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ABSTRACT: Tailoring light−matter interactions in mono-
layer MoS2 is critical for its use in optoelectronic and
nanophotonic devices. While significant effort has been
devoted to enhancing the photoluminescence intensity in
monolayer MoS2, tailoring of the emission spectrum including
complex excitonic states remains largely unexplored. Here, we
demonstrate that the peak emission wavelengths of the A and
B excitons can be tuned up to 40 and 25 nm, respectively, by
integrating monolayer MoS2 into a plasmonic nanocavity with
tunable plasmon resonances. Contrary to the intrinsic
photoluminescence spectrum of monolayer MoS2, we are
also able to create a dominant B exciton peak when the
nanocavity is resonant with its emission. Additionally, we
observe a 1200-fold enhancement of the A exciton emission and a 6100-fold enhancement of the B exciton emission when
normalized to the area under a single nanocavity and compared to a control sample on thermal oxide.
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Monolayer molybdenum disulfide (MoS2) offers an
appealing platform for applications in nanophotonics

and optoelectronics due to its remarkable optical properties.1,2

Owing to its atomically thin layer, monolayer MoS2 can be
easily integrated with other low-dimensional materials such as
quantum dots,3 nanowires,4,5 and other 2D materials6,7 to form
hybrid nanostructures with intriguing optical and electronic
properties. Monolayer MoS2 has also been demonstrated to
have tightly bound excitons due to the reduced dielectric
screening effect;8 hence, the excitons remain stable even at
room temperature. In addition to neutral excitons, monolayer
MoS2 possesses a variety of more complex exciton states such
as charged excitons (trions), biexcitons, and bound-excitons.
The origin and dynamics of these excitonic states, as well as
experimental manipulation, have been widely explored.9−17

Among the various exciton species, the A and B excitons (each
having neutral and trion states) have attracted considerable
research interest.
In monolayer MoS2, an inversion symmetry breaking

combined with a strong spin−orbit coupling results in a large
valence band splitting of ∼150 meV at the ±K points in the first
Brillouin zone.18 As illustrated in Figure 1a, this energy splitting
gives rise to two different valley exciton species, namely the A
and B excitons, which are associated with the optical transitions
from the upper and the lower valence band to the bottom of
the conduction band, respectively. These two excitons are
manifested as the dominant peaks in the room-temperature

absorption and emission spectra of monolayer MoS2, and hence
are predicted to play a crucial role in the operation of future
optoelectronic devices. However, compared to other direct
band gap semiconductors, monolayer MoS2 suffers from weak
light absorption and low photoluminescence (PL) quantum
yield partly due to its subnanometer thin layer. The absolute PL
quantum yield is observed to be 0.4% for suspended
monolayers.2 The main contribution to this value is from the
dominant A exciton emission, while the B exciton emission is
much weaker with PL intensity of ∼20% of the A exciton
emission.19 Due to the lower intrinsic quantum yield of the B
exciton emission, it has not been explored for use in
optoelectronic or nanophotonic devices. Thus, enhancing the
B exciton emission provides flexibility for choosing the
operating wavelength of future devices as well as provides an
avenue for reconfigurable structures and devices operating at
multiple wavelengths simultaneously.
To date, a large variety of strategies have been explored to

enhance the optical absorption and emission in monolayer
MoS2,

4,5,19−30 such as chemical treatment29, nanostructuring of
monolayers,27 using photonic crystal cavities30 and incorpo-
ration of nanowires.4,5 Among these methods, a promising
approach is the integration of monolayers with plasmonic
nanostructures. Plasmonic systems have been widely used to
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tailor nanoscale light−matter interactions such as enabling
surface-enhanced Raman scattering,31 facilitating nonlinear
optical processes,32 and achieving enhanced fluorescence.33,34

Relying on the use of localized surface plasmon resonances,
their capability of confining light in a subwavelength volume
can strongly boost optical processes such as light absorption
and emission at the nanoscale.
Various plasmonic nanostructures have previously been used

to enhance the PL in 2D transition metal dichalcogenides such
as monolayer MoS2, including core−shell gold nanoparticles,21

silver nanodisk arrays,22 silver bowtie arrays,23 and gold
nanorods24,25 with enhancements of 2−60-fold. Recently
using film-coupled silver nanocubes, PL enhancements up to
2,000-fold has been observed in monolayer MoS2 when
normalized to the area under a single nanocube.19 However,
less effort has been denoted to tailoring the emission spectrum
and probing the relationship between the nanocavity resonance
and the PL enhancement factor. Additionally, previous work
has focused on the enhancement of the A exciton emission and,
in some cases, as a side effect observed a limited 2−25-fold
enhancement in the B exciton emission.23,26

In this work, we utilize colloidally synthesized plasmonic
nanocavities based on a film-coupled nanopatch antenna
design,19 which is illustrated in Figure 1b,c. This particular
plasmonic nanocavity possesses an ultrasmall effective mode
volume of ≈0.001(λ/n)3; hence, the electromagnetic field is
well confined in the sub-10 nm gap, achieving large field
enhancements.33−35 Additionally, the plasmon resonance can
be tuned by varying either the gap thickness or the nanocube
size,36 which makes this nanocavity promising to enhance the

intrinsically weakly emitting B exciton by overlapping the
nanocavity resonance with the B exciton peak. Here, we
demonstrate tunable emission wavelengths of the A and B
exciton in monolayer MoS2 by tuning the plasmonic nanocavity
resonance across the emission spectrum. The shape and
position of both exciton peaks are strongly modified when
coupled to the plasmonic nanocavity, exhibiting a correlation
between the nanocavity resonance and the emission peak
wavelengths. Furthermore, we also observe a 6100-fold
enhancement of the B exciton emission and a 1200-fold
enhancement of the A exciton emission relative to a control
sample consisting of the monolayer on thermal oxide.
Compared to the free space PL spectrum which is dominated
by the A exciton peak, we are capable of achieving a dominant
B exciton emission by overlapping the plasmon resonance with
the B exciton energy.
The geometry of the plasmonic nanocavity that we utilize is

illustrated in Figure 1b,c. The structure is fabricated by first
evaporating a 75 nm gold film on top of a silicon substrate.
Then 5 nm of Al2O3, which acts as a dielectric spacer layer, is
deposited on the gold using atomic layer deposition (ALD).
After that, monolayer MoS2 grown by chemical vapor
deposition (CVD) is transferred onto the Al2O3 layer, followed
by the deposition of a 1 nm polyelectrolyte adhesion layer and
colloidal silver nanocubes. The nanocubes have a range of sizes,
L, from 50 to 75 nm, as labeled in Figure 1c, including a 3 nm
poly(vinylpyrrolidinone) (PVP) coating around the nanocubes,
which is a byproduct of the nanocube synthesis. The density of
the deposited nanocubes is sufficiently low to allow optical
measurements of individual nanocubes. The total gap thickness

Figure 1. Sample schematic and characterization. (a) Normalized PL spectrum of monolayer MoS2 control sample on SiO2/Si substrate. The
measured spectrum (black line) was fitted to A and B exciton peaks at 1.87 and 2.01 eV, respectively (dashed lines). Inset: a schematic band structure
of monolayer MoS2 in the K valley, showing the optical transitions associated with the A and B excitons. CB: conduction band; VB: valence band.
(b) 3D illustration of the plasmonic nanocavity, consisting of silver nanocubes of varying sizes on top of a gold film, separated by an Al2O3 layer, a
MoS2 monolayer, and a polyelectrolyte adhesion layer. (c) Schematic illustration of the fabricated nanocavity sample. (d) Dark-field microscope
image of the fabricated sample. The edges of MoS2 monolayer appear as the blue outlines and the bright spots represent individual nanocavities. The
scale bar is 5 μm.
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d in this nanostructure is ∼10 nm, which consists of a 5 nm
Al2O3 layer, a MoS2 monolayer (∼0.7 nm), a 1 nm adhesion
layer, and the 3 nm PVP coating. Additionally, a control sample
of monolayer MoS2 on a thermal oxide SiO2 (300 nm)/Si
substrate is also fabricated.
As a reference, we first measured the intrinsic PL spectrum

from the control sample, as shown in Figure 1a. The spectrum
can be fitted to two Lorentz-shaped peaks, corresponding to
the A and B excitons at 1.87 and 2.01 eV, respectively. Their
associated optical transitions in the K valley are illustrated in
the inset in Figure 1a. We should note that, in the broad room-
temperature emission spectrum, it is difficult to distinguish the
A exciton and A trion peaks, as they are only ∼20 meV apart.37

Thus, we fit all the PL spectra in this work to two Lorentz-
shaped A and B exciton peaks.
For the nanocavity sample, individual nanocavities can be

identified as bright spots in the dark-field scattering image as
seen in Figure 1d. The different colors of the spots represent
the varying resonances of each film-coupled nanocube’s
associated fundamental cavity mode. The edges of the
monolayer MoS2 flake appear as blue outlines due to light
scattering. For enhanced PL measurements, a defocused laser
beam of ∼20 μm is used for illumination to identify the
individual nanocavities that are resonant with the intrinsic PL
emission spectrum, which appear as bright diffraction-limited
spots compared with the weak emission from the surrounding
MoS2 monolayer flake. We then obtain white-light scattering
spectra of individual nanocavities in order to determine their
exact plasmon resonance. Once the obtained single cavity
scattering spectrum overlaps with either the A or B exciton
peak (Figure 2), a diffraction-limited laser spot (∼350 nm
diameter) is used to excite individual nanocavities, and the PL
is collected by an imaging spectrograph (see Optical Measure-
ments).
Typically, a plasmonic nanocavity with a 10 nm spacer layer,

consisting of 5 nm Al2O3 layer, a MoS2 monolayer, 1 nm
adhesion layer and 3 nm PVP coating, combined with a 75 nm
nanocube leads to a resonant wavelength of ∼650 nm, which is
around the intrinsic A exciton emission peak (663 nm), as
observed on the native thermal oxide SiO2 (300 nm)/Si
substrate.34,36 Likewise, a nanocavity with a 10 nm spacer layer
and a 65 nm nanocube has a resonant wavelength of ∼620 nm,
close to the intrinsic B exciton peak (616 nm).34,36 Addition-
ally, a previous PL excitation study has shown that the largest
enhancement factor occurs at an excitation wavelength of 420
nm,19 which overlaps with the second-order mode of the
plasmonic nanocavity and hence results in enhanced
absorption. Thus, we have used the same excitation wavelength
of 420 nm for all of the PL measurements in this work.
At 420 nm excitation, a nanocavity with a plasmon resonance

at 676 nm exhibits a 53-fold enhancement in the A exciton peak
intensity and a 7-fold enhancement in the B exciton peak
intensity (Figure 2a). The enhancement factors here refer to
the ratio of the fitted A or B exciton peak intensities from the
nanocavity sample (red curve) to the control sample (black
curve) at the same excitation power and using the same
diffraction-limited laser spot, which are not normalized to the
area under a single nanocube. The white-light scattering
spectrum for this particular nanocavity is also displayed in
Figure 2a (blue curve). Its fundamental mode at 676 nm shows
a good overlap with the A exciton peak, thus mostly enhancing
the A exciton peak intensity. Likewise, a nanocavity with a
plasmon resonance at 611 nm (blue curve) is resonant with the

B exciton peak, as shown in Figure 2b. Consequently, a 211-
fold enhancement in the B exciton peak intensity is observed
while the A exciton peak intensity exhibits a 17-fold
enhancement relative to the control sample (Figure 2b).
In addition to the enhancements in the peak intensities, the

shape, and particularly the positions, of both emission peaks are
strongly modified by the nanocavity. Notably, a dominant B
exciton peak is observed in Figure 2b, which is in stark contrast
to the intrinsic PL spectrum of monolayer MoS2, which features
a strongly dominating A exciton emission (Figure 1a).
Additionally, from Figure 2 it is seen that coupling monolayer
MoS2 to these plasmonic nanocavities causes the emission
peaks to be tuned toward the cavity resonance.
Next, we explore how far the emission peaks can be tuned

from their intrinsic values and the effect of varying the
nanocavity resonance on the A and B exciton emission spectra.
To reveal the effect of the nanocavity resonance on the shifted
PL emission peaks, we investigate the PL spectrum at a number
of cavity resonances using three different batches of nanocubes
with an average nanocube size of 50 nm, 65 and 75 nm. The
distribution of the nanocube edge lengths L in each batch

Figure 2. Selective enhancement of A and B exciton emission. (a) PL
spectra from a MoS2 monolayer on SiO2/Si (black) and a MoS2
monolayer in the nanocavity containing a 75 nm nanocube (red),
mostly enhancing the A exciton emission peak (vertical dashed line).
The measured dark-field scattering spectrum of this nanocavity is
shown in the blue curve. (b) PL spectra from a MoS2 monolayer on
SiO2/Si (black) and a MoS2 monolayer in the nanocavity containing a
65 nm nanocube (red), mostly enhancing the B exciton emission peak
(vertical dashed line). The measured dark-field scattering spectrum of
this nanocavity is shown in the blue curve.
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allows us to investigate a wide range of nanocavity resonances
across the emission spectrum from 590 to 680 nm. The shape
of the emission spectrum is observed to be strongly modified by
the nanocavity (Figure 3). Depending on the plasmon
resonance, λres, the PL spectrum exhibits a dominant A exciton
peak, a dominant B exciton peak, or both exciton peaks, as
displayed in the different panels in Figure 3a. The intrinsic PL
emission spectrum from the control sample is shown in the top
panel for comparison.
To explore the shift of the A and B exciton peaks

individually, all the PL spectra are fitted to two Lorentz-shaped
peaks (dashed gray lines in Figure 3a). We regard the fitted
peak with lower energy as the A exciton peak and the peak with
higher energy as the B exciton peak. The extracted peak
emission wavelengths, λem, for the A and B excitons are shown
as a function of the nanocavity resonance, λres, in Figure 3b.
The bubble size indicates the ratio of the A or B exciton peak
intensity to the overall intensities, which are IA/(IA + IB) for the
red data points and IB/(IA + IB) for the blue data points. By
tuning the nanocavity resonance from 590 to 680 nm, most
data points appear around the dashed gray line that represents
λem = λres, which indicates that the emission peak wavelengths
of both the A and B excitons closely follow the nanocavity
resonance. The A exciton peak shifts over 40 nm while the B
exciton peak exhibits a 25 nm shift relative to the intrinsic
emission wavelengths. While the intrinsic A and B exciton
energies are not modified by the nanocavity, the nanocavity
enhances different parts of the broad room temperature
emission peaks depending on the plasmon resonance, thus
resulting in a relative shift in both emission peaks.
Next, to reveal the effect of the nanocavity resonance on the

PL enhancement of the A and B exciton peaks we examine the
fitted peak intensities as a function of the nanocavity resonance
in the range of 590 to 680 nm. From full-wave simulations,33−35

the field enhancements depend on the lateral position of the

emitter under a single nanocube, with the largest enhancements
near the corners of the nanocubes. Thus, in order to
quantitatively estimate the enhancement, we define the average
PL enhancement factor for a single nanocavity as19

=
I
I

A

A
EF cav

0

spot

cav (1)

where Icav and I0 are the PL intensities of the A or B exciton
peaks in the cavity and from the control sample, respectively,
which are obtained from the Lorentzian peak fits. The
enhancement factor is also scaled to the ratio of the
diffraction-limited excitation laser spot size Aspot ∼ (350 nm)2

to the area under an individual nanocube Acav ∼ L2, where L is
the nanocube edge length as labeled in Figure 1c. Thus, ⟨EF⟩
gives the average enhancement in PL per unit area of MoS2
monolayer. To obtain plasmon resonances that span the entire
emission spectrum, three different batches of nanocubes are
used in the experiments, with average nanocube sizes of 50, 65,
and 75 nm. Hence, a different value of L is used to calculate the
enhancement factor ⟨EF⟩ for individual nanocavities depending
on the specific batch of nanocubes that is addressed.
By varying the nanocavity resonance across the emission

spectrum, the average enhancement factor ⟨EF⟩, as defined in
eq 1, exhibits a strong correlation with the nanocavity
resonance for both the A and B exciton peaks, as shown in
Figure 4. Although all the nanocavities have the same gap
thickness of ∼10 nm, the measured PL intensities for the A and
B exciton peaks vary from near background levels to
enhancements of more than 3 orders of magnitude. In
particular, the largest enhancement factors for both peaks
occur at the nanocavity resonances that are slightly red-shifted
relative to their intrinsic emission peaks from the control
sample. The maximum enhancement of ⟨EF⟩ = 1200 for the A
exciton peak occurs at a nanocavity resonance of λres = 670 nm

Figure 3. Modification of monolayer MoS2 emission spectrum. (a) Shifted PL emission peaks relative to the control sample when monolayer MoS2
is coupled to nanocavities with varying resonances. The plasmon resonance (λres) for each individual nanocavity is indicated by the arrow in each
panel. Each PL spectrum is fitted to two Lorentz-shaped peaks (dashed gray lines), correlating to the A (at lower energy) and B (at higher energy)
exciton peaks. The top panel is a measured PL spectrum of a MoS2 monolayer on the SiO2/Si substrate as a reference. (b) Plots of the fitted
emission peak wavelength (λem) for both A and B exciton peaks as a function of the nanocavity resonance (λres). The bubble size relates to the ratio
of the A or B exciton peaks intensity to the overall intensities. The positions of A (λA,intrinsic) and B (λB,intrinsic) exciton peaks from the control sample
is labeled by the red and blue dashed lines, respectively. The dashed gray curve shows where λem = λres.
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(665 nm for the intrinsic A exciton), while the maximum
enhancement of ⟨EF⟩ = 6,100 for the B exciton peak occurs at
λres = 625 nm (616 nm for the intrinsic B exciton). In contrast
to the factors mentioned in Figure 2, these enhancement
factors are normalized to the area under an individual
nanocube. As can be seen, when the nanocavity is resonant
with the B exciton peak, we can enhance the inherently weak B
exciton emission significantly such that the B exciton peak
dominants the overall PL spectrum of monolayer MoS2. This
large B exciton emission is attributed to the intrinsically low
quantum yield of that state. When coupled to the nanocavity,
the final quantum yield of the A and B exciton emission is
determined by the radiative efficiency of the nanocavity, which
has previously been found to be ∼50%.34 Since the intrinsic PL
peak intensity of the A exciton is about 5 times that of the B
exciton peak (Figure 1a), a ∼5 times larger enhancement factor
is expected for the B exciton emission relative to the A exciton
emission, which has been observed in our experiment (Figure
4).
In conclusion, we have demonstrated strong modification of

the A and B exciton peak wavelengths by tuning the plasmonic
nanocavity resonance across the emission spectrum of
monolayer MoS2. For the first time, we observe a dominant
B exciton peak in the PL emission spectrum of monolayer
MoS2 when the nanocavity is resonant with the B exciton.
Additionally, the PL enhancement factors for both A and B
exciton peaks exhibit a strong correlation with the resonance
wavelength of the fundamental mode of the nanocavity. We
have observed a maximum enhancement factor of 6100-fold for
the intrinsically weak B exciton peak and a maximum
enhancement factor of 1200-fold for the A exciton peak. This
larger enhancement factor for the B exciton emission is
primarily attributed to the lower intrinsic quantum yield of the

B exciton state compared to the A exciton state. Efficient light
coupling and the tunability of emission peaks in these low-
dimensional nanoscale materials may facilitate highly efficient
optoelectronic devices such as photodetectors, light-emitting
diodes and photovoltaics. Moreover, benefiting from the
colloidal fabrication technique, our observations may lead to
the design of large-scale36,38 and inexpensive nanophotonic
devices with more efficient and tunable excitonic emissions.

■ SAMPLE PREPARATION

First, a 75 nm gold film was deposited onto a silicon substrate
using electron beam evaporation at a deposition rate of 2 Å/s
with 5 nm of chromium as an adhesion layer. Then, 5 nm of
Al2O3 layer was deposited on the gold film via atomic layer
deposition (ALD), acting as the dielectric spacer layer.
Monolayer MoS2 was synthesized using a seed-promoter-
assisted chemical vapor deposition (CVD) method,39 which
was nucleated with the assistance of the seeding promoter
perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt
(PTAS). After monolayer MoS2 flakes were obtained on the
substrate, they were transferred to the Al2O3-coated gold film
using a polydimethylsiloxane (PDMS) stamping method.40 2
μL of DI water was drop casted onto a 2 mm thick PDMS
stamp, and the droplet was pressed against the MoS2 on the
growth substrate. Then, the PDMS stamp was peeled off with
the MoS2 attached and was subsequently pressed against the
Al2O3-coated gold film. After the PDMS stamp was peeled off,
monolayer MoS2 was left behind on the top surface of the
Al2O3 layer.
Next, 10 μL of cationic poly(allylamine) hydrochloride

(PAH; 3 mM) droplet was deposited using a micropipette onto
a region of the substrate that contained MoS2 monolayers. After
5 min, the droplet was removed using the micropipette,
followed by several washes with 10 μL of DI water droplets.
The silver nanocubes were synthesized by Nanocomposix, Inc.
(San Diego) in sizes ranging from 50 to 75 nm. After a 1000-
fold dilution, a 5 μL droplet of the nanocube solution was
deposited onto the region coated with PAH layer, to which the
nanocubes adhered. After 15 min, the nanocube droplet was
removed using a micropipette, followed by several washes with
10 μL of water droplets.

■ OPTICAL MEASUREMENTS

All of the optical measurements were performed using a
custom-built bright-field/dark-field confocal microscope. In-
dividual nanocavities and monolayer MoS2 crystals were first
identified under dark-field illumination imaging using a 100×,
0.9 NA dark-field microscope objective. In order to identify the
plasmon resonance wavelength, the white-light scattering
spectrum of individual nanocavities was obtained by a HR550
Horiba Jobin Yvon spectrometer and Symphony charge
coupled device (CCD) camera. A pinhole aperture was placed
at the intermediate image plane to select the scattered light
from individual nanocavities. The excitation source for the PL
measurements was a 420 nm pulsed laser from a frequency-
doubled Ti:sapphire laser with a 150 fs pulse length and an 80
MHz repetition rate. The output of the Ti:sapphire laser was
coupled to a single-mode fiber. The collimated fiber output was
then defocused to a ∼20 μm diameter laser spot and imaged on
the sample plane through the objective. The fluorescence image
was collected using the same objective and imaged on an
electron multiplying digital camera (Hamamatsu EM-CCD,

Figure 4. Relationship between PL enhancement factor and
nanocavity resonance. The circles represent the PL enhancement
factor ⟨EF⟩ for individual nanocavities, which is normalized to the area
under a single nanocube as defined in eq 1, as a function of the
nanocavity resonance for both A (red) and B (blue) exciton peaks.
The highest enhancement factor is 6100-fold for the B exciton peak
and 1200-fold for the A exciton peak. The normalized PL spectrum of
a MoS2 monolayer on the SiO2/Si substrate is shown in the shaded
green area.
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model C9100). We then only selected nanocavities that
exhibited enhanced PL under this wide-field excitation and
also possessed a plasmon resonance in the range of 590 to 680
nm, as determined from the dark-field scattering spectrum. For
measurements of PL enhancements, the defocusing lens was
removed and the laser was focused on the individual nanocavity
to a diffraction-limited spot with a diameter of ∼350 nm. The
PL of monolayer MoS2 on gold in areas far from the nanocavity
was very weak and contributed <10% of the total PL signal. The
PL was then collected by the objective, passed through a 550
nm long-pass filter (Omega Optics) and detected by the
imaging spectrograph.
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