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ABSTRACT: In this work, a feasible method was proposed to
prepare MoS,-based plasmonic hybrid systems with high photo-
luminescence (PL) emission enhancement. The enhancement
effect of plasmonic hybrids on the PL emission of MoS, has been
systematically studied on MoS,/Ag spherical nanoparticle (SP)
hybrid systems with different architectures by changing the
stacking position of Ag SPs. It is demonstrated that the
sandwich-like hybrid composed of monolayer MoS, and dielectric
Al,O; layer between two layers of Ag SPs has the highest PL
enhancement. Remarkably, after adding an AL, O; layer under
MoS,, the PL intensity enhancement up to 209 times was achieved
in the sandwich-like hybrid system. Compared with the hybrid
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with single-layer SPs, the sandwich-like hybrid system with double-layer Ag SPs exhibited an obvious blue shift as a result of the
selective enhancement of the A” exciton in MoS,. These results demonstrate that MoS,/Ag SP hybrid nanosystems have significant

implications for sensing and photoelectronic devices.

KEYWORDS: MoS,, plasmonic hybrid, enhanced photoluminescence, Al,O3 layer, localized surface plasmon resonance

1. INTRODUCTION

Molybdenum disulfide (MoS,) is a representative member of
the two-dimensional (2D) transition metal dichalcogenide
(TMD) family, which has received plenty of research interests
due to its striking physical properties and extensive
applications.”” When the thickness of MoS, is reduced to a
monolayer, its bandgap shifts from 1.29 to 1.9 eV,
accompanied with an enhancement of the photoluminescence
(PL) up to 10%>* which promises the application in
optoelectronic devices.*”” In addition, the semiconducting
property of MoS, enables the potential applications in
biological sensing and photocatalytical devices.”™"’

However, the low absorption due to the atomic-thin
thickness of 2D TMDs restricts their practical applications in
devices.'" It has been demonstrated that integrating TMDs
with plasmonic nanoscale metals, including metallic nano-
particles (NPs) and nanostructures, is a novel strategy to
broaden the application (improve the performance) of TMD-
based devices.'”'”> Owing to the extensive plasmonic light—
matter interaction, the light-harvesting efficiency and optical
response of TMDs are significantly enhanced, leading to the
exceptional potential performances of optoelectronic devices.'*
With the advancement of nanomaterial synthesis and the
development of nanofabrication techniques, TMD-based
plasmonic hybrids have witnessed extensive progress in the
past years. Noble metal NPs, due to its fabrication feasibility,
high yield, and diverse morphologies, have been widely utilized
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to integrate with TMDs for fabricating plasmonic hybrids.
Diefenbach et al. proposed a hybrid structure by decorating Au
NPs on the surface of monolayer MoS,, which promoted PL
by 20-fold."> In 2017, a hybrid framework with the PL
enhancement of 200 times was built by transferring CVD-
grown MoS, to Au NP arrays."® Wu and coauthors proposed a
gap-mode plasmon-enhanced PL mechanism, of which a PL
enhancement of 110-fold was achieved after dispersing Ag
shell-isolated nanoparticles (SHINs) on top of the monolayer
MoS, transferred to the Au film.'” Moreover, MoS, plasmonic
hybrid nanosystems have been employed in surface-enhanced
Raman scattering (SERS) for the application in sensing
devices."¥"”

In addition to the NPs synthesized through wet chemical
methods, NPs created using physical deposition methods,
owing to their feasibility in large area fabrication, were also
employed to enhance the PL emission of TMDs.”""**
However, the PL enhancement for these reported hybrid
heterostructures was not as high as that for the hybrids formed
with chemically synthesized NPs. Therefore, probing a feasible
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Figure 1. Schematic of the fabrication process for MoS,/Ag SP plasmonic hybrids. (a) Monolayer MoS, transferred to a SiO,/Si substrate. (b)
Thin Ag film deposited by EBE on MoS,. (c) Ag SPs produced on MoS, by the RTA process. (d) Thin Ag film deposited by EBE on a silicon
wafer. (e) Ag SPs produced by the RTA process. (f) Monolayer MoS, transferred to Ag SPs. (g, h) Another thin Ag film deposited on Ag SP/MoS,
followed by the RTA process to form a Ag SP/MoS,/Ag SP hybrid nanostructure. (i, j) ALD process of coating a thin Al,O; layer on the surface of
Ag SPs and subsequent MoS$, transfer. (k, 1) Another thin Ag film deposited on Ag SP/Al,05/MoS,, followed by the RTA process to form a stacked

hybrid structure of Ag SP/Al,0;/MoS,/Ag SP.

method to prepare a plasmonic TMD hybrid with high PL
enhancement is still an important issue for the fabrication and
application of TMD-based optoelectronic devices.

According to previous reports, the PL enhancement of MoS,
was closely related to the stacking sequences of MoS, and
plasmonic nanoscale metals.”® The sandwich-like three-layer
hybrids possess higher PL-enhancing ability. However, to our
knowledge, a three-layer plasmonic hybrid that is composed of
TMDs and metallic NPs fabricated through physical
deposition methods has not been reported.

In this work, the enhancement effect of plasmonic
nanoparticles on the PL emission MoS, has been systematically
studied on hybrids composed of Ag spherical nanoparticles
(SPs) and MoS, with different architectures by designing the
stacking position of Ag SPs. The sandwich-like structure
formed by inserting monolayer MoS, and a dielectric Al,O;
layer between two layers of Ag SPs exhibited the highest PL
enhancement of ~209-fold. Our work proposes a feasible
method to prepare a MoS, hybrid nanostructure with high PL
emission property, which promises the future applications in
sensing and photoelectronic devices.

2. EXPERIMENTAL SECTION

2.1. Methodology. 2.1.1. Synthesis of Plasmonic Nanoparticles.
The fabrications of this plasmonic nanostructure need three kinds of
processes: metal film deposition, rapid thermal annealing (RTA), and
atomic layer deposition (ALD).*® The Ag nanofilm was deposited by
electron beam evaporation (EBE) on the cleaned SiO,/Si substrates.
The RTA technology was used to anneal the Ag nanofilms under the
temperature of 350 °C for 3 min, and consequently, the surface
morphology of the Ag nanofilm was changed from irregular
nanoislands to spherical nanoparticles (SPs). A thin Al,O5 film was
deposited separately on the as-formed Ag nanospheres by ALD under
the temperature of 80 °C, and such a lower growth temperature was
chosen to avoid the impact on the lower-layer Ag SPs.

2.1.2. Plasmonic Hybrid Preparation. Single-crystalline monolayer
MoS, was grown through the chemical vapor deposition (CVD)
process on a Si substrate with 90 nm SiO,. In the fabrication
procedure of the MoS,/Ag SP hybrid structure, monolayer MoS, was

first removed from the SiO,/Si substrate and transferred to the
plasmonic substrates using a PMMA-assisted wet transfer procedure,
which has been applied to transfer 2D materials.””

2.1.3. Spectroscopy Experiments. PL and Raman measurements
were carried out on a microconfocal Raman spectrometer (Horiba
HR Evolution) equipped with an Olympus BX 41 microscope. A
100X (NA = 0.9) objective lens was used for focusing the laser on the
sample surface and collecting the PL signal. The 532 nm laser was
used as the excitation source for PL and Raman measurements, and
the laser power on the sample was about 0.5 mW to prevent the
overheating effect. The spectrum acquisition times were 30 and 10 s
for Raman and PL acquisitions, respectively.

2.1.4. Numerical Simulation. To investigate the plasmonic
enhancement effect of Ag nanoparticles on the PL emission of
MoS,, the finite-different time-domain (FDTD) method, which was a
state-of-the-art method for solving Maxwell’s equations in complex
geometries,”® was employed in this work to simulate the electric field
distribution on different Ag SP nanostructures. The geometries of the
SP nanostructures in the simulations were designed to match the SEM
images. For simplicity, the spherical geometry was adopted for the Ag
SPs. The diameter of Ag SPs was chosen as 30 nm, and the thickness
of the Al,O; layer was set to 3 nm. The wavelength of incident light
was set at 532 nm and propagated along the z-axis. To be close to the
experiment where the numbers of particles were illuminated by
incident light, a unit cell with a 150 nm X 150 nm area in x—y was
used. The source was a plane wave of 532 nm that was incidentally
vertical to the SPs. The boundaries along x and y directions were
periodic; however, 12 perfectly matched layers (PMLs) were used
along the z-axis to avoid reflections. Also, all the mesh steps along the
x-, -, and z-axes are set to 0.5 nm to obtain accurate results of the
field distribution in the SP nanostructures. The monitor was placed
perpendicular to the y-axes to get a side view of field distribution.

3. RESULTS AND DISCUSSION

To systematically investigate the PL-enhancing capability of
the plasmonic nanoparticles and MoS, hybrid systems, hybrid
nanostructures with different architectures were designed and
fabricated. Figure 1 shows a schematic of the fabrication
procedures of different plasmonic hybrid nanosystems
composed of Ag SPs and MoS, using RTA and ALD processes.
Two kinds of hybrid architectures, MoS, coupled with single-
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Figure 2. (a) Optical microscopy image, (b) Raman spectrum, and (c) PL spectrum of the bare monolayer MoS,. The PL spectrum was
deconvoluted into three peaks (A° exciton (A®), triton (A”), and B exciton (B)) using Lorentzian curves.

Figure 3. SEM images of different plasmonic hybrid samples. Five nanometer Ag film deposited on monolayer MoS, (a) before and (b) after RTA.
Five nanometer Ag film deposited on the Si/SiO, substrate (c) before and (d) after RTA. (e) Monolayer MoS, transferred to Ag SPs. (f) Five
nanometer Ag film deposited on Ag SP/MoS, after RTA. Ag film deposited on Ag SP/AL,O;/MoS, (g) before and (h) after RTA.

layer nanoparticles and double-layer nanoparticles, were
proposed. First, monolayer MoS, is transferred to a SiO,/Si
substrate, as shown in Figure la. Then, as illustrated in Figure
1b, a S nm-thick Ag film (Ag-f) is deposited on monolayer
MoS, using E-beam evaporation. After the RTA process, Ag
SPs are created on the top of MoS,, forming the MoS,/Ag SP
hybrid, as shown in Figure Ic.

For the hybrid of MoS, and double-layer Ag SPs, monolayer
MoS, is sandwiched in between two layers of Ag SPs. In this
case, a layer of Ag SPs is first prepared by RTA of a 5 nm-thick
Ag film deposited on the silicon wafer, as illustrated in Figure
1d,e. Then, monolayer MoS, is transferred to Ag SPs to form
the Ag SP/MoS, hybrid heterostructure, as exhibited in Figure
1f. Next, another 5 nm-thick Ag film is deposited on MoS,, and
the subsequent second RTA process is again carried out to
form another layer of Ag NPs on the surface of MoS,, as shown
in Figure 1gh. The obtained hybrids are named as Ag SP/
MoS,/Ag-f and Ag SP/MoS,/Ag SP, respectively.

Furthermore, a uniform 3 nm-thick AL,O; layer can be
deposited using an ALD process on the first layer of Ag SPs in
advance of transferring MoS,, as presented in Figure 1i,j. Then,
the second layer of Ag SPs is created on the surface of MoS, by
depositing the Ag film, followed by the RTA process, as
exhibited in Figure 1k, which shows hybrids defined as Ag
SP/AL,O;/MoS,/Ag-f and Ag SP/AlL,O;/MoS,/Ag SP, re-
spectively.

The CVD-grown MoS, exhibited good crystalline quality
and spectral properties. As shown in Figure 2a, a triangular-
shape monolayer MoS, is clearly seen. Figure 2b presents the

Raman spectrum collected from the bare MoS,, which
resembles the typical features of MoS, reported previously.
Two Raman peaks appear at approximately 385.4 and 403.1
cm™!, originating from the lattice vibration of bulk MoS,,
which are identified as E' and A} modes, respectively.”® It can
be seen that the frequency difference between E’ and A] modes
is smaller than 20 cm™, demonstrating that it originates from a
monolayer MoS,.”” The PL spectrum from the bare monolayer
MoS, is shown in Figure 2¢, which in fact is composed of three
peaks after deconvolution. The intense 684 nm peak and the
635 nm shoulder peak are assigned as the trion A~ and B
excitons, respectively. The weak broad peak at around 664 nm
is called as the neutral A’ exciton. The A’ and B excitons
correspond to the direct gap transition at the K point,’”*" of
which the energy difference is due to the spin-orbital splitting
of the valence band.** The process of the negative trion A~
emission arises from the interaction of two electrons and one
hole.*”** As illustrated in Figure 1, the RTA process will be
applied to create Ag SPs on the surface of MoS,. Therefore, to
check the annealing effect on the optical property of MoS,, the
PL spectrum was collected on a monolayer MoS, annealed at
350 °C. There is no obvious change in the line shape and
intensity of the PL spectrum, suggesting that the RTA process
does not affect the PL emission of MoS, (Figure S1). If there is
any change in the PL spectra of MoS, hybrids, it should be
related to the interaction between Ag SPs and MoS,.

As shown in Figure 3a, the porous Ag film is deposited on
monolayer MoS, flakes called MoS,/Ag-f. In contrast, isolated
nanoislands are on the area without MoS,. After RTA at 350
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Figure 4. PL spectra and extinction spectra for the plasmonic hybrids of MoS,. (a, d) Bare monolayer MoS, and 5 nm-thick Ag film deposited on
MoS, before and after the RTA process, (b, ) MoS, transferred to Ag SPs and the Ag film deposited on Ag SP/MoS, before and after RTA the
process, and (c, f) MoS, transferred to Ag SP/Al,O; and Ag deposited on Ag SP/Al,0;/MoS, before and after the RTA process.

°C in vacuum, Ag NPs are created on MoS,, as exhibited in
Figure 3b. Remarkably, the size of SPs is increasing from the
edge to the center of MoS,, which is larger than that formed on
the bare substrate. For the sandwich-like plasmonic hybrid
nanostructures, a S nm Ag film was first deposited on a SiO,/Si
substrate. The Ag film is not continuous, and randomly
distributed cracks can be seen in Figure 3c. As exhibited in
Figure 3d, Ag SPs with a size ranging from 30 to 50 nm were
obtained after annealing. One can see that the SPs are not
exactly in the sphere shape, some of which are a little
ellipsoidal. Then, monolayer MoS, was transferred to Ag SPs,
in which the boundary between the zones with and without
MoS, can be seen clearly in Figure 3e. It is worth to note that
nanoparticles with irregular shapes are formed on MoS, after
the RTA process, as shown in Figure 3f. Notably, the size of Ag
nanoparticles formed on MoS, is much larger than that created
on the area without MoS,.

For the sandwich-like MoS, hybrid nanosystem, monolayer
MoS, was transferred to Ag SPs covered uniformly by a 3 nm-
thick Al,O; layer via the ALD process. As shown in Figure
3gh, a porous Ag nanofilm and SPs are observed on MoS,
after Ag deposition and RTA processes, respectively. Two
layers of SPs can be seen clearly on both sides of the MoS,
layer, as exhibited in Figure 3h. Remarkably, Ag SPs with
uniform sizes can be achieved on MoS, buffered with Al,O;,
which is in sharp contrast to that formed on MoS, without an
Al, Oy, layer (see Figure 3f).

Figure 4 presents the PL spectra collected from the
plasmonic hybrids of MoS, illustrated in Figure 1. For each
type of plasmonic hybrid, the spectra were collected on three
different samples to check the repeatability of measurements
(Figure S2). As shown in Figure 4a, the PL intensity is just
increased a little after deposition of a 5 nm-thick Ag film on
MoS,, compared with bare MoS, (~1092 counts). Remark-
ably, the PL intensity is boosted to ~1.3 X 10* counts, while

the Ag film transformed into Ag SPs after the RTA process.
This prominent PL enhancement is attributed to the existence
of Ag SPs, which gives rise to lots of localized surface plasmon
resonance (LSPR) elements or so-called “hot spots”. It is
worth to note that the PL emission center of MoS, shifted
from 685 to 691 nm. The redshift of PL peaks can be
attributed to the tensile strain-introduced reduction of the
bandgap of MoS,.*>*°

While exchanging the stacking sequences of Ag SPs and
MoS,, the PL intensity of MoS, is increased obviously. As
exhibited in Figure 4b, the PL intensity of the Ag SP/MoS,
hybrid heterostructure is up to ~2 X 10* counts, which is
increased 1.5 times compared with that of the MoS,/Ag SP
hybrid. Furthermore, after depositing a 5 nm-thick Ag film on
MoS, (Ag SP/MoS,/Ag-f), the PL intensity is further
increased by 2-fold. After the RTA process, thus, the PL
intensity is boosted to 6 X 10* counts. It has been
demonstrated that the electric field in the gap zone can be
significantly enhanced while the gap width is narrow than §
nm.”” In the sandwich-like structure, a sub-1 nm nanogap
structure was formed by placing MoS, in between the two-
layer Ag SPs. Consequently, the PL emission is enhanced due
to the extensively promoted LSPR.** The results shown in
Figure 4b suggest that the sandwich-like hybrid nanostructure
with double-layer Ag SPs holds a much higher PL enhance-
ment effect than the two-layer hybrid structure with only
single-layer Ag SPs. In addition, it is worthy to note that the
peak position of the PL peak for the hybrids composed of Ag
SPs covered by MoS, shifts to a shorter wavelength (~666
nm). The contribution from the coupling between the surface
plasmons in Ag SPs and the exciton in MoS, plays an
important role in the blue shift of the PL peak.'®*” Moreover,
the compressive strain induced by the Ag SPs under the MoS,
layer cannot be neglected.
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It has been demonstrated that the dielectric layer can protect
the plasmonic core from direct contact with analytes while
allowing the transmission of an electromagnetic field from the
core, promising further enhanced surface-enhanced Raman
scatterin% (SERS) or surface-enhanced fluorescence
(SEF).*>*® Therefore, it is predicted that the PL intensity
would be further enhanced after depositing an Al,O; layer on
Ag SPs in advance of transferring MoS,. As shown in Figure 4c,
the PL intensity of MoS, transferred to 3 nm Al,O; layer-
coated Ag SPs (Ag SP/AL,0;/MoS,) is promoted by 2.5 times
compared to that of Ag SP/MoS,. After depositing a 5 nm-
thick Ag film on MoS,, the PL intensity can be further doubled
in Ag SP/Al,O;/MoS,/Ag-f. Finally, the PL intensity is up to
2.2 X 10° counts after the RTA process, which is 2.2 times that
before annealing. The PL intensity of the Ag SP/Al,03/MoS,/
Ag SP hybrid is over three times that of the sandwich-like
hybrid without an AL, O; layer. To check the homogeneity of
hybrid samples, PL mapping was performed on the surface of
the Ag SP/AL,0;/MoS,/Ag SP hybrid (Figure S3), in which
the intensities for most points are comparable. The statistic of
the intensity distribution over the scanning area exhibits nearly
a Gaussian distribution. The area of the intensity in the range
of +14% of the central intensity covered 73.1% of the full
scanning area (900 pixels). Remarkably, the PL intensity for Ag
SP/Al,O;/MoS,/Ag SP has been enhanced by over 200 times
compared with that of bare MoS,. A further blue shift (~659
nm) of the PL center was observed on the hybrids with an
Al,O; layer inserted between Ag SPs and MoS,.

From the extinction spectra of these hybrids (Figure 4d—f),
we can see that the strongest plasmonic resonant peak takes
place on the Ag SP/Al,0;/MoS,/Ag SP hybrid. Moreover, the
broader resonant peak suggests that both the excitation field
and spontaneous emission can be enhanced, which are
responsible for the observed PL enhancement.

The density of Ag nanoparticles also plays an important role
in the enhancement of PL. As we know, the thickness of the
previously deposited Ag film is fixed. After annealing, the larger
the particle size is, the fewer nanoparticles formed on MoS,.
We can see that the size of SPs in Figure 3h is much smaller
than that of irregular nanoparticles in Figure 3f. Thus, the
density of SPs is obviously higher than that of the irregular
nanoparticles. Because the nanogaps are formed by the
nanoparticles at the top and bottom of MoS, layer, the
number of hot spots is increased with the higher density of
SPs, leading to the further enhancement of PL intensity.

The PL enhancement factors (EFs) for these hybrid
nanosystems discussed above are calculated by comparing
their maximum intensity to that of the bare MoS,. As
illustrated in Figure 5, the PL EFs for the hybrid structure with
one-layer SPs are much lower than those with double-layer
stacked SPs. The EFs for MoS,/Ag SP and Ag SP/MoS, are
just about 12 and 19, respectively. For the case of the
sandwich-like hybrid Ag SP/MoS,/Ag SP, the PL EF is
increased to 61 due to the sub-1 nm nanogaps created by SPs
on two sides of MoS,. Noticeably, the EF has been boosted by
209 times by depositing a dielectric Al,O; layer on the top of
the first layer Ag SPs.

In addition to the prominently enhanced PL emission, the
line shapes of the PL spectra for these MoS, plasmonic hybrid
nanostructures exhibit obvious differences. For the hybrid of
MoS, underneath SPs (Figure S4a), its spectral line shape is
similar to that of bare MoS, (Figure 2c). In contrast, the A°
exciton exhibits dominating enhancement in the MoS, hybrids
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Figure 5. PL enhancement factor for different MoS, hybrids
calculated using the PL intensity of bare MoS, as a reference.

with double-layer Ag SPs, as exhibited in Figure S4b,c.
Therefore, as a result of the continuous enhancement of the A°
exciton, the maximum intensity of the PL emission for the
plasmonic hybrids shifted from 684 to 659 nm (see Figure
4). 404 Zeng and co-workers observed a blue shift of the PL
peak of the hybrid constructed by transferring monolayer
MoS, to Au NPs, which was attributed to the coupling of
surface plasmon and exciton.'®

Moreover, the remarkable enhancement of the A° peak for
the hybrids with double-layer Ag SPs observed in our work can
be attributed to the p-doping of MoS, induced by thermal
annealing.""** As reported in the previous literature, the trion
recombination is dominant due to the excess electrons in the
n-type MoS,.*"* During the RTA process for creating the
second layer Ag SPs, depletion of S atoms occurred in the
MoS, layer, resulting in an increased p-doping in MoS,.
Further, for the sandwich-like hybrid with the inserted Al,O,
layer, the charge exchange between MoS, and Al,Oj; interfaces
improved the conversion of the A™ trion into the neutral A°
exciton, resulting in the blue shift of the PL peak.“’46

To get close insight into the plasmonic effect on the PL
emission of MoS,, the intensities of A%, B, and A~ components
for different plasmonic hybrids are plotted in Figure 6a—c. We
can see clearly that the intensity of all these three PL peaks
continuously increased, while the hybrid structure evolved
from single-layer SPs to double-layer SPs and then to double-
layer SPs inserted with an Al,O; layer. The results shown in
Figure 6 confirmed our above discussion that the plasmon-
exciton coupling effect plays an important role in the enhanced
PL of these MoS, hybrids.

However, it is noticeable in Figure 6a—c that the intensity
increasing rate for these hybrids differs much from each other.
Then, the EFs for these three A°, B, and A~ emissions were
calculated by dividing the intensities of their counterparts for
the bare MoS,. As exhibited in Figure 6d, the EF of the A°
exciton increased promptly compared with those of the B
exciton and A~ trion. It is noteworthy that the A exciton is
boosted by 1052 times, whereas the intensities of the B exciton
and A” trion for Ag SP/Al,0;/MoS,/Ag SP are just enhanced
by 42 and 54 times, respectively. Therefore, the promotion of
the B exciton is not observed in Figure 4b,c, because the B
peak becomes relatively weaker compared with the A° peak.

The PL intensity from the MoS, hybridized with Ag SPs is
determined by two processes: (i) excitation by the incident
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Figure 7. Schematic of the charge transfer for the MoS,/Ag SP hybrids (a) without and (b) with an Al,O; layer.

field, which is affected by the plasmonic nanostructures, and
(i) emission of radiation, which is influenced by the quenching
effect due to the contact with Ag SPs.*”** The enhanced PL
intensity mainly benefits from the enhancement of excitation
due to the strong LSPR, which is proportional to the square of
the local electric field (IE,,.|?). Obviously, the amplitude of hot
spots in the hybrids with double-layer Ag SPs is higher than
that in the hybrids with single-layer Ag SPs. For the Ag SP/
MoS, hybrids, Ag SPs directly contact with MoS,, and the
excited carriers in the MoS, layer can transfer to Ag SPs under
laser illumination, leaving holes and causing p-doping in
MoS,.*’ As shown in Figure 7a, some of the excited electrons
transfer from MoS, to Ag, and they do not decay back to their
initial ground state, leading to the reduced multiexciton
formation and PL intensity.

On the other hand, as illustrated in Figure 7b, the dielectric
Al,O; layer acts as a barrier, which significantly hinders the
charge transferring from MoS, to Ag SPs.”’ To get a better

screening effect, the thickness of the dielectric layer is normally
a little thicker than that required for the optimized LSPR.>"**
Because the nonradiative relaxation is suppressed, the A°
exciton formation is promoted, leading to the PL enhancement
of MoS,.”* As demonstrated in Figure 4c, the Al,O4 layer plays
an important role in the enhanced PL of MoS, hybrid
nanostructures.

To understand the role of the LSPR effect in the enhanced
PL emission of the MoS,-based hybrid nanostructure, FDTD
simulation was employed to evaluate the electromagnetic field
distribution on different Ag SPs nanostructures. Figure 8a,b
exhibits the localized electric field enhancement |E/Eyl on a
bare Ag SP and a Ag SP coated with a 3 nm Al,Oj; shell layer,
respectively. E is the local electric field on the surface and E, is
the incident electric field. One can see that the enhanced
electric fields locate on two sides of Ag SP due to the surface
charge distribution excited by incident light. It is notable that
the highest field enhancement factor |IE/Eyl is doubled after
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Figure 8. FDTD simulations showing the x-z view of electromagnetic
field distribution of different Ag SP structures. (a) Bare Ag SP and (b)
3 nm AL, Oj shell layer-coated Ag SP. (c) Horizontal dimer composed
of two bare Ag SPs. (d) Horizontal dimer composed of two Ag SPs
coated with Al,O5. (e) Vertical dimer composed of two bare Ag SPs.
(f) Vertical dimer formed by stacking a bare Ag SP on an ALO;-
coated Ag SP.

coating a dielectric Al,Oj; layer on Ag SP, which takes place at
the interface between the Al,O; shell and the Ag SP core.

Then, the models of a dimer structure composed of two SPs
with a 3 nm nanogap were built, as illustrated in Figure 8¢,d, in
which the highly intense “hot spot” appears at the nanogap
between two Ag SPs. The enhancement factor |[E/E| is about
S, which is much higher than that on the single SP. Moreover,
the enhancement factor |E/E| for the dimer of Al,O;-covered
Ag SPs is nearly doubled compared with that on the dimer of
Ag SPs. In the simulation model shown in Figure 8e, the width
of the nanogap was set as 0.7 nm according to the thickness of
the monolayer MoS,. According to the previous literature, if
the width of the nanogap in the dimer is too small (<1 nm),
the amplitude of the local electric field is reduced due to the
quantum tunneling effect.”* The dielectric layer with a high
reflective index works as a spacer to form a thin nanogap (~3
nm) between two Ag SPs, which has a higher electric field
intensity than that in the dimer formed by two bare Ag SPs.
Using finite element method calculation, Zhai et al.
demonstrated that the existence of the dielectric layer can
reduce the loss of electric field enhancement by improving the
light absorption efficiency.>

As demonstrated in Figure 4, PL emission from the hybrid
nanostructure with double-layer SPs is prominently higher
than that of the hybrid nanostructure with single-layer SPs.
Thus, a two-layer SP structure composed of two SPs stacked
vertically in the xz-plane is built for simplicity, as shown in
Figure 8e,f. It is noteworthy in Figure 8e that the highest field
appears in the nanojunction between two bare Ag SPs, which is
enhanced by 25 times. As illustrated in Figure 8f, an Al,O;
shell layer-coated Ag SP is placed at the bottom of the double-
layer structure. The strong field is confined within the
nanogaps outside the dielectric shell of SPs, of which the
field enhancement factor is promoted to 50. This striking

higher electric field enhancement on the dimer with Al,O;-
covered Ag SP can be associated with the dimer geometry, in
which two particles were stacked vertically.”® While the
thickness of the dielectric layer changes, the stacking geometry
of the vertical dimer varies, and the plasmonic resonance
center shifts correspondingly.”® The extinction spectra for the
plasmonic nanostructures (Figures SS) show good agreement
with our numerical simulation and previous reports.

One can see clearly that two hot spots appear at the
nanojunctions between bottom- and top-layer SPs, suggesting
that the double-layer SP structures are very advantageous for
the generation of a dense population of “hot spots”. In addition
to the boosted LSPR effect, the quantum yield can be
promoted after inserting a dielectric layer between the TMD
layer and plasmonic nanostructures, which plays an important
role in the enhancement of PL.”” Further experimental studies
are needed for exploring the optimal thickness to achieve the
highest PL enhancement for this kind of plasmonic double-
layer hybrid nanostructure.

As shown in Figure 4c, the PL peaks locate at about 666 nm.
FDTD simulation was carried out on the vertical dimer under a
660 nm excitation wavelength to check the coupling between
LSPR and emission. As exhibited in Figure S6, the highest
electric field enhancement also appears at the nanojunction
between two Ag SPs. Remarkably, the enhancement |E/E,| is
about 15, much lower than that obtained under a 532 nm laser.
This implies that selecting the excitation wavelength close to
the resonance center promises a high efficiency for boosting
the PL emission of the hybrid nanostructure proposed in this
work.

4. CONCLUSIONS

In conclusion, we proposed a reproducible high-throughput
nanofabrication technique to form a sandwich-like hybrid
nanostructure composed of MoS, and double-layer stacking Ag
SPs for highly enhanced PL emission of MoS,. The sandwich-
like plasmonic hybrids exhibited the selective enhancement of
the A exciton of MoS,. The highest PL enhancement up to
209-fold occurred on the sandwich-like hybrid structure by
introducing an Al,O; layer under MoS,. The prominent PL
enhancement can be attributed to the increased population of
“hot spots” in the double-layer stacking Ag SP structure and
the dielectric screen effect of the Al,O; layer. Moreover, the
remarkable blue shift of PL emission was observed in the
sandwich-like hybrids, which can be attributed to the selective
enhancement of the A” exciton. Our work provides a novel
method to fabricate plasmonic hybrids with high PL
enhancement ability, which has significant implications for
sensing and photoelectronic devices.
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