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Abstract
A key challenge in the field of plexcitonic quantum devices is the fabrication of solid-state,
device-friendly plexcitonic nanostructures using inexpensive and scalable techniques.
Lithography-free, bottom-up nanofabrication methods have remained relatively unexplored
within the context of plexcitonic coupling. In this work, a plexcitonic system consisting of
thermally dewetted plasmonic gold nanoislands (AuNI) coated with a thin film of J-aggregates
was investigated. Control over nanoisland size and morphology allowed for a range of plasmon
resonances with variable detuning from the exciton. The extinction spectra of the hybrid
AuNI/J-aggregate films display clear splitting into upper and lower hybrid resonances, while the
dispersion curve shows anti-crossing behavior with an estimated Rabi splitting of 180 eV at zero
detuning. As a proof of concept for quantum sensing, the AuNI/J-aggregate hybrid was
demonstrated to behave as a plexcitonic sensor for hydrochloric acid vapor analyte. This work
highlights the possibility of using thermally dewetted nanoparticles as a platform for
high-quality, tunable, cost-effective, and scalable plexcitonic nanostructures for sensing devices
and beyond.
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1. Introduction

In recent years, strong coupling phenomena have received
significant interest in the areas of photonics, quantum phys-
ics, and materials science. Not only do they provide an
intriguing opportunity to study exotic light-matter interac-
tions, but they also open up interesting possibilities in fields
of quantum information [1], lasers [2], and biochemical
sensing [3]. In semiconductor-based systems, strong coup-
ling is typically observed when bound electron-hole pairs (i.e.
excitons) strongly interact with cavity modes such as optical
mirrors, waveguides, and photonic crystals (cavity quantum
electrodynamics [2]). Of particular interest are plasmonic res-
onators coupled to excitons through plasmon-exciton polari-
tons to form quasiparticles called ‘plexcitons’, which receive
special attention for enabling room temperature investiga-
tion of strong coupling [4]. Strong plexcitonic coupling res-
ults in emergent optoelectronic properties distinct from the
uncoupled plasmon or exciton. When the plasmon and exciton
resonances are closely matched, new hybridized energy states
are formed, which manifest spectroscopically as two reson-
ance peaks separated by a transparency dip. The energetic sep-
aration between the upper and lower resonances is known as
the Rabi splitting (Ω), which is a measure of coupling strength.
Whether a system falls in the weak or strong coupling regime
depends on a multitude of factors, including detuning between
the plasmon and exciton resonances, oscillator strength [5],
and plasmon damping [6, 7].

Initial plexcitonic systems focused on excitonic semicon-
ductors coupled to propagating surface plasmon polaritons
in planar metallic films [8]. With these rudimentary sys-
tems, large values of Rabi splitting can be achieved, how-
ever their simple geometry and low tunability limits their
practicality. On the other hand, metallic nanoparticles exhib-
iting localized surface plasmons (LSPs) are extremely ver-
satile as the LSP resonance (LSPR) can be controlled by
the nanoparticle’s size, shape, composition, and dielectric
environment. This flexibility allows for the coupling strength
to be conveniently tuned from weak to strong in a given
plexcitonic system. As such, many types of metal nano-
structure geometries have been used to investigate plasmon-
exciton coupling including nanorods [9], nanoprisms [10],
nanostars [11], nanorings [12], core-shell nanoparticles [13],
and nanoarrays [14]. Among the most widely used excitonic
materials coupled to LSPs are J-aggregates—supramolecular
assemblies of dye molecules self-organized in a head-to-tail
arrangement [15]. This configuration results in the coherent
oscillation of transition dipole moments in the constituent
molecules, generating an excitonic system with a remarkably
large oscillator strength [16]. Spectroscopically, this molecu-
lar organization gives rise to a red-shifted absorption fea-
ture with an exceptionally narrow linewidth, known as the
J-band.

Harnessing strongly coupled plexcitons opens up excit-
ing possibilities for future real-world device applications.
Interacting plexcitons have been shown to generate a
giant optical nonlinearity and ultrafast optical absorption,

enabling energy-efficient all-optical switching and informa-
tion processing [17]. Likewise, nonlinear quantum plexcitonic
systems wherein two or more emitters couple to a single plas-
monic nanocavity have been proposed as reconfigurable single
photon sources [18]. Plexcitonic systems can be used to extend
the spectroscopic molecular ruler effect [19] associated with
Förster-type resonance energy transfer to longer distances [7].
The strong coupling of a highly confined plasmonic field to
molecular electronic transitions has been proposed as a means
to dramatically enhance the rate of spin-forbidden singlet-to-
triplet transitions [20] and to generate superradiance [21]. In
a molecular plexcitonic system, the change in the refractive
index accompanying a molecular spin transition generates a
change in the spectral position of the plasmon resonance, thus
enabling active plasmonics [22, 23]. Kongsuwan et al found
that placing a quantum emitter-linked antibody-antigen com-
plex in a nanoplasmonic cavity facilitated strong plexcitonic
coupling along with the appearance of signature Rabi splitting
at room temperature, which in turn enabled a 15-fold enhance-
ment in sensitivity for an immunoassay compared to classical
label-free biosensors based on a binding-induced shift in the
plasmon resonance [24].

Many advancements have been made towards the fun-
damental understanding of plexcitonic coupling between J-
aggregates and LSPs; however, less attention has been direc-
ted towards developing plexcitonic platforms that are compat-
ible with practical applications. The overwhelming majority
of studied plexcitonic systems exist in colloidal form, which
are challenging to implement into real-world devices, where
solid-state thin films are preferred. While plexcitonic thin
films can be inexpensively formed by direct solution casting
of J-aggregate/nanoparticle colloids [25], this technique lacks
reproducibility and control, as nanoparticle agglomeration and
capillary flow can lead to inconsistent and non-uniform films
[26]. High quality solid-state plexcitonic films can be created
by coating J-aggregates onto lithographically fabricated plas-
monic nanostructures such as nanohole [27, 28] or nanodisk
arrays [14]. Typically, direct write methods such as electron
beam lithography (EBL) and focused ion beam (FIB) milling
are employed to achieve plasmonic nanostructures with high
periodicity and dimensional accuracy, enabling precise con-
trol over the resonance linewidth and damping. However, these
methods tend to be expensive, time consuming, and low-
throughput, which limits their viability for commercial use.
Other top–down fabrication methods, such as nanoimprint-
ing lithography [29], have been investigated as lower cost
alternatives, but the prefabricated stamp limits the tunability
of the final nanostructure [30]. In order to bring practical plex-
citonic devices closer to reality, there is a need for simple, cost-
effective, and scalable techniques that allows for the fabrica-
tion of tunable, reproducible, and device-friendly plexcitonic
nanostructures [31].

Bottom-up approaches to fabricate solid-state plasmonic
nanostructures have been seldom explored in the field of plex-
citonics. Wurtz et al demonstrated a tunable plexcitonic nano-
structure consisting of electrochemically grown gold nanorod
arrays coated with a thin film of J-aggregates [9]. The nanorod
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diameter, length, and spacing were tuned to easily modu-
late the resonance frequency and coupling strength, demon-
strating the possibility of tunable plexcitonic structures using
simple and scalable techniques. A well-established bottom-
up nanofabrication method for creating plasmonic nano-
particles is solid-state thermal dewetting [32]. Thermal dewet-
ting is a cost-effective, reproducible, and high-throughput
means of fabricating plasmonic nanostructures on a substrate.
This technique consists of vacuum deposition followed by
thermal annealing, which allows for flexibility in modulating
the LSPR frequency via simple modifications to processing
parameters [33, 34]. While thermally dewetted nanoparticles
have been implemented in applications such as photovoltaics
[35], organic light emitting diodes [36], and photocatalysis
[33], it remains unexplored as a platform for strong plasmon-
exciton coupling. Despite the potential to achieve relatively
high Q-factors using this technique [37], thermal dewetted
nanoparticles tend to exhibit higher degrees of polydispersity,
resulting in generally broader resonances compared to plas-
monic nanostructures fabricated using EBL or FIBmilling. As
such, a longstanding question in the field relates to whether
true quantum entanglement is achievable in a system with
large homogeneous and inhomogeneous broadening.

In this work, strong plasmon-exciton coupling was invest-
igated in a hybrid nanostructure consisting of thermally dewet-
ted gold nanoislands (AuNI) coated with a thin film of J-
aggregates. We employ a lithography-free process consist-
ing of simple vacuum deposition, thermal annealing, and
spin coating. By modulating the deposition time, we con-
trol nanoisland size and plasmon resonances, allowing for the
study of coupling behaviour near and away from the reson-
ant conditions. We show that the AuNI/J-aggregate hybrid
conclusively satisfies the strong coupling criterion, demon-
strating clear anti-crossing behavior and a Rabi splitting of
180 meV. As a proof of concept for device-based applications,
theAuNI/J-aggregate hybridwas tested as an optical sensor for
hydrochloric acid vapor. This work showcases the potential of
using thermally dewetted nanoparticles as a cost-effective and
mass production compatible platform for creating solid-state
plexcitonic devices.

2. Materials & methods

2.1. Materials

1,1′-Diethyl-2,2′-cyanine iodide (97%) was purchased from
TCI Chemicals. Sodium chloride was purchased from Fisher
Scientific. Fluorine-doped tin oxide (FTO) coated glass sub-
strates (TEC 8) were obtained from Hartford Tec Glass
Company. Hydrochloric acid (37%) was obtained from Sigma
Aldrich.

2.2. Formation of J-aggregate, Au nanoislands, and hybrid
plexcitonic structure

The J-aggregate was formed by adding 1 mg of 1,1′-diethyl-
2,2′-cyanine iodide (pseudoisocyanine iodide or PIC) and

42 mg of sodium chloride to 4 ml of deionized water based
on previously reported methods [38]. The solution was heated
to 80 ◦C using a hot bath and kept for 40 min. The solution
was room cooled and aged in the dark for 5 h before use.
Plasmonic gold nanoislands (AuNI) were formed using a solid
state thermal dewetting process consisting of deposition fol-
lowed by annealing. Prior to deposition, the FTO substrates
were cleaned via ultrasonication in isopropyl alcohol, meth-
anol, and deionized water. Gold deposition was performed
using a Kurt J Lesker CMS-18 DC magnetron sputtering sys-
tem using an average deposition rate of 7.6 nm min−1. To
achieve a range of plasmon resonances, the sputtering time
was varied from 20 to 70 s while deposition pressure was
fixed at 15 mTorr. Subsequently, the as-deposited films were
annealed together at 500 ◦C in an open-air tube furnace follow-
ing a 4 hour ramp/4 hour dwell heating profile followed by air-
cooling to room temperature. The slow ramp up rate and air-
cooling inside the furnace was necessary to prevent fracture
of the substrate due to thermal shock. The plexcitonic hybrid
nanostructure was formed via spin coating the J-aggregates
onto the Au nanoislands. A small amount of J-aggregate solu-
tion (30 µl) was deposited onto the nanoislands followed by
a 60 s rest period to promote adhesion of the J-aggregate to
the gold nanoisland surface. Spin coating was performed at
2000 RPM for 60 s to form the final plexcitonic hybrid.

2.3. Characterization of J-aggregate, Au-nanoislands and
hybrid structure

The extinction spectra of the J-aggregates, Au nanois-
lands, and hybrid nanostructures were collected using a
UV-VIS spectrophotometer (Perkin–Elmer Lambda 900
UV/VIS/NIR). Special care was taken to ensure consistent
beam alignment during scanning of the Au nanoislands prior
to and after coating with J-aggregates to minimize error due
to beam positioning. The baseline spectrum for the FTO sub-
strate was subtracted from plotted spectra. Scanning elec-
tron microscopy (Zeiss Sigma FESEM) was performed to
study the morphology of the plasmonic nanoislands and
hybrid. Nanoisland size distributions were extracted from
SEM images via ImageJ. To account for shape polydispersity,
nanoisland size is based on the diameter of an equivalent
circle based on the nanoisland area. Particles under 14 nm in
diameter were omitted from the image analysis to prevent erro-
neous measurements due to the resolution limits of the SEM
images. The resulting size distributions were weighted based
on area fraction. High resolution transmission electron micro-
scopy (JEOL JEM-ARM200CF HRTEM) was performed on
a FIB-prepared lamella of gold nanoislands on FTO. Grazing
incidence x-ray diffraction (Rigaku Ultima IV, CuK-α source)
was performed to validate the crystallographic d-spacing as
obtained from HRTEM.

2.4. Gas sensing and long-term stability experiments

Gas sensing experiments were performed using a test chamber
consisting of a sealed container with a moat configuration. The
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experimental setup and process flowchart for the gas sensing
experiments can be found in supporting information, figure S1.
The container was filled with 10 ml hydrochloric acid solu-
tions of varying concentrations (10 M, 5 M, and 2.5 M). A
platform to elevate the sample above the solution was placed
in the center of the chamber, forming amoat. The chamber was
sealed using a lid with a 1.5 mm pinhole to prevent excessive
pressure build-up. The exterior of the chamber was wrapped
with aluminum foil to ensure dark conditions andmitigate pos-
sible photobleaching caused by stray ambient light. Prior to
loading the sample, the chamber was pre-heated to 80 ◦C to
produce an adequate amount of vapor flux. After 5 min of pre-
heating, the sample was placed in the chamber and exposed for
a predetermined time interval. Following each time interval,
UV-VIS spectroscopy was performed to observe the change
in the extinction spectra. After the acquisition of spectra, the
sample was then placed in the chamber again to be exposed
for another pre-determined amount of time until a total accu-
mulated exposure time was reached. The long-term stability
of the AuNI/J-aggregate was tested by storing the plexcitonic
hybrid sample in dark and light ambient conditions over exten-
ded periods of time and periodically collecting the UV-VIS
spectrum to ascertain changes in coupling strength.

3. Results & discussion

3.1. Overview of AuNI/J-aggregate plexcitonic hybrid

The fabrication process of the hybrid plexcitonic nanostructure
via solid state thermal dewetting is summarized in figure 1(a).
DC magnetron sputtering was used to deposit gold onto FTO
substrates (figure 1(b)), resulting in a thin Au film (figure 1(c)).
The as-deposited Au film was annealed in a tube furnace, res-
ulting in plasmonic gold nanoislands (figure 1(d)). Deposition
and annealing parameters are based on previously reported
conditions known to produce gold nanoislands with LSPRs in
the range of the expected J-band (i.e.∼580 nm) [39]. A critical
factor for reproducibility is minimizing region-to-region vari-
ability in film thickness and coverage. This was achieved by
using a relatively high deposition pressure (i.e. 15 mTorr) to
provide a more diffuse deposition flux, resulting in improved
film uniformity. Furthermore, a tubular furnace was used for
annealing due to its uniform heating profile along the length
of the tube. As a result, reproducible resonance characterist-
ics were obtained across a given sample and between multiple
samples (see supporting information, figure S2 and table S1).
HRTEM images of the dewetted Au nanoislands clearly show
the (111) crystallographic planes of the Au nanoislands, while
the corresponding lattice spacing of d = 0.24 nm matches the
2-theta value of 37.4˚ observed using XRD (figure S3).

Pseudoisocyanine iodide (PIC) J-aggregates were used as
the excitonic material and were spin coated onto the nanois-
lands to form the plexcitonic nanostructure (figure 1(e)).
Fluorine doped tin-oxide (TEC8) was specifically selected as
a substrate material due to its inherent surface roughness as
well as optical transparency. Since the J-aggregate solution

has poor wettability on smooth glass, the increased surface
roughness of FTO is expected to enhance lyophilicity with the
J-aggregate solution during spin-casting, allowing for a more
well-adhered film that maximizes the intimacy between plas-
mon and exciton. Indeed, figure 1(e) shows close proximity
between the J-aggregate film and plasmon, with a J-aggregate
film thickness of approximately 150–200 nm (figure S4). It is
worth pointing out that the spin casting process did not alter
the arrangement of nanoislands, owing to the robustness of the
thermally dewetted nanostructure. Interestingly, the resultant
J-aggregate film does not consist of a uniform and conformal
layer, leaving some areas of exposed nanoislands. Despite this,
the ensemble still displayed strong coupling behavior, as will
be discussed later.

3.2. Investigation of uncoupled plasmon and exciton

To investigate plasmon-exciton coupling across a wide range
of plasmon resonances, the size of the nanoislands was tuned
by varying the deposition time. Figure 2 shows the morpho-
logy and normalized extinction spectra of five representat-
ive Au nanoisland samples with plasmon frequencies ran-
ging between 1.97 and 2.15 eV. The samples (N1 to N5)
are ordered sequentially from shortest to longest deposition
time. Compared to film thickness, deposition time is a more
meaningful metric to measure as film thickness is not well-
defined at such scales. At shorter deposition times, Volmer–
Weber island growth dominates, resulting in largely discon-
tinuous films without a well-defined thickness (figure S5). As
deposition time increases, the films become increasingly con-
tinuous, and thickness becomes more well-defined. Table 1
summarizes characteristics related to the nanoisland size and
plasmon resonance of the five representative Au nanoisland
samples. Additional details regarding size distributions and
plasmon linewidth calculations can be found in the support-
ing information.

Scanning electron microscopy (figure 2(a)) reveals a
gradual rise in overall nanoisland size as deposition time
increases, increasing from a mean diameter of 19–124 nm.
The increase in size is accompanied by a redshift in the
LSPR towards longer wavelengths i.e. from 578 to 630 nm
(figure 2(b)), which is expected behaviour. As average size
and LSPR wavelength increase, a concomitant broadening of
the resonance linewidth is observed, caused by growing con-
tributions of radiative damping and inhomogeneous broaden-
ing. As radiative damping is proportional to the nanoparticle
volume, homogeneous broadening is expected as particle size
increases. Likewise, as nanoisland diameter grows, a clear
increase in size and shape polydispersity can be observed
(figures S6 and S7), significantly contributing to inhomogen-
eous broadening. Smaller nanoislands exhibit a roughly circu-
lar profile with little variation in size and shape. At intermedi-
ate sizes, the shape becomes elongated and gives rise to irreg-
ular geometries due to the coalescence of adjacent islands. At
large sizes, the nanoislands develop a flat-top structure with
faceted edges as it tends towards its equilibrium shape. This
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Figure 1. (a) Fabrication process of AuNI/J-aggregate hybrid plexcitonic nanostructure with SEM images of (b) bare FTO, (c) sputtered Au
film, (d) thermally dewetted Au nanoislands, and (e) AuNI/J-aggregate plexcitonic hybrid.

Figure 2. (a) Scanning electron micrographs of Au nanoislands of different average sizes (b) normalized extinction spectra of Au
nanoislands and J-aggregate film.

Table 1. Size and resonance peak parameters of Au nanoislands.

Sample Mean diameter (nm) Standard deviation (nm) LSPR, λpl (nm) Plasmon energy, Epl (eV) FWHM, Γpl (meV) Detuning, δ (meV)

N1 19 4 578 2.15 320 +18
N2 31 11 591 2.10 335 −29
N3 50 20 602 2.06 391 −67
N4 75 28 618 2.01 441 −121
N5 124 45 630 1.97 517 −159

flat-top geometry is clearly visible in cross-sectional TEM
photos of the nanoislands (figure S3) and is consistent with
typical thermally dewetted nanostructures [40]. It is worth not-
ing that the inherent three-dimensionality of the FTO grains
significantly contributes to size polydispersity. The flat sur-
faces of FTO grains orthogonal to the sputtering target are
likely to receive a larger deposition flux than surfaces poin-
ted away, resulting in thicker and more continuous films on

flat surfaces versus tilted or near-vertical surfaces (see sup-
porting information figure S5). The direct consequence of this
is that nanoislands formed on flat surfaces tend to be larger
in size, contributing to the overall polydispersity and inhomo-
geneous broadening as initial deposition time increases. The
extinction spectra of the uncoupled J-aggregate thin film can
also be seen in figure 2(b). The J-band is centered at 583 nm
(Eex = 2.13 eV) with an exciton linewidth of Γex = 70.4 meV.
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Figure 3. (a) Normalized extinction spectra of AuNI/J-aggregate plexcitonic hybrid (b) dispersion curve of AuNI/J-aggregate hybrid with
theoretical and experimental resonances.

The broad tail-like absorption occurring sub-560 nm corres-
ponds to weak contributions from the monomer (545 nm) and
H-aggregate (504 nm) bands [38].

3.3. Investigation of plasmon-exciton coupling in
AuNI/J-aggregate hybrid

The extinction spectra of the AuNI/J-aggregate plexcitonic
hybrid is shown in figure 3(a). Coating of J-aggregates onto
the Au nanoislands resulted in the splitting of the optical
spectra and emergence of two hybrid energy peaks in all
samples tested. The newly formed resonances are separated
by a transparency dip centered near the J-band frequency.
Relative to the transparency dip, the blue-shifted and red-
shifted peaks correspond to the upper and lower plexcitonic
resonances, respectively. It can be seen that the spectral pro-
files of the upper resonance (UR) and lower resonance (LR) are
strongly dependent on the detuning (δ) between the plasmon
and exciton resonances (i.e. δ = Epl−Eex). Sample N1, which
represents the closest to resonance conditions (δ=+ 18meV),
exhibits an asymmetrical profile biased towards the UR. As
the plasmon is negatively detuned from the exciton resonance
(i.e. increasing LSPR wavelength), the profile becomes gradu-
ally skewed towards the LR. As the detuning becomes very
large, the LR is dominant while the UR converges towards the
exciton resonance.

An important characteristic of strongly coupled hybrid sys-
tems is the avoided crossing or anti-crossing of the dispersion
curves. This can be modeled classically by treating the system
as two coupled harmonic oscillators [41]. Figure 3(b) shows
the theoretical and experimental dispersion for the AuNI/J-
aggregate hybrid system. The expected behavior of the sys-
tem if uncoupled is represented by the dashed exciton and

plasmon lines. The theoretical energies of the upper (EUR) and
lower (ELR) plexcitonic resonances when strongly coupled is
described by the following relationship [41]:

EUR/LR =
1
2
(Epl +Eex)±

√
g2 +

δ2

4
(1)

where Epl and Eex are the plasmonic and excitonic resonances
(in eV), respectively. The coupling constant g relates to the
energy separation between the upper and lower resonances
where Rabi splitting Ω is related to the coupling constant by
Ω= 2 g. The value δ corresponds to the detuning between plas-
mon and exciton energies. As seen in figure 3(b), the experi-
mental upper and lower resonances closely adhere to the cal-
culated theoretical values, strongly suggesting anti-crossing
behavior in the AuNI/J-aggregate system. The Rabi splitting
can be estimated by measuring the energy difference between
the upper and lower resonances at zero detuning. Using fit-
ted theoretical resonance curves to our experimental data, the
Rabi splitting is estimated to be 180 meV. Comparing this
value to similar solid-state plexcitonic systems, it can be seen
that our system outperforms films cast from colloidal solutions
[25] as well as other bottom–up approaches [9]. In general,
plexcitonic systems based on lithographically-formed metas-
urfaces tend to obtain higher values of Rabi splitting [14, 27,
28], which is unsurprising due to better control over distribu-
tions in size, shape, and spacing. Compared to solution phase
plexcitonic systems, the obtained Rabi splitting is compar-
able to many Au/PIC-based J-aggregate colloidal plexcitonic
systems [42, 43]. However, it is worth noting that discrete
nanoparticles with high aspect ratio features (e.g. nanorods,
nanostars, nanoprisms) allow the achievement of larger Rabi
splitting values [43–46].
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Figure 4. Optical gas sensing experiments using AuNI/J-aggregate plexcitonic hybrid using different concentrations of HCl; (a) 10 M, (b)
5 M, and (c) 2.5 M.

Demonstration of anti-crossing behavior is typically insuf-
ficient to definitively prove strong coupling. Whether the sys-
tem is within the weak or strong coupling regime is depend-
ent on (i) the rate of coherent energy exchange between the
plasmon and exciton, and (ii) the rate of damping losses in the
system [41]. A system is said to be in theweak coupling regime
if the rate of damping exceeds the rate of energy exchange.
Conversely, a system is strongly coupled if the rate of energy
exchange is larger than the rate of damping. In other words,
in a strongly coupled system, the observed Rabi splitting must
be large in comparison to the linewidths of the plasmon and
exciton and must satisfy the following relation:

Ω2
R >

(
Γex

2
−

Γpl

2

)2

. (2)

As none of the nanoisland plasmon resonances matched
exactly with exciton resonance, nanoisland N1 was used for
calculation as it had the smallest detuning (δ = −18 meV).
Substituting the corresponding linewidths for plasmon and
exciton (Γpl = 320 meV and Γex = 70.4 meV), it can be seen
that the strong coupling criterion is met if the Rabi splitting is
larger than 125 meV. Our observed Rabi splitting of 180 meV
more than satisfies this criterion, conclusively placing our
AuNI/J-aggregate hybrid in the strong coupling regime.

3.4. Gas sensing experiments

As a proof-of-concept for solid state device applications, the
hybrid AuNI/J-aggregate plexcitonic system was used as a
platform for optical gas sensing. The concept behind an optical
plexcitonic sensor is based on the fact the coupling strength is
highly sensitive to perturbations in the plasmon and exciton.
Slight changes to the plasmon frequency (i.e. detuning) and

exciton oscillator strength are enough to influence the pres-
ence and magnitude of Rabi splitting as well as the ener-
gies of the hybrid resonances. This operating principle shares
similarities to induced transparency sensors [47], however its
worth mentioning that many of these platforms are in the weak
coupling regime. Only recently has quantum plexcitonic sens-
ing in the strong coupling regime been demonstrated [48].
Vapor phase systems offer a convenient means to perturb
either the plasmon, exciton, or their coupling. As organic
films are permeable to vapors, analytes are able to reach the
J-aggregate and gold nanoisland interface, where coupling
occurs. Depending on the analyte, certain chemical reactions
can occur resulting in oxidation or etching of the J-aggregate,
in turn affecting its oscillator strength. Vapors can also affect
plasmons by preferentially binding to either the metal or the
J-aggregate and altering the surrounding permittivity. Taking
this into consideration, vapor phase systems are an ideal plat-
form for demonstrating a proof-of-concept plexcitonic sensor.

To demonstrate the sensing capabilities of the AuNI/J-
aggregate hybrid, the plexcitonic film was exposed to hydro-
chloric acid (HCl) vapor and the temporal evolution of Rabi
splitting was monitored. A schematic of the experimental
setup can be seen in figure S1 in the supporting information.
Three concentrations (10 M, 5 M and 2.5 M) were selected to
demonstrate three regimes of sensing as shown in figure 4. At
very high concentrations (figure 4(a)), the Rabi splitting can be
seen to disappear completely after 5 min of exposure. This is
likely caused by the oxidation of the J-aggregate in response
to the corrosive vapor, resulting in a reduction of oscillator
strength and loss of coupling. As exposure time increases, the
overall profile of the spectrum blue shifts, and what appears
to be the upper resonance begins to dominate. Interestingly,
the profile does not revert back to the uncoupled LSPR posi-
tion, and a weak shoulder feature is preserved. At intermediate
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concentrations (figure 4(b)), the Rabi splitting is reduced sig-
nificantly after 5 min, however the upper and lower resonances
are still clearly distinguishable. Further exposure results in a
slight blue-shifting of the overall profile. At low concentra-
tions (figure 4(c)), Rabi splitting remains unchanged even after
40 min of exposure. Despite this, a slight broadening of the
upper and lower resonance can still be observed as exposure
time increases. Follow up investigations are needed to elucid-
ate these findings.

The stability and longevity of the AuNI/J-aggregate hybrid
appear to be most sensitive to factors that directly influence
the J-aggregate oscillator strength, such as the concentration
of corrosive vapor or photodegradation. Long term stability
experiments were performed to assess the stability of the plex-
citonic hybrid in ambient conditions and in the absence of
light. Remarkably, it can be seen that the strong coupling
remains largely preserved even after 60 d of storage in dark
ambient conditions (figure S8(a)). In contrast, storage in ambi-
ent lighting conditions results in significant loss of coupling
after only three days (figure S8(b)). This is unsurprising due
to the well-known photostability issues of organic semicon-
ductors; however, these results highlight the sensitivity of the
AuNI/J-aggregate plexcitonic sensor to changes in oscillator
strength. Further investigations are needed to understand how
selective perturbation of the plasmon frequency influences the
plexcitonic coupling of the hybrid nanostructure. Nonetheless,
these results highlight the possibility of the AuNI/J-aggregate
plexcitonic system as a novel platform for optical sensing.

It is worth noting that a more ideal quantum sensor would
consist of a single gold nanoisland in contact with a monolayer
of J-aggregates, whose optical sensing characteristics can be
observed using near-field scanning optical microscopy. In a
single nanoisland, inhomogeneous broadening can be ignored
and only intrinsic damping would be considered, resulting in
a narrower linewidth and improved coupling. Furthermore, a
J-aggregate monolayer would increase sensitivity due to the
absence of uncoupled J-aggregates from the bulk film, which
may currently act as a protective barrier, reducing sensitivity.

4. Conclusion

In summary, we report a novel platform for tunable, scalable,
device-friendly plexcitonic structures consisting of thermally
dewetted gold nanoislands coated with a thin film of J-
aggregates. The AuNI/J-aggregate hybrid system displayed
anti-crossing behavior with an estimated Rabi splitting as large
as 180 meV, which is markedly improved from other solid-
state configurations based on drop casting and self-assembly.
As a proof-of-concept, the plexcitonic hybrid was demon-
strated as a Rabi splitting based optical gas sensor using HCl
vapor as the analyte, highlighting its potential use in device-
based applications. The demonstration of reproducible and
tunable solid-state plexcitonic coupling using lithography-free
processes represents a remarkable step from an accessibility
and commercial standpoint. Not only does this allow for easier
integration of plexcitons into real devices, but it also facilitates
the development and prototyping of novel plexcitonic devices,

paving the way for new opportunities in applying strong coup-
ling phenomena.
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