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ABSTRACT: Two-dimensional exciton-polaritons in monolayer 10
transition metal dichalcogenides (TMDs) exhibit practical
advantages in valley coherence, optical nonlinearities, and even
bosonic condensation owing to their light-emission capability. To
achieve robust exciton-polariton emission, strong photon-exciton
couplings are required at the TMD monolayer, which is
challenging due to its atomic thickness. High-quality (Q) factor
optical cavities with narrowband resonances are an effective g e I
approach but typically limited to a specific excitonic state of a T g i
certain TMD material. Herein, we achieve on-demand exciton- ol EPU':E"ICI'" ﬁ\_ 0o ?P?ari“’w ool
polariton emission from a wide range of TMDs at room 24aE 30 18 e i Ao e T
temperature by hybridizing excitons with broadband Mie neroy (V) neray (eV) A
resonances spanning the whole visible spectrum. By confining

broadband light at the TMD monolayer, our one type of Mie resonator on different TMDs enables enhanced light-matter
interactions with multiple excitonic states simultaneously. We demonstrate multi-Rabi splittings and robust polaritonic
photoluminescence in monolayer WSe,, WS,, and MoS,. The hybrid system also shows the potential to approach the ultrastrong
coupling regime.
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onolayer transition metal dichalcogenides (TMDs) In order to achieve SC and polariton emission, not only a

have emerged as a compelling platform for studying high oscillator strength in excitonic materials but also
cavity quantum electrodynamics (QED) in the strong coupling enhanced optical fields via resonant cavities are required.
(SC) regime at room temper:;lture.l’2 One major feature of SC High-Q cavity modes with diffuse mode volumes®”"° are
is the formation of new exciton-polaritonic states when the commonly employed, taking advantage of a slower decoher-
coherent energy exchange between excitonic states and optical ence rate of the hybrid system.”*~” But the narrow line width
resonant modes is faster than the decoherence rate of the of high-Q resonances limits their applicability, given the rich
hybrid system. " Specifically, two-dimensional (2D) TMD excitonic family in various TMD materials. Toward a
polaritons are promising for next-generation polaritonic broadband SC platform but with a lower Q, reducing the

2,4-12

devices because of their efficient polariton emission,
1,13

rich excitonic states spreading over the full visible regime,
and the efficient tunability of the excitonic properties, both
electrically and optically.l?"14 In addition, Dufferwiel et al.
reported that TMD polariton emissions are valley-addressable
beyond intrinsic excitons.'” Anton-Solanas et al. demonstrated
bosonic condensation in TMD polaritons for spontaneous
coherent light emission.'” All these exciting findings have
triggered the demand for a universal SC platform for robust
exciton-polariton emission in TMDs, which should not only be
a proof-of-concept configuration for a specific excitonic state
but instead present a full-visible-range coverage toward
practical applications of the 2D TMD family.

mode volume can be an offset for stronger photon-exciton
coupling. Thus, highly localized plasmonic modes in metallic
nanostructures can be a candidate approach.” Nevertheless,
this solution inevitably introduces significant material loss,
which is unwanted for efficient exciton-polariton radiations.
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Figure 1. Broadband field enhancement localized at the TMD monolayer using an MRI Mie resonator. (a) Schematic of an a-SiNS:H
nanoresonator on a TMD monolayer, leading to broadband strong coupling and robust exciton-polariton emission: ED (MD), electric (magnetic)
dipole mode. (b) Analytically calculated mappings of the tangential field intensity (IE,,|*) enhancement at one single spot on the nanosphere
surface, with different material refractive indices n and absorption coefficients k when the sphere diameter d = 240 nm and wavelength A = 600 nm
(left) and with different d and A when n = 2.1 and k = 0 (right). The arrow and dash-dotted line highlight n, k, and d of the a-SiNS:H under study.
Inset: The blue dot with a cross is where the field enhancement is evaluated. A center-symmetric $5° oblique incident light is considered. Details of
analysis can be found in Figure S1. (c) Spectrally overlapped ED and MD of a 240 nm a-SiNS:H, covering the visible wavelengths. The shaded
peaks are derived from Mie theory, and the thick curves are measured by polarization-resolved scattering spectroscopy. (d) Simulated in-plane field
(IEWIZ) enhancement profiles for a system consisting of a 240 nm a-SiNS:H on a glass substrate, excited by a 55° oblique incident light at different

wavelengths (see the schematic at the top left).

Recently, Mie resonances in high-refractive-index dielectric
materials have attracted great attention in nanophotonics
because of the subwavelength optical field confinement and
ultralow loss.'® These merits lead to the possibility of a
broadband SC system involving Mie-type cavities and 2D
TMDs;' """ however, no exciton-polariton emission has been
observed so far in such a system,'”™%* possibly due to the
limited spatial overlap between the TMD monolayer and the
Mie modes mostly residing inside the dielectric nanostruc-
tures.' %>

Herein, we propose a route to fully utilizing the advantages
of Mie resonances in QED studies by introducing a moderate-
refractive-index (MRI) Mie resonator coupled to monolayer
TMDs. An MRI Mie resonator features more interactions
between electric (ED) and magnetic dipole (MD) modes than
its high-index counterpart. Therefore, through a rational design
of the ED and MD of MRI Mie resonators,”* on-demand
optical field manipulation can be achieved.””® In this work, by
tailoring the dielectric function and resonator size, we design
single Mie resonators, i.e., hydrogenated amorphous silicon
nanospheres (a-SiNS:Hs),”” specifically for broadband field
enhancement localized at the atomically thin TMD monolayer
(Figure 1a).

The tailored MRI Mie resonator serves as a broadband SC
platform for a wide range of excitonic states in various TMD
materials. Robust polariton photoluminescence (PL) and
multiple Rabi splittings originating from the coupling with A,
B, and C excitons are demonstrated in monolayer WSe,, WS,,
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and MoS, at room temperature. Excitingly, the hybrid system
shows the potential to approach the ultrastrong coupling
(USC) regime, in which the coupling strength g and the
exciton transition energy g are comparable.”*” As a demo
application based on our platform, excitation-wavelength-
dependent PL spectroscopy is implemented to explore the
radiative/nonradiative decay properties of different TMD
exciton-polaritons, providing new insights into the develop-
ment of active polaritonic devices.

To start with the design of our MRI Mie resonator, we first
evaluate the field enhancement at one single spot on the
surface of a free-standing a-SiNS:H as shown in Figure 1b.
Enhanced optical fields at the surface, rather than inside the
nanosphere, would allow for better spatial overlap with TMDs
(Figure 1a). Since the bright exciton dipole moments in 2D
TMDs are constrained in the monolayer plane, only the
tangential electric field is considered. Mie theory is applied to
quickly assess the field enhancement by running through all the
parameters. Details can be found in Figure S1 and Section 83
in Supporting Information. By controlling the synthesis
conditions (see Materials and Methods), our a-SiNS:Hs can
be tuned in refractive index n, absorption coefficient k, and
sphere diameter d. As shown in the left panel of Figure 1b, by
sweeping n, k at a fixed d (240 nm), and wavelength 4 (600
nm), we find a maximum enhancement when a moderate n of
~2.2 is accompanied by a vanishing k. Experimentally, a-
SiNS:Hs with an n of ~2.1 and negligible k (see Supporting
Information Section S1) are used. Then, with fixed n and k, the

https://doi.org/10.1021/acs.nanolett.3c02540
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Figure 2. Multi-Rabi splittings and broadband enhanced light-matter interactions approaching the ultrastrong coupling (USC) regime in single a-
SiNS:Hs on different TMD monolayers. (a—c) Top: Experimental single-particle scattering spectra and coupled mode theory (CMT) fittings with
USC corrections for (a) WSe,, (b) WS,, and (c) MoS, samples, respectively. The dotted lines mark the A, B, and C excitons, and the dash-dotted
lines highlight the lower (LP), middle (MP), and upper (UP) exciton-polaritons. Bottom: Schematics showing the A (orange) and B (purple)

exciton energy band structures and their energy difference AE,g.
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Figure 3. Anticrossing tendency of the hybridized modes observed in the scattering spectra of different a-SiNS:H-TMD hybrids by tuning the
sphere sizes. The spectra are normalized and shifted for better visualization. (a) WSe,, (b) WS,, and (c) MoS, samples are all evaluated in different
a-SiNS:H sizes deviating from the optimal conditions in light blue curves in the middle (the same spectra in Figure 2). The sphere diameters are
listed on the right end of each spectrum. The dotted black lines mark the A, B, and C excitons. The dashed purple curves highlight the evolution of
the hybridized modes, while their peak positions are labeled by the gray dots.

mapping on the right panel of Figure 1b suggests an optimal d
of ~240 nm for broadband enhancement spanning most of the
visible spectrum. Such an optimal condition happens when ED
and MD are well overlapped in the interested spectrum range
according to Mie theory (see Figure 1c). As for the exact 240
nm a-SiNS:Hs under study, highly spectrally overlapped ED
and MD with comparable intensities are further identified
experimentally through polarization-resolved scattering spec-
troscopy (see Materials and Methods and Figure S2 for
details). The measured ED/MD spectra are presented in
Figure 1c as well.

The hybridization of optical modes and TMD excitons is a
collective phenomenon. Consequently, following the initial
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design via single-surface-point evaluation in Figure 1b, we then
consider the whole TMD area below the sphere on a substrate
in Figure 1d to account for the experimental conditions
(Figure S2). Through numerical simulations, we compare the
performance of an optimized 240 nm a-SiNS:H (Figure 1d)
with that of a 170 nm crystalline silicon nanosphere (Figure
S$3), whose ED and MD are also located in the visible regime.
Superior performance is found for our MRI Mie resonator,
with a significant global field enhancement covering the TMD
monolayer (dashed lines in Figure 1d) at all visible
wavelengths. Additionally, Figure 1c also suggests that a real
a-SiNS:H (solid curves) may perform even better than our
theoretical prediction (shaded peaks), as it offers more spectral

https://doi.org/10.1021/acs.nanolett.3c02540
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Nano Letters

pubs.acs.org/NanoLett

ED-MD overlapping.”* The deviation appears because a
reduced model with a constant n of ~2.1 for a-SiNS:Hs and
without a substrate cannot perfectly reproduce the full
spectrum.z‘c'_z?

In our experimental demonstrations, chemical vapor
deposition (CVD)-grown TMD monolayers are transferred
on a glass substrate and the designed a-SiNS:Hs with a proper
dielectric function are drop-cast on the TMDs (see Figures S2c
and S4). Figure 2 displays the single-particle dark-field
scattering spectra of three samples: 240 nm a-SiNS:H on
monolayer WSe,, 248 nm a-SiNS:H on monolayer WS,, and
242 nm a-SiNS:H on monolayer MoS,. The SEM images of
the studied a-SiNS:Hs can be found in Figure S5. More details
are in Materials and Methods and Figure S2a. As highlighted
by the dotted lines, distinct dips are located at the ener%ies of
A and B excitons, agreeing well with the reported values. ~“In
Figure 2b, a dip for the WS, C exciton is also recognizable at a
shorter wavelength. Compared to bare a-SiNS:H scattering
(Figure 1c), multi-Rabi splittings are clearly identified as new
peaks marked by the dash-dotted lines, revealing the possible
formation of multiple exciton-polaritons.

Measuring a series of spectra with an anticrossing feature
while tuning the cavity mode energy is one of the common
methods to confirm the SC nature.’’ In single-particle
experiments, this is usuall?f achieved by using nanoparticles
of different dimensions.””*> As shown in Figure 3, we
experimentally evaluate the evolution of the polariton-like
hybridized modes in different TMD samples by tuning the a-
SiNS:H sizes away from the optimal conditions in Figure 2. A
clear anticrossing tendency is observed in both WSe, (Figure
3a) and MoS, (Figure 3c) samples. As for WS, samples
(Figure 3b), the anticrossing feature of LP is also well
identified while the peak position of UP barely changes due to
the existence of C exciton spectrally close to B exciton. The
shorter wavelength spectrum beyond the C exciton is
inaccessible with our setups. The results in Figure 3 serve as
important experimental evidence to support the SC nature in
our system. Meanwhile, it is worth noting that the coupling
strengths decrease rapidly, and the Rabi-splitting features are
vanishing when the a-SiNS:H size deviates from the optimal
condition by only ~10 nm. This is because our platform relies
on the overlapped ED and MD, whose performance is very
sensitive to the a-SiNS:H size. Therefore, we focus on the
optimal a-SiNS:H sizes with the strongest coupling strength in
Figure 2 in the following content.

In order to better confirm the physical origin of the
polariton-like peaks in our observation, we employ the coupled
mode theory (CMT) considering three excitonic (A, B, C)
harmonic oscillators coupled with the Mie resonance
(oscillator) to fit the measured spectra in Figure 2. Note that
since our system relies on the highly overlapped ED and MD
as discussed in Figure 1 and experimentally testified in Figure
3, we simplify the analysis by treating ED and MD together as
a single mode based on the following reasons. First, we
evaluate the contributions from ED and MD on coupling and
spectral mode splitting through polarization-resolved scattering
spectroscopy (see Figure S6) and find them always similar for
all the a-SiNS:H-TMD samples. Second, the same kind of
treatment has been successfully used to understand the
coupling between dye aggregates and Cu,O nanospheres that
feature overlapped ED and MD.*' In addition, we notice that
ED’s and MD’s coupling strengths with excitonic dipoles have
been quantitively compared in high-index silicon nanodisks®*
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with a n of ~4.2, which gives a relatively small difference of
~13H. Compared to the literature, our n = 2.1 a-SiNS:Hs
provide better overlapped ED and MD, satisfying the premise
of our simplification. The details of CMT fittings can be found
in Supporting Information Section S3.

Classical CMT fittings of the scattering spectra in Figure 2
are presented in Figure S7, but they cannot properly reproduce
the measured spectra. This can be explained by the large g, as
listed in Table S1, which approaches USC and implies the
need of a correction to CMT. When the normalized coupling
strength = g/@, equals or exceeds 0.1, USC is reached, and
some standard quantum optical approximations, such as the
rotating wave approximation, are no longer valid.”**° Another
risk of using classical CMT when reaching or closely
approaching the USC regime is the overestimation of coupling
strengths.,2 2 as is also observed in our system (see Table S1).
This issue can be solved by rewriting the coupled oscillator
matrix M with frequency (@)-dependent off-diagonal terms

28
as

o' —w i @,

W —wg e Wy

@ - i W .

2 ..
@, @y w . & =y @
(1)

where @y (X = A, B, C) and @, are the coherent resonance
frequencies of the excitonic and Mie modes. y (X = A, B, C)
and ;, are the corresponding line widths (half width at half-
maximum) of each mode and represent the decoherence rates
(see Tables 1 and S2). gy (X = A, B, C) is the coupling

Table 1. Mode Splitting and Coupling Strength

sample WSe, WS, MaoS,
Effective Mie mode linewidth (meV) 434 445 436
Average of Mie mode and A and B exciton 224 205 179
linewidths, (meV)
Normal mode splitting at A exciton, 2g, (meV) 244 298 216
Normal mode splitting at B exciton, 2g; (meV) 314 310 309
Normalized total splitting, 2(g, + gg)/2 avg 1.25 148 1.46
Normalized coupling strength at A exciton, 0073  0.074  0.058
fMa = 8a/ @
Normalized coupling strength at B exciton, 0.072  0.065  0.077
s = 8/ @y

strength with the Mie cavity at each excitonic transition. More
details are given in Supporting Information Section S5. Then,
CMT fittings with the USC correction are applied and
presented in Figure 2, and a much better agreement is
obtained. The fitted values from the corrected CMT are listed
in Table 1. We compare the gain, 2(g, + g), with the loss,
2 . and found that their ratio, 2(gy + g)/2 . is always
larger than one for all three samples, safely confirming the SC
nature and the formation of exciton-polaritons. More
discussions on the SC system can be found in Supporting
Information Section S6. The corrected fittings eventually
determine a normalized coupling strength n up to 0.077,
showing the potential to approach USC.

Note that the focus of this work lies in the radiative
polaritons from optically active A and B excitons at the band
edge (Figure 2, lower panels), while the band-nesting C
exciton®® is out of scope, since it is optically inactive®* and
spectrally almost inaccessible with our setups. We also give a

https://doi.org/10.1021/acs.nanolett.3c02540
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Figure 4. Robust room-temperature exciton-polariton emission in different TMD materials coupled with a broadband Mie resonator. (a, b) Left:
Comparison of WSe, photoluminescence (PL) spectra when the well-designed a-SiNS:H is coupled (blue) and is not (orange). Right: Highlight of
the exciton-polariton PL by extracting the difference between the two PL spectra after normalization. Both (a) 660 and (b) 532 nm laser excitations
are tested respectively. Same as in Figure 2, the dotted lines mark the excitons and the dash-dotted lines highlight the exciton-polaritons. (c, d)
Same as (a) and (b) but for the WS, sample and under 590 and 532 nm laser excitations, respectively. (e, f) Same as (a) and (b) but for the MoS,

sample and under 633 and 590 nm laser excitations respectively.

rough estimate of the coupling strengths“’ab based on
simulated field distributions in the absence of TMD
monolayers (see Supporting Information Section S9 and
Table S5). However, a better understanding of the system
may still require more advanced models that can handle
multiple oscillators.

Finally, in Figure 4, we show robust PL responses from
various exciton-polaritons in different TMD samples at room
temperature based on our broadband platform. It is not only
another strong evidence of the SC nature but also a direct
demonstration of on-demand exciton-polariton emission from
the a-SiNS:H-TMD hybrids. As marked by the dash-dotted
lines in Figure 4 (the same as in Figure 2), new emission lines
emerge in the blue curves (for TMDs coupled with the
optimized a-SiNS:Hs), as compared to the orange curves of
bare TMD emission. Note that the Gaussian beam spot size
(~1 pm at full width at half-maximum) for PL excitation is
much larger than the a-SiNS:H cross section (~240 nm in
diameter), which results in up to 90X of the PL signal from
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uncoupled TMD areas. This causes a dominant peak of the
intrinsic exciton PL in all the spectra. Therefore, for better
visualization, we extract the differences between the PL of
coupled (blue) and bare TMDs (orange) after normalization,
as illustrated in the green shaded curves in Figure 4. The
remaining peaks of the differential spectra all match perfectly
with the polariton peak wavelengths in the corresponding
scattering spectra in Figure 2 according to the dash-dotted
lines. In Figure S8, we further draw scattering and PL spectra
together, which illustrates the polariton emission lines more
clearly.

Since the energy differences between the observed LP
emission and A excitons are 73.8, 120.6, and 55.2 meV for
WSe,, WS,, and MoS, samples, respectively, much larger than
the energy differences between their neutral and charged
excitonic states, the influence of charge transfer can be safely
excluded. In order to exclude the strain-induced effect that may
be introduced by nanospheres, we also measure the PL spectra
of WSe, coupled with a-SiNS:Hs of different sizes deviating

https://doi.org/10.1021/acs.nanolett.3c02540
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from the optimal value, as shown in Figure S9. WSe, is chosen
from the TMDs used in this study because of its strongest
polaritonic emission signal. Interestingly, with only ~10 nm
size deviation, the emerging polariton emission line totally
disappears. This not only excludes the strain-induced effect but
also suggests that robust room-temperature polariton emission
can only be observed in sufficiently strong SC conditions, i.e.,
as what we demonstrated with our broadband enhancement
platform.

Besides the universal applicability to various 2D TMD
polariton emission, our SC platform also provides new
opportunities for excitation-wavelength-dependent control
experiments to explore the decay properties of different 2D
polaritonic states. Specifically, (1) multiple exciton-polaritons
coexist in one system thanks to our broadband platform; (2)
mode splittings up to 314 meV (or 107 nm in wavelength
difference) make it easier to selectively excite the interested
polaritonic states. For example, for the WSe, sample, we can
choose a 660 nm laser to excite the lowest-energy (1.59 eV)
polariton only (Figure 4a) and use another 532 nm excitation
laser closer to the 2.01 eV polariton for comparison (Figure
4b). Although it is only an initial demonstration, we already
observe some interesting phenomena. For both WSe, and WS,
(Figure 4a—d), the lowest-energy polariton, LP, is found to be
highly radiative, whereas the polaritonic branch between A and
B excitons, MP, is nonradiative. In addition, when excited by
photons with higher energies than MP, LP emission is still
observed but with a significantly decreased intensity, which
suggests certain amounts of energy are being dissipated
through the MP state, which nonetheless is nonradiative.
Interestingly, as for MoS, sample, divergent results are
observed with LP and MP both radiative, as shown in Figure
4e,f. When we excite the MP at a close wavelength of 590 nm
(Figure 4f), the comparable PL intensities of MP and LP
indicate that the radiative depopulation of MP is fast enough to
compete with polariton-polariton interactions.

We hypothesize that the different intrinsic A and B exciton
decay properties in various TMDs are responsible for our
observation. As illustrated at the lower panels of Figure 2,
WSe, and WS, have a much larger energy difference between
A and B excitons (AE,;) than MoS, does. This makes the
nonradiative decay from the B exciton to the A exciton
energetically favored in WSe, and WS,, which is expected to be
a subpicosecond process.”” As commonly reported,'®'*3*3" B
excitons are nonradiative in WSe, and WS, but radiative in
MoS,, the same as the behaviors of MP here. Therefrom, 2D
exciton-polariton decays in monolayer TMDs may be intrinsi-
cally determined by the inherent excitonic properties.
Surprisingly, this assumption can explain the majority of the
previous reports for not only WSe,, WS,, MoS, but also a
broader library of different TMDs.”*"** This finding may
also lead to effective modulation of polaritonic/bosonic
condensation radiation through the control of inherent TMD
excitonic properties, e.g., electrically. A systematic study with
another blue laser to excite a third higher energy polariton
would bring more insights into this exciting topic, which can be
implemented in our broadband platform as well but is beyond
the scope of this work.

In conclusion, we have proposed a subwavelength SC
platform for broadband strong light-matter interactions with
wide-ranging 2D TMDs, taking advantage of MRI Mie
resonators that support spectrally overlapped ED and MD.
By coupling well-designed a-SiNS:Hs with different TMDs, we
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have demonstrated robust exciton-polariton emission and
multi-Rabi splittings at room temperature. Our a-SiNS:H-
TMD hybrid system offers new opportunities for studying
cavity QED, TMD-based active polaritonics, many-body
effects, and excitonic physics. As a demonstration, we applied
our platform to exploring the radiative/nonradiative decay
properties of different exciton-polaritons in various TMD
materials. A close connection between polaritonic decays and
the dynamics of their mother exciton states is found, inspiring
new routes to harnessing 2D polaritonic/bosonic condensation
radiations. Meanwhile, we note absorption measurements have
been suggested for discriminating SC,*” which are difficult for
our single-particle configuration®” but should be considered
when available. In addition, since our single-particle config-
uration already shows the potential to approach the USC
regime, an MRI Mie-resonant dielectric metasurface collec-
tively coupling more excitons*' may give access to full USC in
2D TMDs, a totally new opportunity with extended
possibilities in nanophotonics and quantum optics.
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