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SPECIAL TOPIC — Nanophotonics
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All-solid-state strong coupling systems with large vacuum Rabi splitting energy have great potential applications in
future quantum information technologies, such as quantum manipulations, quantum information storage and processing,
and ultrafast optical switches. Monolayer transition metal dichalcogenides (TMDs) have recently been explored as excel-
lent candidates for the observation of solid-state strong coupling phenomena. In this work, from both experimental and
theoretical aspects, we explored the strong coupling effect by integrating an individual plasmonic gold nanorod into the
monolayer tungsten diselenide (WSe;). Evident anti-crossing behavior was observed from the coupled energy diagram at
room temperature; a Rabi splitting energy of 98 meV was extracted.

Keywords: Au nanorod-WSe; heterostructures, strong coupling, all-solid-state system, room temperature
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1. Introduction

By integrating a specific quantum emitter into an optical
cavity, its optical response can be modified substantially ow-
ing to the variation in the local electromagnetic environment
within the cavity. In particular, if the interaction between the
emitter and optical cavity is sufficiently strong to overwhelm
their respective dissipation rates, a strong coupling regime is
achieved.!?l In this regime, hybridized energy states with
part-light and part-matter characteristics are formed, which
can be observed from the optical spectra of the system as
mode splitting, or, in a quantum mechanics language, the Rabi
splitting (RS). The strong coupling effects can form the ba-
sis of many quantum optics applications, such as quantum
manipulation, quantum information storage and processing,
and ultrafast single-photon switches.*~! Consequently, sev-
eral systems with a strong coupling effect have been proposed
and systematically studied, including atoms placed in opti-
cal microcavities,®! quantum dots integrated with photonic
crystals, > quantum wells embedded into distributed Bragg
reflectors (DBR) cavities,!® and organic molecules coupled
with plasmonic nanocavities. *!!

From an application point of view, an all-solid-state sys-
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tem operating at room temperature and having easily accessi-
ble large RS is preferred. Whereas the aforementioned sys-
tems are demonstrated with robust and evident strong cou-
pling effects, they are either non-solid-state or suffering from
complex operation conditions, such as ultrahigh vacuum and
cryogenic temperature. Theoretically, the coupling strength g,
which is equal to half of the RS, is determined by

ho, o
8= mﬂc “fa(re),

where Vg is the effective mode volume of the cavity, p. and
r. are the dipole moment and location of the emitter, respec-
tively, and fy () is the normalized electric field of the opti-
cal cavity.!?! Therefore, to realize strong coupling with large
RS, one needs exciton transitions with large transition dipole
moment and optical cavities with ultrasmall mode volumes. In
addition, excitons with large binding energies are favorable for
the room-temperature operation of strong coupling.

In recent years, two-dimensional transition-metal
dichalcogenides (TMDs) have attracted significant atten-
tion because of their excellent optical and optoelectronic
responses associated with their two-dimensional exciton

transitions.!!3~181 Monolayer TMDs usually exhibit large exci-
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ton binding energies of 0.3-0.9 eV, which is much larger than
the thermal activation energy at room temperature (25 meV).
In addition, the overlap of the electron—hole wave functions in
two-dimensional plane of the monolayer TMDs is very strong
because of their atomic thicknesses, which enhances transi-
tion dipole moments of the two-dimensional excitons.'*) On
the other hand, TMDs can also endow the strong coupling ef-
fects with intriguing functionalities that are derived from their
specific excitonic characteristics, such as tenability and valley-
controlled optical response, which can open up new avenues
for both fundamental research and practical applications.[?’]
Eventually, several studies have demonstrated the strong cou-
pling effects by integrating TMDs with various optical micro-
and nanocavities. [>1-2>]

Recently, we have realized an all-solid-state system ex-
hibiting room-temperature Rabi splitting with active control
in a heterostructure consisting of monolayer WS, and an in-
dividual plasmonic gold nanorod.[?®! By taking advantage of
the large transition dipole moment of the WS, exciton, gi-
ant Rabi splitting energies of ~ 133 meV can be achieved at
ambient conditions. Practical optoelectronic applications usu-
ally require building blocks with multiple functionalities that
are derived from different materials. Hence, we generalized
the strong coupling studies of TMDs to heterostructures com-
posed of an individual Au nanorod and monolayer WSe;. In
comparison with WS, the monolayer WSe; exhibits a smaller
bandgap and a 10 times higher electron mobility, which has
great application potential in infrared optoelectronic devices.
We show that the dipolar plasmon resonance of gold nanorod
can lead to strong localized electromagnetic fields on the sur-
face of the WSe,, giving rise to coherent interaction between
the two-dimensional excitons and plasmon resonance. Evi-
dent anti-crossing behavior can be observed from the cou-
pled energy diagram of the heterostructures, whereby an RS
up to 98 meV is extracted. One should note that a recent
study has demonstrated the strong coupling effect by integrat-
ing the monolayer WSe, with an individual silver nanowire,
where high-order Fabry-Pérot cavity mode of the nanowire
was employed.?”) In our study, the dipolar plasmon resonance
mode was utilized, which resulted in a two-times higher RS
energy in comparison with the previous study.

2. Experimental methods

2.1. Preparation of gold nanorods—monolayer WSe, het-
erostructures

Gold nanorods were grown using a seed-mediated
method.?8! Briefly, the seed solution was prepared by adding
a freshly prepared ice-cold NaBHy4 aqueous solution (0.6 mL,
0.1 M) into a mixture solution composed of HAuCly solu-
tion (0.25 mL, 0.01 M) and CTAB solution (9.75 mL, 0.1 M).
Afterwards, rapid inversion-mixing was performed for 2 min.

The seed solution was kept at room temperature for 2—6 h be-
fore use. The growth solution was made by sequential addi-
tion of HAuCly (2.0 mL, 0.01 M), AgNOs3 (0.4 mL, 0.01 M),
HCI (0.16 mL, 5 M), and AA (0.32 mL, 0.1 M) to the CTAB
solution (40.0 mL, 0.1 M). The gold nanorods were obtained
by adding the seed solution (20 pL) into the growth solution.
The resulting mixture was left undisturbed at room tempera-
ture overnight. The monolayer WSe; flake was grown by the
chemical vapor deposition (CVD) method. To prepare the het-
erostructure, the gold nanorods were deposited onto the mono-
layer WSe, flake by drop-casting. Various heterostructures
can be obtained after the droplet dried naturally under ambient
conditions.

2.2. Spectra measurements

The scattering spectra of individual gold nanorods—
WSe, heterostructure were recorded on a dark-field opti-
cal microscope (Olympus BX51) that was integrated with a
quartz-tungsten-halogen lamp (100 W), monochromator (Ac-
ton SpectraPro 2360), and charge-coupled device camera
(Princeton Instruments Pixis 400BR_eXcelon). The camera
was thermoelectrically cooled to —70 °C during the measure-
ments. A dark-field objective (100X, numerical aperture 0.80)
was employed for both illuminating the heterostructures with
the white excitation light and collecting the scattered light.

The extinction spectra of the gold nanorods aqueous so-
lution were measured on a HITACHIU-4100 UV/visible/near-
infrared spectrophotometer. The Raman and photolumines-
cence (PL) spectra of the monolayer WSe; were collected us-
ing a Renishaw inVia Reflex system integrated with a dark-
field microscope (Leica). The 532-nm excitation laser was fo-
cused onto the samples with a diameter of ~ 1 um through a
50x% objective (NA = 0.8).

2.3. Morphology characterizations

SEM images of individual heterostructures were acquired
using an FEI Quanta 450 microscope. The thickness of the
monolayer WSe, was measured using an atomic force micro-
scope (AFM, NTEGRA Spectra). High-resolution transmis-
sion electron microscopy (HRTEM) and selected-area electron
diffraction measurements were conducted on the same TEM
system (FEI Tecnai3 G2 60-300), with an operation voltage of
300 kV.

2.4. Calculations

2.4.1. Finite-difference time-domain (FDTD) calcula-
tions

The FDTD method was utilized to calculate the optical

properties of the various heterostructures. The individual gold

nanorod was modeled as a cylinder capped with hemispheres

at each end that was placed on a WSe; layer on top of a 300-

nm-thick SiO; layer. The bulk dielectric function of gold

S. (29

was used for the calculation: 1 The dielectric function of
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the monolayer WSe, was adopted from previously reported
values.3%! In this manner, the exciton energy was determined
to be 1.66 eV. A dielectric constant of 2.25 was used for the
SiO; substrate. For the calculation of scattering spectra of the
heterostructures, the lengths and diameters of gold nanorods
were set to (78 nm, 26 nm), (80 nm, 25 nm), (81 nm, 24 nm),
(83 nm, 24 nm), (86 nm, 24 nm), and (87 nm, 20 nm). The
thickness of the WSe, monolayer was set to 1 nm.

2.4.2. Coupled harmonic oscillator model

The strong coupling effect can be phenomenologically
described using a coupled harmonic oscillator model, %!

El—V—im g o\ o
5 i) ()5 (5). o

where Ejp|, Eex and %, %x are the energies of the uncoupled
plasmon and exciton transition and their respective dissipa-
tion rates. Parameter g is the coupling strength, E. are the
eigenvalues of the coupled system, which describe the en-
ergies of the hybridized states, and o and 8 are the coeffi-
cients of the linear combination of the plasmon and exciton;
lat|* 4 |B]* = 1. To simplify the analysis we ignore the dissi-
pation; thus, the eigenvalues can be obtained as

_ Ep+Ee 4g2 + 62
Ey =TT, VIS HO @

where 6 = E,| — Eex is the detuning between the plasmon reso-
nance and exciton transition energy. The Rabi splitting energy,
1€ = 2g, can be obtained by setting Ej = Eex. Therefore,

8= \/(E+ —Eex) (Eex —E-).

3. Results and discussion

Usually, the elongated gold nanorods exhibit two types
of dipolar plasmon resonances: one is the transverse plas-
mon mode (TPM) associated with electron oscillations along
the diameter direction, and the other is the longitudinal one
(LPM) originated from the electron oscillations along the
length direction. 3!l The operation wavelength of the TPM is
usually located at ~ 530 nm irrespective of the aspect ratio
of the nanorod. In contrast, the LPMs exhibit wavelengths
that are nearly linearly dependent on the aspect ratio of the
nanorod.!?®! Such a characteristic makes the gold nanorod an
excellent nanocavity for studying the strong coupling behav-
ior. By synthetically tuning the nanorod aspect ratio, different
LPM wavelengths can be generated allowing us to scan across
the fixed exciton transition energy; hence, regimes with varied
coupling strengths can be obtained.

By increasing the aspect ratios of the nanorod samples,
the LPM wavelengths can be progressively redshifted from
688 nm to 833 nm (Fig. 1). In figure 1(a) the green line shows
the extinction spectrum of the pristine aqueous gold nanorod
sample, which exhibits an LPM wavelength of 766 nm. The
morphologies of the nanorods can be seen clearly from their

TEM image, which show uniform size and shape distributions
(Fig. 1(b)). The average length, diameter, and aspect ratio of
the gold nanorods can thereafter be determined as 80+ 6 nm,
23 4+2 nm, and 3.4 £ 0.4, respectively.
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Fig. 1. Gold nanorods with different LPM wavelengths. (a) Extinction
spectra of the gold nanorod samples with different aspect ratios. The
LPM wavelengths from left to right are 688 nm, 720 nm, 766 nm, and
833 nm, respectively. (b) TEM images of the gold nanorod samples
corresponding to panel (a). The aspect ratios of the nanorods increase
from left to right.

The WSe; sample used in our study had a triangular shape
with an edge length of ~ 50 um (Fig. 2(a)). The monolayer
nature of WSe, flake was confirmed by its typical AFM im-
age, whereby its thickness was determined to be ~ 0.9 nm
(Fig. 2(b)). Figure 2(c) shows the HRTEM image of the WSe,
flake, which clearly reveals the single-crystalline nature of the
sample. Furthermore, the hexagonal crystalline structure of
the WSe, can be manifested from its SAED pattern (the inset
of Fig. 2(c)). The Raman spectrum shown in Fig. 2(d) indi-
cates the absence of the Bég mode at ~ 308 cm~!, which is
an important signature of the monolayer WSe;.*?! The excel-
lent uniformity of the sample can be manifested by the Raman
intensity mapping across the entire WSe; flake (Fig. 2(e)).
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Fig. 2. Characterizations of the monolayer WSe; flake. (a) Optical image of the monolayer WSe, sample. (b) AFM image of
the monolayer WSe, flake showing the thickness of ~ 0.9 nm. (c) HRTEM image of the monolayer WSe, sample. Inset shows
the corresponding SAED pattern, which shows a hexagonal crystalline structure. The red lines indicate the two adjacent crystalline
planes. (d) Raman spectrum of the monolayer WSe, sample. (e), (f) Raman intensity and PL maximum mapping of the WSe, flake
corresponding to panel (a), respectively. The Raman mapping is monitored between 200 cm™'-300 cm™~'.

In our study, we employed single-particle dark-field scat-
tering microscopy to study the strong coupling effect in an
individual heterostructure; it allows us to get rid of extrinsic
factors such as the inhomogeneous size distribution of plas-
monic nanocrystals, background scattering, or aggregation of

33.34] Ty that end, gold nanorods with different

nanocrystals. !
aspect ratios were dispersed onto the monolayer WSe, flake to
form various gold nanorod-WSe; heterostructures, whereby a
pattern-matching method was employed to correlate the ge-
ometry of each heterostructure and its scattering spectrum
(Fig. 3(a)).1*31 As shown in Fig. 3(b) (upper panel), the pris-
tine monolayer WSe, flake exhibits a very sharp and strong
exciton emission centering at 1.67 eV with a narrow linewidth
(hYex) of 47 meV. Additionally, such an emission characteris-
tic is very uniform across the entire flake (Fig. 2(f)). The pris-
tine gold nanorod with an aspect ratio of 3.5 exhibits a strong
light scattering centering at 1.67 eV, which corresponds to its
LPM resonance (Fig. 3(b), middle panel). Such LPM energy
is in resonance with the exciton transition of the monolayer
WSe;. As aresult, when the gold nanorod was placed closely
to the WSe; surface, its LPM can couple efficiently with the
two-dimensional exciton transitions in the WSe,, giving rise
to mode splitting in the scattering spectrum of the individual
heterostructure (Fig. 3(b), lower panel). The high-(HEM) and
low-energy (LEM) hybrid modes could thereafter be evidently
observed (Fig. 1(d), lower panel).

(b) / WSe,

AuNR

N I N N R N
1.5 1.6 1.7 1.8 1.9
Energy/eV

Normalized scattering/a.u. Normalized PL/a.u.

Fig. 3. Gold nanorod-WSe, heterostructures. (a) Schematic showing the
heterostructure composed of an individual gold nanorod supported by a
monolayer WSe, flake. (b) Photoluminescence spectrum of the monolayer
WSe; (upper), scattering spectrum of an individual gold nanorod (middle),
and scattering spectrum of an individual gold nanorod-WSe; heterostructure
(lower).

To thoroughly study the interaction between the LPM
and excitons, scattering spectra from various gold nanorod-
WSe, heterostructures with different detunings between the
plasmon and exciton transition energies were measured. The
detunings were controlled by selecting heterostructures with
specific gold nanorod aspect ratios. Figure 4(a) shows the
scattering spectra from seven representative heterostructures.
The corresponding nanorod morphologies are illustrated in
Fig. 4(b). Upon increase of the nanorod aspect ratios from 3.0
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to 4.4, the LPM energies were progressively scanned across
the exciton transition energy. Two observations should be
noted. First, there always exist two split modes on the scat-
tering spectra of the heterostructures. Second, when the LPM
energies are on the high-energy side from the exciton transi-
tion, the HEM dominates and redshifts with decreasing LPM
energies. As the LPMs become overlapped with the exci-
ton transition, the HEM and LEM are comparable with each

other. When the LPM energies move away from the exciton to

(b)

experiment

Normalized scattering/a.u.

1.5 1.7

Energy/eV

50 nm

the low-energy side, the LEM becomes higher than the HEM
and redshifts as the detuning energy becomes larger. To fur-
ther corroborate the experimental spectra, FDTD simulations
were conducted to calculate the light scattering properties of
the various heterostructures. The shapes and evolvements of
the calculated scattering spectra are similar to the experimental
ones (Fig. 4(c)). These observations suggest that the interac-
tion between the LPM and excitons is strongly dependent on
the overlap between the LPM and exciton transition energies.

() theory

I
k
II1

Normalized scattering/a.u.

I I I I I I
1.4 15 16 1.7 1.8 1.9 2.0
Energy/eV

Fig. 4. Light scattering properties of the individual gold nanorod-WSe, heterostructures. (a) Dark-field scattering spectra from
different individual gold nanorods coupled to the same monolayer WSe;. (b) SEM images of the gold nanorods with different aspect
ratios, which correspond to the scattering spectra shown in panel (a). The aspect ratios of the nanorods from (I) to (VI) are 4.4, 3.6,
3.5, 3.4, 3.2, and 3.0, respectively. (c) Calculated spectra corresponding to the experimental ones shown in panel (a). The intensities
of the scattering spectra have been normalized and shifted upward for the purpose of comparison. The grey lines shown in panels (a)

and (c) indicate the exciton transition energy.

To further reveal the coupling regime of the heterostruc-
tures, the coupled energy diagram demonstrating the depen-
dence of the two hybrid modes on the detunings was in-
spected. As shown in Fig. 5(a), two distinct branches asso-
ciated with the LEM (lower branch) and HEM (higher branch)
can be clearly seen in the coupled energy diagram. More-
over, these two branches demonstrate clear anti-crossing be-
havior, suggesting a coherent interaction between the exciton
and LPM resonance of the nanorod. We then utilized a cou-
pled harmonic oscillator model to describe the anti-crossing
behavior,'%1 which shows excellent agreement with the exper-
imental results. Thus, the RS energy, 72, can be found to be
98 meV at zero energy detuning. The criterion that separates
a strong coupling regime from weak coupling is given by[*!!
ﬁ')/pl + AYex
- 5
where ¥y is the linewidth of the LPM resonance. In our study,

hQ >

Iyl and Myex are 82 meV and 47 meV, respectively. As a re-
sult, an RS energy of 98 meV suggests that the interaction be-
tween the LPM resonance and exciton transition in an individ-
ual heterostructure at zero detuning satisfies the condition for
the strong coupling regime. In this regime, hybridized states
with part-light and part-matter characteristics are formed be-
cause of the coherent energy exchange between the exciton
and LPM resonance. The coupled harmonic oscillator model
was then utilized to further calculate the respective contribu-
tions from the exciton and plasmon components for the upper
and lower branches. As shown in Fig. 5(b), by detuning the
plasmon resonance to the low-energy side of the exciton tran-
sition, the lower branch is more plasmon-like while the high-
energy one is more exciton-like, and vice versa for detuning to

the high-energy side.
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Fig. 5. Strong coupling of the gold nanorod-WSe, heterostructures.
(a) Resonance peaks as a function of the detuning energies between
the LPM resonance and exciton transition. The red and green dots
are extracted peaks from experimental measurements. The black solid
lines are fitting results according to the coupled harmonic oscillator
model, which demonstrate the anticrossing behavior. The horizontal
dashed line indicates the exciton transition energy, while the diagonal
one stands for the dispersion of the LPM resonances. (b) Exciton and
plasmon fractions of the upper and lower branches of the heterostruc-
tures.

The strong coupling between the LPM resonance and
exciton transition is mediated by the localized plasmonic
field.['23%] Namely, the nanorod acts as an antenna to focus
the free-space electromagnetic field into the gap between the
nanorod and WSe;. Such alocalized field can thereafter excite
the exciton transition of the WSe;. As a result, energy transfer
between the plasmonic field and transition dipole moment can
occur when the exciton is in its excited state. According to
this coupling mechanism, the strong coupling should be rig-
orously dependent on the separation between the nanorod and
WSe,. Figure 6 shows the calculated scattering spectra from
heterostructures with different gaps between the gold nanorod
and the WSe, surface. As the gold nanorod is kept away from
the WSe,, the split modes vanish quickly and disappear for
separations larger than 1.5 nm. Such a behavior suggests that

the coupling is mediated by the plasmonic near-field located
within the gap between the nanorod and WSe;.

gap

1.5 nm

1.0 nm

0.5 nm

Scattering normalization

0 nm

I I I I I I I
14 15 16 17 18 19 20

Energy/eV

Fig. 6. Calculated scattering spectra of heterostructures with different
separations between the gold nanorod and the WSe; surface. The aspect
ratio of the gold nanorod is kept as 3.5.

The all-solid-state strong coupling system revealed in our
study might have great potential in future quantum informa-
tion technology, where long coherence time of the qubits is
desired. However, in our current study the experimental con-
figuration is very simple and only suitable for revealing the
underlying beautiful physics. To make practical devices that
are compatible with transmitting and processing information
nowadays, one needs to expand the individual Au nanorod-
WSe, heterostructure into an array structure. In such a man-
ner, the array structure can be excited by a laser beam that is
focused down to the diffraction-limit scale as used in many
nanophotonic devices. In addition, the optical response of the
array can be collected and characterized by ordinary reflection
and transmission microscopy, which are more compatible with
optical systems nowadays.

4. Conclusion

In summary, we have revealed the strong coupling effect
between the LPM resonance of an individual gold nanorod
and two-dimensional exciton in monolayer WSe; flake. By
employing single-particle dark-field scattering spectroscopy,
strong coupling with evident RS was observed from the scat-
tering spectra of the gold nanorod-WSe, heterostructures. In
addition, anti-crossing behavior was revealed from the coupled
energy diagram by changing the energy detunings between the
LPM resonance and exciton transition, where an RS energy
of 98 meV was extracted. We believe that the proposed gold
nanorod-WSe, heterostructures can pave the way for explor-
ing the strong coupling of all-solid-state systems in the near-
infrared regime, which has a potential for application in future
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gies.
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