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ABSTRACT: In monolayer semiconductors, excitons confined by
strain-induced potential traps are promising candidates for on-chip
single-photon sources. For these quantum emitters, achieving
broadband tunability while preserving high brightness is crucial for
quantum information processing and communication, but remains
challenging in aligning the emitter energy with optical resonances.
Here, we demonstrate resonant tuning of localized exciton
emission in monolayer WSe2 using an Au nanocube-on-mirror
nanocavity. The design enables simultaneous strain-induced
exciton energy tuning and Purcell-enhanced emission. By adjusting
the cavity gap, it allows precise spectral alignment of the localized
exciton with the plasmonic resonance. We observe a record-large redshift over 240 meV in localized exciton energy. Compared with
the conventional approach, a 22-fold enhancement in emission intensity is achieved due to the spectral, spatial, and polarization
matching between the localized exciton and plasmons. Our findings establish a robust strategy for developing high-performance
nonclassical light sources, facilitating the development of scalable quantum applications.
KEYWORDS: plasmonic nanocavity, monolayer WSe2, localized excitons, strain, Purcell effect

Excitonic complexes in two-dimensional (2D) transition
metal dichalcogenides (TMDs) play a pivotal role in

driving intense light-matter interactions, offering tremendous
potential for the development of future photonic and
optoelectronic devices. Among the intensively studied free
excitons, such as neutral excitons, trions, and biexcitons,
remarkable progress has been made in their applications to
light-emitting diodes (LEDs),1 solar cells,2 and valleytronic
devices.3 Apart from free excitons, localized excitons, arising
from spatial confinement due to defects,4 disorder,5 or
strain,6−8 offer a promising path for advanced quantum
technologies. Due to their long lifetimes,9 robust spin-valley
coupling,10,11 and efficient photon extraction,12,13 localized
excitons are ideal candidates for the realization of single-
photon emitters, which are essential building blocks for future
on-chip quantum systems. Tuning the emission energy of
localized excitons further enhances their potential, enabling
possibilities for quantum information and communication.
Recent advancements have demonstrated the manipulation of
localized exciton energy via electrical and magnetic meth-
ods.14−16 Nevertheless, these approaches heavily rely on
cryogenic-temperature operations and complex device designs,
limiting their scalability and practical integration into photonic
on-chip devices.
Alternatively, the optical properties of localized excitons in

2D TMDs can be precisely manipulated by local tensile strain,
which can be induced using on-chip compatible nanostressors
such as particles,17−21 pillars,12,22−24 tips,25,26 and holes.15,27

Owing to their flexibility and strong intralayer bonding, 2D
TMDs can endure strains of several percent without
fracturing,8,28 offering the potential for tuning localized
excitons across a wide energy range. In particular, metallic
stressors with large strain and strong plasmon resonance hold
the promise to prevent thermally induced exciton delocaliza-
tion while simultaneously enhancing quantum yields through
the Purcell effect.17,18,25 This results in stronger localized
exciton emission, even at room temperature.
Researchers have demonstrated that the sharp tips of bowtie

nanoantennas can create a highly confined potential in WSe2
monolayers that localizes excitons at room temperature.25

Further collaboration with tip-enhanced techniques has
enabled significant Purcell-enhanced exciton emission, facilitat-
ing dynamic energy tuning with nanoscale spatial resolution.
More recently, chemically synthesized metallic nanocrystals
have been explored as stressors to ensure in situ coupling
between plasmonic resonance and local strain in monolayer
WS2.

18 This approach offers a geometry-modulated mechanism
for controlling localized exciton emission across a broader
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energy spectrum. To enable robust room temperature
operations, particularly against thermal fluctuations, it is
imperative to further red-shift the localized exciton, which,
however, remains a great challenge. The difficulty lies in
concurrently aligning strain-induced potential tuning and
plasmonic resonance, resulting in the emission either being
obscured by the overwhelming free exciton peak or remaining
weak and undetectable when off-resonance with the plasmonic
mode.
Here, we demonstrate broadband energy tuning of localized

exciton emission from monolayer WSe2 at room temperature.
We utilize plasmonic cavities with an Au nanocube-on-mirror
(NCoM) configuration as a monolithic integration of strain
engineering and Purcell-enhanced spontaneous emission rate.
Our design is driven by three key considerations: (1) The well-
defined nanocube shape induces a local strain on WSe2,
creating a size-dependent potential that localizes the exciton.
The energy of this localized exciton can be predicted based on
an empirical correlation between the exciton energy shift and
strain. (2) The plasmonic mode of the NCoM nanocavity is
highly sensitive to its gap layer thickness. This extra-freedom
allows for fine-tuning the cavity resonance to spectrally match
the predicted energy of the localized exciton, resulting in
Purcell-enhanced emission. (3) By adjusting both the nano-
cube length and gap thickness, we can simultaneously scan and
enhance localized exciton emission across a record-large energy
range, which is over 70 meV larger than that of existing
approaches. Moreover, compared to bare nanoparticles,
NCoM nanocavities exhibit up to 22-fold enhancement in
localized exciton emission.

■ RESULTS AND DISCUSSION
The formation and enhancement of localized excitons are
schematically illustrated in Figure 1a. The sharp corners of the
Au NCoM nanocavity induce strain in WSe2 through lattice
deformation. This strain locally modifies the energy landscape,
creating nanoscale potential wells that trap excitons, as
depicted in the energy diagram of Figure 1a. The strain εst
and the corresponding energy shift ΔE can be readily tuned by

varying the edge length l of the nanocube, allowing control
over the localized exciton emission energy EL, which follows
the empirical relation:26

= +E E EL L0 (1)

where EL0 = 1.57 eV is the localized exciton energy at εst0 =
1.74%. The energy shift ΔE = α(εst − εst0) represents strain-
dependent modulation of exciton energy, with α = −0.103 eV/
%.29 The orange solid line in Figure 1b presents the localized
exciton energy as a function of strain, predicted from eq 1. The
shaded region indicates the uncertainty in the exciton-strain
relationship, determined from atomic force microscopy (AFM)
measurements (Figure S1). Raman spectroscopy measure-
ments further confirm that the strain in monolayer WSe2 can
be effectively tuned by tuning the nanocube edge length
(Figure S2).
The plasmonic resonance of the nanocavity can be precisely

tuned through the gap layer thickness t. For instance, the
horizontal electric dipole of the nanocube interacts with its
image charges in the Au film to form cavity mode I, whose
energy ENC depends on t according to a circuit model:

30−32

= + +E E (2 4 )NC p m m
1/2

(2)

where Ep denotes the plasmon energy of Au, εm and ε∞
represent the permittivities of the dielectric medium and the
corresponding background, respectively. The capacitance ratio,
defined as η = Cg/CNP, quantifies the normalized capacitance of
the nanocavity (Cg = εmεgaA/t) with respect to that of the
nanocube (CNP = bεmπR). Here, A is the effective area
associated with the net charge distribution of mode I, εg = 2.4
represents the permittivity of Al2O3, and R is the equivalent
radius representing the net charge area of the bottom surface of
the nanocube (Figure S3). In this context, the gap thickness
can be optimized by changing the edge length to align mode I
with the localized exciton energy, as shown in Figure 1b. For
example, in a nanocavity with l = 95 nm, setting the gap
thickness t to 6 nm results in a simulated scattering spectrum
where mode I closely overlaps with the exciton energy (Figure
1c). Notably, mode I exhibits a 34-fold field enhancement at

Figure 1. Mechanism for resonance tuning of localized exciton emission from a WSe2 monolayer. (a) Schematic of the generation of localized
excitons in a WSe2-capped nanocavity. The nanocavity consists of an Au nanocube separated from an Au film by an Al2O3 gap layer. The energy
diagram illustrates exciton localization within a potential well induced by local strain from the nanocube. (b) Alignment of plasmonic resonances
with localized exciton energy at different edge lengths by varying the gap layer thicknesses. (c) Simulated scattering spectra of a nanocavity with an
edge length of 95 nm and a gap thickness of 6 nm, showing spectral matching of cavity mode I with the localized exciton energy. (d and e) Electric
field enhancement (d) and local strain distributions (e) at the top surface of the nanocube.
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the top corners of the nanocube (Figure 1d), which coincides
with regions of maximum local strain (Figure 1e).
To validate our prediction, we fabricate the WSe2-capped Au

NCoM nanocavity using a bottom-up approach (see
Methods). As shown in Figure 2a, the optical and scanning
electron microscope (SEM) images reveal that the target
nanocavity covered by monolayer WSe2 has an edge length of
98 nm. Figure 2b presents the morphology of the WSe2
monolayer within the labeled region in Figure 2a, as measured
by AFM. It reveals that the WSe2 is intact without punctures
and conforms closely to the top surface of the nanocube,
forming sharp curvatures at the nanocube top corners.
According to Hencky’s model,33,34 the AFM-measured
deformation induces a strain of 2.68%, leading to a reduction
in the optical bandgap to 1.48 eV. To ensure alignment
between the plasmonic resonance and the localized exciton
emission energy, the gap layer thickness is set to 6 nm,
following the design framework in Figure 1b. The plasmonic
response of the designed nanocavity is resolved through side-
illumination scattering spectroscopy, revealing a pronounced
cavity mode (mode I) that overlaps with the localized exciton
energy to accelerate the emission rate (Figure 2c).
In Figure 2d, we present the photoluminescence (PL)

spectrum measured from the selected nanocavity (Figure 2a)
under 532 nm excitation at room temperature. In contrast to
unstrained WSe2 (Figure S4), a distinct low-energy PL peak
emerges at 1.48 eV. Under identical experimental conditions,
the NCoM nanocavities and bare nanocubes without WSe2
coverage exhibit no detectable plasmonic scattering-related
signal (Figures S5 and S6). Thus, the low-energy peak in the
PL spectra of the WSe2-capped structures can be unambigu-
ously attributed to localized exciton emission, with no
contribution from plasmonic scattering or the intrinsic PL of
the NCoM nanocavity. This assignment is further supported
by the temperature-dependent PL measurements (Figure S7),
whose spectral evolution closely follows the characteristic

behavior of localized excitons.18 For a clear comparison, the PL
spectra are fitted with Gaussian functions. The high-energy
peak originates from overlapping emissions of the neutral
exciton (X0) at ∼1.63 eV and a trion (XT) at ∼1.59 eV.35 The
low-energy peak, characterized by a broad line width and a
large energy separation from the X0 peak, is distinct from other
excitonic complexes (e.g., trion, dark exciton, biexciton). This
allows us to identify it as the localized exciton (XL) emission,
consistent with previous reports.25,36 Furthermore, compara-
tive PL spectra acquired from the nanocube site and its
surrounding regions reveal that the XL feature is exclusively
present in the strained region directly atop the nanocube
(Figure S8). This strong spatial confinement indicates that the
XL feature arises from strain-induced exciton localization,
rather than from intrinsic point defects or wrinkle-induced
inhomogeneities, which are typically distributed more broadly
across the monolayer.4,6

To further confirm the XL emission, we examine the power-
dependent evolution of X0 and XL emissions in Figure 2e. The
emissions are fitted with power laws, revealing a linear and
sublinear power dependence for X0 and XL on pump intensity,
respectively. This saturating behavior is a clear hallmark of XL
emission, which is typically associated with defect states
residing in trap potentials and tends to saturate at lower
excitation powers compared to free excitons.37 The back focal
plane (BFP) imaging technique is employed to resolve the
angular emission pattern of localized excitons, as shown in
Figure 2f. The BFP image reveals a doughnut-shaped far-field
distribution (left panel of Figure 2f), which is also observed in
the XL emission from the WSe2-capped bare nanocube (Figure
S9). Notably, the BFP image of XL is clearly distinct from the
balloon-shaped scattering pattern of the nanocavity mode I
(Figure S10), demonstrating that the doughnut-shaped far-
field emission is an intrinsic property of XL. Numerical
simulations further support the doughnut-shaped emission
feature of XL, as evidenced by the polar plot in the right panel

Figure 2. Realization of localized exciton emission in a WSe2-capped nanocavity. (a) Optical microscope image of the hybrid structure. The inset
shows the SEM image of the target structure. (b) AFM topography image of monolayer WSe2 on the nanocavity highlighted as the red circle in (a).
The inset shows a side-view AFM profile of the hybrid structure. (c) Scattering spectrum measured from the individual hybrid structure shown in
(a). (d) PL spectrum of the WSe2-capped nanocavity [red circle in (a)], with emission peaks for neutral exciton (X0), trion (XT), and localized
exciton (XL) identified through Gaussian fitting. (e) Power-dependent emission peak intensity of neutral excitons and localized excitons, showing
the power saturation behavior of localized excitons. (f) Back focal plane image of localized exciton emission (left) and its corresponding polar
emission pattern (right). The dots and line in right panel are for the experiment and simulation results, respectively.
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of Figure 2f. This behavior contrasts sharply with that of free
excitons, which exhibit an in-plane (IP) dipole with maximum
intensity along the surface normal (Figure S11). The observed
difference can be attributed to the strain distribution shown in
Figure 1e, where the highest strain occurs at the periphery of
the top corners of the nanocube. At these locations, the
deformation of WSe2 induces a transition of the exciton from
an IP dipole to a tilted configuration, consistent with recent
findings on XL characteristics.

38,39

To gain deeper insights into the enhanced emission of XL,
we conducted the PL measurements on the monolayer WSe2
integrated with a nanocavity and on a control sample deposited
on a nanocube atop a SiO2 substrate, as shown in Figure 3a,b.
For a fair comparison, nanocubes of identical dimensions (l =
89 nm) are used to ensure equivalent deformation (Figure
S12) and consistent strain distribution on the WSe2
monolayer. To ensure a consistent comparison, we constrained
identical line widths for X0, XT, and XL when fitting the spectra
of the WSe2-capped nanocavity and the WSe2-capped bare

nanocube of the same size. When coupled with the nanocavity,
the XL emission peak is significantly intensified, in stark
contrast to the shallow shoulder observed in the control
sample. This results in a 22-fold enhancement in XL emission
relative to the control.
We further employ full-wave simulation methods to analyze

the enhancement of XL emission. The enhancement factor for
XL emission relative to free space is given by

40

EF
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QY

r
r

r
r
r

( , , )
( , )
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ex ex

ex
0

ex
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where γex and QY represent excitation rate and quantum yield,
respectively, in the presence of the plasmonic structures. The
terms in the denominator correspond to these quantities in
free space. At the excitation wavelength of 532 nm, the
nanocavity supports a film-coupled quadrupole mode, while
the bare nanocube sustains a conventional quadrupole mode
(Figure S13). Both modes reshape the incident light field,

Figure 3. Plasmon-enhanced localized exciton emission from a WSe2 monolayer. (a and b) PL spectra from the WSe2-capped nanocavity (a) and
WSe2-capped bare nanocube (b). The upper and lower insets show the geometry and SEM images of two plasmonic systems, respectively. The
scale bar is 100 nm. (c and d) Simulated excitation rate enhancement distributions for localized excitons in the nanocavity (c) and bare nanocube
(d). (e and f) Simulated quantum yield enhancement maps for localized excitons in the nanocavity (e) and bare nanocube (f).

Figure 4. Resonant red-shifting of localized exciton energy using a nanocavity. (a and b) Normalized scattering (a) and PL spectra (b) of WSe2-
capped nanocavities with varying edge lengths. The SEM images show nanocavities with edge lengths ranging from 89 to 125 nm. The gap layer
thickness (t) in each cavity is adjusted to spectrally align cavity mode I with the localized exciton energy. (c) Energies of localized excitons and
cavity mode I as a function of the edge length. Green and orange hollow dots represent the exciton and mode I energies, respectively.
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leading to a substantial enhancement of the out-of-plane (OP)
local electric field. This is ideal for boosting the excitation rate,
as this OP component shapes the field vector to match the
tilted XL and enhance their interaction. As a result, both
plasmonic systems achieve an over two-orders-of-magnitude
increase in the excitation rate at the nanocube corners, with the
NCoM nanocavity providing a markedly stronger enhance-
ment than the bare nanocube (Figure 3c,d). This distinction is
further supported by the comparative Raman enhancements
measured for the two structures (Figure S14). The mode I
reveals out-of-plane field enhancement at the top corners of
the nanocavity (Figure S15), which contributes to the local
density of optical states and enhances localized exciton
emission through the Purcell effect. It is important to note
that the out-of-plane field enhancement serves as a passive
photonic environment that accelerates the emitter’s radiation
rate, rather than the gold itself acting as the primary emitter.
This leads to a nearly 4-fold increase in quantum yield (Figure
3e) compared to the bare nanocube (Figure 3f), whose dipole
mode is largely nonresonant with the XL emission (Figure
S13). Consequently, the theoretical PL enhancement factor for
the nanocavity is 20-fold greater than that of the bare
nanocube, in excellent agreement with experimental measure-
ments. This further confirms that, in contrast to conventional
plasmonic nanoparticles, the nanocavity offers an additional
degree of freedom for simultaneously controlling the excitation
and emission of XL.
The chemically synthesized Au nanocubes exhibit a size

distribution ranging from 80 to 130 nm (Figure S16), thereby
enabling the tuning of the XL emission over a broad energy
range. By leveraging spectroscopy-assisted nanomanipulation,
we deterministically select nanocubes with predefined edge
lengths to apply controlled strain on the WSe2 monolayer.
Following the framework illustrated in Figure 1b, we precisely
control the deposition of the gap layer to construct
nanocavities, in which mode I aligns with the theoretically
predicted energies of localized excitons. This can be evident
from scattering spectra of nanocavities in Figure 4a, where
mode I redshifts with l increasing, consistent with the strain-
dependent energy shift of the XL emission (Figure 1b). Further
fine-tuning of the gap enables optimized plasmon-localized
exciton interactions through spectral matching, facilitating on-
demand excitation of the XL peak across all five nanocavities, as
clearly demonstrated by the PL spectra in Figure 4b.
When the nanocube edge length l exceeds 125 nm, the

monolayer WSe2 transferred onto the nanocube can no longer
sustain the induced strain and consequently ruptures (Figure
S17). By varying l, we achieve a tunable energy shift from
1.590 to 1.343 eV (Figure S18), approaching the strain-
induced redshift limit of 247 meV, as summarized in Table S1.
In parallel, both X0 and XT emissions exhibit systematic
redshifts with increasing strain (Figure S19), which is
consistent with previously reported strain-dependent free
exciton emissions in TMD monolayers.29 Figure 4c illustrates
the dependence of XL and mode I energies on the nanocube
edge length l, revealing their strong spectral alignment across
the range of l. Consequently, compared to bare nanocubes
(Figure S20), the nanocavity yield significantly more
prominent XL peaks, with up to a 22-fold enhancement in
emission intensity. These results underscore the ability of the
nanocavity platform to precisely control plasmon-exciton
coupling, offering a powerful approach for tailoring localized
excitonic emission in strained monolayer semiconductors.

■ CONCLUSIONS
In conclusion, we have demonstrated the room-temperature
resonance tuning of localized exciton emission in a WSe2
monolayer using a plasmonic nanocavity. A general model is
developed, utilizing tunable plasmonic modes to enhance
localized exciton emission intensity upon red-shifting, enabling
precise control over exciton−plasmon interactions. This leads
to up to a 22-fold enhancement in emission from the WSe2-
capped nanocavity, allowing access to the upper limit of the
red-shifted localized exciton, which is typically masked by the
neutral exciton background. Our work establishes a robust
strategy for on-demand tuning of the localized excitonic states,
providing a solid foundation for scalable, high-brightness, and
wavelength-customizable nonclassical light sources. Such
advancements could drive the development of on-chip
quantum photonic circuits, quantum emitters, and tunable
single-photon devices for quantum information processing and
communication.

■ METHODS

Sample Preparation
The WSe2-capped NCoM nanocavity was fabricated via a bottom-up
approach. First, an ultrasmooth 50 nm-thick Au film was prepared
using a template-stripping method. A thin Al2O3 spacer layer was then
deposited by atomic layer deposition at 150 °C. To fabricate the
plasmonic nanocavity, a solution of Au nanocubes wrapped with a 2
nm cetyltrimethylammonium bromide (CTAB) shell (Nanoseedz,
Inc. and MeLab, Inc.) was diluted with deionized water at a 1:6
volume ratio and spin-coated onto the Al2O3 layer. Finally, a
monolayer of WSe2, grown by chemical vapor deposition, was
transferred onto the Au nanocubes using a dry-transfer technique,
forming the WSe2-capped NCoM hybrid structure.
Optical Measurements
Scattering spectra were measured using a custom-built confocal
darkfield microscopy system.41,42 P-polarized white light from a
halogen lamp was directed onto the sample at an incident angle of 70°
through a 50× Mitutoyo objective (NA = 0.55). The scattered light
was collected by an upright 50× Nikon objective (NA = 0.4), spatially
filtered via a pinhole, and coupled into a spectrometer (Andor
Shamrock SR-303IB) equipped with an air-cooled CCD camera. For
room-temperature PL measurements, the sample was excited using a
532 nm continuous-wave laser focused through a 150× Leica
objective (NA = 0.9). The PL emission was collected by the same
objective filtered with a 532 nm long-pass filter, and directed into a
spectrometer (Andor Shamrock SR-500i). The laser spot diameter at
the sample plane was ∼1 μm. To measure the far-field emission
pattern of the hybrid nanocavity, a 4f correlator system (see Figure
S21) was employed to image the back focal plane of the objective
onto an sCMOS camera (Dhyana 400BSI V3, Tucsen Inc.).
Numerical Calculation
The plasmonic responses of the NCoM were simulated using the
finite element method (COMSOL Multiphysics). The nanocube
dimensions were set to match the experimental conditions. The
dielectric constants of monolayer WSe2 and Au were taken from
experimental data by Johnson and Christy,43 while those of Al2O3 and
CTAB were fixed at 1.5. The scattering spectra were computed using
a two-step procedure. First, periodic boundary conditions were
applied, and a linearly polarized plane wave at an incident angle of 70°
was used as the excitation source to generate the background field in
the absence of the nanoparticle. Second, the scattered field was
collected over a solid angle corresponding to a numerical aperture of
47.2°, consistent with that of the objective lens, to obtain the
scattering spectra. Localized excitons were modeled as point dipoles,
and the corresponding PL far-field pattern was obtained by placing
dipole emitters oriented along the tangent directions at the top
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corners of the nanocube (see Figure S22). The quantum yield of
WSe2 coupled to the nanocavity was calculated using the dyadic
Green’s function within a three-dimensional finite-difference time-
domain (FDTD) method.44,45 The enhanced spontaneous emission
rate, γr = γrad/γrad0, was evaluated by performing raster scans of an
point dipole emitter on a 15 × 15 grid positioned above the
nanocube. The enhanced quantum yield was then determined using
the equation:

=
+ +

QY
Q Q(1 )/

r

r nr 0 0 (4)

where Q0 = 1.5% is the intrinsic quantum yield of the monolayer
WSe2.

17

Strain Calculation

To investigate the origin of the localized exciton emission in the
WSe2-capped NCoM nanocavity, we calculated the local strain
distribution in the WSe2 membrane across the nanocube using the
Hencky’s model:33,34

= i
k
jjj y

{
zzzA K h

R
( )(1 ) ( )

4st
0

2/3 2

(5)

where ν is the Poisson’s ratio of the membrane, A0(ν) and K(ν) are
numerical parameters determined by ν, which can be obtained from
Hencky’s solution. The membrane height (h) and radius (R) were
extracted from AFM topography measurements. For WSe2, we
adopted ν = 0.19,46 with A0(ν) = 1.66 and K(ν) = 3.2.
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