
of the second-order Raman bands using various combinations
of laser excitation energies, material thicknesses, and dielec-
tric substrates [22].

Double-resonance Raman (DRR) stands as a unique and
valuable second-order process, facilitating the investigation
of electron-phonon interactions in MoS, [23-27]. By adjust-
ing the incident photon energy, the DRR condition chooses
distinct electronic states and pairs of phonons with oppos-
ing finite momenta within the Brillouin zone [20]. To date,
the unique method of optically spin-polarized excitation and
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detection applied onto DRR condition remains unexplored.
This approach offers the opportunity to investigate these in-
teractions and electron transitions across different excitation
energies, all while considering angular momentum conser-
vation. The comprehensive study of these interactions is
essential for uncovering the physical phenomena concealed
within the second-order Raman spectra and exciton character-
istics of MoS,.

In this paper, we systematically carried out experimen-
tal and numerical analyses aimed at exploring phonon
symmetry of both first-order and double-resonance Raman
scattering processes in MoS, while varying the strength
of exciton-phonon coupling. We performed temperature-
dependent Raman and photoluminescence (PL) spectroscopy
under different polarization and excitation energies of 2.33 eV
and 1.96 eV, representing nonresonant and resonant excita-
tions, respectively. The polarized Raman spectrum of MoS;
exhibits discernible distinctions. We observed changes in
the symmetry of degenerate in-plane phonon modes as a
result of the modulated exciton-phonon coupling strength,
driven by the strengthening of the Frohlich interaction (FI).
The phenomenon of FI arises from the interaction between
excitons and longitudinal optical phonons, causing out-of-
phase motion of adjacent atoms and generating a macroscopic
electric field [28]. Most notably, our analysis, employing
spin-polarized excitation and detection, unveiled a correlation
between the phonon symmetry and the spin-valley polariza-
tion of excitons within the context of DRR scattering. Our
study provides a fundamental explanation for the phonon
symmetry changes detected by polarization-resolved Raman
spectroscopy in monolayer and bilayer MoS,.
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FIG. 1. Experimental setup of PL and Raman spectra of monolayer and bilayer MoS, on SiO,/Si substrate. (a) Schematic diagram of
polarization-resolved PL and Raman spectroscopy experimental setup. HWP, half-wave plate; QWP, quarter-wave plate. The arrows indicate
the incident and scattered light with different polarization states. (b) Raman intensity mapping of the E,, mode in monolayer MoS, with the
scale bar of 10 um. Inset shows the corresponding OM image. (c) PL and Raman signal of monolayer MoS, excited by nonresonant (532 nm)
and (d) resonant excitation (633 nm). (e) Schematic diagram of the coupling between excitons and phonons with the excitation light. (f) Raman
spectra of monolayer MoS, and (g) bilayer MoS, under nonresonant and resonant excitation.

II. METHODS
A. Sample fabrication

In this paper, a silicon wafer (crystal surface [001]) with
100-nm thick SiO, is used as the substrate for the preparation
of monolayer MoS; and bilayer MoS, using chemical vapor
deposition. The silicon wafer has been cleaned by sonica-
tion in acetone for 10 minutes, followed by isopropanol and
deionized water for 5 minutes each before the growth process,
and finally dried with a nitrogen gas gun. The growth setup
includes the following steps: High-quality powders of MoO3
(99.99% purity, Sigma-Aldrich) and S (99.99% purity, Sigma-
Aldrich) are used as precursor sources in an ambient-pressure
CVD system to grow monolayer MoS, and bilayer MoS, on
Si/Si0; substrate. A quartz tube with a 3-inch diamter is used
as the reaction furnace, which is heated up by three heating
coils. During the growth process, a crucible containing 0.3 g
of S powder was placed upstream in excess, while a crucible
containing 0.011 g of MoOj3; powder is placed at the center of
the furnace tube. A target SiO,/Si with second crucible was
placed flat 5 cm behind the MoOj; source. The tube furnace
is continuously filled with highly pure Ar (=299.99%) gas for
500 sccm during the whole growth process. After the filled
high purity Ar gas flown in the tube furnace, the tube is
heated up at a rate of 25.7 °C/min to the setting temperature
at 800 °C and maintained for 10 mins. The S zone started to
heat 2 mins before the MoOj3 boat is heated up to 800 °C, and
kept between 200—250°C while the MoO3; zone maintains
the temperature at 800 °C, and then underwent natural fur-
nace cooling to room temperature. The monolayer and bilayer
MoS, are generated by the reaction, and finally deposited onto
the target silicon substrate.

B. Optical measurement
Raman spectroscopy is a fundamental analytical technique
widely employed to elucidate the structural, electronic, and

vibrational characteristics of layered materials. Figure 1(a)
illustrates an optical setup for temperature-dependent polar-
ized Raman/PL spectroscopy, which utilizes two continuous
wave lasers (532 nm and 633 nm), a HWP, and a QWP to
enhance measurement precision with the degree of freedom
of incident and scattered light. These optical elements are ca-
pable of producing linearly or circularly polarized light under
nonresonant excitation 532 nm (corresponding to 2.33 eV)
and resonant excitation 633 nm (corresponding to 1.96 eV)
for the investigation of layered MoS,. Target samples were fo-
cused using a 50X objective lens (numerical aperture, N.A. =
0.5). Polarization-resolved Raman/PL spectra were acquired
through the deployment of an adjustable-angle polarizer (with
a step of 15° ranging from 0° to 360°) in conjunction with a
grating (1200 lines/mm and 150 lines/mm) and a commercial
spectrometer (Model: Kymera 328i, Andor). The temperature-
dependent investigation of polarization-resolved Raman/PL
spectra was conducted by placing the samples in a vacuum
chamber (pressure ~1 x 10~* torr) and systematically vary-
ing the temperature from 77 to 300 K.

III. RESULTS AND DISCUSSION

The schematic experimental arrangement of polarized Ra-
man spectroscopy is depicted in Fig. 1(a). To illuminate the
MoS, sample, lasers with varying polarizations are controlled
using a half-wave plate (HWP) and a quarter-wave plate
(QWP) at wavelengths of 532 nm and 633 nm, respectively.
With a bandgap of around 1.8 eV in monolayer MoS,, these
two excitation sources, 532 nm (equivalent to 2.33 eV) and
633 nm (equivalent to 1.96 eV), correspond perfectly to the
nonresonant and resonant excitation conditions of MoS,. The
PL and Raman signals are captured, and the polarization
characteristics are examined using a combination of QWP
and polarizer positioned in front of the spectrometer. The
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circularly polarized detection of PL and Raman signals
provides a new degree of freedom to investigate the phys-
ical properties of exciton-phonon coupling in MoS,. The
schematic diagram in Fig. 1(e) illustrates the interaction
between excitons and phonons under optical excitation.
Exploring how the strength of this coupling affects the cor-
relation between valley polarization and double resonance
Raman scattering is a key focus of this study. In Fig. 1(b),
the inset shows the optical microscopic (OM) image of the
monolayer MoS, sample, and the corresponding mapping of
the in-plane phonon mode E,, is displayed through the Raman
signal intensity. The uniform intensity of the Raman signal in-
dicates the good homogeneity of the material. For the bilayer
MoS; sample, similar result of uniform intensity distribution
can be seen in Fig. S1 within the Supplemental Material (SM)
[29].

Figures 1(c) and 1(d) depict the spectra of monolayer
MoS; excited by 532 nm and 633 nm light sources, including
PL and Raman signals. Throughout the subsequent Raman
spectroscopy measurements, we meticulously processed the
overlapping spectral signals to extract the accurate polarized
photoluminescence and Raman spectra. This allowed us to
study the underlying representations of excitons and phonons.
Figures 1(f) and 1(g) show the Raman spectra of monolayer
and bilayer MoS,, obtained by employing nonresonant and
resonant excitation at 532 nm (green curve) and 633 nm
(red curve), respectively. In the case of monolayer MoS,,
the optical absorption reveals the major excitonic transitions
of A and B excitons as reported in the literature [30]. At
4.5 K, two peaks are assigned to A and B excitons at ap-
proximately 1.96 eV and 2.12 eV for MoS,, and the optical
band gap decreases with increasing temperature caused by
electron-phonon interactions, a phenomenon explained using
the Bose-Einstein model [31]. The optical band gap de-
notes the energy needed to generate an exciton—a correlated
electron-hole pair—via optical absorption across the A and B
energy gaps. Therefore, even though the 633 nm (1.96 eV)
excitation energy is slightly higher than the optical band gap
of MoS, (~1.89 eV) at 300 K;; it can still be considered fairly
close to the resonance condition of the A exciton in MoS,. At
lower temperatures, the optical band gap is closer to 1.96 eV,
corresponding to the pronounced resonant condition with
the 633 nm (1.96 eV) excitation. Further more, the Raman
spectrum of monolayer MoS, varies with the energy of the
excitation laser source [20]. Experimental results [20] indicate
that the resonances of all Raman bands in monolayer MoS;
coincide with the A and B excitonic transitions. Therefore, in
this study, we employed a 633-nm laser, closely matching the
energy level of the A exciton in MoS,, as the excitation light
source, serving as the resonance condition.

Under nonresonant excitation at 532 nm, the first-order
Raman signals observed in both the monolayer and bi-
layer MoS, samples are the in-plane phonon mode E,
(ML ~ 383.3cm™!, BL ~ 381.6 cm™') and the out-of-plane
phonon mode Ajy (ML ~ 402.6 cm™', BL ~ 406.5 cm™").
Conversely, the resonance Raman spectra of MoS, exhibits
additional Raman peaks, namely the b mode (~418 cm™')
and 2LA (~460 cm~!), which arise from the DRR process.
Increasing the number of layers in MoS, also leads to an
increase in the separation between the Ey, and Aj peaks.

As shown in Figs. 1(f) and 1(g), the peak separation for
monolayer MoS, is 19.3 cm™~!, while for bilayer MoS,, it
is 24 cm™!. The first-order of silicon Raman peak (Fa) in
both 532 nm and 633 nm excitations are located at 520 cm ™.
Both nonresonant and resonant Raman spectra have revealed
a strong correlation between the phonon features in MoS,
and the energy of the excitation light. Electrons excited by
different photon energies follow distinct transition pathways,
determining multiple possibilities for phonon energies [20].
By employing different polarized excitation and simultane-
ously analyzing the polarization states of the signal, we can
distinguish the degeneracy of the signal and unveil the physi-
cal characteristics hidden beneath exciton-phonon interaction.

We employed different energy levels of the light sources to
select nonresonant and resonant excitation conditions. By uti-
lizing the polarization properties of the scattered light (linear
and circular polarization), we conducted further analyses of
the phonon symmetry from the polarization-resolved Raman
spectra of MoS,. This approach allowed us to observe the
polarized behavior of Raman scattered light under different
excitation conditions. To effectively showcase a dependable
and consistent polarized Raman signal, a bilayer sample is
employed to vividly illustrate various scenarios of exciton-
phonon coupling strength. Figures 2(a) and 2(c) show the
orthogonal polarized Raman spectra for the Ey; and Ajg in
bilayer MoS,, and F,, in silicon under 532 nm and 633 nm
excitation conditions with vertical linearly polarized light.
The first symbol “V” indicates vertically polarized excitation,
and the second symbol “V/H” denotes the polarization di-
rection of the scattered light as either vertical or horizontal.
Figures 2(b) and 2(d) display the orthogonal polarized Raman
spectra under 532 nm and 633 nm excitation conditions with
circularly polarized light. The first symbol o represents left
circular polarized excitation, and the second symbol oy /o_
signifies the polarization direction of the scattered light as
either left or right circular polarization. Under nonresonant
vertical linearly polarized excitation, E, exhibits isotropic
characteristics [Fig. 2(a)] because of the presence of two
degenerate in-plane phonon modes (iTO and iLO) along two
orthogonal directions. As a result, the Raman scattered light,
when examined in terms of polarization, displays an isotropic
distribution in the polar plot, as shown in the first diagram
in Fig. 2(e). When a resonant excitation near the optical
bandgap of MoS, is used, the Raman scattered light from
Ey, becomes linearly polarized state in the same direction as
the excitation light [see the first diagram in Fig. 2(f)]. This
change is attributed to the efficient generation of excitons
under resonant excitation, leading to a modulate coupling
with LO phonons. In this condition, the intravalley scattering
process resulting from the FI governs the alteration in the
hidden phonon symmetry and is behind the change in the
polarization of Raman scattered light, causing the in-plane de-
generate phonons to a transition from the original symmetric
to asymmetric states. This phenomenon has been discussed in
the literature [21,22,28]. However, the Raman scattered light
of Ay mode remains in a linearly polarized state along the
same direction as incident light and is unaffected by FI. This is
a result of the weak coupling strength between phonons in the
out-of-plane direction and excitons/electrons in the in-plane
direction.
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FIG. 2. Polarization-resolved Raman spectra of bilayer MoS, excited by nonresonant (marked in green) and resonant (marked in red)
excitation. [(a), (b)] Nonresonant Raman spectra excited by linearly and circularly polarized light and detected by parallel (VV, o,0,)
and crossed (VH, o,0_) polarization. [(c), (d)] Resonant Raman spectra excited by linearly and circularly polarized light and detected by
parallel (VV, o0, ) and crossed (VH, o 0_) polarization. [(e)—(h)] Raman intensity polar plots of E», and A, in MoS,, and F,, in silicon
corresponding to (a)—(d). The solid curves in (e)—(h) represent the numerical fittings for the experimental results.

In addition to linearly polarized excitation, the use of
circularly polarized light with spin angular momentum as
the excitation source is advantageous for investigating the
phonon symmetry manifested in the polarization-resolved Ra-
man spectra. This approach allows for a more comprehensive
understanding of exciton-phonon coupling under the condi-
tion of angular momentum conservation. Under non-resonant
excitation conditions, using left circularly polarized light,
the degenerate E;;, phonon mode, due to material symme-
try and conservation of angular momentum, can absorb left
circularly polarized light and emit it with opposite angular
momentum, allowing us to measure right circularly polarized
Raman scattered light [Fig. 2(g)] [32-34]. However, under the
resonant excitation, the dominant FI because of modulated
exciton-phonon coupling leads to a change in the symmetry
of the Eo; phonon mode, causing Raman scattered light to
maintain a circular polarization state with the same helicity
as the excitation light [Fig. 2(h)]. However, the out-of-plane
A, phonon mode exhibits characteristic phonon features un-
der circularly polarized excitationconsistant with its structural
symmetries, and remains unaffected by variations in energy
excitation. In this analysis, we investigate the polarization
of Raman scattering in MoS, when excited by linearly and
circularly polarized light sources. Numerical calculation are
carried out using Raman tensors and Jones calculus based on
the computed Raman intensity formula [33,35],

Iocy 1e,(0) Ry - &, (1)

where R, is the Raman tensor with the number of phonon
modes n, é; and é4(0) are the unit vectors of polarized inci-
dent and scattered light, respectively. The Jones vector of the
incident and scattered light can be represented as

E, P
e =|E et 2)
0
and
é,(0) = (cosf sinf 0), 3)

where E,, E, and ¢., ¢, represent the amplitudes and phases
of the electric field along x and y directions, respectively. 6 is
the transmission angle of the polarizer displayed in Fig. 1(a).

The Raman tensors of the Eys, Ajg, and silicon (Fy,) are
shown in Table I. The FI provides the additional diagonal term
f parameter of the By, Raman tensor in MoS,, which does
not affect the A, mode [36]. Solid lines in Figs. 2(e)-2(h)
represent the numerical results, showing a strong agreement
with experimental data. Details of the computational parame-
ters can be found in Table S1 within the SM [29].

The polarized Raman spectra of monolayer MoS, are dis-
played in Fig. S2 within the SM [29], and shows a similar
trend to those of bilayer MoS, (see Fig. 2), indicating that
in the case of fewer layers, phonon symmetry is independent
of layers. Figure S2 within the SM [29] presents the results
of measurements conducted at 77 K under both nonresonant
and resonant excitations [29]. These results demonstrate that
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TABLE I. Raman tensors of MoS; and silicon for Eyg, Ajg, and Fy, [21,22,36-40].

MoS; (Ez) MoS; (Aj,) Silicon (in [0011) (Fa,)
0 0 d
d; 0 0 Ripy=1 0 0 O
Riity =0 —di 0 —-d, 0 0
0 0 0
a 0 O 0O 0 O
Raman Rl(,,zo) = 0 ag 0 RZ(FZgZ) =10 0 d2
tensors fod 0 0 0 b 0 d O
Ryiroy=|dv f O
o o0 f -d, 0 0
Rypyy=10 d O
0 0 0

the symmetry of the first-order Raman E,; and A;; phonon
modes remain unaffected with temperature variations. The
additional experimental data for the Raman peak positions
and the corresponding temperature-dependent Raman spectra
are shown in Fig. S3 within the SM [29]. These Raman peak
positions, along with the well-fitted linear data, indicate lattice
contraction as temperature decreases.

To gain a clearer understanding of the temperature-
dependent interaction between electrons and excitons in
first-order and second-order Raman scattering, a phenomeno-
logical mechanism of exciton-phonon coupling strength at
different laser excitations and temperatures is proposed. The
results for polarized Raman spectra, under nonresonant con-
ditions, indicate that when the excitation energy exceeds the
exciton energy, the strength of the exciton-phonon coupling
during the electron transition process is weak. The overall
potential energy of MoS; is predominantly governed by the
deformation potential (DP), as illustrated in the schematic
band diagram in Fig. 3(a). The DP in 2D materials, reflecting
the energy change of electronic states in response to atomic
displacements from lattice vibrations (phonons), significantly
influences electron-phonon coupling. This allows for further
investigation of the electron-phonon interaction in the Raman
tensors analyses [41-43]. Additionally, as shown in Fig 3(a),
when MoS; is illuminated with left circular polarized light,
the polarized scattered light of the Raman active E;, phonon
mode follows the symmetry of the MoS, lattice under the
influence of the DP, exhibiting helicity-exchanged possess
right circular polarization.

When MoS, material is subjected to resonant excitation,
the exciton-phonon coupling strength during the electron
transition process is stronger compared to the nonresonant
condition. Consequently, the DRR scattering phenomenon
arises, as illustrated in the band diagram (red dashed line)
shown in Fig. 3(b). In parallel, it triggers the generation of
phonons, specifically the b mode, resulting from the interac-
tion of two phonon modes within the K and K’ valleys of
the Brillouin zone [20]. In this context, the FI becomes the
dominant factor in determining the overall potential energy
of MoS;, leading to the helicity preserved of the E;, phonon
mode shown in Fig. 2. This reflects the close relation between
phonon symmetry and exciton-phonon coupling strength. Fur-
thermore, the scattered light of the b mode also exhibits
specific polarization characteristics, with the left circular po-
larization intensity greater than right circular polarization

intensity. As the 2LA mode consists of multiple phonons,
creating a complex configuration, we do not discuss the po-
larization characteristics of the scattered light in this paper.

As the temperature decreases, monolayer MoS, exhibits
higher valley polarization under resonant excitation. In Fig. 3,
the arrow colors representing excitons indicate left-handed
(blue) and right-handed (yellow) circularly polarized light,
while the number of arrows reflects the number of photons.
There is a trend of increasing degree of circular polarization of
excitons from 300 K to 77 K, which is more pronounced under
resonant excitation conditions. This implies that the electronic
transition pathway becomes more confined to precise energy
level, as illustrated by the strong exciton-phonon coupling
condition in Fig. 3(d). At low temperature, the dominance
of exciton-phonon coupling over electron-phonon coupling
becomes evident, especially when the exciton energy levels
closely align with the laser excitation energy. This alignment
leads to resonance enhancement and a heightened influence
of the FI across the system. Therefore, the strong exciton-
phonon coupling strength in monolayer MoS, subjected to
low-temperature resonant excitation is associated with the
level of valley polarization in excitons and the symmetry of b
mode. As depicted in Fig. 3(d), it elucidates the helicity trans-
formation mechanism in the circular polarization properties
of the b mode with the increase in exciton valley polarization
at reduced temperatures. In contrast, Fig. 3(c) depicts the
nonresonant excitation condition, where electrons are excited
to higher energy levels, resulting in lower valley polarization,
indicative of weak exciton-phonon coupling strength. There-
fore, at low temperature under nonresonant excitation, the
symmetry of the E, phonon mode remains consistent with
that at room temperature. Subsequently, we will investigate
the polarization characteristics of the DRR scattered light
as the temperature gradually decreases, concurrent with an
increasing FL.

Through the analysis of polarization-resolved Raman spec-
tra for monolayer and bilayer MoS, at various temperatures,
variations in the exciton-phonon coupling strength between
direct and indirect band gaps can be observed. Figure 4
shows the temperature-dependent polarized Raman spectra of
monolayer and bilayer MoS, under resonant excitation. When
circularly polarized light is used as the excitation and the tem-
perature is reduced from 300 K to 77 K, the polarization states
of most Raman active modes remain unchanged. However, an
exception is observed in the case of the b mode, which exhibits
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FIG. 3. Schematic band diagram illustrating exciton and phonon characteristics in MoS,, showcasing their variations with changing
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an opposing trend. Specifically, the b mode undergoes a tran-
sition from helicity-preserved to helicity-exchanged, as shown
in Figs. 4(a) and 4(b) (marked with the yellow bar). To clearly
illustrate the temperature-dependent Raman spectra, Figs. 4(c)
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and 4(d) demonstrate polarization-resolved mappings of bi-
layer MoS; at 300 K and 77 K. These maps provide a clear
visualization of the chirality transition of the b mode. We
further calculated the degree of circular polarization (DoCP)
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FIG. 4. Temperature-dependent polarized Raman spectra of (a) monolayer and (b) bilayer MoS, excited by circularly polarized resonant
excitation (633 nm). (c) Polarized Raman intensity mapping of bilayer MoS, measured at 300 K and (d) 77 K. The polarization angle (9)
represents the orientation of the polarizer placed in front of the spectrometer. (e) Degree of circular polarization (DoCP) values with linear fit

of b mode in monolayer MoS, and (f) bilayer MoS,.
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FIG. 5. (a) Temperature-dependent polarized PL spectra of monolayer MoS, excited by circularly polarized resonant light. The gray-
dashed line is a guide-to-the-eye curve for the blue-shifted peak position with decreasing temperature. The additional peak presence in PL
spectra around 707 nm is the peak of He-Ne laser in our system (Fig. S6 within the SM [29]). (b) Exciton peak positions with Varshni formula
fitting curve. (c) Degree of circular polarization (DoCP) values extracted from the exciton shown in (a).

of the Raman scattered light associated with the b mode at var-
ious temperatures for monolayer and bilayer MoS,, as shown
in Figs. 4(e) and 4(f). The DoCP is defined as ===
where a value of 1 represents pure helicity—prese;vé, while
value of —1 represents pure helicity-exchange. With decreas-
ing temperature from 300 K to 77 K, the chirality of the
b mode transitions from around 0.45 helicity-preserved to
gradually become around —0.15 helicity-exchanged corre-
sponding to the stronger exciton-phonon coupling phenomena
[Fig. 3(d)]. The transition temperatures for the b mode chi-
rality in monolayer and bilayer MoS, are approximately
150 K and 190 K, respectively. The b mode Raman intensity
polar plots extracted from polarized Raman intensity map-
ping results are shown in Fig. S4 within the SM [29]. At
300 K, the polarization state of the b mode in monolayer
and bilayer MoS; remains helicity-preserved, with respective
DoCP values of 0.71 and 0.43, displaying dumbbell-shaped
polar plots. Moreover, as the temperature decreases, the
DoCP values for monolayer and bilayer MoS, are —0.07
and —0.13, respectively, indicating helicity-exchanged polar-
ization states and circle-like shapes in the polar plots. We
additionally performed temperature-dependent polarized Ra-
man spectra on bulk MoS,, illustrated in Fig. S5 within the

SM [29]. In light of the indirect bandgap nature and the
absence of PL intensity in bulk MoS,, the exciton-phonon
coupling is very weak, resulting in unchanged chirality of the
b mode.

In the resonant condition where the excitation energy
approaches the MoS, bandgap, the permissible electron tran-
sition pathways become more constrained. This limitation
also imposes restrictions on the electron spin states, con-
sequently enhancing the degree of valley polarization. This
enhancement is manifested in the circular polarization of PL
emitted during electron-hole recombination. Under this con-
dition, polarized Raman spectra exhibit corresponding effects
attributed to the pronounced exciton-phonon coupling. Hence,
we conducted measurements of MoS, PL circular polariza-
tion across different temperatures to clarify its correlation
with temperature-dependent circularly polarized Raman spec-
tra. Figure 5 depicts the temperature-dependent polarized PL
spectra of monolayer MoS,. When left circular polarized light
is used as the excitation, the examination of the left and right
circular components of the PL signal reveals the degree of
valley polarization, as shown in Fig. 5(a), as the temperature
decreases from 300 K to 77 K. The exciton peak at 685 nm sig-
nifies the optical band gap (~1.81 eV) at K point in monolayer
MoS;. The peak position exhibits a blue-shift phenomenon as
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the temperature decreases. Additionally, when the tempera-
ture drops to around 100 K, a localized exciton peak emerges
at 745 nm, which is out of the scope of discussion in this paper.
Figures 5(b) and 5(c) present the results of the energy gap
extracted from the PL peak position and the DoCP variation
with temperature. In semiconductors, the variation of optical
band gap in PL peak as a function of the temperature (7') can
be fitted by the Varshni equation,

BT = By — 2L @

¢ T +p)

where E,(T) represents the energy gap for direct band gap,
Ey is the energy gap at O K, and « and § are the constant
values denoting the entropy as T approaches infinity and
Debye temperature, respectively [44,45]. We have employed
the Varshni equation to fit the peak position shifting with
temperature, yielding good results as indicated by the solid
line in Fig. 5(b). The valley polarization of monolayer MoS;
increases as the temperature decreases, with the DoCP rising
from 0.1 at 300 K to 0.45 at 77 K. MoS, exhibits heightened
valley polarization under resonant excitation, indicating a
more confined electronic transition pathway at precise energy
levels, correlating to the chirality transition of the b mode. The
experimental results demonstrate that temperature variations
affect the phonon symmetry of the b mode in both mono-
layer and bilayer MoS,, while also influencing the degree
of valley polarization detected by polarization-resolved PL
measurement. When considering bulk MoS, with an indirect
band gap and without PL, the symmetry of the b mode is
relatively less affected by temperature. These findings lead to
the conclusion that the strength of exciton-phonon coupling in
MoS, depends on its band structure and temperature, as well
as its b mode symmetry, showing a strong correlation with
valley polarization. The consistency of experimental results
further validates the proposed mechanism in Fig. 3.

IV. CONCLUSIONS

In summary, this study systematically investigated the re-
lation between phonon symmetry, exciton-phonon coupling,
and valley polarization in MoS, under various temperature
conditions and excitations. Through the use of nonresonant
and resonant excitations, as well as the polarization properties
of light, the results clarify the influence of exciton-phonon
coupling strength on Raman scattered light polarization.
Specifically, in the in-plane Ej; mode, distinct Raman
scattered light polarization characteristics are exhibited, in-
fluenced by the DP and the FI, respectively. Furthermore, an
increase in valley polarization at lower temperatures, along
with the helicity transition in the DRR b mode, under-
scores the significance of strong exciton-phonon coupling. By
employing polarization analysis of light, these unique exciton-
phonon coupling phenomena are elucidated. This research
significantly advances our understanding of the optoelectronic
properties of MoS, and provides valuable insights for appli-
cations in the field of 2D semiconductor materials.
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