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1 | INTRODUCTION

Transition metal dichalcogenides (TMDCs) are promising
and photoelectric
The unique structure and properties of

materials for future

devices.'™!
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Abstract

When excited by circularly polarized light, the Raman scattered light may have
the same or opposite helicity as the incident light determined by the helicity
selection rule. For two-dimensional (2D) transition metal dichalcogonides
(TMDCs), the helicity selection rule can be broken down due to the strong
Frohlich exciton—phonon interaction. However, how the helicity selection rule
changes with excitation energy has not been reported yet. Here, we study the
helicity-resolved Raman scattering of layered WS, excited by circularly
polarized light for excitations off-excitonic resonance and near resonance to
different excitons. We find that for off-resonance excitation, the helicity of E;g
mode of WS, obeys the helicity selection rule determined by the symmetry of
crystal structure and vibration modes. When excited near resonance to the B
exciton, the breakdown of the helicity selection rule is observed, which is
attributed to the appearance of nonzero diagonal elements of the Raman
tensor resulted from the Frohlich exciton-phonon interaction. The layer
number dependence of the helicity polarization ratio of the Eég mode shows
that the proportion of helicity-conserved component decreases with the
increase of layer number. When the excitation energy is near resonance to
the A exciton, the different helicity polarization ratio is found and remains
unchanged with increasing layer number, which may be attributed to the dif-
ferent coupling strengths of exciton-phonon interactions.

KEYWORDS

excitonic resonance, exciton-phonon coupling, helicity, Raman scattering, WS,

identify the lattice orientation of two-dimensional
(2D) crystals.® 1 Recently, helicity-resolved Raman
spectroscopy (HRRS) has been developed to analyze the
symmetry of first-order Raman modes in TMDCs.!'!
When excited by circularly polarized light, the first-order

TMDCs have been widely studied by many characteriza-
tion methods, among which Raman spectroscopy is
advantageous for its in-situ, rapid and nondestructive
characteristics.!*7! Polarized Raman spectroscopy (PRS)
can reveal the symmetry of crystal lattice. For example,
angle-resolved linearly PRS has been widely used to

Raman modes can also be circularly polarized, and
the helicity of Raman scattered light can be the same
(helicity-conserved) or opposite (helicity-changed) to
the incident light.

The helicity of Raman scattered light is determined
by the symmetry of crystal and vibration modes, thus the
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helicity selection rule of first-order Raman modes can be
deduced from the Raman tensor. Besides, the conversa-
tion law of pseudo-angular momentum (PAM) during
the photon-electron and electron-phonon interactions in
the Raman scattering process can also be used to analyze
the helicity of Raman scattered light.!"?! The conversation
law of PAM in the Raman scattering process can be
expressed by 6,—0; = Np; —mE" + Nyp,, where ¢; and o
are the helicities of incident and scattered light, m{jh is
the PAM of phonon, N and Ny are the rotational symme-
tries of crystal structure and the vibration mode, p; and
p» are arbitrary integers, respectively. From the equation
above, the helicity of Raman scattered light is mainly
related to the symmetries of crystal structures and
vibration modes, and the PAM of the phonon involved in
the Raman scattering. As reported previously, for hexago-
nal crystals, the degenerate phonons at I' point are
chiral,"*! and the PAM of the phonon is +# or —#. Fur-
thermore, the helicity selection rule can also be related to
the excitation energy, that is, on- or off-excitonic reso-
nance excitations.***!

WS, is an important member of TMDCs and has
attracted much attention for its distinctive photoemission
and excitonic properties.lm] There are two first-order
Raman active modes of WS, for the back-scattering con-
figuration, that is, the Eég mode and the A;; mode. The
former represents the in-plane vibration of W and S
atoms, and the later originates from the out-of-plane
vibration of S atoms.!'”! There are two main excitons in
WS,, namely, A exciton and B exciton, which originate
from the splitting of the valence band due to the strong
spin-orbit coupling.!"®! The energy splitting in WS, is rel-
atively large as ~0.4 eV,!"®2% 5o that the A and B exitons
do not interfere for all excitation energies, making it an
ideal prototype to study the Raman helicity selection rule
for different excitation conditions. In this work, we
explore the helicity selection rule in WS, using different
excitation energies: 2.54 eV (off-excitonic resonance),
241 and 2.33 eV (near resonance to B exciton), and
1.96 eV (near-resonance to A exciton). We find that for
off-resonance excitation, the Eég mode is helicity-changed
and the A;; mode is helicity-conserved, corresponding to
the helicity selection rule deduced from the Raman ten-
sor or the conservation law of PAM. However, for near-
excitonic resonance excitation, we find that the Eég mode
is no longer helicity-changed and the helicity-selection
rule breaks down, which is consistent with the reported
results for MoS,.*!52! This is attributed to the much
enhanced Frohlich interaction for the near-excitonic res-
onance excitation, leading to the nonzero diagonal
Raman tensor elements for the LO phonon.?!72*! Besides,
we find that this phenomenon exists not only for mono-
layer WS, but also for multilayer WS,. We further

measure the helicity-resolved Raman spectra of WS, with
different layer numbers for excitation near-resonance to
B exciton and find that the polarization ratio of the Eég
mode decreases with the increase of layer number, which
is due to the increased dielectric screening effect on the
exciton. Besides, when changing the excitation energy to
be near resonance to A exciton, the polarization ratio of
the Eég mode is different, and the layer number depen-
dence is not obvious, which may be attributed to the dif-
ference in the strength of exciton-phonon coupling.

2 | MATERIALS AND METHODS
2.1 | Preparation of layered WS,

Layered WS, is obtained by mechanical exfoliation onto
a 300-nm SiO,/Si substrate with the assistance of Scotch
tape. Then, the WS, flakes with different layers are
selected using optical microscope (OM, Olympus, BX51).
Due to the difference in the reflection contrast, WS,
flakes with different thicknesses exhibit different colors
under OM. The thicknesses are characterized by atomic
force microscope (AFM, Bruker, Dimension Icon).

2.2 | Raman and PL spectroscopy

The photoluminescence (PL) spectroscopy is performed
on a confocal Raman microscopy (WITec Alpha300 R)
equipped with an Argon ion laser operating at
488 nm. Raman spectra for 488-nm excitation are also
measured using the same equipment. Raman scattering
measurements using laser energies of 1.96, 2.33, and
2.41 eV are performed using a confocal Raman spec-
troscope (JY Horiba HR800) in the back-scattering con-
figuration. The incident lasers are focused on the
sample by a 100 x objective lens (NA = 0.9), and the
laser power is kept below 0.5 mW to avoid damage to
materials.

The helicity-resolved Raman spectra are measured by
exciting the samples with circularly polarized light and
collecting the Raman scattered light of specific helicity.
Figure 1 shows the schematic of the optical setup in our
experiments. The incident laser is a left- (c+) or right-
(0—) circularly polarized light that is generated by the
linear polarizer I and a quarter-wave plate, and the
Raman scattered light passes through the same quarter-
wave plate and the linear polarizer II to be detected by
the spectrometer. In our experiments, we fix the helicity
of incident light (6+) and select the helicity of Raman
scattered light to be the same (¢ + o+) or opposite
(6 + o-) to the incident light. If the Raman intensity for
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FIGURE 1 Schematic of the optical setup laser

for helicity-resolved Raman spectroscopy

7 polarizer I

objective

sample

the 6 + o + configuration is zero and that for the ¢ + o—
configuration is nonzero, it is called helicity-changed.
Conversely, it is called helicity-conserved.

3 | RESULTS AND DISCUSSION

3.1 | The off-excitonic resonant HRRS of
monolayer WS,

Figure 2a shows the optical image of mechanically exfoli-
ated monolayer WS, on 300-nm SiO,/Si substrate, and
the AFM image in Figure 2b shows that the thickness of
the WS, flake is 1.5 nm, a bit larger than the thickness of
monolayer WS, reported previously,!**! which may be
attributed to the larger space between the flake and the
substrate. The measurement of PL spectrum further con-
firms the monolayer WS, because there is a strong emis-
sion peak corresponding to the direct bandgap transition,
and there is no peak from indirect bandgap transition,
which is a typical feature for bilayer or multilayer
WS,.["1 As shown in Figure 2c, there are two emission
peaks in the spectral range from 488 to 750 nm, which
correspond to the A exciton (~635 nm, 1.95 eV) and the
B exciton (~527 nm, 2.35 eV), respectively.

We then measured the off-excitonic resonant HRRS
of monolayer WS, by the excitation energy E; = 2.54 eV
(wavelength of 488 nm). As shown in Figure 2d, the Eég
mode is helicity-changed, and the A;; mode is helicity-
conserved. This result is consistent with the helicity selec-
tion rule deduced by the Raman tensor calculation. The
Raman intensity can be calculated by I« ’(5: ‘R-0j 2,
where R is the Raman tensor and o; and o, are the
helicities of the incident and the Raman scattered light,
respectively. The E%g mode is a doubly degenerate mode
of iLO and iTO phonons, and the A;, mode is from the
ZO phonon at I point.['*! The Raman tensors for E}, and
A, modes arel®

or
BS
A/4 plate polarizer I spectrometer
or |
d 0 0 0do ao0o
E}: |0 —d 0], [do0oO][;Alg:[{0a 0
0 0 O 000 00D

The left- and right-circularly polarized light can be
represented by Jones vectors. For left-circularly polarized

1
light, 6 + = % i |. For right-circularly polarized light,
0
1
c—= Jii —i | . The calculation results for monolayer
0

and bilayer WS, are listed in Table S1.

3.2 | The near-excitonic resonant HRRS of
monolayer WS,

In the resonant Raman spectrum of WS, excited by
2.41 eV laser, there are several second-order Raman
peaks, as shown in Figure 3a. In order to extract the
intensities of the E%g and A, modes, these peaks are
fitted by Lorentz line shapes, and the peak positions and
the assignments are listed in Table S2. The HRRS of
monolayer WS, is measured using the excitation energy
E;, = 2.41 eV and 2.33 eV, which are both near-resonant
to B exciton. As shown in Figure 3b,c, the A;; mode is
helicity-conserved, which is consistent with the result for
off-resonance excitation. However, for the Eég mode, the
intensities for the ¢ + ¢ + and ¢ + o— configurations are
both nonzero. Thus, the helicity selection rule for E;g
mode under near-excitonic resonance excitation is differ-
ent from the off-resonance condition. The breakdown of
helicity selection rule for resonant Raman scattering has
been reported in MoS,,!"*'*! which originates from the
Frohlich electron-phonon coupling.?!! The Fréhlich
interaction is generated by the LO phonon in polar or
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(a) The optical image of mechanically exfoliated monolayer WS,. (b) The thickness of monolayer WS, (~1.5 nm) measured

by atomic force microscope (AFM). (c) Photoluminescence (PL) spectrum of monolayer WS,, excited by E; = 2.54 eV (488 nm) laser. The peak
at 635 nm (1.95 eV) corresponds to the A exciton. Inset is an enlarged view of the B exciton at 527 nm (2.35 eV), corresponding to the peak
position indicated by the red arrow. (d) Helicity-resolved Raman spectra of monolayer WS, excited by Ey, = 2.54 eV laser, which show that the
Eig mode is helicity-changed and the A;; mode is helicity-conserved. Inset shows the atomic vibrations of the two first-order Raman modes

ionic crystals.?®! The strength of Fréhlich interaction is
much enhanced on resonance to the excitonic energy
level and induces the nonzero diagonal Raman tensor
elements for Ej, mode,”*?*! thus results in the nonzero
intensity for 6 + ¢ + configuration. The form of Raman
tensor for Eég mode changed by the Frohlich interaction
and the derivation process of the helicity selection rule
are shown in Note S1. The similar phenomena for WS, in
this work reflect that the Frohlich exciton-phonon inter-
action can also be prominent in WS,. In order to compare
the relative proportion of the Raman intensities for
6 + ¢ + and ¢ + o— configurations, we define the polari-
zation ratio as

_ I<7+c5+ _Ic+c—

Ic+c+ +Ic+c— ’

which is related to the strength of Frohlich interaction.
The polarization ratio for E; = 2.41 and 2.33 eV is calcu-
lated to be 0.51 and 0.17, respectively.

In order to confirm the influence of exciton-LO pho-
non coupling on the polarization selection rule, we fur-
ther measured the linearly polarized Raman spectra of
WS, for near-excitonic resonance excitation by
Ep, = 2.33 eV, and the optical setup is shown in Figure S1
and the experimental results are shown in Figure S3. The
intensities of E%g mode in XX and XY configurations are
equal for off-resonant excitation, whereas they are differ-
ent for resonant excitation. The linear polarization selec-
tion rules of Eég mode for off-resonant and resonant
excitations are shown in Note S2. The results above indi-
cate that when considering the Raman polarization selec-
tion rule in polar or ionic 2D crystals such as TMDCs, the
Frohlich interaction should not be neglected.
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(a) The resonant Raman spectrum of monolayer WS,, excited by E;, = 2.41 eV laser. All the peaks are fitted by Lorentz line

shapes. (b and c) The helicity-resolved Raman spectra (HRRS) of monolayer WS,, the excitation energy is (b) 2.41 and (c) 2.33 eV. (d) The
HRRS of bilayer WS,, excited by E, = 1.96 eV. All the peaks are fitted by Lorentz line shapes

We also measured the HRRS near resonance to the A
exciton by E;, = 1.96 eV. Because of the strong PL back-
ground in the Raman spectra for monolayer WS,, we
select the bilayer WS, flake for the HRRS, and the optical
and AFM images are shown in Figure S2. As shown in
Figure 3d, the Eég mode also appears for the 6 + ¢ +
configuration, and the intensity of helicity-changed
component is rather weak compared with the helicity-
conserved component. The polarization ratio is
calculated to be 0.8, which indicates that the strength of
Frohlich interaction is large.

3.3 | The layer number dependence of
HRRS for WS,

The helicity selection rule of Eég mode in resonant HRRS
is also valid for multilayer WS,. We measure the HRRS
of WS, with different layers with the excitation energy
E; = 2.41 and 1.96 eV that are near resonance to B and A
excitons, as shown in Figure 4a,b, respectively. The WS,

flakes used in the experiments are shown in Figure S2.
For WS, with different layers, the variation of the peak
positions of A and B excitons is slight,?® thus the
excitation laser energies E; = 2.41 and 1.96 eV are still
near resonance to the excitons.

As shown in Figure 4c, for E; = 2.41 eV, with the
increase of layer number, the polarization ratio of A,
mode remains at ~1, which means that the A;; mode
remains helicity-conserved. Whereas the Eig mode exists
for both 6 + 6 + and ¢ + o— configurations for WS, with
different layer numbers, which reflects that the Frohlich
exciton-phonon interaction is also prominent in multi-
layer WS,. It is worth noting that the polarization ratio of
Eég mode decreases with the increase of layer number.
This can be explained by the increase of dielectric screen-
ing effect on the excitons with the increase of layer
number.!?’-> Besides, we also measured the dependence
of linearly polarized Raman spectra of WS, on the layer
number for the resonant excitation (E; = 2.33 eV), as
shown in Figure S3. The polarization ratio of Eég mode
decreases with the increase of layer number, as shown in
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FIGURE 4 (aand b) The helicity-resolved Raman spectra for WS, with different layer numbers, excited by (a) Ep, = 2.41 eV and

(b) EL = 1.96 eV laser. (c and d) The polarization ratios for Eég mode and A;; mode, corresponding to (c) Ep = 2.41 eV and (d) E, = 1.96 eV

excitation

Figure S4, which is consistent with the evolution of the
helicity polarization ratio.

For E; = 1.96 eV, the polarization ratio of Eig mode
for multilayer WS, is higher than that for E; = 2.41 eV,
and the layer number dependence is not obvious. This
may originate from the different strengths of Frohlich
exciton—-phonon interaction when the excitation energy
is near resonance to different exciton energy levels.!2%:3!
The transition matrix elements can be different for differ-
ent exciton states, leading to various exciton—-phonon
interactions. Besides, it has been reported that the change
of layer number of WS, has an obvious influence on the
energy of 2s exciton whereas the 1s exciton remains rela-
tively unchanged.!®"! Thus for different excitonic states,
the dielectric screening effect on the exciton transition
energy can be different, which may lead to the weaker
dependence of polarization ratio on the layer number for
1.96-eV excitation.

4 | CONCLUSIONS

The HRRS can be used to identify the symmetry of crystal
structure and vibration modes. However, the helicity
selection rule can be affected by the exciton-phonon
interaction and can be broken down for on-excitonic

resonance excitations. In the present work, we measured
the HRRS of layered WS, with the excitation energy off-
and near-resonance to the excitonic energy levels. We
find that the Eég mode disobeys the helicity selection rule
determined by the classic symmetry analysis for the reso-
nant excitation and should consider the diagonal Raman
tensor elements of the LO phonon induced by the
Frohlich exciton-phonon interaction. These results indi-
cate that the exciton plays an important role in the reso-
nance Raman spectroscopy, which not only affects the
intensity of Raman peaks but also may change the
Raman selection rule. We further measure the HRRS of
WS, flakes with different layer numbers and find that the
polarization ratio of Eég mode decreases with the increase
of layer number because the dielectric screening effect on
the excitons becomes stronger for multilayer WS,.
Besides, the polarization ratio of Eég mode shows differ-
ence when the excitation energy is near resonance to A
exciton, which reflects that the strength of exciton-
phonon coupling varies for different excitons, and the
exciton type would also affect the helicity of Raman
scattered light. This work could give a better understand-
ing on the role of different electron-phonon and exciton-
phonon couplings in Raman spectroscopy and indicate
that HRRS could be used to study the excitonic effects in
Raman scattering.
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