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ABSTRACT: The modulation of exciton—phonon coupling by strain greatly affects the optical and optoelectronic properties of
two-dimensional (2D) materials. Although photoluminescence and optical absorption spectra have been used to characterize the
overall change of exciton—phonon coupling under strain, there has been no effective method to distinguish the evolution of the
major contributions of exciton—phonon coupling, that is, deformation potential (DP) and Frohlich interaction (FI). Here we report
the direct monitoring of the evolution of DP and FI under strain in layered MoS, using circularly polarized Raman spectroscopy. We
found that the relative proportions of DP and FI can be well evaluated by the circular polarization ratio of the E;, mode for strained
MoS,. Further, we demonstrated that the strain control of DP and FI in MoS, is dominated by the excitonic effect. Our method can
be extended to other 2D semiconductors and would be helpful for manipulating exciton—phonon couplings by strain.

wo-dimensional (2D) materials have shown vast potential
in electrical and optical devices, and great efforts have
been made to modify the physical properties of 2D materials in
order to improve the performance. Strain engineering has been
proven to be an effective approach to tune the electronic band

investigation of the DP and FI exciton—phonon coupling
under strain is important for understanding the modulation of
electrical and optical properties of 2D materials.

PL and optical absorption spectra have been used to explore
the exciton—phonon coupling in strained transition metal

structure, carrier mobility, and optical emission of 2D
materials.' > For example, the tensile strain induced enhance-
ment of carrier mobility in monolayer MoS, has been reported
both theoretically and experimentally."® The electron (or
exciton)-phonon coupling is one of the major factors that
affect the carrier mobility,” which is also involved in various
physical processes, such as optical absorption and photo-
luminescence (PL),'°™"* valley scattering, *~'® and thermal
transport.'” "> There are mainly two forms of electron/
exciton—phonon couplings for polar semiconducting 2D
materials, that is, the deformation potential (DP)*' and the
Fréhlich interaction (FI).** DP is a common form of electron/
exciton—phonon coupling in materials, which comes from the
crystal potential induced by the distortion of lattice, while the
FI is generated by the longitudinal optical (LO) phonon of
polar or ionic crystals, in which the relative motion of atoms
with opposite charges can form a macroscopic electric field.
The DP and FI can play different roles during their
involvement in the above physical processes.””** And the
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dichalcogenides (TMDCs) by assuming that the line width of
exciton transition is governed by exciton—phonon coupling at
room temperature.'’"'**> Moreover, by fitting the temper-
ature-dependent line width of exciton emission, the coupling
strength of exciton and phonon can be extracted.”*~** Besides,
the strength of exciton-LO phonon coupling can be
quantitatively expressed by the Huang—Rays factor which is
extracted from the intensity ratio of the second-order to the
first-order phonon replica of the phonon-assisted lumines-
cence.”””” Layered MoS, is a 2D semiconductor with a large
exciton binding energy’’ and has been a prototype for
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Figure 1. The Raman and PL spectra of monolayer MoS, under strain. (a) Optical image of the mechanically exfoliated monolayer MoS, flake on
the PET substrate. Insets are the AFM image and the height profile of the MoS, flake. (b) The schematic diagram of the application of uniaxial
tensile strain on the PET substrate and the Mo$, flake. (c, d) The Raman (c) and PL spectra (d) of monolayer MoS, excited by a 532 nm (2.33
€V) laser with the increase of strain. (e) The variation of photon energy (inset) and full width at half-maximum (fwhm) of the A exciton emission
peak as a function of strain. (f) Schematic diagram of the intravalley (e—p(k_x)) and intervalley (e—p(k_r)) exciton—phonon couplings in

unstrained and strained monolayer MoS,.

exploring the strain control of exciton—phonon interaction™

owing to its prominent excitonic effects’*” and favorable
strain responses.”> >> However, although a series of studies
have been reported on the strain engineering of layered MoS,,
the evolution of DP and FI exciton—phonon couplings under
strain has not been explored yet.

Herein, we report the monitoring of different exciton—
phonon couplings as a function of strain in layered MoS, using
Raman spectroscopy excited by circularly polarized light. For
the helicity-resolved Raman spectra (HRRS) of MoS,,”**” the
intensities of the helicity-changed and helicity-conserved
components of the Eig mode are determined by the DP and
the FI, respectively. Uniaxial tensile strain was applied to
mechanically exfoliated monolayer and bilayer MoS,, and the
helicity of Raman scattered light for the degenerate
longitudinal (LO) and transverse (TO) optical phonon
modes (Ej, mode) was measured. We first explored the
helicity selection rule of strained MoS, for off- and on-
excitonic resonance excitation, and then we demonstrated that
the proportion of the DP and FI can be extracted from the
ratio of helicity-changed to helicity-conserved components of
the E%g mode both for the unstrained and strained MoS,. We
found that the variation of the proportion of the DP and FI
with strain is dominated by the excitonic resonance effect, and
the FI is more sensitive to strain due to the excitonic effect
compared with the DP.

Monolayer MoS, was mechanically exfoliated onto the
flexible polyethylene terephthalate (PET) substrate, and the
thickness of the MoS, flake characterized by atomic force
microscope (AFM) is ~1 nm, as shown in Figure la. The
uniaxial tensile strain is applied by stretching the PET substrate
(Figure 1b), as has been widely used in the literature.”**” The
strain can be calculated according to the deformation of the
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PET substrate. It should be noted that although the effective
strain applied to MoS, is typically slightly smaller than that to
the PET, we still use the apparent experimental strain in this
work since the strain transfer efficiency from PET to MoS, is
expected to be more than 90%, which is related to the Young’s
modulus of PET (>1 GPa).*>*!

The Raman spectra of MoS, excited by 532 nm laser (2.33
eV) with the increase of strain are shown in Figure lc. There
are two first-order Raman active modes in backscattering
configuration for MoS,, that is, the in-plane Eég mode (E’
mode for monolayer) and the out-of-plane A;, mode (A’
mode for monolayer).*” The degenerate E%g mode can be split
into two Raman modes by applying strain, the E%g mode (E'~
mode for monolayer) with a lower frequency and the Eég mode
(E"* mode for monolayer) with a higher frequency.” In-plane
tensile strain induces elongation of the lattice along the strain
direction, leading to the redshift of E'* and E'~ modes for
monolayer MoS,, whereas the frequency change of the A/’
mode is not obvious (Figure S1) because the in-plane strain
has a relatively small influence on the out-of-plane vibration.

The A exciton and B exciton have an energy difference of
~148 meV originating from the splitting of valence band
caused by strong spin—orbit coupling.”* Figure 1d shows the
shift of the PL emission peak corresponding to A exciton with
the increase of strain. When the uniaxial strain is applied, the
conduction band at K point of Brillouin zone lowers,*
resulting in the decrease of the band gap and the redshift of the
A exciton peak, as shown in the inset of Figure le. Besides, the
valence band at I' point increases with the increase of strain,
and the direct bandgap can change to an indirect one, leading
to the appearance of an indirect transition peak (I).** The
variation of the electronic band structure for monolayer MoS,
under strain is calculated and shown in Figure S2.

https://doi.org/10.1021/acs jpclett.1c03481
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Figure 2. HRRS of monolayer MoS, for off- and on-excitonic resonance excitation. (a) The optical setup for HRRS. (b, c¢) The HRRS of
monolayer MoS, excited by 2.33 eV (b) and 1.96 eV (c) lasers. The fitting and assignment of resonant Raman peaks in (c) are shown in Figure S4.
(d, e) The polar plots of the intensities of E’ and A" modes versus the rotation angle of the detected polarizer for the 2.33 eV (d) and 1.96 eV (e)
laser excitation.
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Figure 3. HRRS of strained MoS,. (a, b) Schematic diagrams of the normal vibrations for the E’ mode of MoS, without strain (a) and for the E'~
and E"* modes of strained MoS, (b). The inset of (b) shows the coordinate system for the crystal lattice and the direction of strain (¢). (c, d)
HRRS of monolayer MoS, under 2% strain for the off-excitonic resonance excitation (2.33 eV) (c) and on-excitonic resonance excitation (1.96 eV)
(d). (e, f) The polar plots of Raman intensities of E'~ and E'* modes as a function of detected polarization angle for off-excitonic resonance
excitation (2.33 €V) (e) and on-excitonic resonance excitation (1.96 eV) (f).

Figure le shows the increasing line width of the A exciton peak can reflect the evolution of exciton—phonon coupling
emission peak as a function of strain. At room temperature, the under strain.”> The broadening of the A exciton peak indicates
broadening of exciton emission is mainly due to the exciton— the enhanced exciton—phonon coupling. Both intravalley and
phonon coupling in MoS, under excitation of a 532 nm laser, intervalley scattering contribute to the total exciton—phonon
and thus the variation of the line width of exciton emission coupling. The increase of exciton—phonon coupling in strained
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MoS, can be explained by the enhancement of intervalley
phonon scattering (e—p(x_r) induced by the decreased band
energy difference between K and I' points, as schematically
shown in Figure 1f. The enhancement of intervalley phonon
scattering can also be evidenced by the decrease of valley
polarization with increasing strain (Figure S3).

The HRRS is obtained by exciting the sample using
circularly polarized light and collecting the Raman scattered
light with the same (o+0+) or opposite (6+6—) helicity as the
incident light. The optical setup is shown in Figure 2a. For
MoS,, the E’ mode is helicity-changed, and the A;" mode is
helicity-conserved for the off-excitonic resonance excitation
(E, = 2.33 eV), as shown in Figure 2b. The polar plot in Figure
2d shows the variation of Raman intensities of E' and A;’
modes versus the detected polarization angle, which implies
that the Raman scattered light for both modes are circularly
polarized, whereas they have opposite helicities. However, the
helicity selection rule of E’ mode changes when excited
resonantly to the excitonic transition energies (E; = 1.96 eV).
Although the A;” mode is still helicity-conserved, the E" mode
shows both helicity-conserved and helicity-changed compo-
nents. Moreover, the helicity-conserved intensity is much
larger than the helicity-changed intensity in monolayer MoS,
(Figure 2c). It is seen from Figure 2e that the polarization state
of the E’ mode is rotated by 90° compared with that in Figure
2d, which indicates that the E' mode tends to have the same
helicity as the A;" mode. The change of helicity selection rule
for on-excitonic resonance excitation can be attributed to the
variation of dominant exciton—phonon coufling, which has
been reported previously in semiconductors.**’

The E’ mode of MoS, is a doubly degenerate Raman mode
of the LO and TO phonons. The different helicity selection
rules of the E’ mode for the off- and on-excitonic resonance
excitations are related to the relative contributions of the DP
and FI, which determine the intensities of the helicity-changed
and helicity-conserved components, respectively (Note S1).
For off-excitonic resonance excitation, DP is the dominant
exciton—phonon coupling, and thus the helicity of the E’ mode
is mainly changed, whereas for the on-excitonic resonance
excitation the FI can be enhanced dramatically, resulting in the
increased helicity-conserved Raman intensity. It is clear that
the HRRS provides a method to separate the DP and FI and to
explore the evolution of the proportion of the DP and FI under
strain.

Figure 3a shows the normal vibrations of the degenerate LO
and TO phonons for the E' mode of primitive MoS,. And
Figure 3b shows the atomic vibrations of E'~ and E"* modes
for strained MoS,, which are parallel and perpendicular to the
strain direction (&), respectively. Figure 3¢ presents the HRRS
of the E'~ and E’* modes of strained MoS, for off-excitonic
resonance excitation (2.33 eV), and both E’~ and E’* modes
are helicity-changed. The polar plot with rotating the detected
polarization angle is shown in Figure 3e, which confirms that
the polarization states of both E'~ and E'* modes are circularly
polarized, and the helicity is opposite to the incident light. It
has been reported that when the strained MoS, is excited by
linearly polarized light, both E’~ and E’* modes are linearly
polarized, and their polarization states are orthogonal.”®**
From Figure 3ce, it is seen that, when excited by circularly
polarized light, the E'~ and E’" modes of MoS, have the same
helicity. For on-excitonic resonance excitation (1.96 eV), as
shown in Figure 3d, the helicity-conserved components of both
E'~ and E’* modes dominate over the helicity-changed

components. This is evidenced by the polar plot in Figure
3f, which shows the polarization states of these two modes are
rotated by 90° compared with that in Figure 3e. The change of
polarization states of both E'~ and E’* modes when excited
resonantly to the excitonic states can also be attributed to the
enhancement of the FI, as discussed previously.

The circularly polarized Raman intensity can be calculated
by I « lo.-R-6*, where R is Raman tensor, ¢, and o, are the
Jones vectors of incident and Raman scattered light. In the
coordinate system as shown in Figure 3b, we set the zigzag and
armchair direction of MoS, as the x and y axis. And the normal
vibrations of LO and TO phonons for E’ mode are along the x
and y axis, respectively. The FI induces diagonal components
of the Raman tensor elements for the LO phonon,”™>' and
thus the Raman tensors of LO phonon and TO phonon for E’
mode can be expressed by

P EA _[do]
Lo_df, TO_O—d (1)

where d and f are the Raman tensor elements related to the DP
and the FI, respectively. When the strain is applied along the
direction of € as shown in Figure 3b, the Raman tensors for the
E'~ and E’* modes can be expressed by the linear combination
of Ry and Ryo*%°?

Rg-=v.Rio + v, Rpg (2)
+ +
Ry+=v,R o+ vy Ro (3)

where v~ = (glons g ) and vt = (C_(f;rlee) are the unit vectors

along the vibration directions of E’'~ and E’* modes,
respectively. 6 is the angle between € and the x axis.

Then the Raman intensities of helicity-conserved and
helicity-changed components for E'~ and E’* modes under
strain are calculated to be (see details in Note S2)

157" o« f* cos® 0, 191 « d° (4)
195" « f*sin 2 0, I91° « d* (s)

Thus, the helicity-conserved and helicity-changed intensities
of both E'~ and E'* modes are only related to the FI and DP,
respectively. For off-excitonic resonance excitation, the DP is
much larger than the FI, and thus both E'~ and E'* modes are
helicity-changed, whereas for on-excitonic resonance excita-
tion, the FI is dramatically enhanced, and the helicity-
conserved components of both E'~ and E’* modes can be
larger than the helicity-changed components. Besides, the sum
of the Raman intensities of E'~ and E’* modes in the o+o+ or
o+6— configurations are found to be 177" « f%, I%7 o 2d%,
which are equivalent to the expressions of I,,, and I,,_ for
the E’ mode of unstrained MoS, as shown in Note SI.

Considering that the intensity of helicity-changed compo-
nent determined by DP is too weak to be detected in both
unstrained and strained monolayer MoS,, we use bilayer MoS,
here to explore the evolution of DP and FI as a function of
strain. The FI in bilayer MoS, is reduced compared with
monolayer MoS, due to the dielectric screening effect.”” The
Raman and PL spectra of bilayer MoS, exhibit similar
responses to strain as monolayer MoS,, and the exciton—
phonon coupling in bilayer MoS, is also enhanced under
strain, as shown in Figure S5 and Figure S6. Besides, the

https://doi.org/10.1021/acs jpclett.1c03481
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Figure 4. The variation of the FI and DP with the increase of strain. (a) The Raman spectra of bilayer MoS, as a function of strain, excited by a
1.96 eV laser. (b) HRRS of bilayer MoS, with 0%, 0.5%, and 2% strain, excited by a 1.96 eV laser. (c) The integral intensity of the Aj; mode as a
function of strain. (d) The proportions of helicity-conserved and helicity-changed Raman intensities of the E}, mode as a function of strain, which
represent the proportion of the FI and DP, respectively. The blue and the orange regions in (c) and (d) represent the excitonic-resonance zone for

the A and B excitons, respectively.

helicity selection rule analyzed above is also valid for strained
bilayer MoS, (Figure S7).

Figure 4a displays the variation of resonant Raman intensity
of bilayer MoS, with the increase of strain (E_ = 1.96 eV). The
strain dependence of Raman intensities here can be attributed
to the tuning of the resonance between the excitation laser
energy and the excitonic transition energies. It has been
reported that the intensity of A}, mode is sensitive to the A and
B excitons in MoS,, whereas their influence on the E%g mode is
not obvious.””>* As shown in Figure 4a, the intensity of the Ej
mode changes slightly, whereas the intensity of the A}, mode
first decreases and then increases with the increase of strain,
and the minimum of Raman intensity appears at ~0.75% strain
(Figure 4c). The evolution of the A;, mode can be explained
by the variation of the excitonic resonance behavior. When the
strain is applied, both the energies of A and B excitons redshift,
and the excitation laser energy is first away from the resonance
range of the A exciton and then approaches the resonance
range of B exciton. The minimum intensity of the A}, mode at
~0.75% strain means that the total excitonic resonance effect
of A and B exciton reaches a minimum (Note S3, Figure S8). A
similar trend is also observed by varying the temperature
(Figure S9), which can also tune the excitonic resonance
equivalently to the application of strain.

Figure 4b shows the HRRS of bilayer MoS, with the increase
of strain. The helicity-conserved intensity of the Eég mode (the
sum of I/** and I’ for strained MoS,) decreases when the
excitation laser energy (E,) is away from A exciton, and then it
increases when the E; approaches the B exciton, whereas the
helicity-changed Raman intensity varies slightly (Figure S10),
which indicates that the strength of FI is more sensitive to
excitonic effects than DP. We further extract the proportions of
helicity-conserved (P,,,,) and helicity-changed (P,,,_)
components of the E;, mode by (Ig")/(Ifa™+ I5a~) and

sum sum sum
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(I%H0=) /(I%o*+ 12827), which represent the proportion of the
FI and DP, respectively, as shown in Figure 4d. It is interesting
that the proportion of FI also first decreases and then increases,
consistent with the variation of the Raman intensity of the A,
mode shown in Figure 4c.

The results above show that the FI is more sensitive to the
excitonic resonance compared with DP, and the influence of
strain on the proportion of the FI and DP is dominated by the
excitonic effect. The exciton dependence of the FI and DP was
previously reported theoretically in the semiconductor CdS,>'
which showed that both the FI and DP can be enhanced for
excitonic resonance, but the FI can be enhanced much more
than DP (see detail in Note S4). The remarkable exciton
dependence of the strength of the FI can also be demonstrated
by its variation with temperature (Figure S11). The increase of
temperature not only induces the redshift of energies of A and
B excitons but also induces the dissociation of excitons, which
will greatly reduce the strength of the FI.

Strain is an efficient method to tune the excitonic energy
states. When the uniaxial tensile strain is applied on layered
MoS,, both energies of A and B excitons redshift, resulting in
the variation of resonance behavior between the excitation
laser energy and the excitonic energy levels. The exciton—
phonon coupling is also affected by the excitonic resonances,
especially the proportion of the DP and FI. Benefiting from the
special helicity selection rule of the Eig mode that the helicity-
conserved and helicity-changed Raman intensities are only
determined by the FI and DP, respectively, we can separate the
DP and FI in helicity-resolved Raman spectra and explore the
exciton dependence of these two kinds of exciton—phonon
couplings. The E%g mode is split into two Raman modes under
strain. We discussed the helicity selection rule of the Eé; and
Eég_ modes separately and used the sum of them to extract the
proportion of helicity-conserved and helicity-changed compo-
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nents in order to compare with the unstrained case. Besides,
the isotropic hexagonal crystal lattice becomes anisotropic
when the uniaxial tensile strain is applied, and if excited by
linearly polarized light, the optical response of strained MoS,
will greatly depend on the crystalline orientation, making it
complicated to study the exciton—phonon coupling using
linearly polarized excitations. However, when circularly
polarized excitation light is used for excitation, the crystalline
orientation-dependence of optical response is eliminated.
Hence, the circularly polarized Raman spectroscopy provides
a unique method to study the exciton—phonon coupling in
strained 2D materials.

In conclusion, we have demonstrated that the excitation
laser energy first moves away from the resonance region of the
A exciton and then approaches the resonance region of the B
exciton with the increase of strain. The Raman intensities
determined by the DP changes slightly, whereas the Raman
intensities determined by the FI first decreases and then
increases, which shows obvious dependence on the excitonic
resonance. We conclude that although the line width of the PL
emission peak increases monotonously with the increase of
strain in MoS, which comprehensively reflects the increase of
total intensity of the intravalley and intervalley exciton—
phonon interactions, the strength of intravalley DP and FI may
not vary monotonously, depending on the excitonic resonance
effect. Our work provides more detailed research on the
evolution of different kinds of exciton—phonon couplings
under strain and demonstrates the exciton dependence of the
DP and FI. The method can also be extended to other 2D
semiconductors and would be helpful for the manipulation of
exciton—phonon couplings.
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