Downloaded via PEKING UNIV on October 9, 2020 at 06:57:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Www.acsnano.org

Characterization of Excitonic Nature in Raman
Spectra Using Circularly Polarized Light
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ABSTRACT: We propose a technique of Raman spectroscopy
to characterize the excitonic nature and to evaluate the relative
contribution of the two kinds of electron/exciton—phonon
interactions that are observed in two-dimensional transition-
metal dichalcogenides (TMDCs). In the TMDCs, the electron/
exciton—phonon interactions mainly originate from the
deformation potential (DP) or the Frohlich interaction (FI)
which give the mutually different Raman tensors. Using a
circularly polarized light, the relative proportion of the DP and
the FI can be defined by the ratio of helicity-polarized intensity that is observed by MoS,. By this analysis, we show that the
excitonic FI interaction gradually increases with decreasing temperature, contributes equally to DP at ~230 K, and dominates
at lower temperatures. The excitonic effect in the Raman spectra is confirmed by modulating the dielectric environment for
the exciton and by changing the laser power.

Intensity

300 350 400 450 500 550
Raman Shift (cm™)

KEYWORDS: exciton—phonon coupling, circularly polarized light, Raman scattering, MoS,, helicity, deformation potential,
Frohlich interaction

aman spectroscopy has been a useful technique for the
Rlc‘l\laracterization of two-dimensional (2D) transition
etal dichalcogenides (TMDCs).' ™ In the polarized
Raman spectra, the electron—phonon (or exciton—phonon)
coupling gives phonon-mode specific angle-dependence of the
Raman spectra that are determined by the Raman tensor.”* In
2D TMDC s, the electron— or exciton—phonon interaction
originates mainly from the deformation potential (DP) and the
Frohlich interaction (FI).”™"' For the DP, the volume-
changing lattice vibration modifies the crystal potential that
induces an inelastic scattering of an electron by emitting (or
absorbing) a phonon.'” The FI refers to the interaction
between the electrons/excitons and the longitudinal optical
(LO) phonons in polar or ionic crystals which can generate a
macroscopic electric field because of the out-of-phase motion
for adjacent atoms."®> However, the relative contribution of the
two origins of interaction cannot be characterized by
conventional Raman spectroscopy. Here, we propose a
technique to evaluate the relative contribution by using
circularly polarized Raman spectroscopy, based on the fact
that the DP and the FI give the mutually different Raman
tensors in the polarized Raman spectra.'*~"”

Since the circularly polarized light has a spin angular
momentum + 7 or — 7 of a photon, the optical transition in
the 2D TMDCs occurs at one of the two valleys, K or K’ in the
hexagonal Brillouin zone, which is known as the valley-
polarized optical transition."*'” For Raman active modes

© 2020 American Chemical Society

7 ACS Publications

excited by circularly polarized light, the helicity of scattered
light can be chanzged or conserved depending on the helicity
selection rule.”"”** For example, the Eig mode of MoS, is
helicity-changed in which the angular momentum of the light
is conserved in the Raman process,””*” and the selection rule is
determined by the Raman tensor corresponding to the DP.
However, when the optical transition is given by the exciton of
the 2D material for the laser excitation energy resonant to the
excitonic energy, the FI can be much stronger than Dp*
which makes the Ej, mode helicity-conserved. In the Raman
scattering process, the relative strength of the DP to the FI can
be estimated experimentally by the relative Raman intensity of
the helicity-changed to helicity-conserved components. Martin
pointed out that both electron—phonon and exciton—phonon
interactions exist in the DP or the FI, and the proportion of
electron/exciton—phonon interactions in the DP or the FI
depends on the excitation energy.”* For off-excitonic resonance
excitation, the electron—phonon interaction dominates and the
strength of electron—phonon interaction for the DP can be
much larger than that for the FI. Whereas for on-excitonic
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Figure 1. Helicity-resolved Raman spectra of monolayer MoS, for on- and off-excitonic resonance excitations. (a) Schematic diagram of the
experimental setup for helicity-resolved Raman spectroscopy. (b) Optical image of CVD-grown monolayer MoS,. Inset shows the AFM
image of the MoS, flake, of which the thickness is 1 nm. (c) Photoluminescence (PL) spectrum of monolayer MoS, excited by 2.33 eV (532
nm) laser fitted by Gaussian functions. The peaks at 674 nm (1.84 €V) and 625 nm (1.98 eV) correspond to the A and B excitons,
respectively. (d, e) Helicity-resolved Raman spectra of monolayer MoS, excited by (d) 2.33 eV (532 nm) at 300 K and (e) 1.96 eV (633 nm)
at 93 K. The inset in (d) shows the atomic vibrations of the E,l_g and A;; modes.

resonance excitation, the exciton—phonon interaction can be
dominant and the FI can be stronger than the DP.'***

In order to confirm the excitonic effect on the relative
intensities of the FI and the DP, we have measured the helicity-
resolved Raman spectra of MoS, as a function of temperature
by on-excitonic resonance excitation. The relative contribution
of the DP to the FI is estimated by the helicity polarization
ratio of the Eig mode, and the increase of the FI at lower
temperatures indicates the enhancement of the excitonic effect.
Further, we modulated the dielectric environment of excitons
by constructing h-BN/MoS, heterostructure or depositing
HfO, on the surface of MoS,, and we find that the Raman
intensity contributed by the DP does not depend much on the
dielectric constant while the contribution of the FI decreases
with increasing the dielectric constant due to the reduction of
exciton binding energy by dielectric screening. Further, we
explored the influence of layer number and laser power on the
helicity polarization ratio, and all measurements give a
consistent picture of the excitonic nature in Raman spectra.
The present technique of Raman spectroscopy is important for
the characterization of exciton photophysics in the 2D
materials and for exploring the evolution of different
exciton—phonon couplings.

RESULTS AND DISCUSSION

Helicity-Resolved Raman Spectroscopy of MoS,. The
experimental setup of helicity-resolved Raman spectroscopy is
shown in Figure la. The incident laser passes through the
linear polarizer and the quarter-wave plate to produce a left
(o+) or right (o—) circularly polarized light which we call o+
or 06— helicity of circularly polarized light. The Raman-
scattered light passes through the quarter-wave plate again and
another linear polarizer for selecting the helicity of the
scattered light. If the helicity of the scattered light oy is the
same as the incident one o, that is, (6,0,) = (6+o+) or

(6—0—), it is termed as helicity-conserved scattering. In this
case, the Raman signal will be the strongest (zero) for the
o+o+ (o+6—) configuration. If 6, and o; are opposite, such as
(o+6—) or (6—0c+), it is a helicity-changed scattering. In this
case, the Raman signal will be zero (strongest) for the o+o+
(o+6—) configuration.

MoS, belongs to a hexagonal crystal family, and the point
group of the unit cell for bulk MoS, is Dg,.”> MoS, with odd
number of layers lacks inversion symmetry and belongs to Dy,
point group, while MoS, with even number of layers has
inversion symmetry and belongs to the D3, point group. The
sample of monolayer MoS, used in the present experiment is
prepared by chemical vapor deposition (CVD) method and
the sample is transferred onto 300 nm SiO,/Si substrate, as
shown in Figure 1b. The growth and transfer processes are
given in the experimental Methods. Atomic force microscope
(AFM) measurements show the thickness of 1 nm for the
MoS, flake, consistent with being a monolayer.

Monolayer MoS, has a direct bandgap around 1.9 eV with
split valence bands (~148 meV) at the K point of the Brillouin
zone due to the spin—orbit coupling.”® Thus, there are two
main peaks in the photoluminescence (PL) spectrum
corresponding to the direct transitions of A, B excitons,”’
respectively. The measured PL spectrum of the monolayer
MoS, is shown in Figure lc, where the A and B excitons appear
at 674 nm (1.84 eV) and 625 nm (1.98 eV), respectively. The
helicity-resolved Raman spectra of the monolayer MoS, are
measured for 2.33 eV (532 nm) and 1.96 eV (633 nm) laser
excitation energies (9E,).

There are two first-order Raman active modes for MoS,
which are measured in the backscattering geometry, that is, Eig
and A;; modes. The Eig mode is an in-plane vibration of Mo
and S atoms and is a doubly degenerate mode of the LO/TO
phonons at the I point of Brillouin zone. The A;; mode comes
from the ZO phonon and is an out-of-plane vibration of S
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atoms.”” In Figure 1d, the helicity-resolved Raman spectra that
are measured at T = 300 K for the off-resonant condition (E; =
2.33 eV) show that the Eég mode appears at 384 cm™' for the
o+o— configuration (blue line), which means that the Eig
mode is helicity-changed Raman scattering, which is consistent
with the Raman tensor for the DP of the Ej_ mode. Tatsumi et
al. have reported the helicity selection rule for Eig mode by the
conservation law of pseudoan%ular momentum (PAM),”
which is given by o, — 6; = —ml" + Nyp, where o; and o, are
the angular momentums of the incident and scattered photons,
respectively, mf" is the PAM of the phonon, Ny is the
rotational symmetry of the vibration mode, and p is an
arbitrary integer. For mf", Zhang et al. have reported that the
phonons at high symmetry points (I', K, K’) of the Brillouin
zone for hexagonal lattices are chiral which have a finite
PAM.” For example, the doubly degenerate Eig mode of MoS,
has a PAM of +7 which is equivalent to F27 for the 3-fold
rotational symmetry of the crystal, corresponding to the
selection rule for the helicity-changed Eig mode.”” On the
other hand, the A;; mode appears at 403 cm™ for the o+o+
configuration (orange line), which means that the Ajg mode is
helicity-conserved Raman scattering, which is also consistent
with the previous works.”’ It is worth noting that the peak at
520 cm™ (ng mode) due to the silicon substrate is also
helicity-changed Raman scattering. The helicity selection rule
for these peaks are given by the Raman tensor analysis in
Notes S1 and S2.

In Figure le, we show Raman spectra at T = 93 K for the
resonant condition E; = 1.96 eV. Since the Raman intensity of
monolayer MoS, at T = 300 K excited by the 1.96 eV laser is
too weak to distinguish because of the accompanying strong
PL background, the helicity-resolved Raman spectra are
measured at a low temperature (93 K), at which the intensities
of E%g and A;; modes are enhanced, as will be discussed later.
As shown in Figure le, although the second-order Raman
modes are still too weak to be seen here, there are two obvious
first-order Raman peaks in the resonance Raman spectra.
However, compared with that in Figure 1d, the helicity
selection rule changes. The A;, mode remains helicity-
conserved, whereas the E%g mode changes from helicity-
changed to helicity-conserved. In fact, the Eég mode appears
for the o+o+ configuration and the signal for the o+o—
configuration almost disappears.

This phenomenon can be explained by the fact that the LO
phonons at the resonant condition interact with excitons
mainly by the FL'*' The helicity selection rule can be
determined by the Raman tensor, which involves the symmetry
of crystal structure and vibration modes.””*"*>*° The
calculated Raman intensity is determined by I « loi-R-c/%
where R is the Raman tensor, o, and o; are the helicities of the
scattered and incident circularly polarized light denoted by the
Jones vectors. For example, for left-handed circular polar-

1
ization, ¢ + = %(b J, and for right-handed circular polar-

1
ization, 6 — = %(0— i). The Raman tensors for the Eég mode

that include both DP and FI are expressed by'* ="'

ag  app O app O 0
Ro=|app % 0| Rpo=[0 —ap 0
0 0 ag 0 0 0 (1)

where a and app are the elements corresponding to the FI and
the DP, respectively. Thus, the Raman intensities of the E}
mode for the o+0+ and o+0— configurations are I,,,, & IaF|§
and I,,,_  lappl, corresponding to the contributions via the
FI and the DP, respectively. The detailed calculations are given
in Note S1. The calculations directly explain the results in
Figure 1d,e that the DP is dominant for off-resonant 2.33 eV
excitation, while the FI is the major component of exciton—
phonon coupling for resonant 1.96 eV excitation. Thus, the
helicity-resolved Raman spectra show intuitively the propor-
tion of the two kinds of exciton—phonon interactions, which
cannot be reflected in the Raman spectra without light
polarization (Figure S1).

As can be compared with the PL spectrum in Figure I¢, E; =
1.96 eV corresponds to being resonant to the A-exciton and
partly to the B-exciton. As a result, more excitons can be
formed for E; = 1.96 eV than 2.33 eV, and the exciton couples
to a phonon in the Raman scattering process (Figure 2a), while
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Figure 2. Schematics of the coupling of electron- or exciton—
phonon and the helicity selection rule for Raman scattering in
MoS,. (a, b) Schematic of the Raman scattering processes for
monolayer MoS, excited by circularly polarized light with specific
helicity and the helicities of the Raman scattering light for (a) on-
and (b) off-excitonic resonance excitations. (c) Illustration of the
coupling of LO phonon and exciton in MoS,. Black arrows indicate
the vibration directions of Mo and S atoms for LO phonon.

for E; = 2.33 eV excitation, there form mainly free electron—
hole pairs and the electrons or holes interact with the phonons
(Figure 2b). Although both the DP and the FI exist for a
general E;, the FI is enhanced much more than the DP for the
resonant condition.”* The Raman processes and helicity
selection rules of the Eig mode for on- and off-excitonic
resonance excitations by circularly polarized light are schemati-
cally shown in Figure 2a,b, respectively. For the on-excitonic
resonance excitation by right-handed circularly polarized light
as shown in Figure 2a, the excitons at the K valley are excited
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Figure 3. Exciton—phonon coupling via the DP and the FI at different temperatures. (a) Helicity-resolved Raman spectra of MoS, at 300 and
113 K. The assignment of the Raman peaks appeared here are shown in Figure S6 and Table S1. (b) Proportions of helicity-conserved
(Ps.s.) and helicity-changed (P,,,_) components of the Eég mode as a function of temperature.

and the emitted photons from the K valley are mainly helicity-
conserved according to the valley-optical selection rule.'*"”
However, for the inelastic-scattered photons by one-phonon
Raman scattering that occurs within the same valley, the
helicity of the scattered light for the LO/TO phonons at the I
point can be helicity-changed or helicity-conserved depending
on the DP or FI, respectively, although the helicity-changed
Raman process can be somewhat suppressed by the valley
polarization when the excitation energy is close to the energy
gap at the K point.”

As the term ap appears in the diagonal elements in the
Raman tensor of LO mode as shown in eq 1, ag affects the
Raman scattering selection rule for the o+o+ configuration.
For example, the enhancement of the forbidden 1LO phonon
scattering in CdS near the excitonic resonance is attributed to
the strong FL.'* As shown in Figure S2, the change of Raman
tensor can be clearly observed by the Raman spectra using
linearly polarized light of MoS, for the off- and on-excitonic
resonance excitation. In this case, the intensities of the E}
mode for the XX (||) and XY (L) configurations are I o lagl
+ lapplfand I,  lappl, respectively (Note S3). For the off-
resonant condition, I; and I a re approximately the same since
the contribution of the FI is small compared with the DP.
However, for the on-excitonic resonance condition, since the
FI component is dominant, I; becomes much stronger than I,
which is consistent with the results using circularly polarized
light.

Strength of Exciton—Phonon Coupling via the DP
and the Fl in MoS,. In a resonant Raman scattering process,
the Raman cross sections corresponding to contributions of
the DP and the FI are calculated theoretically."> The strength
expressions of the DP and the FI are shown in Note S4. It is
seen that the coupling strength of the FI is 1/q dependent
where q is a wave vector for a phonon. The Eig mode
corresponds to the zone-center LO phonon at I'-point with g
~ 0; thus, the strength of the FI can be expected to be large for
a small g."'

First-principle calculations have shown that, for off-resonant
conditions, the electron—phonon interaction of the DP for the
TO phonon at T-point has a value of 4 eV.'” On the other
hand, the electron—phonon interaction of the FI is
approximately 98 meV for the LO phonon at I' point in
single layer MoS,,"” which is much weaker than that of the DP.
That is the reason why the helicity-conserved component of

10530

the E%g mode for off-resonant condition is hardly observed.
However, for the on-excitonic resonance condition, the
contribution of the FI can be comparable or even much
stronger than the DP and the strengths of the DP and the FI
exhibit different sensitivities to the excitonic effect,'”** which
will be discussed in detail in the next section. In Figure 2c, we
illustrate the schematic diagram of the exciton-LO phonon
coupling in MoS, and the corresponding helicity selection rule
for the Raman scattering.

According to the selection rule of helicity-resolved Raman
scattering, the Raman intensities for the o+o+ and o+o—
configurations represent the coupling strengths of the FI and
the DP, and the proportions of the FI and the DP can then be
defined by

2

J2) _ Io+o+ _ IaFl

c+o+ T - 2 2
Loy + Lyo  lagl” + 2lapyl

2

2 lappl

_ _ DP

Pn'+n'— =1- Po'+o'+ - |

2 2
agl” + 2 lapyl

)

respectively. Besides, the relative proportion of the DP and the
FI can be defined by the helicity polarization ratio:

I I

p - c+o+ ~ loto—
I(r+(r+ + I()'+()'— (3)

Evaluating the DP and the FI Contributions in MoS,
at Different Temperatures. In order to evaluate P,,,, and
P, in eq 2, we measured the helicity-resolved Raman spectra
of multilayer MoS, excited by E; = 1.96 eV as a function of
temperature ranging from 113 to 300 K. In Figure 3a, we show
the Raman spectra for the o+o+ (orange line) and 6+0— (blue
line) configurations at 113 and 300 K, respectively. It is worth
noting that the total Raman intensity of MoS, at 113 K is
much larger than that at room temperature, and the intensity
of the Aj, mode as a function of temperature is shown in
Figure S3. The reason why the total Raman intensity is large at
the low temperature is that a photoexcited electron and a hole
can bind to an exciton easily at low temperature and that the
exciton—photon matrix element is dominant compared with
electron—photon matrix element. Another possible reason is
that the exciton energy level becomes closer to the excitation
laser with decreasing temperature and the resonance enhance-
ment becomes larger.32’ ® The Raman intensities of the
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Figure 4. Dielectric modulation of exciton—phonon interaction. (a) Optical image of h-BN/MoS, heterostructure. (b) Optical image of
mechanically exfoliated MoS, flake covered by 10 nm HfO, which is deposited by ALD. The inset shows the AFM image of the MoS, flake
covered by HfO,, where the roughness profile indicates the relative uniformity of the HfO, layer. (c) Helicity-resolved Raman spectra of bare
MoS, and Mo$, covered by BN, excited by 1.96 eV laser. (d) Helicity-resolved Raman spectra of bare MoS, and MoS, covered by HfO,,
excited by 1.96 eV laser. (e) Proportions of helicity-conserved (P,,,,) and helicity-changed (P,,,_) Raman scattering for air/MoS,, h-BN/
MoS, and HfO,/MoS,. €, = 1, 3—7 and ~16 correspond to the relative dielectric constant of air, h-BN and HfO,, respectively.

E%gmode for the o+o+ and o+0— configurations as a function
of temperature are shown in Figure S4, which clearly show the
increase of the DP and FI with decreasing temperature.

The helicity polarization ratio of A}, mode remains constant
(Figure SS), whereas the helicity of the E%g mode changes with
the temperature. In Figure 3b, we plot the values of P, and
P_.,_ of the Eig mode from T = 113 to 300 K. As shown in
Figure 3b, the proportion of helicity-changed component
determined by the DP increases, while the proportion of
helicity-conserved component determined by the FI decreases
with increasing temperature, and they are equal at approx-
imately 230 K. This means that the excitonic FI gradually
increases with decreasing temperature, contributes equally to
the DP at ~230 K, and dominates at lower temperatures.

The exciton—phonon coupling by the FI is enhanced when
E is matched to the exciton energy, as has been shown in
CdS.”* The decrease of temperature results in the approach of
exciton energy to the excitation energy;3Z’33 thus, both the FI
and the DP are enhanced. However, the FI is enhanced much
more than the DP, which is consistent with the theory reported
by Martin** in which he pointed out that the Raman scattering
cross sections determined by the DP and the FI depend on the
excitation energy by opp o (Eg — E; )7 ! and oy (Eg —E)73,
respectively, where E, is the band gap and E_ is the laser
excitation energy. Thus, the Raman intensity determined by
the FI increases more rapidly than the DP near excitonic
resonance.

Dielectric Modulated Exciton—Phonon Coupling. In
order to confirm the excitonic nature of Raman spectra, we

10531

tune the excitonic energy by changing the dielectric constant.
The dielectric environment can affect the exciton binding
energy due to the Coulomb screening,34_36 and when the
dielectric constant increases, the exciton becomes delocalized
in the real space. The detailed discussion on dielectric
screening on excitons is given in Note SS. It is noted here
that the exciton—phonon interaction via the DP is not so
sensitive to the dielectric function since the DP is defined by
much smaller size than the exciton size and, thus, the exciton—
phonon matrix element would give a value similar to that of the
electron—phonon matrix element.*”** The modulated cou-
pling strength of the exciton—phonon can be monitored by the
helicity-resolved Raman scattering.

In Figure 4a,b, we show the optical images of MoS, covered
by few-layer h-BN (the relative dielectric constant ¢, is
approximately 3—7°") and 10 nm HfO, (e, ~ 16"). The
thickness of h-BN is 11 nm, as shown in Figure S7. The inset
in Figure 4b shows the AFM image of a MoS, flake partially
covered by HfO,, which is deposited by the Atomic Layer
Deposition (ALD) method, and the roughness profile indicates
the relative uniformity of the HfO, layer. In Figure 4c,d, we
plot the corresponding helicity-resolved Raman spectra for
resonant E; = 1.96 eV. The helicity polarization ratio of the A,
mode does not change with the dielectric environment (Figure
S8), whereas the relative intensities of the E%g mode in o+0+
and o+0— configurations change obviously. The intensities of
the Eig mode in the two configurations are extracted for bare
MoS, (air/MoS,), MoS, covered by h-BN (h-BN/MoS,), and
MoS, covered by HfO, (HfO,/MoS,), as shown in Figure S9.
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Figure S. Exciton—phonon interaction via the DP and the FI at different laser powers. (a) Helicity-resolved Raman spectra of MoS, excited
by 1.96 eV laser with the powers of 0.02 mW, 0.15 mW and 0.46 mW, respectively. (b) Proportions of helicity-conserved (P,,,,) and
helicity-changed (P,,,_) Raman scattering with the variation of laser power.

With the increase of dielectric constant, the helicity-changed
component determined by DP shows little change, whereas the
helicity-conserved component determined by FI decreases
obviously. The proportions of helicity-conserved (P,,,,) and
helicity-changed (P,,,_) Raman scattering are calculated and
plotted in Figure 4e, which clearly shows the decrease of the FI
contribution with increasing the dielectric constant.

Strength of Exciton—Phonon Coupling in MoS,
Affected by Layer Number and Laser Power. Finally,
we discuss the layer number dependence and laser power
dependence for the exciton—phonon coupling. The measured
helicity-resolved Raman spectra and the extracted helicity
polarization ratios of MoS, for several layer numbers are shown
in Figure S10 and Figure S11, respectively. As shown in Figure
S11, p decreases with increasing layer number, which indicates
the decrease of the FI with increasing layer number. This can
be attributed to the increase of dielectric constant for
multilayer MoS,.*" When the layer number increases, the
dielectric screening effect on the excitons becomes stronger
and the exciton binding energy decreases,>® which accounts for
the weakening of exciton—phonon coupling via the FI,
consistent with reported theoretical models."’

In Figure S, we show the laser power dependence of the
coupling strength of exciton—phonon via the FI and the DP for
E; =196 eV, and the laser power ranges from 0.02 mW (2.5 X
10° W/cm?) to 0.46 mW (5.9 X 10* W/cm?). To avoid the
thermal damage of the sample, the laser power is kept below
0.5 mW. In Figure Sa, we show the helicity-resolved Raman
spectra excited by laser powers of 0.02, 0.15, and 0.46 mW.
The change of laser power has no influence on the helicity
selection rule of the A}, mode (Figure S12). At 0.02 mW, the
helicity-conserved component (o+0+) of the Eig mode is larger
than the helicity-changed (6+6—) component, but the relative
intensity of helicity-conserved component decreases with
increasing the laser power.

The calculated P,,,, and P,,,_ values are shown in Figure
Sb. It is clearly seen that the proportion of the FI decreases
with increasing laser power, whereas the proportion of the DP
increases. This can be explained by the increase of temperature
at higher laser powers.”” The peak positions of the Ay, mode
with increasing laser power are shown in Figure S13. The
relationship between peak shift and temperature can be
expressed as Aw = A-AT, where A is the temperature
coeflicient and is reported to be —0.011 + 0.001 and —0.013 +
0.001 cm™'/K for the Ej, and A;, mode, respectively.”’ A

redshift of 0.8 cm™ for the A,, mode with the variation of laser
power from 0.02 to 0.46 mW is observed, corresponding to the
elevation of temperature of AT =~ 62 K, which accounts for the
decrease of the proportion of the FI. Besides, the effect of
charge doping caused by the increase of laser power may also
matter,”* which can suppress the intensity of the FL'’

CONCLUSIONS

The Raman scattering process of the first-order E%g mode for
on-excitonic resonance excitation involves the exciton-photon
interaction and the exciton—phonon interaction for the LO
phonons near I" point via both the DP and the FIL Since the
helicity selection rule for the DP and the FI are different from
each other, the helicity-conserved and helicity-changed
components of the Eég mode represent the strength of the FI
and the DP, respectively, which can be used for evaluating the
excitonic nature. Here we utilized the helicity-resolved Raman
spectroscopy to evaluate the proportions of the FI and the DP
in layered MoS, by changing (1) laser excitation energy, (2)
temperature, (3) dielectric constant of surrounding material,
(4) layer number, and (S) laser power. All of the results are
consistent with the fact that the exciton binding energy can be
tuned, and the excitonic nature can be characterized by
helicity-resolved Raman scattering. The evolution of the FI and
the DP as a function of temperature is explored, and we show
that the FI dominates at lower temperature due to the exciton
effect. The dielectric modulation of excitons, and thus the
exciton—phonon interaction, is also monitored by helicity-
resolved Raman spectroscopy. With the increase of dielectric
constant, the exciton binding energy decreases due to the
dielectric screening effect on the Coulomb interaction, and the
exciton—phonon coupling via the FI is weakened much more
than the DP, resulting in the change of the proportion of
helicity-conserved to helicity-changed Raman intensities of the
E;, mode. The present work provides a measuring technique
for the exploration of electron/exciton—phonon interaction
and the characterization of the excitonic nature in 2D
semiconductors by helicity-resolved Raman spectroscopy.

METHODS

Preparation of MoS,. The MoS, samples used here are grown by
chemical vapor deposition (CVD) on sapphire or mechanically
exfoliated onto 300 nm Si/SiO, substrate. CVD-grown MoS, samples
on sapphire are then transferred onto the 300 nm Si/SiO, substrate
with the assistance of PMMA.

https://dx.doi.org/10.1021/acsnano.0c04467
ACS Nano 2020, 14, 10527—-10535


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04467/suppl_file/nn0c04467_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04467/suppl_file/nn0c04467_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04467/suppl_file/nn0c04467_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04467/suppl_file/nn0c04467_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04467/suppl_file/nn0c04467_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04467/suppl_file/nn0c04467_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04467?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04467?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04467?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04467?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c04467?ref=pdf

ACS Nano

www.acsnano.org

Construction of h-BN/MoS, and HfO,/MoS, Heterostruc-
ture. Construction of h-BN/MoS, Heterostructure. The MoS,
and h-BN flakes are first exfoliated onto 300 nm Si/SiO, substrate and
polydimethylsiloxane (PDMS), respectively. Then the MoS, and h-
BN flakes are aligned under an optical microscope. The PDMS is
stamped onto the silicon substrate to stack the h-BN on the MoS,
flake. Then the PDMS is removed, and the h-BN/MoS,
heterostructure is obtained on the Si/SiO, substrate. Construction of
Hf 0,/MoS, heterostructure: Deposition of HfO, layer on MoS, flakes
is performed in an Atomic Layer Deposition (ALD) system
(Cambridge NanoTech, Savannah). Precursor [(CH,),N],Hf and
H,O are alternatively introduced into the reactive cavity, and the final
thickness of HfO, is controlled by the counts of pulse circles.

Raman Scattering and Photoluminescence Spectroscopies.
The Raman scattering and photoluminescence spectroscopic meas-
urements are performed on a confocal Raman spectroscope (JY
Horiba HR800) in the backscattering geometry. The laser energies
used in this work are 1.96 and 2.33 eV and are focused on the sample
by a 100X objective lens (NA = 0.9). The laser power is kept below
0.5 mW to avoid damage to materials. The low-temperature
experiment is performed in a cryogenic stage (Linkam LTS420)
which is refrigerated by liquid nitrogen.
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