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ABSTRACT: Exciton polaritons formed by the strong coupling
between excitons and photons have been extensively studied in
transition metal disulfides (TMDs) for their potential to inherit
ultralong radiation lifetime and remarkable nonlinearity. Many
studies have achieved strong coupling at room temperature.
However, the systems in these studies generally lack orderly
characteristics and precise controllability, and their tunability also
remains rather limited. Here, we demonstrate a plasmonic grating
with a bound state in the continuum (BIC) as a highly tunable
platform for generating exciton polaritons in monolayer WS2 at
room temperature. We characterized the polariton modes and
determined an energy splitting of 93 meV. This validates strong
coupling in our system. Our research offers a new approach for
exploring exciton polaritons in 2D semiconductors, opening doors for room-temperature optoelectronic and quantum computing
applications.
KEYWORDS: plasmonic BIC, strong coupling, Rabi-splitting, exciton polariton

Exciton polaritons, being hybrid quasiparticles with a half-
light and half-matter nature, exhibit notably low effective

masses and large nonlinearities.1,2 These states enable for the
observation of remarkable physical phenomena such as Bose−
Einstein condensation3 and superfluidity,4 and also offer
potential applications in low-threshold lasers5 and quantum
simulators.6 In principle, exciton polaritons are generated
through the strong coupling between excitons in semi-
conductors and photons confined in optical cavities.7 Strong
coupling occurs when the energy exchange rate between
excitons and cavity photons surpasses both the exciton
nonradiative relaxation rate and the cavity dissipation rate,
which subsequently leads to vacuum Rabi splitting.8,9 For the
formation of exciton polaritons, optical cavity photons require
a large quality (Q) factor and a small mode volume Vm. The Q
factor is defined as the ratio of the resonant frequency ω to the
loss γ. A large Q factor indicates a low photon loss rate in the
cavity, which results in a longer lifetime of cavity photons and
thus enhances the interaction time between excitons and
photons.10,11 The mode volume is related to the photon
density. In an optical cavity, the photon density is inversely
proportional to the mode volume Vm, such that a reduction of
Vm leads to an elevation in photon density.

12−14 According to
Fermi’s golden rule, a higher density of final states enhances
the transition rate between exciton and photon states,

facilitating strong coupling and the formation of exciton
polaritons.
Exciton polaritons have been extensively studied in several

semiconductors, including GaAs,15 TMDs,16,17 and halide
perovskites18,19 over the years. Among these, TMDs are
emerging as an ideal platform for achieving strong coupled
exciton polaritons with a strong coupling. With a direct
bandgap, TMDs are efficient light emitters. Their unique 2D
layered structure enables a relatively large exciton binding
energy, reaching up to several hundreds of meV,17,20 due to
strong confinement restricting the electron−hole motion and
enhancing their interaction. Their large exciton binding energy
facilitates stable exciton-polariton formation at room temper-
ature,20,21 while minimizing nonradiative relaxation pathways
and inhomogeneous broadening.22

Various optical microcavities, such as Fabry−Perot (FP)
cavities,17,23 distributed Bragg reflectors (DBRs),24,25 metal
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nanoparticles,26−28 plasmonic arrays,29−32 and all-dielectric
photonic crystal (PC),33−35 have been explored for the
formation of exciton polaritons in monolayer TMDs. Although
FP cavities and DBRs are characterized by their large Q
factors,36,37 they are constrained in postprocessing capabilities.
Due to the absence of mode-engineering design parameters,
their cavity structures are bulky and rigid, thereby restricting
their utility in more flexible and customizable experiments.
Metal nanoparticles and plasmonic arrays exploit plasmonic
modes to confine strong electric fields,27,38−40 resulting in a
small Vm that facilitate interaction with TMDs and enable a
Rabi splitting in the range of 100−200 meV. Nevertheless,
these structures based on metal nanoparticles suffer from some
drawbacks, such as their random distribution, a lack of order
and control, and limited tunability, making it difficult to
precisely adjust their properties for practical applications.
Moreover, due to the inherent losses of metal, they generally
have low Q factors, which affects system performance.
Compared to metal structures, all-dielectric PCs have cavity
modes with a larger Vm, although these modes are localized
within the dielectric.41,42 When TMDs are placed on the
dielectric surface, a spatial misalignment between excitons and
cavity modes occurs, making it challenging for all-dielectric
PCs to achieve large Rabi splitting energy at room temper-
ature. Consequently, it is essential to develop optical
microcavities that simultaneously possess a large Q factor, a

small Vm, excellent tunability, and high compatibility with
transition metal dichalcogenides (TMDs). It is essential to
develop optical microcavities that simultaneously possess a
large Q, a small mode volume (Vm), excellent tunability, and
high compatibility with TMDs.
Here, we design a one-dimensional (1D) grating supporting

a plasmonic BIC as a robust strong-coupling platform. The
plasmonic BIC exhibits a high Q and a small mode volume
(Vm), enabling the confinement of light within a smaller
volume over an extended period and significantly enhancing
the light-matter interaction. By utilizing the momentum-space
imaging and PL measurements, we experimentally demonstrate
a strong coupling between the plasmonic BIC and excitons of a
monolayer WS2. This coupling is characterized by the Rabi
splitting of 93 meV at room temperature and is further
corroborated by numerical simulations. Our results not only
present novel design concepts regarding the strong coupling
effect in 2D semiconductors but also offer new possibilities for
exploring the collective behavior of exciton polaritons.
Figure 1(a) schematically depicts a 1D grating platform that

supports a plasmonic BIC for strong coupling with excitons in
a monolayer WS2. The 1D grating is composed of parallel gold
stripes on a Si substrate, with a thin gold film functioning as a
mirror. By varying the stripe width (W) and the period (a) of
1D grating, the resonance frequency of the plasmonic BIC can
be precisely tuned to match the exciton energy of WS2. The

Figure 1. 1D grating platform supporting a plasmonic BIC for the formation of exciton polaritons in a monolayer WS2 at room-temperature. (a)
The schematic of the strong coupling between a plasmonic BIC and TMD excitons. The right panel depicts the energy diagram of the strong
coupling of the WS2 excitons with the energy of ℏωex coupled to the plasmonic BIC with the energy of ℏωp. The strong coupling forms hybrid
states (UPB and LPB) separated by a Rabi splitting energy of ℏωR. (b) The band structure of the 1D grating. The at-Γ plasmonic BIC is marked
with a circle. (c) Distribution of Q factors in momentum space as a function of loss coefficients (γ). (d) The calculated |Ez/E0| electric field
distribution of the plasmonic BIC. The inset (dashed line) shows the profile of the square of the electric field along the x-axis.
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out-of-plane direction of the 1D grating is defined as the z-axis,
while the in-plane direction across the gold stripes is defined as
the x-axis. Figure 1b illustrates the band structure of the 1D
grating in the momentum space, which is calculated by using
the Quasinormal Modes (QNMs, see Supporting Information
for details). For the sake of simplicity, only the transverse
magnetic (TM) mode supporting a plasmonic BIC at Γ point
is highlighted in orange.43 The Q factor provides crucial
information for identifying the TM mode as a plasmonic BIC.
As shown in Figure 1c, the Q factor distribution in the
momentum space indicates a peak of around 500 at the Γ point
when the γ is 0.003, followed by a sharp decline with the
increase of the wave vector Kx. γ is defined as the normalized
metal loss factor γ = γp/ωp, where ωp is the bulk equipartition
excitation frequency and γp is the metal loss factor of Lorentz−
Drude model. This behavior is consistent with the character-
istic feature of at-Γ symmetry-protected BICs.11 In addition,
the Q factor of the plasmonic BIC is strongly dependent on γ,
specifically, it becomes decreased by an order of magnitude
when γ increases to 0.013. Moreover, the mirror symmetry of
the electric field |Ez/E0| of the plasmonic BIC, as illustrated in
Figure 1d, also indicates the characteristic constraint of the
BIC.44 The high Q factor and mirror symmetry provide
compelling evidence for the BIC in this system. Finally, the
plasmonic BIC has the ability to localize the light field within a
small Vm on the surface of the grating,

45 characterized by the
hot spots and an orange dashed line in Figure 1d. In addition,
due to the in-plane orientation of the TMD exciton transition
dipole moment, it shows a stronger correlation with the XY

component of the electric field.20 As shown in Supporting
Information Note 2, the in-plane Ex/E0 distribution exhibits
pronounced localization patterns aligned with the TMD
exciton dipole orientation, which critically enhances the
coupling strength by maximizing spatial overlap between the
plasmonic near-field and excitonic states. The combination of
this small Vm and the high Q factor is highly favorable for the
spatial coincidence of the plasmonic BIC and the WS2 exciton
resonance, which is essential for achieving strong coupling at
room temperature in this study.
In our experiments, the 1D grating was fabricated using

standard microfabrication techniques (see Supporting In-
formation for details). Subsequently, it was characterized
using a scanning electron microscope (SEM), as presented in
Figure 2a. A monolayer of WS2 was transferred onto the 1D
grating with a hexagonal boron nitride (hBN) spacer. It is
worth noting that the hBN spacer plays four crucial roles:
preventing WS2 degradation, avoiding short-range interactions
(specifically charge transfer), reducing strain on the monolayer
WS2, and providing tunability of the BIC through its thickness.
Figure 2b displays the AFM images of WS2 on the 1D

grating with and without an hBN isolation layer. In the absence
of the hBN isolation layer, the AFM image of WS2 shows a
periodic up-and-down morphology, with the height difference
similar to that observed on the 1D grating. This suggests a
strong influence of the underlying 1D grating structure on
WS2, with the periodic pattern of the 1D grating being
transferred to the WS2 layer, resulting in significant height
variations. Conversely, in the presence of an hBN isolation

Figure 2. Characterization of the samples. (a) The SEM image of a 1D grating structure fabricated. The inset in the upper right corner is an
enlarged image. (b) Atomic force microscopy (AFM) measurements of different heterostructures. The bottom row presents the corresponding
AFM images, and the top row displays the height difference profiles of these heterostructures along the red line in the AFM images. (c) Raman
spectra obtained from various heterostructures. All spectra were obtained under the same experimental conditions.
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layer, the AFM image of WS2 exhibits much smaller
undulations. The hBN layer likely acts as a buffer, reducing
the direct influence of the 1D grating on the WS2 layer, which
results in a more uniform WS2 layer with a minor height
fluctuation.
Furthermore, Raman spectra were also utilized to evaluate

the effect of the hBN isolation layer. As depicted in Figure 2c,
the presence or absence of an hBN isolation layer significantly
affects the Raman spectra of WS2 on gratings, for example
typical first-order modes E2g1 and A1g, and the second order
longitudinal acoustic phonon (2LA).46,47 In the absence of the
hBN isolation layer, the Raman spectra of WS2 show that the
intensities of these resonance peaks on the substrate are a little
higher than those on the 1D grating. In contrast, when an hBN
isolation layer is present, the Raman spectra of WS2 on the
grating exhibit a remarkable enhancement in the resonance
peaks. Several factors can account for this enhancement. First,
the hBN layer functions as a high-quality dielectric medium,
modifying the local electric field around the WS2 layer
enhancing the light-exciton interaction, thereby increasing
the Raman scattering efficiency. Second, the hBN layer may
well keep the crystalline quality of WS2.

48 A more ordered
crystal lattice promotes more efficient phonon-related
scattering processes, which are fundamental to the Raman

spectra. Consequently, the resonance peaks become more
distinct. Finally, the hBN layer can play a role in reducing
interface scattering and nonradiative recombination.49 This
reduction enables a greater number of excitons to participate in
Raman-active processes, contributing to the enhancement of
the resonance peaks.
To observe the strong coupling between the plasmonic BIC

and excitons of WS2 in our sample, we measure the photonic
dispersion (Figure 3) at room temperature using our
homemade reflected momentum-space imaging spectroscopy
(or angle-resolved reflectance spectroscopy) system (see
Supporting Information for details). For comparison, we
present the dispersion relation of the 1D grating along the
direction Kx with Ky = 0 in Figure 3a. The measured photonic
dispersion of the 1D grating is highly consistent with the
simulation band structure shown in Figure 1b. The TM mode
dispersion is clearly observable and vanishes around a photon
energy of 2.107 eV at the Γ point, which is a characteristic of
at-Γ symmetry-protected BICs.50 Adding a 10 nm-thick hBN
spacer would not change the BIC characteristics of the TM
mode. However, it induces a red shift of approximately 56 meV
in the BIC, aligning it closely with the resonance of the neutral
exciton in the monolayer WS2 (Figure 3b). We extracted the Q
factor-Kx curves of BIC as shown in Figure 3d. As Kx increases,

Figure 3. Demonstration of strong coupling between WS2 excitons and plasmonic BIC modes in our sample. (a) The experimental momentum-
space imaging of the bare 1D grating. (b,c) The experimental (top) and simulated (bottom) momentum-space imaging of the heterostructures of
hBN/Grating and WS2/hBN/Grating. The strong coupling is evidenced by the anticrossing phenomenon in (c). The solid lines refer to the
polaritons resulting from strong coupling. (d) The typical Q-factor of plasmonic BICs extracted from the experimental measurement results. (e)
The experimental reflectance spectra of hBN/Grating (olive line) and hybrid monolayer WS2/hBN/Grating (orange line) correspond to the white
dotted line (Kx/K = 0.04) in (b,c). (f) Dispersion relationship of exciton−plasmon polariton for the UPB and LPB fitted by the coupled-oscillator
model.
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the Q factor gradually decreases, which is also one of the
characteristics of at Γ BIC. Such reflection spectral evolution
was further corroborated by numerical simulations (Figure 3b,
bottom panel).
Figure 3c shows the momentum-space imaging of the 1D

grating integrated with monolayer WS2, which clearly shows
the evolution process of strong coupling. The Rabi splitting
can be clearly observed in our sample, which is manifested by
the typical anticrossing dispersion of the lower-polariton
branch (LPB) and upper-polariton branch (UPB). The
experimental results closely align with simulations (Figure 3c,
bottom panel), suggesting a strong coupling between the
plasmonic BIC and excitons of WS2. Figure 3e presents the
reflection spectra extracted from the white dotted lines (Kx/K
= 0.04) in Figure 3c (orange curve) and Figure 3b (olive
curve) respectively, forming a strong contrast. The reflection
spectrum after coupling has obvious Rabi splitting, where LPB
and UPB can be clearly observed. To further confirm strong
coupling, we fitted the extracted spectral positions of the UPB
and LPB (EUPB and ELPB) with a coupled oscillator model

51

(see Supporting Information Note 5). The calculated polariton
dispersions (orange curves) are in good agreement with our
experimental data, as shown in Figure 3f. By fitting the
reflection spectra, we extract a Rabi splitting of ℏΩR= EUPB −
ELPB = 93 meV, confirming the formation of exciton polaritons
via strong coupling in our system.
To provide additional evidence of the exciton polaritons in

this study, we performed micro-PL measurements on our
sample. PL can provide a more direct evidence than reflectance

spectra for distinguishing mode splitting from other effects
such as enhanced absorption, plasma energy transfer, and Fano
resonance, which helps to reveal and understand the
underlying physical principles of resonant coupling.26 A
primitive monolayer WS2 exhibits a strong A exciton emission
(EA = 2.013 eV) at room temperature, attributed to the direct
optical transition at the K/K′ point in the Brillouin zone.22
Figure 4b presents the PL intensity mapping of A excitons of
WS2, corresponding to the optical microscopy sample of Figure
4a. Due to strong coupling effect, the A exciton peak of WS2 on
hBN/Grating exhibits the highest intensity across the entire
measured region. Compared to the primitive WS2 monolayer,
its enhancement factor is approximately 5-fold, while for the
WS2 on the grating without the hBN spacer, the enhancement
is about 2-fold, as illustrated in Figure 4c. The difference of PL
intensities can be attributed to the detuning between the
plasmonic BIC mode and the exciton transition. In addition,
the significant enhancement of the PL intensity of excitons also
indicates that strong coupling can have a substantial impact on
improving the quantum yield of WS2.

52

Importantly, an additional optical emission below A excitons
was detected in the WS2/hBN/grating. Through multipeak
Gaussian fitting of the PL spectrum, as depicted in Figure 4d,
the peak position of this newly observed PL peak was
determined to be 1.973 eV. This peak coincides with the LPB
identified in the reflectance spectrum, which strongly implies a
robust coupling between the plasmonic BIC and the WS2
excitons. At room temperature, no emission corresponding to
the UPB observed in the reflection spectra was detected. This

Figure 4. PL properties of WS2-hBN-Grating. (a) Optical microscope image of our sample. The cyan and blue areas indicate the WS2 and hBN
coverage areas, respectively, and the orange dashed box shows their overlapping area (b) The PL intensity mapping image of A excitons of WS2 in
the range corresponding to (a). (c) PL spectra of the primitive WS2 (blue), WS2/grating (olive) and WS2/hBN/grating (orange). (d) Experimental
(orange solid line) and fitting (orange dotted line) PL spectra of the WS2/hBN/grating at room temperature. Blue area and olive area below PL
spectrum are contributions from two Gaussian fitting components. (e) Color map of the PL spectra as a function of pump powers at room
temperature. The white dotted lines indicate the power-dependent exciton and polaritons energies. (f) Integrated PL intensities of both exciton and
polariton with the pump power.
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can be attributed to thermal decomposition and phonon
scattering processes.29 Thermal decomposition may disrupt the
necessary conditions for UPB emission, while phonon
scattering cause energy dissipation, consequently suppressing
the UPB-related emission.
Furthermore, we investigated the PL spectra at different

powers. Figure 4e presents the 2D color map of PL spectra as a
function of the pump power, range from 0.03 to 200 μW at
room temperature. As the power increased, the PL intensities
of both exciton and polariton exhibited a linear increase, with
the polaritons presenting a more rapid rate of increase, as
shown in Figure 4f. Beyond a certain power level (4 μW), the
PL intensity of the LPB gradually becomes the dominant
contributor. The absence of the polariton nonlinear phenom-
enon may be attributed to large metal-induced optical losses.
In this system, the significant metal loss can lead to rapid
relaxation of polaritons, impeding their interaction sufficiently
to prevent nonlinear behavior.
In summary, we demonstrate 1D grating supporting BIC as a

highly tunable and highly compatible platform for generating
exciton polaritons in TMDs at room temperature, which is
beneficial from its small mode volume and high Q factor. In
detail, the exciton polaritons in a monolayer WS2 have been
confirmed through the measurement of their photonic
dispersion in momentum space and Rabi splitting in both
reflectance and PL spectra, indicating an anticrossing behavior
with the energy splitting of 93 meV at room temperature. Both
simulated and experimental results strongly validate the
formation of exciton polaritons via strong coupling within
our system. Our work not only offers a novel practical method
for exploring exciton polaritons in 2D semiconductors but also
paves new ways for studying new optoelectronic devices and
the collective behavior relevant to quantum computing at room
temperature.

Sample Fabrication. Ti layers of 5 nm and Au layers of 50
nm were deposited as mirrors on a commercial silicon
substrate via electron beam evaporation. The grating was
patterned on the mirror surface by a combination of electron-
beam lithography and electron-beam evaporation, yielding the
following geometrical parameters: pitch p = 480 nm, trench
width w = 170 nm and depth d = 40 nm, as characterized by
scanning electron and atomic force microscopy measurements.
Large-area high quality flakes of multilayer hBN and
monolayer WS2 were mechanically exfoliated from commercial
bulk crystals (HQ Graphene) and vertically stacked onto the
photonic crystal sample surface via dry transfer, forming a
hybrid WS2/hBN/grating heterostructure.

Optical Measurements. The momentum-space imaging
was carried out by the homemade reflected momentum-space
imaging spectroscopy based on the optical Fourier trans-
formation method. The polarized incident light, regulated by a
linear polarizer set at a specific angle, is focused onto the
sample positioned in front of the objective lens (numerical
aperture, NA = 0.5; manufactured by Olympus Company).
Through the Fourier transform of the objective lens, the
reflected light converges the momentum - related image in
momentum space onto the back focal plane. The optical
information on the back focal plane is projected onto the
entrance slit of the spectrometer (iHR550, Horiba) via an
achromatic doublet lens (4f optical system). Wavelength
resolution is achieved by utilizing the blazed grating within the
spectrometer. Finally, a liquid-nitrogen-cooled charge-coupled
device (CCD) is employed to collect the information. For

pump-dependent PL measurements were performed through
real-space imaging of the device. An objective lens with a
numerical aperture (NA) of 0.9 was employed for both
focusing and collection. A continuous-wave solid-state laser
(532 nm) with X polarization and a focused beam size of 2 μm
was used to excite the monolayer WS2. The resulting
photoluminescence was then detected by a spectrometer
(LabRAM HR Evolution, Horiba) with a cooled CCD
(Symphony II, Horiba).
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Raman scattering excitation spectroscopy of monolayer WS2. Sci. Rep.
2017, 7 (1), 5036.
(48) Knobloch, T.; Illarionov, Y. Y.; Ducry, F.; Schleich, C.;
Wachter, S.; Watanabe, K.; Taniguchi, T.; Mueller, T.; Waltl, M.;
Lanza, M.; Vexler, M. I.; Luisier, M.; Grasser, T. The performance
limits of hexagonal boron nitride as an insulator for scaled CMOS
devices based on two-dimensional materials. Nature Electronics 2021,
4 (2), 98−108.
(49) Fukamachi, S.; Solís-Fernández, P.; Kawahara, K.; Tanaka, D.;
Otake, T.; Lin, Y.-C.; Suenaga, K.; Ago, H. Large-area synthesis and
transfer of multilayer hexagonal boron nitride for enhanced graphene
device arrays. Nature Electronics 2023, 6 (2), 126−136.
(50) Zhang, Y.; Chen, A.; Liu, W.; Hsu, C. W.; Wang, B.; Guan, F.;
Liu, X.; Shi, L.; Lu, L.; Zi, J. Observation of polarization vortices in
momentum space. Phys. Rev. Lett. 2018, 120 (18), 186103.
(51) Hopfield, J. J. Theory of the contribution of excitons to the
complex dielectric constant of crystals. Phys. Rev. 1958, 112 (5),
1555−1567.
(52) Zhong, J.; Li, J.-Y.; Liu, J.; Xiang, Y.; Feng, H.; Liu, R.; Li, W.;
Wang, X.-H. Room-temperature strong coupling of few-exciton in a
monolayer WS2 with plasmon and dispersion deviation. Nano Lett.
2024, 24 (5), 1579−1586.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c06464
Nano Lett. 2025, 25, 4361−4368

4368

https://doi.org/10.1021/acs.nanolett.7b01956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b01956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.113.076802
https://doi.org/10.1103/PhysRevLett.113.076802
https://doi.org/10.1038/s41565-023-01438-8
https://doi.org/10.1038/s41565-023-01438-8
https://doi.org/10.1002/adom.201700767
https://doi.org/10.1002/adom.201700767
https://doi.org/10.1103/PhysRevLett.119.027403
https://doi.org/10.1103/PhysRevLett.119.027403
https://doi.org/10.1103/PhysRevLett.119.027403
https://doi.org/10.1038/s41467-019-09490-6
https://doi.org/10.1038/s41467-019-09490-6
https://doi.org/10.1038/s41565-019-0492-0
https://doi.org/10.1038/s41565-019-0492-0
https://doi.org/10.1038/s41565-019-0492-0
https://doi.org/10.1021/acsnano.0c06220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c06220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c06220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-01398-3
https://doi.org/10.1038/s41467-017-01398-3
https://doi.org/10.1021/acs.nanolett.7b01344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b01344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b01344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b01344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41699-021-00227-y
https://doi.org/10.1038/s41699-021-00227-y
https://doi.org/10.1515/nanoph-2023-0162
https://doi.org/10.1515/nanoph-2023-0162
https://doi.org/10.1039/D0NR01056A
https://doi.org/10.1039/D0NR01056A
https://doi.org/10.1039/D0NR01056A
https://doi.org/10.1021/acs.nanolett.5b04588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-018-0219-7
https://doi.org/10.1126/science.abc4975
https://doi.org/10.1126/science.abc4975
https://doi.org/10.1038/s41467-018-03188-x
https://doi.org/10.1038/s41467-018-03188-x
https://doi.org/10.1002/adom.202201440
https://doi.org/10.1002/adom.202201440
https://doi.org/10.1038/s41467-018-04866-6
https://doi.org/10.1038/s41467-018-04866-6
https://doi.org/10.1038/s41467-024-47610-z
https://doi.org/10.1038/s41467-024-47610-z
https://doi.org/10.1038/s41467-024-47610-z
https://doi.org/10.1021/acs.nanolett.8b02652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b02652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b02652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b01176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.104.125446
https://doi.org/10.1103/PhysRevB.104.125446
https://doi.org/10.1103/PhysRevB.104.125446
https://doi.org/10.1364/OE.27.022700
https://doi.org/10.1364/OE.27.022700
https://doi.org/10.1103/PhysRevB.103.045416
https://doi.org/10.1038/nature12289
https://doi.org/10.1038/nature12289
https://doi.org/10.1002/smll.201601318
https://doi.org/10.1002/smll.201601318
https://doi.org/10.1038/srep01755
https://doi.org/10.1038/srep01755
https://doi.org/10.1038/s41598-017-05367-0
https://doi.org/10.1038/s41928-020-00529-x
https://doi.org/10.1038/s41928-020-00529-x
https://doi.org/10.1038/s41928-020-00529-x
https://doi.org/10.1038/s41928-022-00911-x
https://doi.org/10.1038/s41928-022-00911-x
https://doi.org/10.1038/s41928-022-00911-x
https://doi.org/10.1103/PhysRevLett.120.186103
https://doi.org/10.1103/PhysRevLett.120.186103
https://doi.org/10.1103/PhysRev.112.1555
https://doi.org/10.1103/PhysRev.112.1555
https://doi.org/10.1021/acs.nanolett.3c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c06464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

