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ABSTRACT: A large Rabi splitting (~145 meV) is
demonstrated in a plasmonic nanocavity coupled to a WS,
monolayer at room temperature. The nanocavity is composed
of a silver nanocube and a silver film with an Al,O; spacer of a
few nanometers, which belongs to a nanoparticle on mirror
(NPoM) type. The surface plasmon resonance (SPR) of the
nanocavity can be tuned by controlling the thickness of
nanogap and the size of silver nanocubes, which allows to
successively adjust the SPR to accurately match the exciton
energy of WS, monolayers (2.02 eV). A mode splitting can be
clearly observed from the dark-field scattering spectrum of the
single hybrid nanocavity, which is ascribed to a strong
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coupling between the nanocavity mode and the excitonic mode. Furthermore, the anticrossing curves of the hybrid system are
obtained by recording the scattering spectra with varied sizes of silver nanocubes, which further validate the interaction regime.
It presents a strong coupling platform for two-dimensional monolayers, which is of potential applications of the development of

hybrid nanostructure devices.
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I n recent years, strong light—matter interaction' — has drawn
much attention, which has potential applications in a low-
threshold lasing and phase transition modification. Under this
coupling, a new hybridization state is produced, where the wave
functions of the initial emitter and the electromagnetic mode in a
cavity are coherent superpositions.’~> Whereas most of hybrid
nanostructures are working in a week coupling regime and only
modify the exciton radiation efficiency to enhance photo-
luminescence (PL).°”® In order to achieve strong coupling, it is
essential to have an emitter with a high oscillator strength and a
high exciton binding energy (EBN). In particular, in order to
obtain stable excitons at room temperature, it is not possible for
strong coupling unless the EBN is larger than thermal loss rate
(KsT =26 meV).” As it recently reported, quantum dots (QDs)
and J-aggregates coupled to plasmon resonators have been
observed strong coupling and Rabi splitting.'’”'® However,
organic molecules tend to be photobleached and damaged,
which is a key issue needed to be solved, while QDs are easily
oxidized and agglomerated, which shows limitations for further
applications.

Two-dimensional transition metal dichalcogenides (TMDs)
open up a new research challenge on strong coupling. When the
layer number of TMDs reduces to monolayer, band gap of
TMDs transfers to the direct one.'” Thus, it can enhance the
interactions of dipole transitions with light, resulting in a high
oscillator strength.'® Importantly, the EBN in TMDs (e.g,, WS,
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with 700 meV'”*" at room temperature) is remarkably larger
than the traditional semiconductors (e.g., ZnS with 40 meV,
ZnO with 60 meV, GaN with 26 meV),”"** which makes the
excitons more stable at room temperature. Moreover, TMDs
provide homogeneous spatial distribution and well-defined in-
plane orientated dipoles, which are essential for quantitative
analysis. Therefore, TMDs monolayers have the potential for
studying strong coupling with larger Rabi splitting at higher
temperatures.

On the other hand, to reach the strong coupling regime, the
coupling strength, g, should exceed both the cavity loss rate, k,
and the emitter scattering rate, y, in order for energy to cycle
back and forth between light and matter components, that is, 2¢
> k,y.>” Thus, specific resonators with high-Q (Q « 1/k) for
strong coupling is necessary. Moreover, since the coupling
strength and mode volume are inverse-square ratios
(g & 1/+/V), a small cavity volume is also highly required to
confine the excitons. Additionally, at room temperature, the
splitting energy larger than the plasmon damping energy (~90
meV) is demanded.”® Therefore, a high-Q—low-V cavity is
required for realizing strong coupling. A possible solution to
these challenges is that a plasmonic cavity could be used to
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instead the traditional ones, such as photonic crystal and
microring resonator cavity, because metallic nanostructure has a
unique ability to concentrate electromagnetic field within deep
subwavelength scales.” "

Recently, there is an increasing interest in the strong coupling
between TMDs monolayers and plasmonic nanostruc-
tures.”>***°73 Many works are grimarily based on metal arrays
for a convenient measurement,””>° which is an averaged effect
ignoring individual characteristics. Also, it is a challenge to tune
surface plasmon resonance (SPR) with a fixed particle arrays.
Several groups have moved to a much smaller scale, investigating
strong coupling between TMDs monolayers and individual
metal nanoparticles (NPs).>7 It is quite convenient to tune
the SPR by adjusting the NPs size and the refractive index of
surrounding dielectric, providing an enlarged freedom to
observe and control strong coupling, especially for TMDs.
However, the nanocavity formed by individual NPs shows a
limited ability of electric-field confinement and a relatively large
cavity volume. It can be remarkably improved using an
additional metal film with a nanospacer, known as the NPs on
mirror (NPoM). It is equivalent to gap-mode patch antennas;
thus, optical volume is allowed below 50 nm?, even up to 1 nm>.”
In 2017, Jeremy groups reported a prospective study on stron
coupling in NPoM coupled to TMDs with a gold nanosphere.”
The strong local-field in NPoM is dominantly out-of-plane, and
then the plasmons cannot couple well with the in-plane excitons
of TMDs, therefore it can only be realized in TMDs with several
layers (7 layer at least). To the best of our knowledge, the strong
coupling from NPoM coupled to a TMDs monolayer is still
unaddressed.

Here, we demonstrate a large Rabi splitting (~145 meV) in an
NPoM plasmonic nanocavity coupled to a WS, monolayer at
room temperature. The nanocavity is composed of a silver film
and individual silver nanocubes with an Al,O; spacer, which
confines the electromagnetic field in a small volume. By
controlling the thickness of the nanogap and the size of silver
nanocubes, the SPR wavelength of the nanocavity can be easily
tuned, which allows to successively adjust the SPR to accurately
match the exciton energy of WS, monolayers. An obvious mode
splitting is observed from the dark-field scattering spectrum at
the single-particle level, which indicates the coherent interaction
between the in-plane excitons and plasmons. Anticrossing
behavior is also presented by changing the size of silver
nanocubes, which further confirms the strong coupling
mechanism. In addition, both scattering and absorption spectra
numerical simulations are performed, and the results further
validate the coupling regime in the hybrid system. It presents a
new platform to realize strong coupling for two-dimensional
materials, which has potential applications in manipulating the
excitons in 2D monolayers at room temperature.

The cross-section diagram of the hybrid nanostructure is
shown in Figure la. The plasmonic nanocavity consists of a
single silver nanocube and a silver film. A thin spacer film
(AL,O5) and WS, monolayers are embedded in the gap. The
cavity resonance can be adjusted by controlling the spacer
thickness and varying the nanocube size. Figure 1b shows the
distribution of simulated electric field in the xy-plane at
resonance in the plasmonic cavity, which is a dipole similar
oscillation along the nanocube edge (for more details, see Figure
S1).>' The sub-10 nm vertical dimension of the cavity results in a
large electric-field enhancement. WS, monolayers are grown on
sapphire substrates by chemical vapor deposition (CVD).*” The
shapes of single crystalline WS, flakes are triangular, as shown in
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Figure 1. (a) Cross-section diagram of the hybrid nanostructures
fabricated on a silicon substrate. Plasmonic nanocavity is composed of
individual silver nanocubes and a silver film. WS, monolayers and a
spacer film (Al,0;) embedded in the gap. (b) Calculated electric-field
distribution in xy-plane in the plasmonic nanocavity. The incident light
is polarized along the x-axis. White dashed lines indicate the outline of
the silver nanocube. (c) Optical image of WS, monolayers on a sapphire
substrate, showing a triangular shape with a side length of ~100 ym.
The height profile of WS, flakes is characterized by AFM, which shows a
~0.7 nm thickness. (d) TEM image of silver nanocubes, indicating a
cube shape with an edge length of ~75 nm.

Figure 1c. The monolayer characteristic is confirmed by atomic
force microscopy (AFM), which demonstrates that the
thickness of WS, flakes is ~0.7 nm.*’ Figure 1d shows
transmission electron microscopy (TEM) image of the silver
nanocubes, which represents the square shape and the edge
length (~7S nm).

To characterize strong coupling for individual nanostructures,
previous works show that single—particle dark-field scattering
measurement is convenient.' "> Figure 2a illustrates the dark-
field scattering experimental setup for individual silver nano-
cubes, where a dark-field objective is used to illuminate samples
by an oblique white light and then collect the vertical scattering
signals. Figure 2b shows a typical optical image of hybrid
nanostructures, in which yellow section presents the WS,
monolayer flakes and the small dots present individual
nanocubes. The corresponding dark-field scattering image of
the same sample is shown in Figure 2¢c. The boundary of the WS,
monolayer appears a blue outline. Small bright spots indicate
monodispersed silver nanocubes, which is one-to-one corre-
spondence between Figure 2b,c. Thus, it indicates that a clear
sample without dirt is prepared, which is an important guarantee
for the scattering measurement. Details of the scattering
experiment measurement are presented in the Methods section.
Figure 2d shows the photoluminescence (PL) spectrum of a
WS, monolayer excited by a He—Cd laser, which shows an
exciton emission centering at 615 nm.”> For matching the
exciton energy of WS, monolayers, we tune the spacer thickness
to adjust SPR wavelength of the plasmonic nanocavity. As
shown in Figure 2e, with increasing the Al,O; thickness from 6
to 10 nm, SPR peaks are tuned from 590 to 660 nm with a full
width at half-maximum of ~50 nm. Note that more than 20
measurements of different silver nanocubes have been done fora
thickness of Al, O3, and the related scattering spectrum shown in
Figure 2e is the average value. When the Al,O; thickness is ~7
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Figure 2. (a) Schematic experiment setup for measuring dark-field scattering signals of individual nanoparticles. Oblique incident white light
illuminated the samples and vertical scattering signals are collected. (b) Bright-field optical image of the hybrid nanostructure, the yellow flakes
represent the monolayer WS,, and small dark dots represent individual silver nanocubes. (c) Dark-field microscope image corresponding to the same
section of (b). Edges of WS, monolayers appears a blue outline, while bright spots indicate individual silver nanocubes. (d) PL spectrum of WS,
monolayers excited with a He—Cd laser at room temperature. (e) Scattering spectra of the plasmonic nanocavities with various thickness of spacer
AL O;. When the AL O; thickness is adjusted to 7 nm, SPR is overlapped well with exciton energy in (d).
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Figure 3. (a) Scattering spectra of the hybrid nanostructures with different size of silver nanocubes (sample numbers from 1 to 7). All spectra appear as
two peaks and a dip at the exciton resonance of WS, monolayers. SPR wavelength of the plasmonic nanocavity is tailored across the exciton resonance
of WS, monolayers. (b) Dispersion of plexciton with HEB and LEB varied as a function of detuning. Blue and red dots indicate experimental data
extracted from scattering spectra. The solid lines are fits of the couple harmonic oscillator model. Black dots present the plasmon energy of the pure
plasmonic nanocavity, while green dash line indicate the exciton resonance of WS, monolayers. Green arrows marked the Rabi splitting energy of the
hybrid nanostructures, giving a splitting of ~145 meV.
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Figure 4. (a) Plot of the calculated scattering spectra of the hybrid nanostructures for different silver nanocube sizes (62—86 nm in cube length). Note
that all the spectra have been normalized. (b) 2D contour plot of the calculated scattering spectra as a function of the size of silver nanocubes. Red and
black lines indicate the position of uncoupled exciton and plasmon resonances, respectively. (c) Statistic of strong coupling based on TMDs as a

function of temperature in recent experimental works.

nm, the wavelengths of SPR and PL are overlapped spectrally.
Thus, the subsequent strong coupling is measured with the
Al Oj thickness of ~7 nm.

After integrating the WS, monolayers under silver nanocubes,
we measure the scattering spectra of hybrid nanostructures, as
shown in Figure 3a. While keeping the thickness of spacer
constant, scattering signals of silver nanocubes with varied size
(65—95 nm) are measured. The scattering peaks progressively
tuned across the PL peak. As a result of coupling, all normalized
spectra show two peaks and a dip at the exciton resonance. In
sample No. 4, spectra between SPR and PL are overlapped well,
thus, the splitting appears a deeper dip and almost symmetric
line shape. To map the dispersion curve, we extract the two
peaks of multiple nanocubes scattering spectra, as marked in
Figure 3b (blue and red dots). The traces of all peaks present an
anticrossing curve across the zero detuning, containing high and
low energy branches (HEB and LEB), respectively. The
anticrossing behavior is a typical characteristic of the strong
coupling between exciton and plasmon.*”** The coherent states
can be described using a couple harmonic oscillator model

26,27,35
a _ a
(ﬁ) B E(ﬂ]

where E, and E, are the energies of the uncoupled plasmon and
exciton energy, respectively; ysp and ¥, are the dissipation rates
of the uncoupled ones; gis coupling strength; and E, is the eigen
energy of the hybrid nanostructure. Parameters  and f are the
coeflicients of the liner combination of the plasmon and exciton

Ep — inP/Z g

§ Ey = ip,/2 (1)
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and satisfy lal* + |fI* = 1. By considering the detuning, the energy
E, of the hybrid modes is obtained as

1 i :
E = 3 Egp + Ep + \/482 + (5 - E(YSP - 70))

)

where 6 = Egp — E,, is the detuning energy between plasmon and
exciton. The plasmon line width of the nanocavity ygp can be
extracted to be ~220 meV from Figure 2e. While for y, of WS,
monolayers, it is extracted to be ~50 meV. Scattering peaks in
Figure 3b can then be fitted by eq 2. The value E, is define as 2.02
eV, according to the PL data in Figure 2d. While for the value Egp
of each scattering spectra, it is calculated by Egp = E, + E_ — E,,.
Anticrossing fitting results are shown in Figure 3b (solid curves),
which agrees well with the experimental data. Rabi splitting of
hybrid nanostructure can be obtained as

hQ = \|4¢" — @ = 145 meV at Eg, = E,. Thus, Rabi
splitting energy fulfill the criterion where the strong coupling can

Ypt 1 3,11,36
occur hQ > SP2 SR

which indicates that the plasmon—

exciton interactions satisfy the strong coupling regime.
The coupling strength as a function of exciton and cavity can
be described as”'"**

4rhNc
H heg,V (3)

where p,, = S6D is the exciton transition dipole moment of WS,
monolayers;27 N, 4, &, and V are the number and wavelength of
exciton, dielectric function, and mode volume, respectively.
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Following previous study,’’ effective mode volume in the
plasmonic nanocavity can be calculated as V = 0.001(4/n)>.
Thus, the number of excitons contributing to the plexciton is
only determined by the g value. Here, it is estimated about N =
130. If the nanocube size reduces, the exciton number could be
further decreased and the hybrid nanostructure has the potential
application on single or few excitons strong coupling
mechanism.

To confidently identify the strong coupling regime, we
calculate the scattering spectra in the plasmonic nanocavity with
WS, monolayers by Comsol Multiphysics software under a
linear plane wave with a normal incidence. The refractive indices
of the WS, monolayers are measured by a ellipsometer (shown
in Figure S2), which is agreed well with previous data.””** The
simulated results are shown in Figure 4a, which is recorded by
adjusting the silver nanocube size. Figure 4a shows the
normalized scattering spectra corresponding to the experimental
data in Figure 3a. It indicates two peaks and one fixed dip at
exciton resonance, which agrees well with the experimental data.
For a clear anticrossing behavior, Figure 4b shows the 2D
contour plot of simulated scattering spectra as a function of
nanocube size. For some week couplings, such as enhanced
absorption, exciton-induced transparency and Fano reso-
nance,”’ they may also present mode splitting in scattering
spectra. In order to further prove the strong coupling interaction,
we complemented the scattering data with calculated absorption
spectra (see Figure S3). The results also show large splitting and
anticrossing behavior. For the case of a weak coupling system,
the absorption spectra should show a single peak at the SPR or a
weak dip around the exciton resonance.”® Hence, these
calculations provide additional evidence that the strong coupling
scenario is indeed achieved.

Additionally, we list the experimental results in recent works
on strong coupling of TMDs,”***?¢7%303%39=41 45 chown in
Figure 4b (detailed data listed in Table S1). With each Rabi
splitting energy recorded by a dot as a function of temperature,
its energy varied from several meV to ~150 meV. Our result is
marked by a red star. To the best of our knowledge, our result
shows the largest Rabi splitting energy compared with the works
on strong coupling of TMDs at room temperature, and it is even
comparable to the result at 6 K.** In comparison to previous
nanostructures (e.g, metal arrays and single NPs), the
ultracompact plasmonic nanocavity (NPoM) provides a small
volume and high-Q quality (9 = Ey/ysp). The coupling strength
is determined by the cavity ability, which can be characterized by
the ratio between Q and V. Lower cavity loss rate results in
stronger coherent coupling between plasmon and exciton. In
previous reports,”” it presents strong coupling from NPoM with
a gold nanosphere coupled to few-layer TMDs (thicker than 7
layers). Since the excitonic dipoles of WS, monolayers only are
confined in-plane, while the local-field of NPoM with nano-
spheres have little components in E, or E,. Thus, excitonic
dipoles cannot be coupled to the plasmons and strong coupling
for WS, monolayers is not realized. Instead of nanospheres,
nanocubes present a plane facet, which results in a non-
negligible local-field component besides E,. Therefore, excitonic
dipole of WS, monolayers can be coupled to the cavity well,
resulting in the strong coupling.

In conclusion, we have successfully demonstrated a large Rabi
splitting (~145 meV) in a NPoM nanocavity coupled to the
WS, monolayer. Monodispersed silver nanocubes and silver film
constitute the plasmonic nanocavity. In the nanogap, an Al,O;
spacer film and a WS, monolayer are embedded. By adjusting
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the thickness of the nanogap and the size of the silver nanocubes,
the plasmon resonance of the nanocavity can be easily tuned to
precisely match the exciton energy of the WS, monolayer. A
large splitting is observed from dark-field scattering spectra,
which indicates a strong plasmon—exciton coupling at room
temperature. The anticrossing curve is also achieved by varying
the spectra overlap between SPR and exciton resonance, which
further confirms the strong coupling mechanism. It presents a
strong coupling platform between NPoM nanocavity and a WS,
monolayer, which is an ideally platform to study plasmon—
exciton coupling based on 2D materials and to fabricate complex
structures for optical applications.

B METHODS

Sample Preparation. The plasmonic nanocavity was
fabricated using a bottom-up nanoassembly. First, a Ti/Silver
thin film on silicon wafers are coated using election beam
evaporation of a ~10/80 nm thick. Then, Al,O; spacer film was
deposited on the silver-coated substrate by atomic layer
deposition (ALD) at the temperature of 100 °C. WS, flakes
were grown on sapphire substrates by CVD. Avoiding
introducing dusts, we transferred WS, flakes from the sapphire
to the Al,O;—silver film with the help of polydimethylsiloxane
(PDMS).*” Finally, the 65—95 nm silver nanocubes (nano-
Composix, diluted to 0.01 mg/mL) were drop-cast onto the
prepared substrate and rinsed off with deionized water after 1
min to remove excess nanocubes. The size distribution of the
silver nanocube is shown in Figure S4. The sample was then
blown dry using nitrogen gas. Silver nanocubes were
monodispersed on the Al,O;—silver film uniformly. In order
to avoid coupling among silver nanocubes, a proper distribution
of nanocubes is necessary.

Optical Measurement. Dark-field scattering experiment is
measured based on the microscopy (BX 53, Olympus) with a
100 W halogen lamp. The sample was illuminated by a dark-field
objective (Olympus, 100X, NA = 0.9, MPLFL N). Scattered
light was collected by the same objective and focused by a lens.
The focus position is on the image plane, where plated a pinhole
(100 um) to choose individual nanoparticles. Then the scattered
light through another lens was sent to a CCD (Qimaging,
QICAM B series) or a spectrometer (Princeton Instruments
Acton 2500i with Pixis CCD camera). PL signals of WS,
monolayers were measured by a 40X objective (NA = 0.55),
excited by a He—Cd laser. All experiments were measured at
room temperature. The refractive indices of WS, monolayers are
measured by a conventional ellipsometer (ME-L ellipsometer,
Wuhan Eoptics Technology Co.).
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