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Anomalous Intensity Quenching of Resonant Raman

Scattering in Atomically Thin MoS,

Rui Mei, Yang-Guang Zhong, Jia-Liang Xie, Jiang-Bin Wu, Wen-Na Du, Xin-Hui Zhang,

Xin-Feng Liu, Miao-Ling Lin,* and Ping-Heng Tan*

Resonance Raman scattering (RRS) is widely recognized for dramatically
enhancing the intensity of Raman modes through the precise tuning of
excitation energy to be resonant with the electronic transition energy in
semiconductors. However, this work reports that in monolayer MoS, flake
(1LM), when the excitation energy is resonant with the A-exciton energy, the
A; and E' modes exhibit anomalous quenching of the Raman intensity, which
is even comparable to that under the non-resonant condition. This unusually
weakened resonant Raman intensity is ascribed to the band filling effect (BFE)
caused by the photoexcited carriers at the band edges, which obstructs the
Raman scattering pathway related to the band-edge states. Notably, this
quenched Raman intensity can be recovered by introducing non-radiative
relaxation channels of interfacial charge transfer in 1LM-based
heterostructures and intervalley scattering in multilayer MoS, to mitigate the
BFE. As the BFE is widely present in low-dimensional semiconductors, this
work paves a potential approach to manipulate Raman intensity enhancement
by controlling carrier relaxation dynamics in low-dimensional semiconductors

incident light first excites electron from
the initial state i into an intermedi-
ate state m by creating an electron-hole
pair; then the electron or hole is scat-
tered by a phonon with ¢ = 0 into
an intermediate state m’ and finally the
electron-hole pair recombines by radi-
ating energy-shifted photons.’! When a
specific real electronic state participates
in the Raman scattering pathway as an
intermediate state m (m'), Raman inten-
sity is expected to be significantly en-
hanced, which is known as the incom-
ing (outgoing) resonance Raman scat-
tering (RRS)(Figure 1a).°®! RRS has
been widely employed to study elec-
tronic transitions and electron—phonon
coupling with enhanced sensitivity and
selectivity.[>13]

and related heterostructures.

1. Introduction

Raman scattering is highly favored as an efficient tool for prob-
ing various elementary excitations (e.g., phonon) and their in-
teractions (e.g., electron-phonon interaction) in both bulk and
low-dimensional materials.'>! For a first-order Raman scatter-
ing process involving a phonon with zero wavevector (q = 0), the
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Transition metal dichalcogenides
(TMDs) host a rich variety of exciton
states,'* including the K-valley-derived
A exciton (with transition energy E,) and
B exciton, I along with the C exciton resulting from van Hove
singularities,['¥! making them ideal platforms for RRS studies.
For instance, in monolayer MoS, (1LM), the intralayer A} and E
modes exhibit strong enhancement when the excitation energy
(E.y) matches the transition energy of the C exciton (E), enabling
in-depth studies of strain and doping effects.®1*] Moreover, a
comprehensive understanding of the E,-related RRS mecha-
nism provides critical insights into exciton-phonon coupling and
advances optoelectronic applications. In principle, the remark-
ably high joint density of A-exciton state creates ideal conditions
for promising resonant Raman enhancement. However, the in-
herent direct bandgap characteristic enables intense photolumi-
nescence under the resonance with E,, overwhelming the Ra-
man signal. Consequently, a comprehensive understanding of
E,-related RRS and the underlying exciton-phonon interactions
has remained elusive, hindering progress in fundamental stud-
ies and device engineering.

In this study, we observe that when E,, is in resonance with
E, of 1LM, I(A}) is roughly one-tenth of its value under the C-
exciton resonance (E,, ~ E.), whereas in monolayer WS,, the cor-
responding I(A)) is twice that under its C-exciton resonance.!'?
The extremely weak resonant Raman intensity in 1LM obtained
under E, resonance condition indicates that a significant quench-
ing effect occurs. This is attributed to the blocking of scatter-
ing pathways due to the band filling effect (BFE), which arises
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Figure 1. a) First-order Raman scattering under the non-resonance (non-res.), incoming and outgoing resonance conditions. b) Differential reflectance
spectrum of 1LM. c) The calibrated Raman spectra of 1LM on quartz under different excitation conditions. d) The calibrated I(A;), I(E') of 1LM on

quartz under different excitation conditions. The Raman intensities are normalized to the I(A") obtained under E,, = 2.21 eV. €) Schematic of the band
structure at the band edges located at the K point for 1LM. The BFE near the CBM and VBM is illustrated in the inset.

from photoexcited carrier accumulation at the valence band max-
imum (VBM) and conduction band minimum (CBM). However,
the suppressed resonant Raman intensity can be recovered in
van der waals heterostructures (vdWHs) constructed by 1LM and
graphene flakes, where interfacial charge transfer provides a non-
radiative relaxation (NrR) channel to mitigate the BFE. Similarly,
in multilayer MoS,, partial recovery of I(A}) occurs due to an ad-
ditional NrR channel of intervalley scattering. These findings ad-
vance the understanding of RRS in low-dimensional semicon-
ductors, where BFE and NrR of photoexcited carriers play criti-
cal roles.

2. Results and Discussion

We first compare Raman spectra of 1LM under different excita-
tion conditions. The A, B, and C excitonic peaks were identified
from the differential reflectance spectra of 1LM on quartz sub-
strate in Figure 1b." Four E,, were chosen to measure the Ra-
man spectra of 1LM (Figure 1c) in the incoming (E,, = 1.88 eV)
and outgoing (E., = 1.93 eV) resonance with E,, in the incoming
resonance with E.. (E,, = 2.81 eV), and under the non-resonance
condition (E,, = 2.21 eV), as marked in Figure 1b. The Raman
intensity of A; mode of quartz at ~465 cm™! is used to calibrate
I(A}) and I(E') to eliminate the different efficiencies of Raman
system at different E,,. The results show that I(A)) and I(E) in
1LM are extremely weak when E,, matches E,, which are only
about twice as much as those under the non-resonance condi-
tion and one-tenth of those in the incoming resonance with E,
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as summarized in Figure 1d. Notably, this observation in 1LM
completely differs from the case of monolayer WS,, e.g., I(A,) ex-
hibits significant enhancement when E,, aligns with E, in mono-
layer WS,, even about twice that in the resonance with its E.['?]
Therefore, the experimental results indicate that resonant Raman
intensity of 1LM is significantly quenched when E_, matches its
E,.

In the time-dependent perturbation theory of Raman scatter-
ing process, the peak intensity of the phonon mode in Raman
spectroscopy is directly correlated with electron-phonon coupling
strength. The weak I(A}) and I(E') in 1LM under the resonance
with E, may indicate that the electron-phonon coupling strength
decreases with a decreasing number of atomic layers of atomi-
cally thin MoS, flakes.['12021] However, this contradicts the con-
ventional expectation, as the electron-phonon coupling strength
is expected to be stronger in low-dimensional systems due to the
quantum confinement effect.?2! Furthermore, the high density of
states at the band edge of 1LM should also provide favorable con-
ditions to enhance I(A}) and I(E'). This suggests an underlying
mechanism responsible for the anomalous intensity quenching.
Elucidating its origin in 1LM is crucial for understanding this
anomalous RRS phenomena.

The RRS process is intricately linked with transitions between
two real electronic states, so the observed anomalous weak Ra-
man intensity of 1LM in the resonance with its E, should be
correlated with its band structure. For example, when E,, is
higher than E,, as the intraband decay of photoexcited carriers
occurs much faster than the interband radiative recombination
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in 1LM,[2324] the photoexcited electrons and holes tend to accu-
mulate at the CBM and VBM, which is known as BFE, as schema-
tized in Figure 1e for the case of outgoing resonance with its E,.
The BFE can also occur in the incoming resonance with E, of
1LM due to the presence of thermal fluctuations. Phenomenally,
the incoming and outgoing RRS pathways should be blocked by
the BFE, as illustrated in Figure le. This should result in the
anomalous intensity quenching of I(A}) and I(E') in 1LM when
E,, is in resonance with its E,.

Notably, in addition to the direct bandgap characteristic of
1LM, the interplay between inversion asymmetry and spin-orbit
interaction gives rise to a large spin-orbit splitting between the
two highest valence bands and a small splitting between the two
lowest conduction bands, in which the latter results in dark-
bright exciton splitting.[?>2¢] In the single-particle picture, spin
ordering of the lowest energy single-particle electron-hole tran-
sitions renders them still bright.””] However, in the exciton pic-
ture, the theory revealed that the actual ground excitonic state is
dark, which is attributed to the different masses of spin-up and
spin-down electrons in the conduction band and the repulsive
electron-hole exchange interaction.!”’”] This has been confirmed
by the subtle optical features of the high-quality 1LM encapsu-
lated in hBN flakes under low-temperature and strong magnetic
field conditions.[?®2°] In this study, we primarily investigate the
RRS in uncapped 1LM at room temperature. Given the relatively
small energy splitting (~14 meV) between the lowest dark and
bright exciton bands in 1LM compared to the thermal fluctu-
ation energy (~26 meV at 300 K), the interband non-radiative
relaxation between these excitonic states is not particularly pro-
nounced. Consequently, the BFE of photoexcited carriers can oc-
cur under the resonance excitation condition at room tempera-
ture, which will be fully discussed in the following. To facilitate
subsequent discussion of the different NrR channels of photo-
generated carriers within atomically thin MoS, and between ad-
jacent constituents of vdWH, the single-particle band structure
of 1LM is employed during the result analysis. This approach
provides a clear framework for understanding carrier dynamics
while remaining consistent with the room-temperature experi-
mental conditions.

To verify the proposed explanation, the most straightforward
approach is to mitigate the BFE effect and reactivate the A exci-
ton related RRS pathway, then examine whether the resonant Ra-
man intensity is enhanced. The vdWH constructed by 1LM and
four-layer graphene (4LG) (see Section SI, Supporting Informa-
tion), i.e., 1LM/4LG vdWH], is an ideal platform for studying this
issue. In Figure 2a, we compare the Raman spectra of 1LM and
1LM/4LG on 90 nm SiO, /Si substrate obtained under different
E.., including E_ = 2.81 eV (incoming resonance with E), 2.21
eV (non-resonance condition), 1.93 eV (outgoing resonance with
E,), 1.91 eV (incoming and outgoing resonance with E,), and
1.88 eV (incoming resonance with E,). The results show that
I(A)) and I(E') of the 1LM constituent in 1LM/4LG vdWH are
comparable with these in standalone 1LM under E. resonance
condition or non-resonance condition. However, we discover that
I(A)) and I(E') of the 1LM constituent in 1LM/4LG vdWH are dra-
matically enhanced when E,, is in resonance with the A exciton
of 1LM, even around five times those in the incoming resonance
with the C exciton of 1LM, as shown in Figure 2a. We also ob-
serve a slight blueshift of the A| mode in the vdWH compared
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Figure 2. a) The calibrated Raman spectra of TLM and 1LM/4LG on 90nm
SiO, /Si substrate under different excitation conditions. b) The resonant
excitation profiles of the A; mode in 1LM and 1LM/4LG. c) The reso-

nant excitation profiles of the £’ mode in 1LM and 1LM/4LG. The Raman
intensity is normalized by the A; mode of quartz at 465 cm™! to elim-
inate the different efficiencies of charge-coupled device at different E,.
d) Schematic of the band structure at the band edges of the K point for
1LM/4LG.

K K

to the corresponding standalone MoS, flake. This feature origi-
nates from the interfacial coupling between MoS, and graphene
constituents, which causes a perturbation to the A/l mode of 1LM
by its adjacent 4LG.[3]

Because the physisorbed molecules under ambient conditions
may affect the physical properties of MoS,, in order to eliminate
the influence of ambient conditions on the experimental results,
we compared the resonant Raman spectra of hBN-capped and
uncapped 1LM and 1LM/4LG in the Section SII (Supporting In-
formation). The corresponding results demonstrate that the spec-
tra of uncapped 1LM (1LM/4LG) closely resemble that acquired
in hBN-capped 1LM (1LM/4LG) at room temperature. This sug-
gests that the uncapped 1LM in this work are not subjected to
the photo-doping effects caused by the laser excitation under the
ambient test condition. The absence of photo-doping effect in
the Raman measurements can be attributed to the low excita-
tion power (<150 W) in the measurement, as the photo-doping
effect usually occurs under high excitation powers.3!l Because
the high-frequency intralayer modes are usually localized in the
corresponding constituents of vdWHs,[3? the electron—phonon
coupling strength of intralayer A} and E' modes would not show
significant differences in 1LM and 1LM/4LG. The observed sig-
nificant intensity quenching in 1LM and intensity recovery in
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1LM/4LG of the A| and E' modes is a signature of a change be-
tween the A exciton related RRS pathways of 1LM and 1LM/4LG.

Remarkably, when the excitation profile of Raman intensity in
the RRS exhibits a sharp feature, just a slight deviation of the E,,
near the peak of excitation profile should induce substantial vari-
ations in Raman intensity. This phenomenon is especially signifi-
cant in the case of hBN-encapsulated 1LM at low temperature.**]
According to the PL peaks of 1LM and 1LM/4LG, their A ex-
citons exhibit a small energy difference of ~25 meV (see Sec-
tion SI, Supporting Information) induced by their different di-
electric environments. Thus, it is necessary to consider the dif-
ference in the resonant excitation conditions of standalone 1LM
and 1LM/4LG and fully reveal the resonance behavior of their
A, and E' modes. Here, 18 E,, (from 1.80 to 2.09 €V) crossing
E, of both 1LM and 1LM/4LG are used to detect the resonance
behavior of the two modes. Their normalized Raman intensities
are shown in Figure 2b,c, which indicate that the A} (E') modes
in both 1LM and 1LM/4LG exhibit a similar resonance excitation
profile with slightly different positions at the maximum inten-
sity. However, I(A) and I(E') in the 1LM/4LG are significantly
stronger than those in the standalone 1LM when E,, is close to
E,. Furthermore, in comparison to the sharp excitation profile in
hBN-encapsulated 1LM at low temperature,!*}] the resonance ex-
citation profiles of A| (E') mode in both 1LM and 1LM/4LG are
very broad (with a full width at half maximum exceeding 50 meV),
which is much broader than the E, difference (%25 meV). This
directly confirms that the difference in resonant Raman inten-
sity between 1LM and 1LM/4LG does not originate from the dif-
ference in resonance excitation conditions. An underlying phys-
ical mechanism should drive the recovery of I(A}) and I(E') in
1LM/4LG. In fact, in 1LM/4LG, interfacial charge transfer occurs
between 1LM and 4LG constituents, which can be confirmed by
the intensity quenching of PL peaks (see Section SI, Supporting
Information). This could be a NrR channel to effectively mitigate
the BFE of photoexcited carriers in 1LM constituent, which re-
activates the corresponding RRS pathways associated with the A
exciton and thus contributes to the recovery of I(A)) and I(E') in
1LM/4LG, as shown in Figure 2d.

For a specific analysis, the quasi-Fermi levels of electrons (E,)
and holes (Ey,) are commonly employed to assess the accumula-
tion of photoexcited carriers in non-equilibrium conditions and
are defined as¥

Ey, = Ecpy + kg TIn(n, / Negy)

(1)
Ep, = Eypy — kBTln(np/NVBM)

where Ecpy (Eygy) is the energy of CBM (VBM), n, (n,) is the
electron (hole) density, Nqgy (Nypy) is the density of state at the
CBM (VBM), kg is the Boltzmann constant and T is the tem-
perature. The photoexcited carriers accumulation will drive the
Ey, and Ey, away from the CBM and VBM, respectively, and the
BFE occurs. Due to the larger effective mass of the hole than that
of the electron in TMDs, the VBM presents higher density of
states Nypy,-['® Thus, Eg, deviates more significantly from the
band-edge state than Ey, in TMDs, which suggests that the BFE
caused by photoexcited electrons is more evident than that caused
by holes. According to the Equation (1), the BFE is sensitive to
carrier density, which could be changed by varying the excitation
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power.””l For a given T, n, and n, increases with excitation power.
Consequently, Ey, and Ey, progressively shift away from the CBM
and VBM, respectively, resulting in a more significant blocking
of the RRS pathways as excitation power increases. Based on this
analysis, the Raman intensity in resonance with the A exciton of
1LM is expected to reach a saturated value upon increasing ex-
citation power. Indeed, the excitation power-dependent I(A)) in
1LM in the outgoing resonance with E, shows nonlinear behav-
ior and reaches a saturated value at excitation powers exceeding
50 yW, as depicted in Figure 3a. This confirms the BFE on block-
ing RRS pathway for quenched Raman intensity. In comparison
with the case of 1LM, a linear excitation-power dependence of
I(A)) in resonance with the A exciton of the 1LM constituent in
1LM/4LG can be observed in Figure 3b, which further confirms
the assumption of BFE mitigation in 1LM/4LG. These analyses
reveal that BFE is crucial for blocking RRS pathway. Furthermore,
introducing NrR channel is an effective method to control RRS
pathways and thus RRS intensity by manipulating the BFE of
photoexcited carriers.

According to the Equation (1), Ey, and Ey, become more closer
to the band edge with decreasing T, due to the reduced ther-
mal fluctuation. Thus, BFE and the blocking of RRS pathway be-
comes less pronounced in standalone 1LM at lower T, resulting
in stronger Raman intensity. This should result in smaller I (A/])
ratio between 1LM/4LG and 1LM at lower T, as 1LM/4LG shows
negligible BFE. To check the important role of BFE on blocking
RRS pathways, we further measured the Raman spectra of stan-
dalone 1LM and 1LM/4LG in the outgoing resonance with the
corresponding A exciton of 1LM at 300 and 4 K (Section SIII, Sup-
porting Information), which shows smaller I (A;) ratio between
1LM/4LG and 1LM at 4 K than that at 300 K. This is in agree-
ment with the above analysis, suggesting that the BFE is the main
mechanism for RRS pathway blocking. Notably, considering that
the physisorbed molecules under ambient conditions may affect
the physical properties of uncapped samples, the experimental
results at 300 and 4 K are both obtained in vacuum to eliminate
the influence of ambient condition.

As the BFE is determined by the relaxation dynamics of pho-
toexcited carriers at the CBM and VBM, we conducted a thor-
ough investigation of the relaxation dynamics of photoexcited car-
riers related to the A exciton of 1LM and 1LM/4LG, by measur-
ing the A-exciton bleach signal in the corresponding TA spectra
(Figure 3c,d). The bleach signal originates from the photoexcited
carriers accumulation at both CBM and VBM. In 1LM, the A-
exciton bleach signal decays in tens of picoseconds with a fast
process of ~2.0 ps and a slow process of ~24.1 ps, as shown
in Figure 3e. The fast decay process results from charge trans-
fer between 1LM and substrate and/or trapping of surface de-
fect states, while the slow decay process is correlated with in-
terband relaxation.[”*?*] In contrast, in 1LM/4LG, the A-exciton
bleach signal decays much faster in several picoseconds, with an
ultra fast process of ~0.6 ps and a slow process of ~8.4 ps, as
shown in Figure 3f. The ultrafast decay process can be attributed
to the interfacial charge transfer between 1LM and 4LG, while
the slow process is related to interband relaxation. The measure-
ments in relaxation dynamics of photoexcited carriers suggest the
interfacial charge transfer between 1LM and 4LG constituents of
1LM/4LG vdWH significantly shortens the lifetime of photoex-
cited carriers, which directly mitigates the BFE of photoexcited
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Figure 4. a) Schematic of the simplified band structure for nLM (n >1).
b) Raman spectra of 1LM, 1LM/4LG, 7LM, 7LM/4LG, 2LM, and 2LM/4LG
obtained under outgoing resonance conditions with their corresponding
A excitons. c) Schematic of the simplified band structure for nLM/4LG
(n>1).

carriers at both CBM and VBM and thus weakens RRS path-
way blocking.

In TMDs, geometrical confinement effect leads to signifi-
cant evolution of energy dispersion from monolayer thickness to
bulk.?®] In constrast to 1LM with direct band structure,’”) mul-
tilayer MoS, with layer number n (LM, n > 1) exhibits indirect
band structure (Figure 4a). The CBM of nLM shifts from the K
point to the Q point of the Brillouin zone, and the VBM of nLM
shifts from the K point to the I" point.*®] Consequently, interval-
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ley scattering between K valley and Q (I') valley in nLM (n > 1)
could be a NrR channel for the electrons (holes) in K valley. For
simplicity, we use A} of 1LM to denote the corresponding modes
innLM (n > 1). Due to the mitigation of the BFE in nLM (n > 1),
I(A)) of nLM (n > 1) should exhibit weaker quenching than 1LM
when E,, is in resonance with the corresponding A exciton. In-
deed, I(A)) of 7LM does not exhibit obvious quenching when E,,
is in resonance with E,, which is totally different from that in
1LM, as shown in Figure 4b. Notably, for the case of 2LM, I(A}) is
extremely weak even in resonance with the A exciton, as depicted
in Figure 4b. This can be ascribed to the evident BFE in 2LM, be-
cause the intervalley scattering cannot serve as an efficient NrR
channel for photoexcited electrons at K valley due to the small
energy difference between the CBM at the K and Q valleys.

When assembling nLM with 4LG together to form nLM/4LG
vdWHs, both interfacial charge transfer and intervalley scattering
can simultaneously present as NrR channels for photoexcited car-
riers, as demonstrated in Figure 4c. Figure 4b also shows Raman
spectra of 1LM/4LG, 7LM/4LG and 2LM/4LG, in resonance with
their corresponding A exciton, respectively. I(A}) in 7LM/4LG is
almost equal to that in 7LM, indicating that the intervalley scat-
tering is the main NrR channel to mitigate the BFE at the A ex-
citon in 7LM/4LG vdWHs. While in 2LM/4LG, I(A}) exhibits a
significant enhancement compared with that in 2LM, implying
that the interfacial charge transfer is the dominant NrR channel
to migrate BFE for the activation of RRS pathway in 2LM/4LG,
in addition to the pristine NrR channel of intervalley scattering
in 2LM.

To further confirm that the interfacial charge transfer between
nlM and 4LG constituents is an efficient NrR channel to miti-
gate BFE of photoexcited carriers and activate RRS pathways in
nLM/4LG, we inserted a 16L-hBN flake between 2LM and 4LG
to form a 2LM/hBN/4LG vdWH. The layer number of the 16L-
hBN is identified by the layer-breathing mode of 2LM/hBN/4LG
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Photoexcited carrier dynamics of the A exciton in 2LM, 2LM/4LG and
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(see Section SV, Supporting Information) via cross-dimensional
electron-phonon coupling effect.¥] Due to the wide bandgap
of 16L-hBN, it can serve as a barrier layer to effectively block
the interfacial charge transfer between the 2LM and 4LG con-
stituents. Indeed, I(A}) in 2LM/hBN/4LG is obviously weaker
than that in 2LM/4LG, but is slightly stronger than that in stan-
dalone 2LM, as shown in Figure 5a. This can be ascribed to the
partial recovery of the BFE at the A exciton due to the block-
ing of interfacial charge transfer between 2LM and 4LG con-
stituents by the 16L-hBN spacer layer, while the tunnelling ef-
fect through the hBN barrier and Férster resonance energy trans-
fer between 2LM and 4LG constituents still result in the weaker
BFE in 2LM/hBN/4LG relative to the case of standalone 2LM. The
blocking of interfacial charge transfer between 2LM and 4LG con-
stituents in 2LM/hBN/4LG can also be confirmed by the longer
lifetime of photoexcited carriers in 2LM/hBN/4LG than that in
2LM/4LG and the similar lifetime of photoexcited carriers in
2LM/hBN/4LG and 2LM (Figure 5b).

Finally, gate-tunable resonant Raman spectroscopy of atomi-
cally thin MoS, can provide strong evidence for above analysis.
Under the resonance condition with E,, the Raman intensity of
2LM transistor with ionic gel gating is extremely weak when the
gate voltage is positive.®”) When a negative gate voltage is ap-
plied, the resonant Raman intensity in 2LM can be gradually
enhanced. This result can be well understood by considering
the enhancement or mitigation of BFE. Through applying posi-
tive or negative gate voltage, positively or negatively charged ions
are driven to accumulate atop the sample to form electric double
layer which then results in an increase or decrease of n, in the
sample. According to the Equation (1), the increase (decrease) of
n. is expected to enhance (mitigate) the BFE, and thus manipu-
late the resonant Raman intensity. Upon applying positive gate
voltage, n, of 2LM increases, which can enhance the BFE and
thus induce significant quenching of resonant Raman intensity.
When applying negative gate voltage, n, of 2LM decreases, which
is equivalent to mitigating the BFE. In this case, the A exciton re-
lated RRS pathway is activated and the resonant Raman intensity
in 2LM can be recovered.

3. Conclusion

This work reports an anomalous quenching of I (A/l) in 1LM when
E,, is in resonance with its E,, e.g., I(A)) in 1LM is roughly one-
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tenth of its value under the resonance with E., while the cor-
responding I(A)) is twice that under its C-exciton resonance in
monolayer WS,. This unusual phenomenon in 1LM is attributed
to the blocking of the corresponding Raman scattering pathway
arising from the BFE of photoexcited carriers at the A exciton.
This result is approved by the nonlinear excitation-power depen-
dence of I(A}) in 1LM. Remarkably, the strongly quenched res-
onant Raman intensity can be recovered through manipulating
BFE by introducing NrR channels for the photoexcited carriers,
thereby reactivating the corresponding RRS pathway. In compari-
son with the standalone 1LM, the BFE is mitigated in nLM (n >1),
1LM-based and nLM-based vdWHs, leading to significant recov-
ery of I(A}). The corresponding intensity recovery stems from the
presence of additional NrR channels including interfacial charge
transfer, intervalley scattering, carrier tunneling, and Forster res-
onance energy transfer. This work paves the way to optimize
the sensitivity of Raman spectroscopy by engineering carrier re-
laxation dynamics to enhance RRS intensity, enabling insights
into electronic transitions and electron—phonon coupling in low-
dimensional semiconductors and related heterostructures.

4. Experimental Section

Sample Preparation: Atomically thin MoS, flakes were mechanically
exfoliated from the corresponding bulk crystals onto polydimethylsilox-
ane (PDMS) sheets, while graphene flakes were exfoliated onto 90 nm
SiO, /Si substrates. The layer number of atomically thin graphene flakes
were identified by analyzing the line shape of the 2D peak,[*? whereas the
layer number of MoS, flakes were distinguished using peak positions of
the interlayer phonons.[*1] The vdWHs was constructed through the all-
dry viscoelastic stamping method.[3242] The TMD flakes on PDMS can
be sequentially transferred onto graphene or 90 nm SiO, /Si substrates in
specific orders with the aid of an optical microscope and a nanomanipula-
tor. All the fabricated samples were subjected to annealing under vacuum
conditions (approximately 1077 hpa) at 250 °C for 2 h to achieve a good
interfacial coupling in vdWH. In the Section SI (Supporting Information),
the optical image and photoluminescence mapping for 1LM, 1LM/4LG,
2LM and 2LM/4LG on 90 nm SiO, /Si substrates were demonstrated to
prove the high quality of the corresponding samples.

Raman Measurements: Raman spectra were measured under a
backscattering configuration at 300 K with a Jobin Yvon HR800 Raman sys-
tem equipped with a liquid-nitrogen-cooled charge-coupled device (CCD)
and a 100x objective (numerical aperture = 0.90). 1800 and 2400 lines
per mm gratings were used in the Raman measurements. The excitation
energies were 2.81 eV from a HeCd laser, 2.33 eV from a diode-pumped-
solid-state laser, 2.21 eV from a solid state single longitudinal mode laser,
1.96 eV from a HeNe laser and 1.80-2.09 eV from a C-wave GTR laser
(HUBNER Photonics GmbH). The Raman spectra at 4 K were measured
in a helium-cooled cryostat (Montana Instruments), with Raman signal
collected by a 50x objective (numerical aperture = 0.45).

Transient Absorption (TA) Spectra: Transient absorption (TA) spec-
troscopy conveys information about photoexcited carriers.[*}] Microscopic
TA measurements on TMD flakes and TMD/graphene vdWHs were per-
formed with a custom-built microscopic system integrated into the HE-
LIOS setup. Fundamental 800-nm pulses (1 kHz, 100 fs) from a Coherent
Astrella regenerative amplifier were utilized to pump an optical paramet-
ric amplifier (Coherent, Opera Solo) to obtain a frequency-tunable pump
beam. The probe beam was generated by focusing a small fraction of the
fundamental 800-nm beam onto a sapphire plate. The probe wavelength
ranges from 450 to 785 nm, with the E,, in resonance with the A exciton
of MoS,. Both the pump and probe beams were focused onto the sample
using a 20x objective. Reflected probe light was collected through the lens
into a fiber, while the pump light was filtered out using a pair of crossed po-
larizer.

© 2025 Wiley-VCH GmbH
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Section I: Optical image and photoluminescence (PL) mapping for our sample

In Figures Kla and S1b, we demonstrate the optical image and PL mapping for 1LM, 1LM/4LG, 2LM and
2LM/4LG on 90 nm SiO4/Si substrate. The PL peaks of 1LM/4LG and 2LM/4LG vdWHs are uniformly
quenched in their corresponding regions, which indicates a good interfacial coupling quality over a large
area. In Figure Bllc, we demonstrate the PL quenching of 1LM/4LG and 2LM/4LG vdWHs.
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Figure S1: Optical image a) and PL mapping b) for 1LM, 1LM/4LG, 2LM and 2LM/4LG on 90 nm SiO»/Si substrate. c)
PL spectra of 1LM, 1LM/4LG, 2LM and 2LM/4LG.
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Section II: Resonant Raman spectra of hBN-capped and ucapped 1LM and 1LM/4LG

In order to eliminate the influence of ambient conditions on the experimental results, we compared the
resonant Raman spectra of hBN-capped and uncapped 1LM and 1LM/4LG. Figure §2a presents the
optical image of our sample which simultaneously includes different regions. Raman spectra of hBN-
capped 1LM and uncapped 1LM obtained under outgoing resonance condition with A exciton are compared
in Figure §2b. The hBN-capped 1LM exhibits the same Raman intensity quenching as the uncapped
1LM. Moreover, the quenched Raman intensity is recovered in both hBN-capped 1LM/4LG and uncapped
1LM/4LG, as shown in Figure B2c. Based on these, the experimental results obtained in ambient condition
are similar to those obtained in hBN-capped ones. This suggests that the uncapped 1LM in this work are
not subjected to the photo-doping effects caused by the laser excitation under the ambient test condition.
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Figure S2: a) Optical image for hBN-capped 1LM, hBN-capped 1LM/4LG and uncapped 1LM. The inset shows the cross-
section of the sample at the position indicated by the white dash-dotted line. b) Raman spectra of hBN-capped 1LM and
uncapped 1LM obtained under outgoing resonance condition with A exciton. ¢) Raman spectra of hBN-capped 1LM/4LG
and uncapped 1LM/4LG obtained under outgoing resonance condition with A exciton.
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Section III: Temperature-dependent Raman spectra of 1LM amd 1LM/4LG

Figures S3a and §3b present the Raman spectra of 1LM and 1LM/4LG in the outgoing resonance with
E, at 300 and 4 K in vacuum, respectively, showing that the I(A)) ratio between 1LM/4LG and 1LM
at 300 K is obviously larger than that at 4 K, as shown in Figure 83c. This behavior arises from the
temperature-dependence of BFE. In comparison to the case at 300 K, Ep, and Ep, are closer to the band
edge at 4 K due to the reduced thermal fluctuation, as depicted in Figure 8E3d. Consequently, the BFE of
1LM at 4 K is weakened relative to the case at 300 K, which then results in slightly weaker blocking of
Raman scattering pathways in 1LM and accounts for the smaller (A}) ratio between 1LM/4LG and 1LM
at 4 K.
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Figure S3: a) Raman spectra of 1LM and 1LM/4LG under 1.93 €V excitation at 300 K in vacuum. b) Raman spectra of
1LM and 1LM/4LG under 1.98 eV excitation at 4 K in vacuum. ¢) I(A;) ratio between 1LM/4LG and 1LM at 300 K (red)
and 4 K (blue). d) Comparison of BFE at 300 K and 4 K.
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Section IV: Differential reflectance spectra of 1LM, 2LM and 7LM

Figure 4 shows the differential reflectance spectra of 1LM, 2LM and 7LM, in which excitonic peaks A,
B and C can be found.[™ Based on the result, the outgoing resonance conditions with E, in 1LM, 2LM
and 7LM can be determined (as marked in Figure 54).

1.5 2.0 25 3.0
Energy (eV)

Figure S4: Differential reflectance spectra of 1LM, 2LM and 7LM on quartz substrates.
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Section V: The determination of the layer number of hBNN flake based on the cross-dimensional
electron-phonon coupling
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Figure S5: a) Low-frequency Raman spectra of 2LM and 2LM/16L-hBN/4LG. b) Experimentally observed LBMs frequencies
(red star) and calculated LBMs frequencies of 2LM and 2LM/16L-hBN/4LG (blue circle).

Accurately identifying the layer number of hBN constituent in 2LM/hBN/4LG vdWH is important.
Interlayer phonon modes including shear (S) mode and layer-breathing mode (LBM) have been widely
used to identify the layer number of two-dimensional materials, which usually emerge in the low-frequency
region (<150 cm™') of Raman spectra.? For an in-plane isotropic two-dimensional material flake with
N rigid layers, there are N-1 degenerate S modes and N-1 LBMs, which are denoted as Sy n_; and
LBMyny—; (i =1, 2, ..., N-1), respectively, where the Sy; (LBMy ) (i.e., @ = N-1) is the one with the
highest frequency and Sy y—1 (LBMy n-1) (i.e., i = 1) is the one with the lowest frequency. For example,
in 2LM, the S mode (Sy;) is observed at 22.5 cm™!, and the LBM (LBM,;) is observed at 40 cm™!, as
shown in Figure SHa. However, it is difficult to directly identify the layer number of hBN flake by its
intrinsic low-frequency Raman spectrum, because the standalone hBN flake exhibits no observable LBMs
due to its extremely weak electron-phonon coupling strength when subjected to visible laser excitation. ™

The cross-dimensional electron-phonon coupling effect ¥l provides a strategy to identify the layer number
of hBN constituent via measuring the LBMs frequencies of 2LM/hBN/4LG vdWH. Here, a series of LBMs
can be experimentally observed in the ternary 2LM/hBN/4LG vdWH, as shown in Figure 8Ha. The
experimentally observed LBMs frequencies are summarized in Figure §3b. Notably, the linear chain model
has been widely used to predict the frequencies of the S modes and LBMs in two-dimensional materials
and vdWHs.”* Based on this model, we can calculate all the LBM frequencies of the corresponding
ternary vdWH, and thus determine the layer number of hBN flake. When we consider the structure as
2LM/16L-hBN/4LG, the calculated results are in agreement with the experimental ones, as shown in
Figure Bb.

References

[1] Y. Li, A. Chernikov, X. Zhang, A. Rigosi, H. M. Hill, A. M. van der Zande, D. A. Chenet, E.-M. Shih,
J. Hone, T. F. Heinz, Measurement of the optical dielectric function of monolayer transition-metal
dichalcogenides: MoSs , MoSey, WS,, and WSe,y, Phys. Rev. B 2014, 90, 205422.

2] X. Zhang, W. P. Han, J. B. Wu, S. Milana, Y. Lu, Q. Q. Li, A. C. Ferrari, P. H. Tan, Raman
spectroscopy of shear and layer breathing modes in multilayer MoSsy, Phys. Rev. B 2013, 87, 115413.

[3] M.-L. Lin, Y. Zhou, J.-B. Wu, X. Cong, X.-L. Liu, J. Zhang, H. Li, W. Yao, P.-H. Tan, Cross-
dimensional electron-phonon coupling in van der waals heterostructures, Nat. Commun. 2019, 10,
2419.



REFERENCES WILEY-VCH

[4] P. H. Tan, W. P. Han, W. J. Zhao, Z. H. Wu, K. Chang, H. Wang, Y. F. Wang, N. Bonini, N. Marzari,
N. Pugno, G. Savini, A. Lombardo, A. C. Ferrari, The shear mode of multilayer graphene, Nat. Mater.
2012, 11, 294.



	Anomalous Intensity Quenching of Resonant Raman Scattering in Atomically Thin MoS2
	1. Introduction
	2. Results and Discussion
	3. Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


