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Real-Time Tuning Exciton-Plasmon Coupling with

Photosensitive Nanocavity

Xiaobo Han, Zijian He, Dong Zhao,* Huatian Hu, Shujin Li, Meng Yuan, Kai Wang,*

and Peixiang Lu*

A novel method is proposed to directly characterize the exciton-plasmon
coupling in a photosensitive nanoparticle-on-mirror (NPoM) nanocavity.
Under the illumination of UV light, the localized surface plasmon resonance
(LSPR) peaks of the nanocavity can be continuously tuned over a wide range
(~65 nm), enabling precise determination of the energy dispersion
relationship of plexcitons in the nanocavity. The results indicate that the
energy of Rabi splitting can be actively tuned from 65 meV (weak coupling) to
170 meV (strong coupling) by adjusting the LSPR peak of a specific nanocavity
(particle size L~55-92 nm) to the exciton wavelength (the zero detuning). In
addition, the criterion of strong coupling is optimized by introducing
single-particle absorption spectroscopy. The work offers an intuitive method
for the strong coupling characterization in nanocavity, paving the way for the
real-time tuning of coupling strength over a wide range (100 meV) from weak

nanophotonic research. Of particular inter-
est is the interaction between LSPs and ex-
citons under resonant conditions,!!) which
can be divided into the weak and strong
coupling. In the weak coupling regime,
the spontaneous emission rate can be en-
hanced due to the modified photonic den-
sity of state (Purcell factor), which has been
widely applied in nanophotonic devices and
biosensing applications.!??] More attractive
change in emission characteristics occurs
when the strong coupling condition is
satisfied.[*®] New hybrid light-matter states
emerge with a characteristic energy differ-
ence known as Rabi splitting (hQ), where
energy is repeatedly exchanged between ex-

to strong coupling regimes.

1. Introduction

Manipulating the optical properties of semiconductors by the
localized surface plasmons (LSPs) in noble metal nanos-
tructures continues to be a fascinating and active area in
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citons and plasmons. Thus, the shifted en-

ergy of the new states relative to the ex-

citon energy can be controlled by chang-

ing the coupling strength, and then many
attractive phenomena can be realized, such as nonlinear po-
laritons, extremely long energy transfer processes, and chemi-
cal reactivity modifications.”"!!l Hence, the active tuning of the
coupling strength from weak to strong coupling in an exciton-
plasmon system draws lots of attention. Previously, it was demon-
strated to actively tune the coupling strength by controlling exci-
ton density, such as electricity and solution, which is limited by a
relatively narrow range.['>77]

Alternatively, lots of works present the tuning of coupling
strength by engineering the LSPs in plasmonic nanostructures
with different sizes and shapes.'®2!] However, it usually re-
quires the complicated fabrication of plasmonic structures with
different parameters to establish exciton-plasmon hybridization,
which can easily introduce experiment deviations and errors.
In particular, the characterization of the exciton-plasmon cou-
pling in a nanocavity is actually based on a multi-nanocavity
measurement.[?2%] One has to repeatedly measure the scatter-
ing spectra from many different nanocavities for the energy dis-
persion relationship of the plexciton in nanocavity. It relies on
the assumption that the multi-nanocavity only introduces the dif-
ferent detuning energies between the excitons and LSPs, while
keeping other parameters (mode volume, exciton number, and
even exciton property) constant. Therefore, from a more rigor-
ous perspective, the former statistical characterization of strong
coupling still needs further verification. However, it is quite chal-
lenging to actively manipulate the detuning energy between the
LSPs and excitons in an individual nanocavity. To the best of our
knowledge, only one previous work reported the characterization
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Figure 1. a,b) Schematic of the Ag nanocavity consisting of a Si substrate, an 80-nm thick Ag film, an 18-nm-thick SPI-PMMA layer and Ag NCs (coated
with 3-nm thick PVP) in different sizes. An oblique UV light is used to excite the hybrid nanocavity. c) Changes of the chemical structure of photochromic
molecules under UV illumination (from SPI to MC) and corresponding dark-field scattering images (from top to bottom). Scale bars are 5 um. d)
Absorption spectra of the SPI-PMMA in anisole before (purple “SPI”) and after UV irradiation (light blue “MC”). e) Normalized dark-field scattering
spectra of the Ag nanocavity from the same NC. Increased with the UV irradiation duration, the LSPR peaks gradually redshift.

based on a nanocavity, tuning the LSPs peaks by repeatedly de-
positing alumina onto the plasmonic particles.?!32] Therefore, it
is still urgent to develop a simple and easy-to-control method to
characterize the energy dispersion relationship of the plexciton
in an individual nanocavity.

In this letter, we propose a photosensitive plasmonic nanocav-
ity to realize the direct characterization of the exciton-plasmon
coupling. Exploiting a photosensitive spacer of the photochromic
molecule, the LSPs peak of the nanoparticle-on-mirror (NPoM)
nanocavity can be continuous tuning over 65 nm with UV light
illumination. Therefore, the energy dispersion relationship of the
plexcitons in an individual nanocavity can be achieved directly, ex-
cluding any deviations caused by multi-nanocavity. Furthermore,
the results indicate that the energy of Rabi splitting can be ac-
tively tuned from 65 meV (weak coupling) to 170 meV (strong
coupling) by shifting the LSPR peak of a specific nanocavity (par-
ticle size L ~55-92 nm) to match with the exciton wavelength
(610 nm, WS, monolayer). In addition, the strong coupling cri-
terion is further optimized by combining the single-particle ab-
sorption and scattering spectra. Our work provides an in situ and
all-optical method for studying the exciton-plasmon coupling in
an individual nanocavity, presenting the continuous tuning of
coupling strength over a wide range (up to 105 meV) from weak
to strong coupling regimes.

2. Results and Discussion

Plasmonic nanocavity consisting of single nanoparticles (NPs)
has drawn lots of attention. Especially, the NPoM nanocavity pos-
sesses a large electric field and tiny mode volume.[?”] It pro-
vides a superior platform for strong coupling research.3233] The
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nanogap (spacer) in the plasmonic nanocavity shows a unique
feature, which can act as an LSPR adjuster by changing its thick-
ness. Usually, the spacer is made of oxides, such as alumina, or
polymer.?*35] Interestingly, when the polymer is chosen, various
materials such as dyes can be doped. Photochromic molecule
means that by excitation at specific wavelengths, compounds can
undergo specific chemical reactions to change the structure and
the absorption spectrum. Thus, the spacer doped with a pho-
tochromic molecule can act as a real-time LSPR adjuster un-
der light conditions, which has been shown in various nanocav-
ities, such as nanodisk arrays.?*-*] In this work, as shown in
Figure 1a,b, the plasmonic cavity uses noble metal Ag as the
basic material for building the cavity, and the SPI-polymethyl
methacrylate (PMMA) film is selected as the spacer. SPI is one
of the organic photochromic materials, and absorption occurs in
the UV region. Ag nanocubes (Ag NCs, nanoComposix) are then
dispersed on the spacer, where Ag NCs were coated with a 3-nm
thick Polyvinylpyrrolidone (PVP). Detailed sample preparation is
provided in the Supporting Information.

Figure 1c shows the chemical structure of the photochromic
isomer before (SPI) and after (MC) UV irradiation, indicating a
C —O ring opening reaction. To understand the photoisomer-
ization process, the absorption spectra of SPI-PMMA in anisole
were tested by a UV/vis spectrophotometer. In Figure 1d, the
absorption spectrum before UV irradiation (labeled SPI) shows
only one distinct peak at ~360 nm and the solution appear trans-
parent, while the spectrum after UV irradiation (labeled MC)
shows a new significant peak at 600 nm, and the solution ap-
pears blue-purple. According to previous work,?®l a large in-
crease in the absorption peak at 600 nm during photochromism
implies a change in the refractive index of the spacer. It causes
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Figure 2. a) Absorption spectrum of WS, monolayer on the SPI-PMMA/Ag film. The light blue region indicates the A exciton. b) Normalized dark-field
scattering spectra of WS, monolayer-Ag nanocavity from the same NC. The position of the blue area corresponds to the exciton wavelength. Under
UV irradiation, the spectra are redshift (from top to bottom). Insets show the corresponding scattering images of the measured particle. Scale bars are
1 um. c) The extracted energy peaks as a function of detuning from Figure 2b. The black dashed lines represent the plasmonic resonance Egp and the
exciton energy E, respectively. Dots represent the experimental data, and the solid curves are the fitting results. The Rabi splitting energy is 120 meV.

most of the particles in nanocavities to change from green to
red after UV irradiation as shown in the scattering images in
Figure 1c. Specifically, the normalized scattering spectra of a fixed
particle under UV irradiation for different durations are shown
in Figure le. The LSPR is actively and continuously tuned from
565 (green) to 630 nm (red), corresponding to a range of 65 nm.
Therefore, the controllable optical properties of SPI-PMMA
films make them ideal candidate for altering the nanocavity
resonance.

Based on the above tuning method, it can be extended to
the strong coupling measurement. To match the wavelength
(=600 nm) of the change in the refractive index of the pho-
tochromic molecule, WS, monolayer is selected. Figure 2a shows
the absorption spectrum of WS, monolayer (purchased from Six-
carbon Tech. Shenzhen) on a SPI-PMMA/Ag film. The A-exciton
is located at 610 nm, according with the interested band, and the
decay line widths (y,) is 70 meV. To demonstrate the UV light tun-
ing process, we measure the scattering spectra of multiple parti-
cles as a function of UV irradiation duration. The typical scat-
tering spectra of UV light tuning are shown in Figure 2b. Insets
show the corresponding scattering images, and wide-field views
can be seen in Figure S2 (in Supporting Information). With the
redshift of the LSP peak, the scattering color of the particle ac-
cordingly varies from green to yellow and then to red. All spectra
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show one distinct dip and two peaks. The dip position is fixed
and corresponds to the exciton wavelength. The split scattering
spectra are characteristic features of plexcitons, a manifestation
of the hybridization between plasmons and excitons. And the
spectral shift behavior is consistent with the previous strong cou-
pling results.['2232532] Tt confirms that the coupling effect is not
affected by the photochromic molecule, except for the shift of the
plasmonic resonance.

The coupling between excitons and plasmons can be described
by a semiclassical coupled harmonic oscillator model, with the
energies of the two splitting modes (hybrid states) given by

E, = % (ESP +E + \/W) (1)

where Eg, and E, are the resonant energies of uncoupled plas-
mons and excitons, respectively; § = Eg, — E, said detuning; gis
the coupling strength between plasmons and excitons. Figure 2c
shows the extracted energy peaks as a function of detuning from
Figure 2b, which clearly exhibits an anticrossing behavior (data
analysis is detailed in Supporting Information). The peak ener-
gies above (or below) the exciton transition energy are simply
defined as the high (or low) energy branch (HEB or LEB). The
two solid curves fitted by equation Equation (1), represent the
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Figure 3. a) Scattering spectra at zero detuning from different size particles. The blue dashed curves are a guide for the eye showing the variation trend
of peak energies. Insets show the scattering images of NCs before UV irradiation and the particle sizes. The values on the right are the corresponding
Rabi splitting energy. Scale bars are 1 um. b) Dispersion curves with different size particles. Dots represent the experimental data, and the solid curves
are the fitting results. c) Rabi splitting (coupling strength) as a function of particle size varying from 55 to 92 nm.

dispersion relation of the two hybrid states. The splitting energy
isderived tobe AQ = 2g = 120 meV. Since y4, ~# 155 meVandy,,
~ 70 meV in Figure S3 (Supporting Information), the strict crite-
rion for strong coupling hQ > 27 x112 meV is satisfied. Itis
noted that the average goodness of fit (R?) by Equation (1) is better
than that from the data from traditional multi-nanocavity (details
are shown in Supporting Information).[?”] Figure S4 (Supporting
Information) shows the fitting results of multiple sets of data, in-
dicating that the fitting accuracy is significantly improved from
0.77 to 0.98. It means that the non-uniformity of the nanocav-
ity quality, the variation of exciton number and mode volume of
multi-cavity have a great influence on the accuracy of coupling
strength. Additionally, we know that mode splitting can also be
measured from a plasmonic cavity of irregular shaped particles,
and this platform can completely shield the uncertainty. There-
fore, we develop a highly accurate, convenient and all-optical ap-
proach of measuring dispersion relation in individual nanocavi-
ties.

By adjusting the UV illumination duration, the LSPR peaks of
each hybrid cavity can be tuned to the exciton wavelength, namely
zero detuning. Figure 3a shows a series of scattering spectra of
different size particles at zero detuning. Note that all data are
measured at the same thickness spacer. Ag NC sizes (L) with the
initial scattering images are listed in the left panel. Ag NC sizes
are estimated by their corresponding LSPR peaks before UV irra-
diation in Figure S5 (Supporting Information).[*! It can be seen
that as the particle size increases, the splitting energy increases
from 65 to 170 meV, resulting in a giant tuning range of up to
105 meV at ambient condition. Also, Figure 3b presents the dis-
persion curves with different size particles. The splitting energy
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of 55, 70, 78, and 86 nm particles are 68, 95, 117, and 135 meV,
respectively. Consistent with the trend shown in Figure 3a, it in-
dicates that the splitting energy increases as the particle size in-
creases. Note that the exciton transition energy of WS, slightly
deviates in different batches. Thus, the orange data in Figure 3b
is shifted 19 meV (6 nm in wavelength) along the y-axis for com-
parison convenience. In addition, the splitting energy obtained
by the peak energy difference at zero detuning is similar to that
by fitting the anticross curves. Thus, given the advantages of a
highly accurate method, the splitting energy can be directly esti-
mated from the peak energy difference at zero detuning rather
than from the fitting of dispersion curves.

To reveal the effect of particle size on the coupling system, the
splitting energy and coupling strength of different size particles
are studied as shown in Figure 3c. Intuitively, the splitting en-
ergy is a linear function of particle size (2gexL), which is consis-
tent with the previous work.[32] Note that there are both weak and
strong coupling within the wide tuning range. According to rigor-
ous criterion of strong coupling (hQ > YS"ZJ), hybrid nanocavi-
ties consisted of particles >76 nm (green area in Figure 3c can
achieve strong coupling. To reveal the physical mechanism of
splitting energy variation with particle size, the coupling strength
can be calculated as:

[4xnNe
—3 2
& =t \| Zeeov (2)

where u,, is the exciton transition dipole moment of WS, mono-
layer, N and 4 are the number and wavelength of the exciton,
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Figure 4. a) Time-dependent scattering and absorption spectra from the same NC under UV irradiation. The time is scanned in 1 min steps. b) Detuning-
dependent peak wavelengths of scattering (rhombus) and absorption (spheres) extracted from Figure 4a. The red rectangle marks the data near zero
detuning. c) Absorption and corresponding scattering spectra from different size particles. Insets show the scattering images of NCs before UV irradia-

tion. Scale bars are 1 um.

€ is the dielectric function. V is the effective mode volume of
the nanocavity. The relationship between coupling strength and
NC size is shown in Figure 3c (2gxL). It means that within the
NC size ranging from 55 to 92 nm, the coupling strength can be
tuned by particle size, and the exciton number increases dramat-
ically at the same time. Note that the hybrid cavity of a larger par-
ticle (L > 92 nm) means that the exciton energy is initially crossed
(Esp>E,). In other words, the corresponding detuning § = Egp, —
E, is always positive and does not cross the zero detuning, so at
the current spacer thickness, a larger particle size is not compat-
ible.

Dark-field scattering technique is the most commonly used
characterization method in hybrid nanocavities,*’] and most of
the strong coupling work is only verified by this method. How-
ever, mode splitting in scattering spectra can be caused by two
mechanisms: Rabi splitting at strong coupling and Fano reso-
nance at weak coupling.[1326:3346-48] Therefore, it is still question-
able to determine the strong coupling from scattering results
alone. The absorption spectrum is considered a more accurate
method. Thus, the continuous tuning process of scattering and
absorption spectra under UV irradiation are shown in Figure 4a.
Details about the optical measurements can be found in Support-
ing Information. From top to bottom, the scattering and absorp-
tion spectra have the same trend, while the peak positions and the
dip depth show obvious deviations. Specifically, HEB and LEB
of scattering and absorption spectra are extracted respectively,
and the detuning is taken as the ordinate to obtain Figure 4b.
Clearly, the energy splitting of absorption spectra at any detun-
ing is smaller than that of scattering spectra. At near zero detun-
ing, the calculated splitting energies are 117 and 98 meV, respec-
tively. A difference of 20 meV implies the effect of plasmon dis-
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sipation, which is an important factor affecting the judgment of
strong coupling. Thus, the tuning process can be characterized
Dby scattering and absorption spectra, and the strong coupling cri-
terion can be optimized here.

At present, the commonly used strong coupling criterion has
the following two formulas: loose one: 2Q > =% and strict one:

hQ > ’S"ZJ In our experiment, the values calculated are 42 and
112 meV, respectively. Obviously, a huge numerical difference
causes the boundary between strong and weak coupling to be
blurred. The synergistic contribution of scattering and absorp-
tion spectra at zero detuning provides a good opportunity to op-
timize the criterion. In Figure 4c, the absorption and scattering
spectra of different size particles are presented. According to ab-
sorption spectra, #Q = 103 meV can be roughly regarded as a
dividing line, because spectra with 2Q < 103 meV have no dip,
and those with 2Q > 103 meV have distinct dips. In the scat-
tering spectra, however, 2Q = 70 meV still shows a dip. It is
considered that contributions of exciton and plasmon losses to
spectral splitting affect both the absorption and scattering spec-
tra, while the absorption one is less affected.[*”! Thus, there are
deviations between common criteria and experimental results.
Especially, when the loose condition is applied, simple spectral
broadening or Fano resonance may be mistaken for reaching the
strong coupling mechanism. Here, according to the above ex-
perimental results, the following formula, 2Q > —LL_— =

Va(l+ro/2rs)

99 meV, is considered to be the more appropriate criterion.!?!:>]
Then in Figure 3c, the hybrid nanocavity composed of particles
>71 nm achieved strong coupling. Note that photoluminescence
(PL) measurement is more accurate for understanding the differ-
ence between strong and weak coupling.>=%] However, obvious
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splitting characterized by PL, especially at zero detuning, is still
a big challenge in hybrid nanocavities.

3. Conclusion

In summary, we propose a method for directly characterizing the
exciton-plasmon coupling based on a photosensitive plasmonic
nanocavity. Under the illumination of UV light, the LSPR peaks
of the nanocavity can be continuously tuned relative to the ex-
citon wavelength (610 nm, WS, monolayer). Therefore, the en-
ergy dispersion curves of plexcitons in an individual nanocavity
can be achieved directly. Compared with the traditional statisti-
cal method based on multiple nanocavities, the fitting accuracy
of this method is significantly improved from 0.77 to 0.98. Fur-
thermore, it is found that the coupling strength is linearly in-
creased with the particle size, indicating the real-time tuning of
Rabi splitting energy from weak coupling (h€ = 65 meV, 55 nm)
to strong coupling regime (hQ = 170 meV, 92 nm). In addition,
the strong coupling criterion is optimized with the synergistic
contribution of single-particle absorption and scattering spectra.
Thus, this new hybrid platform provides an in situ and all-optical
approach for studying the light-matter interaction, thereby open-
ing exciting opportunities for room temperature plexciton ma-
nipulations, such as quantum information processing and low-
threshold laser.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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