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Manipulating the Exciton Dynamics in a MoS2/WS2
Heterobilayer with a Si/Au Nanocavity

Shimei Liu, Shulei Li, Yuheng Mao, Zhenxu Lin, Mingcheng Panmai, Guang-Can Li,
Lidan Zhou, and Sheng Lan*

Manipulating the exciton dynamics in a heterobilayer (HB) composed of two
transition metal dichalcogenides (TMDCs) is important in the development of
photonic/plasmonic devices based on TMDC HBs. Here, the realization of
such a manipulation in a MoS2/WS2 HB is reported by using a Si/Au hybrid
nanocavity composed of a Si nanoparticle and an Au film, which is manifested
in the modification in the photoluminescence (PL) of the embedded
MoS2/WS2 HB. It is shown that a transition from PL quenching to PL
enhancement can be achieved by adjusting the diameter of the Si
nanoparticle, which modifies the plasmon resonance supported by the Si/Au
nanocavity. More interestingly, it is demonstrated that the enhancement
factor can be manipulated by shifting the exciton/trion resonance close to or
far away from the plasmon resonance by simply increasing the laser power. It
is revealed that the manipulation is realized by effectively controlling the
strain and Purcell effects induced by the Si/Au nanocavity. A PL enhancement
factor as large as ≈187 in the MoS2/WS2 HB at a high laser power is
observed. The findings suggest the potential applications of dielectric-metal
hybrid nanocavities in the manipulation of the exciton dynamics in TMDC
HBs and the development of novel plasmonic devices.
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1. Introduction

2D transition-metal dichalcogenides
(TMDCs), such as tungsten sulfide
(WS2) and molybdenum sulfide (MoS2),
are considered as promising candidates
for light-harvesting and optoelectronic
devices.[1,2] In general, a TMDC (MX2,
M = Mo, W; X = S, Se, Te) monolayer
is a semiconductor with direct bandgap,
large exciton binding energy, and large
optical absorption,[3–10] which implies
highly efficient photoluminescence
(PL). A heterobilayer (HB) created by
stacking two TMDC monolayers of-
fer us the opportunity for studying
many exciting phenomena in 2D sys-
tems, such as Moiré patterns,[11–14]

spintronics,[15] valleytronics,[16] and in-
terlayer excitons.[17] In general, a TMDC
HB possesses a type II energy band
structure in which the carrier relax-
ation is dominated by interlayer charge
transfer.[18] It means that the photogener-
ated electrons and holes are relaxed to the

conduction and valence band minima of different materials.
Thus, the efficient separation of photogenerated electrons and
holes leads to the quenching of the PL from TMDC HBs, lim-
iting their applications in light emitting devices. So far, various
strategies have been proposed to suppress the interlayer charge
transfer and to enhance the PL from TMDCHBs. For example, it
has been demonstrated that the interlayer charge transfer can be
suppressed by placing an atomically thin charge-blocking layer,
such as few-layer hexagonal boron nitride, in between the two
TMDCmonolayers.[19] In the absence of a charge-blocking inter-
layer, the PL enhancement can also be achieved if the nonradia-
tive energy transfer from the material with a higher work func-
tion to that with a lower one in the TMDC HB dominates over
the charge transfer process.[19–21]

Traditionally, the PL from a TMDC HB can be controlled
by substrate, strain,[22,23] and temperature. It has been demon-
strated that strain effect and high temperature would result in
redshift and reduction in the PL of a WS2 monolayer in the pres-
ence of Si nanoparticle.[24] The strain will induce the transition
of a WS2 monolayer from direct to indirect bandgap, leading to
a similar modulation in the lattice vibration and PL emission.
The non-uniform strain changes locally the conduction and va-
lence bands of the WS2 monolayer, attracting excitons and trions
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toward the point of maximum strain and achieving the efficient
conversion of excitons and trions.[25] Additionally, the formation
of interlayer excitons in a TMDCHB is closely related to the non-
uniform interlayer coupling strength, which depends on inter-
facial contamination and local strain-induced deformation.[26,27]

Very recently, it was shown that the competing emission rates of
intra- and inter-layer excitons in aWSe2/Mo0.5W0.5Se2 HB can be
dynamically manipulated by controlling the interlayer distance
with an Au tip.[27]

A variety of optical nanocavities have been proposed to
enhance the light emission from a TMDC monolayer by
controlling the local electric field.[28–31] On the other hand,
plasmonic nanocavities are also employed to enhance the light
emission of TMDC monolayers, relying mainly on the enhance-
ment in the excitation rate, quantum efficiency, and emission
directionality.[32,33] The enhancement in the quantum efficiency
(𝜂) is determined by the Purcell factor, which is proportional to
Q/V. Here,Q and V are the quality factor andmode volume of an
optical nanocavity.[28,32] It is expected that the radiative recombi-
nation rate of intralayer excitons in a TMDCHB can be enhanced
by the large Purcell factor of an optical/plasmonic nanocavity,
leading to an enhancement in the PL of the TMDC HB.
All-metallic nanoparticles possess the advantages of small

mode volume and large field enhancement.[34,35] However, the
Ohmic loss originating from the large imaginary parts of met-
als in the visible light spectrum leads to severe heating of
TMDCs.[36] Since WS2 monolayer has a small thermal conduc-
tivity at room temperature,[37] the accumulated heat will re-
sult in the PL quenching of the WS2 monolayer. In contrast, a
dielectric-metal hybrid nanocavity composed of a high-index di-
electric nanoparticle and a thin metal film can simultaneously
achieve enhanced electric field, small mode volume, and negli-
gible Ohmic loss.[38–41] A recent study reveals that the tempera-
ture in the gap region between the nanoparticle and the metal
film is much lower in a dielectric-metal nanocavity (Si/WS2/Au)
as compared with an all-metallic one (Au/WS2/Au).

[42,43] It im-
plies that the heat generated by laser irradiation in a dielectric-
metal nanocavity can be greatly reduced. Therefore, it is expected
that the PL quenching in a MoS2/WS2 HB can be effectively sup-
pressed when it is embedded into a Si/Au nanocavity. Recently,
a reversible switch from exciton dissociation to exciton funnel-
ing, which is manifested as PL quenching and PL enhancement,
was realized in a MoSe2/WS2 HB by applying a gate voltage.[44]

It has been known that the exciton resonances in many TMDCs
can be easily tuned by laser irradiation.[45–47] Therefore, it is ex-
pected that the PL intensity of a TMDC HB can be dynamically
controlled by laser irradiation.
In this article, we proposed the use of a Si/Au hybrid nanocav-

ity to manipulate the exciton dynamics in a MoS2/WS2 HB
embedded into the Si/Au nanocavity. The PL intensity of the
MoS2/WS2 HB was modified by the strain effect induced by the
adhesion force between the Si nanoparticle and the Au film and
the Purcell effect induced by the plasmon mode supported by
the Si/Au nanocavity. We examined the PL spectra of Si/HB/Au
nanocavities composed of Si nanoparticles with different diam-
eters. We demonstrated experimentally a transition from PL
quenching to PL enhancement in the MoS2/WS2 HB statically
by adjusting the diameter of the Si nanoparticle and dynamically
by changing the laser power.

2. Results and Discussion

2.1. Strain and Purcell Effects for a MoS2/WS2 HB Embedded in
a Si/Au Nanocavity

In Figure 1a, we show schematically a Si/Au hybrid nanocav-
ity constructed with a Si nanoparticle and a thin Au film (or an
Au/SiO2 substrate). A MoS2/WS2 HB is embedded in the Si/Au
nanocavity (see Experimental Section for the detailed fabrication
process of the samples). For convenience, a Si/Au nanocavity
with an embedded MoS2/WS2 HB is denoted as Si/HB/Au. The
MoS2/WS2 HB attached on the Au/SiO2 substrate (in the absence
of a Si nanoparticle), which is used as the reference sample, is
denoted as HB/Au. Here, the Si/Au nanocavity is employed to
manipulate the exciton dynamics and emission properties of the
MoS2/WS2 HB through the strain and Purcell effects.
It is well known that the combination of a MoS2 and a WS2

monolayer forms a type II heterostructure.[18] Upon the exci-
tation of laser light, the electrons and holes generated in the
MoS2/WS2 HB will relax to the bottom of the conduction band
in the MoS2 monolayer and the top of the valence band in the
WS2 monolayer, respectively. The separation of electrons and
holes in different materials after the optical excitation leads to
the quenching of the PL from the MoS2/WS2 HB, as shown
in the inset in Figure 1a (see Note S1, Supporting Informa-
tion), where an optical image obtained by using single-photon
laser scanning confocal microscopy is presented. The large
and bright triangle is WS2 monolayer while the small and
dark ones are MoS2/WS2 HBs. Previous studies indicate that
the PL quenching of a MoS2/WS2 HB is determined by the
interlayer coupling strength, which is highly sensitive to the
strain-induced deformation.[27] Therefore, it is expected that
placing a Si nanoparticle on the MoS2/WS2 HB will introduce a
local strain on it, modifying the interlayer coupling strength via
the deformation of the MoS2 monolayer, as schematically shown
in Figure 1a. It should be emphasized, however, that the strain
does not arise from the gravity of the Si nanoparticle, which is es-
timated to be only≈0.1 fN. It originates from the adhesion forces
between the Si nanoparticle and the Au film, which belongs
to the van der Waals force. In the preparation of the samples,
the aqueous solution of Si nanoparticles was dropped on the
MoS2/WS2 HB attached on the Au film and dried naturally. It
is well known that hydrogen bond, which is a strong form of
dipole-dipole attraction, can form between water molecules. As
a result, a “long-range” intermolecular force may bridge two
interacting atoms or molecules in the presence of water.[48] Dur-
ing the evaporation of water, the surface tension (a “long-range”
intermolecular force) will bring the Si nanoparticle close to the
Au film. Finally, the adhesion force between the Si nanoparticle
and the Au film (van der Waals force) can reach an order of nN
(see Note S2, Supporting Information),[49] which is large enough
to induce a local deformation of the MoS2 monolayer and change
the interlayer coupling strength.[27] Basically, the adhesion force
of ametal-dielectric interaction is not influenced by the gapmate-
rial (see Note S2, Supporting Information). We also evaluated the
adhesion force between a Si nanoparticle and a MoS2 film (see
Note S2, Supporting Information). It appeared to be larger than
that between a Si nanoparticle and an Au film. As schematically
depicted in Figure 1a, the strain induced by the Si nanoparticle
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Figure 1. Strain and Purcell effects for a MoS2/WS2 HB embedded in a Si/Au nanocavity. a) Schematic showing the manipulation of the exciton dy-
namics in a MoS2/WS2 HB by using a Si/Au nanocavity. The PL mapping of MoS2/WS2 HBs obtained by using a single-photon laser scanning confocal
microscopy is shown in the inset. b) 3D radiation patterns calculated for a HB/Au and a Si/HB/Au nanocavity with d = 178 nm. c) Purcell factors (Fq)
calculated for Si/Au nanocavities composed of Si nanoparticles with different diameters at the exciton resonance (615 nm) of WS2 monolayer. d,e) Band
diagram of a MoS2/WS2 HB depicting the charge transfer (CT) and radiative combination of excitons occurring in a Si/HB/Au nanocavity, which leads
to reduced and enhanced PL intensity respectively.

will reduce the interlayer distance and enhance the interlayer
coupling strength, accelerating the interlayer charge transfer in
the MoS2/WS2 HB and resulting in a further PL quenching.[27]

From another viewpoint, the plasmon mode supported by the
Si/Au nanocavity possesses a small mode volume, providing a
strongly localized electric field in the gap between the Si nanopar-
ticle and the Au film (see Note S3, Supporting Information). This
plasmon mode is formed by the interaction between the electric
dipole (ED) supported by the Si nanoparticle and the mirror im-
age induced by the Au film, which is generally referred to as a
mirror-image-induced magnetic dipole (MMD).[50,51] Due to the
large gapwidth and the efficient charge transfer in theMoS2/WS2
HB, the coupling between the plasmonmode and the exciton res-
onances is in the weak coupling regime,[42] where the Purcell ef-
fect is dominant. In this case, the radiative recombination rate
of excitons is governed by the Purcell factor (Fq),

[52] which is de-
fined as Fq ∝ Q/V. Here, Q and V represent the quality factor
and mode volume of the plasmon mode. Therefore, the PL in-
tensity of the MoS2/WS2 HB can be enhanced through the Pur-
cell factor of the plasmonmode supported by the Si/Au nanocav-
ity. Since most excitons in the MoS2/WS2 HB are horizontally
oriented, they are influenced only by the in-plane electric field
(Exy) of the plasmon mode. For this reason, we first examined
the wavelength-dependent enhancement factors of the in-plane
electric field (∫ |Exy(𝜆)|

2dV∕V) averaged over the volume of the
MoS2/WS2 HB (see Figure S3c,d, Supporting Information). The
thickness of the MoS2/WS2 HB was assumed to be t = 2.0 nm.
Then, we simulated the 3D radiation patterns of a dipole source
located on the HB/Au and Si/HB/Au nanocavity, respectively.
The results are shown in Figure 1b (see Figure S3e,f, Supporting
Information). It is noticed that the radiation intensity and pat-

tern of the dipole source are dramatically modified in the pres-
ence of the Si/Au nanocavity. In Figure 1c, we present the Pur-
cell factors calculated for the plasmon modes supported by dif-
ferent Si/Au nanocavities (i.e., Si/Au nanocavities composed of
Si nanoparticles with different diameters (d)) at the exciton res-
onance (615 nm) (see Experimental Section for details). It was
found that the largest Purcell factor (≈803) is obtained in the
Si/Au nanocavity with d ≈178 nm. In this case, the plasmon
mode supported by the Si/Au is resonant with the exciton res-
onance (≈615 nm) in the WS2 monolayer, leading to the largest
enhancement in the PL intensity.
For a MoS2/WS2 HB embedded in a Si/Au nanocavity, the

charge transfer will be facilitated by the strain induced by the Si
nanoparticle, leading to the PL quenching. On the other hand, the
radiative combination of excitons can be accelerated by the Pur-
cell effect, leading to the PL enhancement. The competition be-
tween these two effects offers us the opportunity for manipulat-
ing the PL intensity of theMoS2/WS2 HB by varying the plasmon
mode through the change in the diameter of the Si nanoparticle.
When theMMDmode is far away from the exciton resonance, the
exciton dynamics are dominated by the efficient change transfer
induced by the strain effect. As a result, a reduced PL is observed
in the presence of the Si nanoparticle, as depicted in Figure 1d.
For a Si/Au nanocavity supporting a plasmon mode close to the
exciton resonance, the PL enhancement resulting from the Pur-
cell effect may counteract or even surpass the PL quenching orig-
inating from the charge transfer. In this case, the exciton dynam-
ics is governed by the radiative recombination of excitons, as de-
picted in Figure 1e. Therefore, we can achieve either a reduced or
an enhanced PL from a MoS2/WS2 HB by simply adjusting the
diameter of the Si nanoparticle.
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Figure 2. Manipulating the PL of aMoS2/WS2 HB by adjusting the diameter of the Si nanoparticle. a) b) The dark- and bright-field images of a HB/Au and
Si nanoparticles. A Si nanoparticle used to construct a Si/HB/Au nanocavity is enclosed by the dashed circle. c) Forward and backward scattering spectra
(FS and BS) measured for Si/HB/Au nanocavities composed of Si nanoparticles with different diameters. The CCD images of the corresponding forward
scattering light are shown in the insets. d) PL spectra measured for Si/HB/Au nanocavities composed of Si nanoparticles with different diameters at P
= 63 μW (solid curves). The PL spectra of the HB/Au measured at P = 63 μW (dashed curves) are also provided for comparison. The SEM images of the
Si nanoparticles are shown in the insets. The length of the scale bar is 200 nm. The diameters of the Si nanoparticles were estimated based on the SEM
images.

2.2. Manipulating the PL of a MoS2/WS2 HB by Adjusting the
Diameter of the Si Nanoparticle

Figure 2a,b show the dark- and bright-field images of a
MoS2/WS2 HB formed on a thin Au film (see Note S4, Sup-
porting Information). It is obtained by first transferring a WS2
monolayer grown by chemical vapor deposition (CVD) onto a
thin Au film (an Au/SiO2 substrate). Then, a MoS2 monolayer
grown by CVD was transferred onto the WS2 monolayer, form-
ing a MoS2/WS2 HB (see Experimental Section). In this work,
the interlayer coupling and formation of interlayer excitons in
the MoS2/WS2 HBs may be affected by the residual polymer
used in the transfer process. This is the reason why the emis-
sion from interlayer excitons was not revealed in the PL spectra
of theMoS2/WS2 HBs, similar to that reported in literature.[26] In
fact, the interlayer coupling can be improved to observe the inter-
layer excitons by adding an annealing process for the MoS2/WS2
HBs. We performed atomic force microscopy (AFM) charac-
terization for the MoS2/WS2 HBs. It was found that the typi-
cal interlayer distance between the MoS2 and WS2 monolayers
was similar to that reported in literature (see Note S5, Support-
ing Information).[18] Based on the scanning electron microscopy
(SEM) observations and Raman spectra measurements (see Note

S5, Supporting Information), we didn’t find any strains, grain
boundaries and defects in the MoS2/WS2 HBs. In Figure 2a,
one can identify a Si nanoparticle located on the MoS2/WS2 HB,
which exhibits red scattering light (enclosed by a dashed circle
in Figure 2a,b). In Figure 2c, we present the forward and back-
ward scattering spectra measured for eight Si/HB/Au nanocavi-
ties composed of Si nanoparticles with different diameters (see
Note S6, Supporting Information). The images of the forward
scattering light recorded by using a charge coupled device (CCD)
are shown in the insets. In each case, the MMDmode supported
by the nanocavity is manifested as a scattering peak in the for-
ward scattering spectrum. The resonant wavelength of the plas-
mon mode is redshifted from ≈583 to ≈673 nm with increas-
ing the diameter of the Si nanoparticle. Accordingly, the scat-
tering light of the Si nanoparticle is changed gradually from
green to orange and finally to red (see the CCD images in the
insets).
In Figure 2d, we present the PL spectra measured for the

eight Si/HB/Au nanocavities (see Note S7, Supporting Informa-
tion). In each case, the PL spectrum measured for the adjacent
HB/Au is also provided for reference. Since the PL intensity of
the MoS2/WS2 HB is dominated by the PL of theWS2 monolayer
(see Note S1, Supporting Information), the PL manipulation of
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the MoS2/WS2 HB is realized mainly by controlling the PL of
the WS2 monolayer. Compared to the previous work,[43] the laser
power used in this work is much lower (with a maximum laser
power of 1.26 mW). In addition, the absorption of MoS2 mono-
layer (≈8%) is also much smaller than that of WS2 monolayer
(≈17%).[10] Therefore, the change in the dielectric constant of
MoS2 monolayer induced by laser irradiation is relatively small.
Moreover, the interlayer charge transfer in the MoS2/WS2 HB is
an ultrafast process (≈50 fs).[18] Thus, the modulation in the PL
intensity of the WS2 monolayer caused by the small variation in
the dielectric constant of the MoS2 monolayer is negligible. In
the PL measurements, a moderate laser power (P = 63 μW) was
employed in order to suppress the thermal effects induced by
laser irradiation. For nanocavities containing small Si nanopar-
ticles (see Nos. 1 and 2), the plasmon mode (MMD) is located on
the short-wavelength side of the exciton resonance ofWS2 mono-
layer (≈615 nm). In this case, we observed the reduced PL from
the MoS2/WS2 HB embedded in the nanocavities. In a previous
study, it was found that the area influenced by the strain induced
with a Si nanoparticle was estimated to be ≈0.7 × 0.7 μm2, which
is close to the size of the laser spot (≈1.2 × 1.2 μm2).[24] Since the
plasmon mode is far away from the exciton resonance, the exci-
ton dynamics are dominated by the charge transfer facilitated by
the strain, leading to a reduced PL intensity. When the plasmon
mode is close to the exciton resonance, an enhanced PL intensity
is observed (see Nos. 3 and 4). In this case, the radiative recom-
bination rate of excitons is greatly enhanced by the large Purcell
factor provided by the nanocavity, resulting in an enhancement
in the PL intensity. More electrons and holes recombine radia-
tively in the form of excitons before they are relaxed to the min-
ima of the conduction and valence bands. In order to gain a deep
insight into the influence of a Si/Au nanocavity on the exciton
dynamics in an embeddedMoS2/WS2 HB, we carried out PL life-
time measurements for some Si/HB/Au nanocavities exhibiting
enhanced PL intensities (see Note S8, Supporting Information
and Experimental Section). It was found that the PL lifetime is
reduced as compared with the reference HB due to the Purcell
effect. As mentioned above, the strain arises from the adhesion
force between the Si nanoparticle and the Au film. It is not sensi-
tive to the diameter of the Si nanoparticle, which is in the range of
150−200 nm (see Note S2, Supporting Information). When the
plasmon mode is shifted to a longer wavelength of the exciton
resonance (see No. 5), the Purcell effect is reduced rapidly. In this
case, the PL quenching induced by the strain effect is balanced
by the PL enhancement caused by the Purcell effect. As a result,
the PL intensity in the presence of the nanocavity remains almost
unchanged. For nanocavities composed of Si nanoparticles with
larger diameters (see Nos. 6 and 7), the plasmon mode is further
shifted to a longer wavelength, which is far away from the exciton
resonance. In this case, the Purcell effect becomes weaker while
the strain effect becomes stronger. Thus, we observed a signifi-
cantly reduced PL intensity in the presence of the nanocavity. For
the largest nanoparticle (No. 8), it exhibits a negligible reduction
in the PL intensity. Since the strain induced by a nanoparticle is
quite sensitive to the morphology of the nanoparticle, we specu-
late that the strain induced by this nanoparticle is small due to
the non-spherical shape. Therefore, we demonstrated that the PL
quenching in a MoS2/WS2 HB caused by the charge transfer can
be overcome by the Purcell effect induced by a Si/Au nanocavity

with an appropriate size, leading to an enhancement in the PL
intensity. The manipulation of the PL intensity can be realized
by simply adjusting the diameter of the Si nanoparticle used to
construct the nanocavity.

2.3. Reduced PL Intensity Induced by the Strain Effect in a Si/Au
Nanocavity

It has been demonstrated that the PL intensity of the MoS2/WS2
HB can be dramatically reduced by using a Si/Au nanocavity
composed of a Si nanoparticle with a larger diameter (e.g., Nos. 6
and 7) (see Notes 7 and 9, Supporting Information). In Figure 3a,
we present the PL spectra of such a Si/HB/Au nanocavity mea-
sured at different laser powers. In each case, the PL spectrum
of the reference sample (i.e., HB/Au) is also provided for com-
parison. With increasing the laser power, the reduction in the
PL intensity becomes significant. In addition, one can observe
a redshift of the PL peak and a broadening of the linewidth. The
redshift of the PL peak is found to be ≈16 nm at a high laser
power of P = 1.26 mW (see Note S10, Supporting Information).
The reduction of the PL intensity can be characterized by relative
PL intensity defined as (I-I0)/I0, where I and I0 represent the PL
intensities of the Si/HB/Au and HB/Au. In Figure 3b, we sum-
marize the relative PL intensities of three Si/HB/Au nanocavities
(Nos. 1, 6, and 7) at different laser powers (see Note S11, Support-
ing Information). In each case, one can see a rapid decrease of the
relative PL intensity with increasing laser power. It becomes sat-
urated at high laser powers. The minimum relative PL intensity
reaches ≈−84%. Basically, a temperature rise in the Si/HB/Au is
anticipated with increasing laser power due to the non-radiative
recombination of excitons. It will accelerate the carrier relaxation
or the separation of electrons and holes, leading to the quench-
ing of the PL intensity. The WS2 monolayer in contact with the
Au film possesses a low thermal conductivity, leading to the ac-
cumulation of the heat.[53] Thus, temperature in the Si/HB/Au
nanocavity will rise quickly at high laser powers. In Figure 3c,
we show the dependence of the integrated PL intensity on the
laser power for a Si/HB/Au nanocavity (No. 7), which is plot-
ted in a logarithmic coordinate. A slope of ≈0.91 is extracted for
the Si/HB/Au nanocavity based on the fitting of the experimental
data. This value is smaller than the slope (≈0.99) observed for the
HB/Au, indicating the PL quenching induced by the temperature
rise. In Figure 3d, we show the ratio of the emission intensity of
trions (It) to that of excitons (Ie) as a function of the laser power
observed for this nanocavity. It can be seen that the ratio (It/Ie) in
the Si/HB/Au nanocavity increases rapidly with increasing laser
power and it becomes much larger than that in the HB/Au at
high laser powers. This behavior implies the efficient conversion
of excitons to trions induced by the non-uniform strain in the
Si/HB/Au nanocavity.[25,54]

2.4. Manipulating the PL Intensity of a Si/HB/Au Nanocavity by
Changing Laser Power

As demonstrated above, the PL intensity of a MoS2/WS2 HB can
be modified by exploiting the Purcell effect of the plasmon mode
supported by a Si/Au nanocavity. The largest Purcell factor is

Laser Photonics Rev. 2023, 2300850 © 2023 Wiley-VCH GmbH2300850 (5 of 11)

 18638899, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202300850 by South C

hina N
orm

al U
niversity, W

iley O
nline L

ibrary on [29/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 3. Reduced PL intensity induced by the strain effect in a Si/HB/Au nanocavity. a) PL spectra measured for a Si/HB/Au nanocavity (No. 7) at
different laser powers. The PL spectra of the nearby HB/Au measured under the same conditions are provided for comparison. b) Dependences of the
relative PL intensities ((I-I0)/I0) on the laser power observed for three Si/HB/Au nanocavities (Nos. 1, 6, and 7). c) Dependence of the integrated PL
intensity on the laser power observed for the Si/HB/Au nanocavity (No. 7) and HB/Au. d) Dependence of the intensity ratio (It/Ie) on the laser power
observed for the Si/HB/Au nanocavity (No. 7) and HB/Au.

achieved at the plasmon resonance. Thus, the energy difference
between the plasmon resonance and the exciton resonance plays
a crucial role in determining the PL intensity of the MoS2/WS2
HB. It has been demonstrated that the PL intensity of the
MoS2/WS2 HB can be manipulated by tuning the plasmon
resonance of the Si/Au nanocavity via the change in the diame-
ter of the Si nanoparticle. For practical applications, it is highly
desirable that the PLmanipulation can be realized in a Si/HB/Au
through the change of excitation condition. Previous studies
indicate that the exciton resonance of a WS2 monolayer can be
shifted to longer wavelengths by simply increasing the excitation
laser power. In addition, charge excitons (trions) emerge at high
laser powers and they also exhibit a redshift with increasing the
laser power.[45,46] This unique feature offers us the opportunity
for modifying the energy detuning between the plasmon reso-
nance and the exciton/trion resonance, changing dynamically
the PL intensity of the Si/HB/Au nanocavity. In Figure 4a,
we present the wavelength shifts of the excitons and trions
induced by increasing the laser power for three typical Si/HB/Au
nanocavities (Nos. 3, 4, and 5), whose plasmon resonances
are close to the exciton resonance. In each case, the resonant
wavelengths of excitons and trions are extracted by fitting the PL
spectrum with Lorentz lineshapes (see Note S7, Supporting In-
formation). The PL intensities of excitons and trions, which are
denoted as Ie and It, are also obtained from the fitting results (see
Note S12, Supporting Information). As expected, the exciton and
trion resonances are shifted to longer wavelengths with increas-

ing laser power in all cases. For the small Si/HB/Au nanocavity
(No. 3), the plasmon resonance (≈600.4 nm) is located at the
short-wavelength side of the exciton/trion resonance in the ab-
sence of laser excitation. For the moderate Si/HB/Au nanocavity
(No. 4), the plasmon resonance (≈626.3 nm) coincides with the
trion resonance at low laser powers. The plasmon resonance
(≈637.7 nm) of the large Si/HB/Au nanocavity (No. 5) appears at
the long-wavelength side of the trion resonance. With increasing
laser power, it is noticed that the exciton/trion resonance in
the small Si/HB/Au nanocavity moves away from the plasmon
resonance. In the moderate Si/HB/Au nanocavity, the exciton
resonance moves toward the plasmon resonance while the trion
resonance leaves rapidly away from the plasmon resonance. The
redshift of the exciton resonance is small in the large Si/HB/Au
nanocavity. In contrast, the trion resonance moves across the
plasmon resonance rapidly and leaves gradually. As can be seen
in the following, the PL enhancement or reduction induced by
increasing the laser power is determined by the relative position
of the exciton/trion resonance with respect to the plasmon
resonance and the intensity ratio It/Ie. In Figure 4b, we present
the dependence of the intensity ratio It/Ie on the laser power for
the three Si/HB/Au nanocavities. In each case, the intensity ratio
obtained for the HB/Au is also provided. In all cases, the inten-
sity ratio It/Ie of the HB/Au increases linearly with increasing
the laser power. For the small and large Si/HB/Au nanocavities,
a similar trend is observed. In the small nanocavity, it is easily
understood because the exciton/trion resonance is far away from

Laser Photonics Rev. 2023, 2300850 © 2023 Wiley-VCH GmbH2300850 (6 of 11)
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Figure 4. Manipulating the PL intensity of a Si/HB/Au nanocavity by changing laser power. a) Evolutions of the resonant wavelengths of excitons and
trions with increasing laser power observed in three Si/HB/Au nanocavities (Nos. 3, 4, and 5). b) Evolutions of the intensity ratio (It/Ie) with increasing
laser power observed in three Si/HB/Au nanocavities. c) Dependence of the relative PL intensity ((I-I0)/I0) on the laser power observed in three Si/HB/Au
nanocavities. d) Dependence of the PL enhancement factor (EF) on the laser power observed in three Si/HB/Au nanocavities.

the plasmon resonance and the influence of the plasmon mode
is negligible. For the large nanocavity, a sublinear behavior is
observed at high laser powers because the exciton resonance
moves toward the plasmon resonance while the trion resonance
moves away. It is interesting to notice that the intensity ratio It/Ie
remains almost unchanged with increasing the laser power in
the moderate nanocavity. This is caused by the rapid increase of
the exciton intensity with increasing the laser power because the
exciton resonance approaches the plasmon resonance at high
laser powers. As a result, the conversion of excitons to trions is
suppressed by the rapid recombination of excitons. In Figure 4c,
the enhanced and reduced PL intensities are characterized by
using the relative intensities of the Si/HB/Au nanocavities (I)
with respect to those of the HB/Au (I0). In the small nanocavity,
we observe a rapid decrease of the relative intensity from ≈44%
to ≈15% with the laser power raised to P = 0.3 mW. After that,
the change in the relative intensity is not obvious with increasing
the laser power. For the moderate nanocavity, one can see a fast
increase of the relative intensity from ≈40% to ≈130% when
the laser power is increased to P = 1.26 mW. It is beneficial
from the redshift of the exciton resonance to the plasmon
resonance induced by laser irradiation. In the large nanocavity, a
transition from reduced PL (≈−12%) to enhanced PL (≈15%) is
realized by simply increasing the laser power. Although a large
enhancement factor is achieved in the hot spot, the overall PL
enhancement is not significant because the hot spot (≈0.0078
μm2) is much smaller as compared with the laser spot (≈1.13
μm2) (see Figure S3a, Supporting Information). In principle, we

can derive the PL enhancement factor in the hot spot by using
the following formula:

EF =
I − I0
I0

S0
SNP

(1)

where S0 is the area of the laser spot (≈1.13 μm2), SNP is the area
of the hotspot. The dependence of the PL enhancement factor
on the laser power derived for different nanocavities is shown
in Figure 4d. It is interesting to notice that the PL enhancement
factor of a Si/HB/Au can be modified by simple changing the
laser power and an enhancement factor as large as ≈187 can
be achieved in the moderate nanocavity at a laser power of P =
1.26 mW.

2.5. Modifying the Emission Properties of a MoS2/WS2 HB by
using a Si/Au Nanocavity

Apart from the Purcell effect induced by the plasmon mode
of a Si/Au nanocavity, the emission properties of a MoS2/WS2
HB can also be modified by the radiation behavior of the Si/Au
nanocavity. In our case, the PL of the MoS2/WS2 HB around the
hot spot is first coupled to the Si/Au nanocavity and then emitted
into the far field. Thus, the Si/Au nanocavity acts as a nano-
antenna which influences the collection efficiency of the PL. This
feature is reflected in the backward scattering spectrum of the
Si/Au nanocavity. In Figure 5a, we show the backward scattering

Laser Photonics Rev. 2023, 2300850 © 2023 Wiley-VCH GmbH2300850 (7 of 11)
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Figure 5. Modifying the emission properties of aMoS2/WS2 HB by using a Si/Au nanocavity. a) Backward scattering spectrum (red solid curve)measured
for a Si/HB/Au nanocavity (No. 2). The backward scattering spectrum (blue dashed curve) calculated for a Si/HB/Au nanocavity with d = 159 nm is also
provided for comparison. b) Purcell factors (Fq) calculated for a Si/Au nanocavity with d = 159 nm at different wavelengths (red dashed curve). Also
shown is the wavelength dependent Purcell factors modified by the emission properties of the Si/Au nanocavity (d = 159 nm) (blue solid curve). The
wavelength highlighted (621 nm) indicates the wavelength above which the PL intensity will be enhanced by the other optical resonance. c) Dependences
of the resonant wavelengths of excitons and trions on the laser power observed in the Si/HB/Au nanocavity (No. 2). The horizontal dashed line (621 nm)
indicates the wavelength above which the PL intensity will be enhanced by the other optical resonance. d) Dependence of the relative PL intensity ((I-
I0)/I0) on the laser power observed in the Si/HB/Au nanocavity (No. 2).

spectrum measured for a Si/HB/Au nanocavity (No. 2). The
calculated scattering spectrum is also provided for comparison.
For the Si/Au nanocavities studied in this work, they usually
support two optical modes which originate from the interference
between the ED and MD modes excited in the Si nanoparticle
with their mirror images induced by the Au film. The quality
factor of the MMD mode, which is formed by the interaction
between the ED mode and its mirror image, is larger because
the ED and its mirror image are anti-parallel. In Figure 5b, we
show the wavelength-dependent Purcell factor calculated for the
nanocavity (red dashed curve). One can identify two maxima
corresponding to the two plasmon modes supported by the
nanocavity. The spectrum of the Purcell factor will determine the
PL enhancement at different wavelengths. On the other hand,
the collection efficiency of the PL is influenced by the backward
scattering of the nanocavity.
In this work, we employed the Purcell effect induced by the

MMD mode to modify the exciton dynamics in the MoS2/WS2
HB. When the exciton/trion resonances are close to the MMD

mode, the other optical mode formed by the interference be-
tween MD and its image usually appears at a wavelength larger
than 700 nm. Therefore, its influence on the exciton dynamics
is negligible. For the small Si/Au nanocavities studied in this
work (for example No. 2), the MMD mode locates at ≈583 nm
while the other optical mode appears at ≈674 nm. With increas-
ing laser power, the trion resonance of the WS2 monolayer is
shifted toward this optical resonance (see Figure 5c). Based on
the Purcell factor calculated for the Si/Au nanocavity, it is ex-
pected that the PL intensity of the MoS2/WS2 HB increases only
slightly with increasing laser power (see the red dashed curve
in Figure 5b). However, the increase in the PL intensity of the
Si/HB/Au nanocavity is significant (see Figure 5d). When we cal-
culated the Purcell factor, only the mode volume and linewidth
of the nanocavity were taken into account. The radiation of the
Si/Au nanocavity, which is manifested in the backward scatter-
ing spectrum, was not considered. If the spectrum of the Purcell
factor is multiplied by the calculated backward scattering spec-
trum, one can see clearly an increase of the PL intensity when

Laser Photonics Rev. 2023, 2300850 © 2023 Wiley-VCH GmbH2300850 (8 of 11)
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the trion resonance of WS2 is shifted to a longer wavelength (see
the blue solid curve in Figure 5b). Thus, the PL intensity is even-
tually determined by the spectrum of the Purcell factor modified
by the calculated backward scattering spectrum in Figure 5a (blue
dashed curve). Similarly, we can shift the exciton and trion reso-
nances of the WS2 monolayer by increasing the laser power, as
shown in Figure 5c. Based on the modified spectrum of the Pur-
cell factor shown in Figure 5b, one can expect an increase in the
relative intensity with increasing the laser power. This prediction
is in good agreement with the experimental observation shown
in Figure 5d, where a gradual increase of the relative intensity
from −47% to −10% is confirmed. Therefore, it is verified that
the PL intensity of a MoS2/WS2 HB can also be modified by the
radiation properties of a Si/HB/Au nanocavity, which serves as a
nano-antenna.

3. Conclusions

In summary, we have investigated systematically the manipula-
tion of the exciton dynamics in aMoS2/WS2 HB by using a Si/Au
nanocavity. It is found that PL intensity of a Si/HB/Au nanocavity
depends strongly on the diameter of the Si nanoparticle used to
construct the nanocavity. The strain effect induced by Si nanopar-
ticles facilitates the interlayer charge transfer, resulting in a seri-
ous PL quenching. In contrast, the large Purcell factor offered by
a Si/Au nanocavity accelerates the radiative recombination rate
of excitons, leading to the enhancement of PL intensity. We ob-
tained the PL enhancement or reduction in a Si/HB/Au nanocav-
ity by adjusting the diameter of the Si nanoparticle. Moreover,
we demonstrated the PL manipulation of a Si/HB/Au nanocav-
ity by changing the excitation laser power. As a research work
in the near future, the absorption/differential reflectivity spec-
tra of the Si/HB/Au system under simultaneous laser irradiation
can be employed to realize the optical manipulation of the ex-
citon dynamics. The manipulation of the exciton dynamics in a
MoS2/WS2 HB demonstrated in this work suggests the potential
applications of dielectric-metal hybrid nanocavities in the con-
struction of plasmonic devices.

4. Experimental Section
Sample Preparation: In this work, a wet-transfer approach was em-

ployed to transfer the WS2 and MoS2 monolayers grown by CVD sequen-
tially onto the Au/SiO2 substrate, creating the MoS2/WS2 HBs. First, a
thin film of poly(methyl methacrylate) (PMMA) was spin-coated on WS2
monolayers grown on a SiO2/Si substrate. Then, the PMMA/WS2 film was
separated from the SiO2/Si substrate by etching with KOH (2 mol L−1) at
80°C. After removing the residual KOH by deionized water, PMMA/WS2
film was transferred onto an Au/SiO2 substrate and soaked in acetone to
dissolve the PMMA, obtainingWS2 monolayers on the Au/SiO2 substrate.
Finally, MoS2 monolayers were transferred onto the WS2 monolayers by
using the same procedure, creating the MoS2/WS2 HBs on the Au/SiO2
substrate used in our study. Spherical Si nanoparticles with different diam-
eters were fabricated by using femtosecond laser ablation.[55] The 800-nm
femtosecond laser pulses (Legend. Coherent) with a duration of 100 fs and
a repetition rate of 1 kHz were employed to ablate the Si wafer immersed
in deionized water. The aqueous solution of Si nanoparticles was dropped
on MoS2/WS2 HBs and dried naturally, obtaining Si/HB/Au nanocavities
operating at different wavelengths.

Optical Characterization: The forward and backward scattering spectra
of Si/HB/Au nanocavities weremeasured by using a dark-fieldmicroscope

(Axio Observer A1. Zeiss) equipped with a color charge coupled device
(CCD) (DS-Ri2, Nikon) and a spectrometer (SR-5001-B1, Andor). For the
PL measurements, a 488-nm continuous wave laser beam was introduced
into the microscope and focused on Si/HB/Au nanocavities or HB/Au
(MoS2/WS2/Au) by using a 50× objective. The PL intensity mapping was
performed by using a single-photon laser scanning confocal microscopy
operating at 488-nm. Time-resolved PL measurements were carried out
by using an objective scanning confocal microscope system (MicroTime
200, PicoQuant) coupled with an inverted fluorescence microscope (IX71,
Olympus). 405-nm circularly polarized laser light with pulse width of 55 ps
and repetition rate of 40 MHz was used to excite Si/HB/Au and HB/Au
through an oil-immersed objective (100×, NA = 1.4, Olympus). The emis-
sion from Si/HB/Au or HB/Au was collected by using the same objective
and detected by a single photon avalanche photodiode (PDM 50CT, Micro
Photon Devices) after passing a dichroic beam splitter (405rdc, Chroma)
and a long-pass filter (HQ430CP, Chroma).

Numerical Simulations: In this work, the numerical simulations were
performed by using the finite-difference time-domain technique. The di-
electric constants of Au and Si were taken from Johnson and Christy[56]

and from Palik,[57] respectively. The dielectric constants of MoS2 and WS2
monolayers were obtained from literature.[10] The refractive index of the
surrounding media was chosen to be 1.0. In the calculation, the thickness
of the MoS2 and WS2 monolayers was chosen to be 1.0 nm. A mesh size
as small as 0.5 nm was used in the gap region between the Si nanoparticle
and the Au film to ensure the convergence of numerical simulations and
the achievement of accurate results. 3D radiation patterns were simulated
by using a dipole source (615 nm) polarized along the x direction. The size
of simulation area was set to 3.8 μm.

Purcell Factor: The Purcell factor of a 3D resonator is expressed as
follows:[58]

Fq =
3c3

4𝜋2v2V

▵ vq

4(v − vq)
2+ ▵ vq2

(2)

where 𝜈, 𝜈q, and V represent the frequency of the emitter, the frequency
and mode volume of the resonator, respectively. If the frequency 𝜈q of the
resonator matches the frequency of the emitter 𝜈, the above equation can
be approximated as follows:[58]

Fq =
3𝜆q

3Q

4𝜋2V
(3)

where Q represents the quality factor of the resonator. The mode volume
of the resonator can be written as:[59]

V =
∫ 𝜀(r⃗)||

|
E⃗(r⃗)||

|

2
d3 r⃗

max(𝜀(r⃗)||
|
E⃗(r⃗)||

|

2
)

(4)
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