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Influence of midgap states and localized surface-plasmon resonance
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Tuning exciton-plasmon interaction in transition metal dichalcogenides coupled with noble metal nanos-
tructures has emerged as a powerful technique with broad implications in the fields of cavity quantum
electrodynamics, spintronics, valleytronics, etc. Here, we report a simple strategy to modulate recombination
pathways in the emerging transition metal dichalcogenide alloy MoSSe coupled with Au nanoclusters by
engineering the geometrical parameters of Au nanoclusters. Systematic investigations using photoluminescence
spectroscopy were performed on Au/MoSSe hybrids under 488 nm excitation. Our results demonstrate Au
size-dependent quenching to the subsequent enhancement of the MoSSe emission within the same hybrid
system. First-principles calculations provide a microscopic understanding of the presence of the midgap state
in the hybrid system leading to the quenching phenomenon. Additionally, the evolution of the Au nanoclusters’
geometry induces local surface-plasmon resonance, which eventually enhances the photoluminescence inten-
sities of the hybrid system, in agreement with theoretical calculations. Excitation with a laser of energy close
to the emission of Au nanoclusters leads to a significant modification of the photoluminescence emission of
the hybrids compared to the previous one. The modulation of the absorption and vibrational properties of the
Au/MoSSe hybrid system further supports the findings from the photoluminescence studies. This comprehensive
study provides valuable insights into the metal—transition metal dichalcogenide interface, thereby contributing
to an improved understanding of the underlying mechanism. Furthermore, the demonstrated potential of this

approach presents a promising avenue for the development of novel broadband optoelectronic designs.
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I. INTRODUCTION

Tailoring light-matter interaction in two-dimensional (2D)
materials has led to remarkable advancements in the field of
optoelectronics [1,2]. Among the extensive group of layered
2D materials, semiconducting transition metal dichalco-
genides (TMDCs) have garnered substantial attention for
both fundamental research and practical applications [3,4].
TMDCs possess favorable properties as active materials due
to their superior excitonic behavior [5,6]. However, the pho-
toluminescence (PL) quantum yield is significantly affected
by low carrier recombination, which stems from the short
exciton lifetime and strong exciton-exciton interaction at
room temperature [7,8]. Additionally, the narrow spectral
window limits their applications in photonic devices [9,10].
Consequently, the exploration of strategies to enhance the
optoelectronic potential of TMDCs by addressing these chal-
lenges through chemical modification, defect engineering, and
hybridization has emerged as a captivating area of research
[11-15].
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In this regard, integration with plasmonic nanostructures
offers a promising avenue for tuning and enhancing exci-
tonic behavior in TMDCs [16-19]. The interaction between
excitons and plasmons can lead to significant changes in
the optical and vibrational properties of the active mate-
rial. By modifying the size, shape, and thickness of metal
nanostructures, the exciton-plasmon pathway in plasmonic
metal nanostructure/TMDC hybrid systems can be tailored,
thereby altering the rates of radiative and nonradiative recom-
bination. This approach holds great potential for engineering
highly efficient hybrid nanodevices in the field of photosens-
ing [20-22]. This interplay is governed by two fundamental
phenomena: charge transfer and localized surface-plasmon
resonance (LSPR). Previous studies reported on the hybrid
plasmonic nanoparticle (NP)/TMDC behaviors arising out of
energy or charge transfer or LSPR, thereby leading to either
quenching or enhancement of PL emission [23-28]. To the
best of our knowledge, there is one report that investigated
the enhancement and quenching regimes in CdSe coupled to
Au NP [29]. However, the microscopic dynamics of charge
transfer and carrier recombination and their potential impact
on optical properties still remain unclear. Furthermore, there
is a lack of contemporary investigation on hybrid systems.
In the present study, an emerging TMDC alloy, molybdenum
sulfoselenide (MoSSe), is chosen due to its rich near-infrared

©2024 American Physical Society


https://orcid.org/0009-0000-7381-4409
https://orcid.org/0000-0001-9831-9965
https://orcid.org/0009-0000-8398-4153
https://orcid.org/0000-0002-4145-4899
https://orcid.org/0000-0001-9930-4087
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.125306&domain=pdf&date_stamp=2024-03-21
https://doi.org/10.1103/PhysRevB.109.125306

CHUMKI NAYAK et al.

PHYSICAL REVIEW B 109, 125306 (2024)

(NIR) efficiency [30]. We adopt a general approach to cou-
pling plasmonic nanostructures with MoSSe to demonstrate
subsequent quenching and enhancement of optical emissions
in a single hybrid system by modulating the geometry of
the nanostructures. Thus, the plasmon/MoSSe hybrid system
will have critical importance in providing a comprehensive
microscopic understanding through a combined systematic
investigation of experimental and theoretical studies.

Here, a series of Au/MoSSe hybrids were fabricated by
varying the sizes of Au nanoclusters (NCs). The integration of
Au NCs with MoSSe enabled broadband absorption ranging
from the UV-visible (VIS) to NIR region, effectively address-
ing the limited spectral window issue. Experimental investi-
gations using PL and Raman studies demonstrated successful
tuning of the optical and vibrational properties of MoSSe
through the incorporation of Au NCs. First-principles cal-
culations further provided microscopic understanding about
Au/MoSSe hybrid samples, after the incorporation of Au
NCs. The observed quenching in PL emission was attributed
to the formation of midgap states during the initial phases
of Au growth over the MoSSe layer, leading to nonradia-
tive charge recombination. Subsequent band realignment in
the hybrid structure facilitated charge transfer from MoSSe
to Au NCs. By systematically modifying the geometry of
Au NCs, the localized electric field resulting from surface-
plasmon resonance (SPR) played a pivotal role in increasing
the PL intensity. Consequently, the metal-TMDC interface, a
critical factor in optoelectronic device design, can be easily
modulated. This work provides both experimental and the-
oretical groundwork for the development of next-generation
optoelectronic devices, such as photodetectors, solar cells,
and light-emitting devices, based on plasmonic nanostructures
coupled with alloy TMDC materials.

II. EXPERIMENT

A. Material synthesis

The MoSSe crystal was purchased from HQ Graphene,
the Netherlands. We adopted the mechanical exfoliation route
by the standard scotch-tape method to get monolayer and
few-layer samples on a SiO, (thickness = 300 nm)/doped Si
substrate. To prepare the Au/MoSSe hybrid samples, Au was
deposited on pristine MoSSe (Sample 1) for 30 s (Sample 2),
50 s (Sample 3), 70 s (Sample 4), 100 s (Sample 5), 130 s
(Sample 6), and 150 s (Sample 7) in a vacuum physical vapor
deposition growth chamber (pressure ~ 10~3 Torr). For the
absorption study, we also prepared Au NCs on MoSSe using
a glass slide as the substrate using the same method (see the
Supplemental Material [31], Sec. VII).

B. Material characterizations

To understand the topography of the samples, atomic force
microscopy (AFM) images were taken in the tapping mode
using a Bruker instrument (Innova). To study the vibrational
and optical properties, Raman and PL measurements were
performed using a micro-Raman setup equipped with a spec-
trometer (LabRAM HR, Jobin Yvon) and a Peltier-cooled
CCD detector. An air-cooled argon-ion laser with a wave-
length of 488 nm and a He-Ne laser with a wavelength
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FIG. 1. Primary characterizations of pristine MoSSe (Sample 1).
(a) AFM image (inset shows the height profile), (b) Raman spectrum,
and (c¢) PL spectrum of Sample 1. (d) Calculated electronic band
structure of monolayer MoSSe via DFT.

of 633 nm were used as excitation sources. The laser light
was focused on the sample using a 100x objective with a
numerical aperture of 0.9. To measure the optical absorp-
tion spectra of Au NCs and Au/MoSSe hybrids, we used a
UV-VIS spectrophotometer from Perkin Elmer (Lambda 35).
The theoretical band structures were calculated using density
functional theory (DFT), and the computational details are
provided in Sec. I of the Supplemental Material [31]. We
performed the simulation using the COMSOL MULTIPHYSICS
program.

III. RESULTS AND DISCUSSIONS

The details of the Au/MoSSe hybrid synthesis procedures
are given in the previous section. Our as-prepared pristine
MoSSe (Sample 1) is a monolayer, as confirmed by the AFM
imaging shown in Fig. 1(a) (the height profile is given in the
inset). Figure 1(b) represents the Raman spectrum of Sam-
ple 1. The most prominent Raman peaks are the E5, E}, A}, M,
E3, E?, and A? modes, appearing at 216, 223, 265, 274, 352,
373, and 400 cm ™!, respectively, which is consistent with pre-
vious reports [30,32]. The PL spectrum shown in Fig. 1(c) is
determined by exciton and trion recombination. The energies
associated with the A trion, A exciton, and B exciton are 1.65,
1.7, and 1.86 eV, respectively. The calculated band structure
of the pristine MoSSe monolayer shows that it is a direct band
gap semiconductor with a band gap of 1.65 eV. The valence
band maxima (VBM) and conduction band minima (CBM) of
MoSSe lie at the K point in the irreducible Brillouin zone as
depicted in Fig. 1(d), which is nearly equal to the excitonic
band gap of MoSSe. Figure S1 shows the projected density of
states (pDOS) plot of the pristine MoSSe monolayer, which
reveals that the states near the VBM and CBM are primarily
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FIG. 2. Schematic representation of the synthesis steps of
Au/MoSSe hybrids.

contributed by Mo d orbitals, with a small contribution from
other orbitals [31].

Figure 2 shows a schematic representation of Au/MoSSe
hybrid formation at successive growth times of Au NCs. The
shape and size depicted are purely for illustrative purposes
and to convey the dynamic evolution of the Au NCs as a
function of time. Figures S2(a)-S2(c) represent AFM images
of bare MoSSe (Sample 1) and Au/MoSSe hybrids at two
different growth stages (Samples 3 and 5), where the insets
show zoomed-in views of the regions outlined by rectangular
boxes [31]. The line profiles of the AFM images illustrat-
ing the top surfaces of Samples 1, 3, and 5 are depicted in
Fig. S2(d) [31]. The increased intensity of each peak in the
line profile with the increase in Au deposition time suggests
a corresponding increase in NCs size, aligning with the size
distribution histograms derived from their respective AFM
images (Figs. S2(e) and S2(f) [31]). The narrowing gap be-
tween the peaks of the line profile with an increase in Au
growth time (see Fig. S2(d) [31]) suggests a reduction in the
gap between the Au NCs, implying an increase in the area
coverage of the Au NCs. To validate this observation, we
calculated the percentage of area coverage of Au NCs for
Samples 3 and 5 from their AFM topography. The estimated
values of area coverage for Samples 3 and 5 are 18% and 40%,
respectively. This result shows that with the increase in Au
growth time, the area coverage of the Au NCs also increases,
which is consistent with the line profile analysis.

To explore the effect of the shape and size modulation
of Au NCs on exciton-plasmon coupling, we studied our
as-grown hybrid samples via PL spectroscopy under the ex-
citation of the 488 nm laser. The key results of our work are
shown in Fig. 3. After formation of Au/MoSSe hybrids (from
Sample 2 to Sample 7), Fig. 3(a) confirms two additional
peaks with the existing exciton and trion peaks of Sample
1 [Fig. 1(c)] in the higher-energy region (1.8 to 2.3 eV).
These can be assumed to be emanating from the Au NCs.
From samples with growth times of 70 s and higher, the high-
energy spectra could not be fitted reliably. This observation
allowed for the addition of a new peak before the B excitonic
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FIG. 3. Optical study of pristine MoSSe (Sample 1) and
Au/MoSSe hybrids (Samples 2—7) under 488 nm laser excitation.
(a) PL spectra of Samples 1-7. The red line represents the fitted
curve. The spectra are fitted with four Gaussian functions corre-
sponding to the A trion, A exciton, and B exciton for pristine MoSSe
(Sample 1); two additional Gaussian fitted peaks for Au NCs (pink
and violet) in hybrids (Samples 2-7); and a Gaussian fitted peak
related to the B trion (magenta) for Samples 4-7. (b) Color plot of
the PL intensity as a function of energy and Au growth time and
(c) intensity ratio between the A exciton and A trion peaks for all
samples.

transition, which is assigned as the B trion (magenta peak)
[33-35]. To gain a comprehensive understanding of the afore-
mentioned peaks subsequent to the formation of Au/MoSSe
hybrids, it is essential to investigate the emission properties
of the Au NCs. Therefore, the Au NCs were synthesized on
a SiO, (thickness of 300 nm)/doped Si substrate, which is
similar to the substrate used for Sample 1, over successive
time segments like before. The PL emission of Au NCs is
caused by the radiative recombination of d-band holes with
sp electrons [36,37]. These PL spectra (Fig. S3(a) [31]) were
fitted using two Gaussian functions which are comparable to
the peaks appearing in the hybrid systems [Fig. 3(a)]. This
observation confirms our assumption that the observed peaks
beyond the emission of MoSSe in the hybrid samples originate
from Au NCs. Between these two peaks, the lower-energy
peak is assigned to the longitudinal mode, while the higher-
energy peak is associated with the transverse mode (Fig. S3(a)
[31]) [38,39]. With the evolution of the size of Au NCs with
increasing growth time, both modes are slightly redshifted
(Fig. S3(b) [31]), and their intensity increases (Fig. S3(c)
[31]). Several recent reports showed the generation of the gap
plasmon mode in metal-insulator-metal metasurfaces with a
thin insulating layer [40-43]. However, in our case, a 300 nm
thick layer of SiO, is placed between the Au NCs and doped
Si. In the context of such a comparatively thick dielectric, the
generation of a gap plasmon mode is not anticipated [42,44].
Therefore, the enhancement of PL intensity with the size
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increment is attributed to the LSPR effect, which acts as an
additional ultrafast radiative channel enhancing the radiative
recombination of the interband transition of electrons and
holes [45]. Now, coming back to the PL study of Au/MoSSe
hybrid samples [Fig. 3(a)], it reveals an interesting
observation.

Two distinct scenarios are observed in the experimental re-
sults. First, the intensity of peaks related to MoSSe decreases
up to Sample 3. But from Sample 4, a significant and sharp
rise in PL intensity is observed [Fig. 3(a)]. Conversely, the
emission attributed to Au NCs shows an overall increase for
all hybrid samples (Samples 2-7), as shown in Fig. S4(a)
[31]. A comprehensive visualization of these observations is
provided by the color plot in Fig. 3(b), which offers a clear
overview of the overall behavior. Recently, Lu et al. reported
the redshifting (15 nm) of the A exciton of Au NP/MoS,
due to 0.4% strain present in the system [46]. In our study,
the absence of a significant peak shift (Fig. S4(b) [31]) in-
dicates that strain may not be a dominant factor influencing
the optical properties in the hybrid system. Instead, we at-
tribute the observed quenching effect to band realignment
upon the formation of the hybrid structure, which facilitates
charge transfer from MoSSe to Au NCs. As the growth time
progresses, the evolution in size and density of Au NCs
on MoSSe leads to the emergence of LSPR effects, which
intensify the PL. phenomena, countering the initial quench-
ing. Consequently, the interplay between charge transfer and
LSPR in the hybrid system results in both quenching and
effective enhancement of optical emission, depending on the
geometry of the Au NCs. However, the microscopic origin of
both the quenching and enhancement phenomena remains yet
to be fully elucidated. Here, the PL. modification factor can be
defined as
Tau/MosSe

, €]

PPL IMoSSe
where Iau/mosse and Ivosse are the PL intensities of MoSSe
with and without the presence of Au NCs. The Pp, values
for the A trion, A exciton, and B exciton decrease from 1
(Sample 1) to 0.03, 0.07, and 0.3 for Sample 3, where the
maximum PL quenching of MoSSe occurs. Subsequently,
they increase to 0.43, 0.67, and 0.33, respectively, for Sample
7 (Fig. S4(c) [31]). It is also observed that the intensity ratio
of the A exciton to the A trion [Fig. 3(c)] first increases,
and then after a certain Au growth time (after Sample 4),
it decreases. Thus, the conversion of excitons to trions is
directly influenced by the suppression of charge transfer. In-
terestingly, upon excitation with a 633 nm laser, there is very
significant enhancement in PL emission peaks after Sample
4. The maximum Ppp (2.6 and 3.6 for the exciton and A
trion, respectively) is achieved for Sample 7, as shown in
Fig. 4(a). The resonance of the longitudinal mode of Au
NCs (see Fig. S3(b) [31]) with excitation energy (1.96 eV)
causes strong exciton-plasmon coupling which effectively
amplifies the local surface-plasmon effect. However, due to
the mismatch between the energy (2.54 eV) associated with
the 488 nm excitation and the peaks of Au NCs, we observe
a lower Pp, value (Fig. S4(c) [31]). Additionally, the high
exciton to trion switching in the case of the 633 nm excitation
[Fig. 4(b)] compared to the 488 nm excitation [Fig. 3(c)]
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FIG. 4. Optical study of pristine MoSSe (Sample 1) and
Au/MoSSe hybrids (Samples 2—7) under 633 nm laser excitation.
(a) PL modification factor for the A exciton and A trion peaks and
(b) the intensity ratio between the A exciton and A trion peaks for all
samples.

is due to enhanced conversion of the exciton to a trion by
excess photoinduced carriers at SPR conditions [47]. It must
be mentioned that the SPR might activate the emission related
to the B trion in the hybrid systems.

We conducted a systematic study of PL on two addi-
tional samples, MoSSe 2 and MoSSe 3, both of which are
few-layer samples, as confirmed by the color contrast ob-
served in optical microscopic images, PL intensity, and peak
shift (see the Supplemental Material [31], Sec. VI). In both
samples, the behavior regarding the change in PL intensity
upon Au growth is qualitatively similar to that observed in
the Au/monolayer MoSSe hybrid. However, the rate of re-
vival of MoSSe peaks differs from that of Au/monolayer
MoSSe hybrids (see Fig. S5(f), top panel [31]). Additionally,
as observed in Fig. S5(f) (bottom panel) [31], the conversion
of excitons to trions is less efficient compared to that of
Au/monolayer MoSSe hybrids. The reason is that monolayer
MoSSe exhibits a higher PL. quantum yield than the few-layer
samples due to its smaller crystal volume, significant quantum
confinement, and reduced dielectric screening [5,6,25,28].
Consequently, efficient light-matter interaction is observed in
monolayer MoSSe compared to few-layer samples, particu-
larly with the geometric modulation of Au NCs in the hybrid
systems.

To understand the quenching and enhancement scenar-
ios mentioned above, we conducted a comprehensive study
of the UV-VIS absorption properties for both Au NCs and
Au/MoSSe hybrids using a glass slide as a substrate, as shown
in Fig. S6 [31]. The observed absorption peak (Figs. S6(a) and
S6(b) [31]) at 530 nm for both the samples (30 s Au NCs
and Sample 2) can be attributed to the transverse mode of
Au NCs [39,48]. The redshift of the absorption energy as the
Au growth time increases can be attributed to the reduction
in confinement energy [49]. This reduction arises from the
formation of larger NCs, as validated by the AFM analysis
(Figs. S2(d)-S2(f) [31]). Moreover, an additional peak around
650 nm emerges in the samples with longer growth times
(Figs. S6(a) and S6(b) [31]), corresponding to the coupled
plasmon resonance band [39,50], namely, the longitudinal
absorption mode of Au. The appearance of this band and
increase of the absorption intensity with the Au growth time
indicate higher surface coverage [50], which is supported by
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FIG. 5. First-principles calculations. (a) and (b) Electronic band
structures and (c) and (d) atom-projected partial density of states for
the Au/MoSSe and Au, /MoSSe hybrid configurations, respectively,
where n =1 and 2 refer to one Au NC and two Au NCs. The
insets in (c) and (d) represent a zoomed-in view of the corresponding
forbidden band gap regions.

the calculated area coverage derived from AFM images. The
position of the longitudinal mode is closer to the 633 nm laser
excitation. From Fig. S6(b) [31], we notice an absorption peak
at 760 nm for pristine MoSSe corresponding to the excitonic
transition of MoSSe. Compared with the bare sample after
introduction of Au NCs, absorption of MoSSe decreases in the
beginning, attributed to strong coupling between MoSSe and
Au after hybrid formation and charge transfer from MoSSe
to Au [51]. Then, it increases again with growth times.
But absorption of Au NCs is enhanced monotonically. Both
quenching and enhancement phenomena are in agreement
with our PL observations. The observed mismatch between
the PL emission and absorption peaks associated with Au NCs
may be attributed to variations in size and density, which may
differ depending on the substrate used, i.e., SiO,/doped Si,
MoSSe/SiO,/doped Si, and a glass slide [52,53].

Our first-principles calculations of electronic band struc-
tures based on DFT provide a qualitative understanding of
the effects of Au NCs’ adsorption on the pristine MoSSe
monolayer. We computed the atom-projected pDOS for the
hybrid systems, Au,/MoSSe (n = 1, 2). Here, n = 1 refers to
the adsorption of one Au NC on a pristine 6 x 6 x 1 MoSSe
monolayer, while, for n = 2, we double the adsorption of Au
NCs on the pristine MoSSe monolayer. Upon adsorption of
Au NCs [see Figs. 5(a) and 5(c)], midgap states are formed,
primarily composed of Au s and Mo d orbitals, with a minimal
contribution from other orbitals. In Au;/MoSSe, the band
edges are mainly derived from Mo d orbitals. Consequently,
during the return from the conduction band of MoSSe,
electrons become trapped in the midgap state of the hybrid

system, leading to nonradiative recombination. With an in-
crease in the size of Au NCs, the contribution of Au d orbitals
grows, shifting the midgap states of Au;/MoSSe to lower
energies in the case of Auy/MoSSe. This shift eliminates
states within the forbidden gap, resulting in a situation where
the VBM in Au,/MoSSe mainly arises from a hybridization
of Mo d, Au d, and Au s orbitals, while the CBM is primarily
attributed to Mo d orbitals. Thus, the Au, /MoSSe system is
a spin-unpolarized configuration with a direct band gap of
approximately 1.61 eV at the K point [see Fig. 5(b)]. The
pDOS plot [Fig. 5(d)] reveals the disappearance of midgap
states, thereby reactivating the potential pathway for radia-
tive recombination. Moreover, we observe a contribution
from Au d orbitals at the band edges of the hybrid system
Au, /MoSSe which is absent in the previous case [Fig. 5(c)].
In Au,/MoSSe, the VBM displays a significant contribution
from filled Au d orbitals, resulting in substantial charge lo-
calization near the surface of the Au NCs and subsequently
enhancing the local electric field.

To quantify the localized electric field in the vicinity of
a metal surface, we performed a simulation using the COM-
SOL MULTIPHYSICS program. In this study, we focused on
the scenario where Au NCs are relatively far apart, behaving
essentially as a single NC with D ~ 10 nm (determined via
AFM analysis). We calculated the magnitude of the localized
electric field for excitation wavelengths of 488 and 633 nm,
which are represented as color plots in Figs. 6(a) and 6(e)
and 6(b) and 6(f), respectively. Subsequently, we conducted
simulations to investigate the localized electric field as the
size [Figs. 6(c) and 6(g)] and density [Figs. 6(d) and 6(h)]
of Au NCs increased, resulting in reduced inter-NC distances,
as determined by AFM analysis (Figs. S2(d) and S2(f) [31]).
Due to computational constraints, we limited our analysis to
a two-NC system (i.e., a dimer) with decreasing inter-NC dis-
tances. Our results demonstrate that the role of the localized
electric field becomes more pronounced with increasing NC
size, aligning with our observations from PL enhancement
behavior and DFT-based microscopic analysis [Figs. 5(b) and
5(d)]. Additionally, our simulations reveal that the enhance-
ment of the localized electric field under 633 nm excitation
exceeds that under 488 nm excitation due to resonance effects,
consistent with the trends depicted in Figs. 4(a) and S4(c)
[31], respectively.

The experimental results with the insights derived from the
theoretical and simulation approaches culminate in a coherent
depiction elucidated through a schematic model in Fig. 7. The
right panels of Figs. 7(a)-7(c) display the pristine MoSSe
and Au/MoSSe hybrids under laser excitation, and the left
panels illustrate the recombination pathways in MoSSe before
and after coupling with Au NCs. Following the introduction
of Au NCs onto MoSSe, the interplay between nonradiative
recombination in the presence of midgap states [process 3 in
Fig. 7(b)] and charge transfer from MoSSe to Au [process
4 in Fig. 7(b)] precipitates the phenomenon of quenching in
optical properties within the hybrid system [Fig. 7(b)]. Sub-
sequent to the disappearance of midgap states [Fig. 7(c)] and
the evolution of the geometrical parameters of the Au NCs, the
LSPR effect engenders enhancement of the optical properties
for both MoSSe and Au NCs within the hybrid, as depicted in
Fig. 7(c).
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(D = 30 nm) with a gap of 1 nm on MoSSe under 488 and 633 nm excitations, respectively. Here, E represents the direction of the incident

EM field.

To gain deeper insight into the coupling effects between the
Au NCs and MoSSe, we conducted Raman spectroscopy mea-
surements on all hybrid samples, including Sample 1, using a
633 nm laser excitation. This wavelength was chosen due to
the significant enhancement observed in PL emission upon its
excitation. The color plot in Fig. S7(a) presents a clear depic-
tion of the modulation in Raman mode intensity [31]. Impor-
tantly, we did not observe substantial peak shifts upon the in-
troduction of Au NCs onto the MoSSe, indicating the absence
of significant strain within the hybrid system [46]. Following
the initial decrease in the intensity of all Raman modes, a
pronounced enhancement in their intensity became evident
after Sample 4 (Fig. S7(b) [31]). This quenching phenomenon
can be attributed to the charge transfer process from MoSSe to

Au. Specifically, the photoexcited electron is efficiently trans-
ferred from MoSSe to Au before undergoing electron-phonon
scattering [23]. The enhancement in Raman intensity can be
understood by the close alignment between the plasmonic
energy of the Au NCs and the energy associated with the
633 nm laser (1.96 eV). The resonance effect leads to a strong
localized EM field in the proximity of the Au NCs, intensi-
fying the Raman signal of MoSSe through surface-enhanced
Raman scattering. Among all the Raman peaks of MoSSe, the
E3 and E| modes exhibit greater sensitivity towards plasmon
coupling. These findings shed light on the coupling between
the plasmon and the phonon in the Au/MoSSe hybrid system,
offering valuable insights for the design and optimization of
such hybrid structures for various optoelectronic applications.

(©)

Laser

s
-X-X-)

ban
‘ |

Laser

ﬁf"l

(a) (b)
~ - - -
Laser
- Non-radiative
Radiative recombination Midgap
recombination | state
Ee Radiative
recombination
MoSSe

Radiative
recombination

L!

\

MoSSe

FIG. 7. Schematic presentation of the underlying mechanism. (a)—(c) depict recombination pathways in pristine MoSSe and Au (D ~ 10
nm)/MoSSe and Au (D ~ 30 nm)/MoSSe hybrids, respectively. The right panels show laser-irradiated pristine MoSSe and hybrids, whereas
the left panels depict the modulation of the recombination pathways in MoSSe without and with Au NCs. (1) Absorption of the incident laser
beam (blue arrow) by pristine MoSSe. (2) Emission through radiative recombination (red arrow). (3) The presence of the midgap state (purple
line) causes nonradiative recombination (brown arrow). (4) After hybrid formation, charge transfer from MoSSe to Au starts. (5) Radiative
recombination of the active sample decreases. (6) Absorption of the incident laser beam (blue arrow) by Au NCs. (7) Emission from Au NCs
due to radiative recombination between d-band holes and sp-band electrons. (8) The disappearance of the midgap state and activation of the
LSPR effect due to the increasing size of Au NCs again result in enhancement of radiative recombination, promoting higher PL emission. (9)
Due to the size evolution of Au NCs in the hybrid system, the intensity of the emission of Au NCs also increases.
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IV. CONCLUSION

In summary, we reported a strategy to efficiently mod-
ify exciton-plasmon coupling of TMDCs by integrating Au
NCs over MoSSe. The Au/MoSSe hybrid exhibits a broad
emission spectrum spanning from the UV-VIS to NIR region,
making it a promising candidate for broadband optoelectronic
applications. By introducing size-dependent Au NCs over
MoSSe, we successfully achieved quenching due to charge
transfer as well as subsequent enhancement in optical prop-
erties. Additionally, our theoretical investigation sheds light
on the role of midgap electronic states, resulting in nonra-
diative dissociation of emission in the optical properties of
Au/MoSSe hybrids. After the evolution of the size of Au
NCs, the LSPR effect becomes a crucial factor for enhanc-
ing the optical properties. Thus, we presented an approach
to engineer the exciton-plasmon interaction within an op-
tically active TMDC/plasmon hybrid. These findings hold
significant importance for improving the metal-semiconductor
interface for device applications. Furthermore, this work has

expanded our understanding of the vibrational properties of
plasmon-mediated systems, offering a fresh perspective in this
field.
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