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The role of Rabi splitting tuning in the dynamics of
strongly coupled J-aggregates and surface
plasmon polaritons in nanohole arrays

Hai Wang,®® Andrea Toma,*® Hai-Yu Wang,*® Angelo Bozzola,? Ermanno Miele,?
Ali Haddadpour,“® Georgios Veronis,““ Francesco De Angelis,® Lei Wang,?
Qi-Dai Chen,” Huai-Liang Xu,” Hong-Bo Sun*® and Remo Proietti Zaccaria**®

We have investigated the influence of Rabi splitting tuning on the dynamics of strongly coupled J-aggre-
gate/surface plasmon polariton systems. In particular, the Rabi splitting was tuned by modifying the
J-aggregate molecule concentration while a polaritonic system was provided by a nanostructure formed
by holes array in a golden layer. From the periodic and concentration changes we have identified, through
numerical and experimental steady-state analyses, the best geometrical configuration for maximizing
Rabi splitting, which was then used for transient absorption measurements. It was found that in transient
absorption spectra, under upper band excitation, two bleaching peaks appear when a nanostructured
polaritonic pattern is used. Importantly, their reciprocal distance increases upon increase of J-aggregate
concentration, a result confirmed by steady-state analysis. In a similar manner it was also found that the
lifetime of the upper band is intimately related to the coupling strength. In particular, we argue that with
strong coupling strength, i.e. high J-aggregate concentration, a short lifetime of the upper band has to be
expected due to the suppression of the bottleneck effect. This result supports the idea that the dynamics
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Introduction

Matter-light interaction is surely one of the most fundamental
processes occurring in nature, and the interaction between
molecular excitons and surface plasmon polariton (SPP)
modes is one of its most effective forms. When the interaction
is weak, the wave function of molecules and the SPP modes
can be treated as unperturbed, only leading to modification of
the spontaneous emission rate. On the other hand, when the
interaction is strong enough, upon light irradiation a revers-
ible energy is exchanged between the excitons and SPP modes
at a rate faster than their respective damping processes. The
result is the formation of a hybrid"? exciton-SPP state: the
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of hybrid systems is profoundly dependent on Rabi splitting.

system is in a strong coupling regime.*® The new state is
formed by two energy bands (upper and lower band) separated
by an energy value known as the Rabi splitting energy AQgy
(g, the energy exchange rate between the hybrid bands). The
hybrid state is characterized by the mixed properties of mole-
cules and SPPs, which is similar to the behaviour of polaritons
in an optical microcavity.""® Such an intrinsic peculiarity
makes hybrid states interesting for both fundamental research
and applications. It has been demonstrated that the strong
coupling with organic molecules can display a very large
vacuum Rabi splitting (up to 700 meV with SPPs; more than
1 eV in a cavity), comparable to a significant fraction of the
molecular transition energy.'>'”'® The strong modification of
the energy levels of the hybrid system has been used to tune
chemical reaction rates’® and the work function of organic
materials.”® In particular, due to the bosonic character of the
hybrid states, non-equilibrium Bose-Einstein condensation
has been observed at room temperature.* From a dynamics
perspective, the Rabi oscillations between J-aggregate mole-
cules and SPPs have been recently measured in real time on a
10 fs timescale,** the first step towards the realization of next
stage nano-plasmonic devices, such as all-optical switches and
low threshold nanolasers."”**** The choice of this kind of
molecule is dictated by the need for realizing strong coupling.
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Indeed, according to the definition, strong coupling is
achieved if the Rabi splitting is wider than the linewidths of
both the SPP mode and the molecule absorption resonance. In
this regard, J-aggregates show a narrow absorption band,
much narrower than standard dye molecules (such as Rhod-
amine 6G, Sulforhodamine 101, Rhodamine 800, Nile red and
beta-carotene) which instead are characterized by inhomogen-
eously broad spectra.

In the absence of dissipation, the Rabi splitting energy 70y
(i.e. the coupling strength) of an individual two-level oscillator
at resonance with the SPP vacuum field E, is given by:*®

o = h
hQy =2 - d\/ngn T 1 = 2, /ﬁd,/nph 1
€0

where d is the molecular transition dipole moment of the two-
level oscillator, Aw is the SPP resonance energy, &, is the
vacuum permittivity, V is the modal volume and 7, refers to
the number of photons in the system. Importantly, energy
splitting can still exist even under zero photon conditions, that
is np, = 0. This is indeed known as vacuum Rabi splitting
(h€yrs), attributed to electromagnetic vacuum fluctuations. In
particular, quantum theory predicts that 2Qygs is proportional
to the square root of the absorbance which, in turn, is pro-
portional to the concentration /N/V,*® where N is the
number of oscillators in the modal volume V. Hence, increas-
ing the molecule concentration, namely confining the mole-
cules into a smaller volume, is an effective way to increase the
coupling strength.

In recent years there has been a great deal of effort towards
understanding the dynamics of strongly coupled systems by
transient spectroscopy experiments.”>*°° It has been demon-
strated that the lifetime of the upper hybrid band in exciton-
SPP systems can be much longer than the life of bare excited
molecules. It was suggested that this result can be caused by a
trap state observed in the upper band>**® or by the blockage
of the vibrational relaxation modes due to the large Rabi
splitting.*** In this work, we report a comprehensive spectro-
scopic study of a prototypical SPP-molecule hybrid structure
consisting of a gold nanoholes array coated with different con-
structions of J-aggregate molecules. The dynamics of the afore-
mentioned system is revealed by an ultrafast pump-probe
approach under resonant excitation. We demonstrate that the
upper hybrid band shows a reduced lifetime upon increasing
of the coupling strength.

Sample fabrication

The samples were fabricated through the deposition of
200 nm of gold on a CaF, substrate followed by the milling of
the holes array by focused ion beams (FEI/Helios Nanolab
650). The total patterned area is 200 x 200 pm?®. The ratio
between the periodicity and the hole diameter was kept at
2.5 while the period was varied from 260 to 360 nm. After-
wards, the samples were coated with a 300 nm thick layer of
J-aggregate molecules, previously dispersed in liquid PVA
(polyvinyl alcohol) with five different concentrations (from 0.5
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Fig. 1 Experimental absorbance spectra, at different concentrations of
J-aggregate molecules, dispersed inside a 300 nm thick PVA film (solid
lines). Normalized-to-area transmission spectrum of a gold hole array
(period = 310 nm, white bar in the SEM image) covered with a 300 nm
thick PVA film showing the broad SPP feature (gray dashed line). The low
and high wavelength peaks correspond to the SPP orders (1,1) and (1,0),
respectively. Inset: SEM image of the nano-patterned gold layer. Light is
impinging from the top with normal incidence.

to 4 mg mL™"). To determine the absorbance of the J-aggregate
film, samples with no gold layer were fabricated; the corres-
ponding absorbance spectra are shown in Fig. 1 together with
the scheme of the overall structure. The dye used in the experi-
ments was 3,3-disulfopropy1-5,5’-dichloro-9-ethylthia-carbocya-
nine triethylammonium salt (Thia; Hayashibara Biochemical
Laboratories, Inc.), which has a sharp absorbance at 623 nm
due to its large transition dipole moment upon J-aggregation.
Such a feature is particularly suitable to achieve strong coupling
with SPPs. In order to prevent oxidization, the samples were
sealed by a glass slide under a nitrogen environment in a glove
box with an oxygen concentration lower than 0.1 ppm.

Numerical simulations

The numerical simulations were based on the Rigorous
Coupled Wave Analysis (RCWA) method.*> This numerical
approach uses the concept of a unit cell to handle both 2D
and 3D periodic structures and is specifically tailored for
multilayer structures. The unit cell definition can have arbi-
trary geometry and the index distribution can consist of both
standard dielectric materials and dispersive/lossy materials
such as metals. The electromagnetic input can be an incident
plane wave with arbitrary direction and polarization. Various
simulation results can be outputted including far field com-
ponents such as absorption, reflection and transmission. In
particular, the latter quantity was utilized for a straight com-
parison with the experimental data.

The gold permittivity was described following the model in
Alabastri et al.,*® while PVA and CaF, permittivities were taken
equal to 2.25 and 2.045, respectively, for all the wavelength
spectrum of interest. The J-aggregate permittivity is described
by a Lorentz oscillator model with the main resonant energy at
1.99 eV, as reported by Wurtz et al.’” In order to match the
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short-wavelength tail of the experimental absorption spectra the SPP orders (1,1) and (1,0).>®**° As illustrated in Fig. 1, the
(see Fig. 1), we slightly modified this simple model by adding (1,0) SPP mode overlaps the absorbance peaks of the J-aggre-
a second oscillator at 2.16 eV. gate molecules, shown at different concentrations, with the

Finally, the impinging light was considered normal to the result of maximizing the coupling strength. In Fig. 2a are
top surface with linear polarization directed along the shortest plotted the simulated normal incidence transmission spectra
distance between two adjacent holes. for a series of gold hole arrays, characterized by different
periodicities, covered by a 300 nm thick J-aggregate/PVA film
(the latter manifesting an absorbance of 1.40 at 623 nm, as
Periodic metallic hole arrays have the capability to convert shown in Fig. 1). Similarly, in Fig. 2b are illustrated the corres-
impinging radiation into SPPs modes resulting in a remark- ponding experiment. As can be observed, the original plasmon
able field confinement at the metal surface. Owing to the peri- peak illustrated in Fig. 1 (gray dashed line) splits into two
odic pattern of the array, the desired SPP mode can be chosen bands. In particular, in Fig. 2c and d (numerical simulations
by tuning the period thus to match the absorbance peak of the and experimental characterization, respectively) the dis-
J-aggregates. Upon normal incidence radiation, the trans- persion of the two bands is plotted as functions of both the
mission spectrum of the gold holes array with a period of holes array period from 260 nm to 360 nm and absorbance,
310 nm (gray dashed line) shows two peaks corresponding to  and the result shows the characteristic feature of strong coup-

Static measurements
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Fig. 2 (a) Simulated transmission spectra of a set of gold hole arrays (period from 250 nm to 350 nm as indicated by the arrow) covered by a
300 nm-thick PVA film doped with J-aggregates (chosen concentration such as the absorbance is 1.40 at 623 nm — see Fig. 1 black curve). (b)
Experimental normalized-to-area transmission spectra of a set of gold hole arrays (period from 260 nm to 360 nm as indicated by the arrow)
covered by a 300 nm-thick PVA film doped with J-aggregates (chosen concentration such as the absorbance is 1.40 at 623 nm — see Fig. 1 black
curve). The two dashed lines highlight the shift of the lower and upper bands. (c) Simulated energy dispersion curves associated with three J-aggre-
gate doped samples at different concentrations: 1.40 (blue and red triangles), 0.70 (light blue and pink squares) and 0.14 (green and violet stars). The
gray dots represent the simulated dispersion curve for the J-aggregate-free (undoped) configuration. (d) Experimental energy dispersion curves
corresponding to the undoped sample (no J-aggregate molecules, only gold holes array and PVA; gray dashed line) and to three different samples,
doped with J-aggregates, showing absorbance of 1.40 (blue and red triangles), 0.70 (light blue and pink squares), and 0.14 (green and violet stars)
calculated at 623 nm. These three values of absorbance were obtained by tuning the period of the holes array from 260 nm to 360 nm. The horizon-
tal black dotted line corresponds to the J-aggregate 623 nm absorbance energy.
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ling: the anticrossing of energies. An optimal Rabi splitting of
245 meV was experimentally measured at the resonance period
of 310 nm for a concentration corresponding to an absorbance
equal to 1.40. The dispersion curves for lower concentrations
of J-aggregates are also represented in the figures. The
decrease of the energy splitting magnitude upon lowering the
J-aggregate concentration is clearly shown. In particular,
J-aggregate/PVA film absorbances of 0.70 and 0.14 correspond
to Rabi splitting of 161 meV and 99 meV, respectively.

In Fig. 3a and b, the former corresponding to simulations
the latter to experiments, is highlighted the behaviour of Rabi
splitting as a function of the absorbance for the resonant
period of 310 nm and under normal incident radiation. A
remarkable match is noticed between the two figures. The
observed Rabi splitting displays a linear dependence on the
square root of the J-aggregate absorbance (Fig. 3¢ simulations,
Fig. 3d experiment) which, in turn, depends on the molecule
concentration. Thus, the Rabi splitting observed in the normal
transmission spectrum follows a \/N/V dependence, which is
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consistent with previous experimental results and the
quantum theory description of strong coupling.>'® Above all,
static measurements have clearly indicated that the hybrid
system is in a strong coupling regime. To gain further insight
into the corresponding dynamics of such a hybrid system with
different coupling strengths, extensive studies were focused on
transient absorption spectroscopy.

Transient absorption experiments

Femto-second transient absorption (TA) spectroscopy was
carried out with a 100 fs laser pump-probe setup®®™*> based
on a mode-locked Ti:sapphire laser/amplifier system (Solstice,
Spectra-Physics). The amplified output from the regenerative
amplifier (RGA, Spitfire, Spectra Physics), showing a 250 Hz
repetition rate with a pulse energy of 1.5 mJ, 100 fs pulse
width and 800 nm wavelength, was split into two parts. The
strongest signal was used to generate the desired excitation
pulse at 560 nm through a TOPAS system; the weakest part was
focused on a sapphire substrate to generate a broadband white
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Fig. 3 (a) Simulated transmission spectra of gold holes array (period = 310 nm) upon increasing of the J-aggregate concentration (absorbance
from 0.14 to 1.40 calculated at 623 nm). (b) Experimental characterization as in (a). (c) Simulated Rabi splitting values as a function of the square root
of the J-aggregate molecule absorbance. The chosen period is 310 nm. (d) Corresponding experimental Rabi splitting.
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light, from 450-800 nm, used as probe pulses. The two beams
were orthogonally and collinearly recombined by a dichroic
mirror, and focused on the sample at normal incidence
through a microscope objective (NA 0.75, magnification 10). Of
particular note is that, due to the chromatic aberrations, the
focal planes of the pump and probe beams are indeed
different. In this regard we had to apply a procedure to opti-
mize the focusing of the probe beam. Otherwise, the pump
would be out of focus thus providing a spatially uniform exci-
tation pulse larger than the probed area. Finally, the reflected
light from the sample was collected by the same objective and,
by blocking the excitation light through a filter, the transient
absorption data were collected by using a fibre-coupled sensi-
tive spectrometer (Avantes AvaSpec-2048 x 14). The detection
window was from 575 nm to 800 nm due to the blockage of
the probe light by the dichroic mirror. To be noted is that the
group velocity dispersion of the transient spectra was compen-
sated by a chirp program.

In TA experiments we measured the variation of the optical
density AOD, here defined as —10g(Rpump,probe/Rprobe), Where
Rpump,probe is the reflection of the probe laser right after the
pump signal has hit the sample, namely the sample reflection
upon perturbation induced by the pump laser. Similarly, the
Rprobe describes the probe reflectivity under conditions far
from the pump excitation. The three highest J-aggregate con-
centration samples, with absorbance values of 1.40, 1.10 and
0.70 calculated at 623 nm, were chosen for TA measurements.
In Fig. 4a is shown the response of the reference sample,
formed by J-aggregate/PVA spin-coated on a flat gold film, ir-
radiated with a 560 nm laser pulse (upper band excitation). The
result is a positive signal around 610 nm, which is attributed to
excited state absorption, while the narrow negative signal at
623 nm, which is consistent with the steady-state absorption
spectrum of Fig. 1, corresponds to the ground state bleaching of
J-aggregates. As can be seen in Fig. 4b, the normalized bleach-
ing kinetics associated with the three aforementioned absor-
bance values show very similar behaviour, namely fast decay,
with no apparent dependence on the J-aggregate concentration.

The next step was to perform TA experiments on hybrid
systems formed by gold hole arrays (period = 310 nm) covered
by a film of PVA and J-aggregates at different concentrations
(thickness of the film around 300 nm). Similarly to the experi-
ment shown in Fig. 4, the samples were pumped by a pulsed
laser at 560 nm corresponding to the upper hybrid band exci-
tation. However, with respect to the reference sample of Fig. 4,
the transient absorption spectra of the hybrid system show
totally different features. Indeed, in Fig. 5, all three transient
spectra are characterized by two bleaching signals (to be noted
that due to the limitation of the detection window only a small
part of the upper bands can be clearly detected). Especially for
the highest J-aggregate concentration sample (absorbance
1.40), the upper band undergoes a strong blue-shift pushing it
almost out of the detection window due to the very large Rabi
splitting. Regardless, clear evidence of the existence of lower
and upper bands is provided by all the considered
concentrations.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

(@) Excitation @ 560 nm

- Excited state
absorption

0.05

0.00

{

o
O -0.05
<

-0.10
Bleaching

" P |
600 65 700 750
Wavelength (nm)

-0.15

(b) Excitation @ 560 nm
1.0F 7

—a— Abs.=0.70
-8— Abs.=1.10
-— Abs.=1.40

Normalized AOD

100 1000
Time (ps)

Fig. 4 (a) Transient absorption spectra of J-aggregates (absorbance of
1.10 at 623 nm) on a flat gold film. The spectra were recorded at 0.3, 1,
2, 3,5 20, 100 and 1000 ps. (b) Normalized bleaching dynamics of
J-aggregates on a flat gold film at 623 nm with different concentrations
(measured from reference samples with no gold layer). For both figures,
a 560 nm excitation was considered (upper band excitation). AOD:
optical density variation.

For J-aggregate concentrations with absorbance values of
1.10 and 1.40 (Fig. 5a and b), a positive signal associated with
thermal effects®® is observed between the two bleaching
minima. Indeed, in the proposed configuration the resonant
pump laser brings the system to an excited condition where
the energy is shared and oscillates between the SPP modes
associated with the gold nanoholes array and the excited state
of J-aggregates. This leads to the hybrid states appearing in the
TA spectra once the probe laser shines into the system. In the
first moments, after the pump laser hits the sample (<1 ps),
the system undergoes dephasing of the SPP resonances,
namely the excited electrons tend to thermalize via electron-
electron scattering. This phenomenon determines the creation
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Fig. 5 Transient absorption spectra of PVA/J-aggregates with different
concentrations ((a), (b), (c) corresponding to absorbance of 1.40, 1.10
and 0.70, respectively) deposited on a gold holes array under 560 nm
excitation. The period of the array is taken to be equal to 310 nm. The
PVA thickness is around 300 nm. The spectra were recorded at 0.5, 1, 2,
3,5, 20, 100 and 1000 ps. AOD: optical density variation.
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of new energy levels which will contribute to the absorption of
probe photons, namely the transmission of the probe pulse is
reduced with respect to the initial completely coherent (before
dephasing) coupled hybrid system. In turn, this means a posi-
tive peak in the TA measurements.

However, by considering the amplitude of the thermal peak
with respect to the overall spectra, we can argue that at these
concentrations the hybrid system is probably dominated by a
SPP-related non-thermal process. With the J-aggregate concen-
tration decrease, the lower and upper bands gradually overlap
with each other due to the Rabi splitting decrease (Fig. 5c);
meanwhile the small positive signal submerges in the bleaching
signals. Hence, for all the three samples under resonant
560 nm excitation, the dynamics of the hybrid systems is domi-
nated by a SPP-related non-thermal process, in which the photo-
physics nature of strong coupling can be directly reflected.

In order to highlight the shift associated with different
J-aggregate concentrations, the spectra recorded at 0.5 ps are
shown in Fig. 6 for all three concentrations. The observed shift
of the lower band (the upper band falls outside the detection
window) confirms that the Rabi splitting increases with the
J-aggregate concentration. This result is consistent with the
static measurements shown in Fig. 3a.

The kinetics of the lower (Fig. 7a) and upper (Fig. 7b)
hybrid bands with different coupling strengths (i.e. J-aggregate
concentration) are compared with the kinetics of J-aggregates
on a flat gold film and a flat glass substrate. The choice of
materials is dictated by the need for ruling out any kind of
strong coupling which might also occur between J-aggregates
and a flat gold film. In particular, due to the detection window
limitations, the upper band of the highest J-aggregate concen-
tration sample (absorbance 1.40) cannot be detected. For the
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Fig. 6 Transient absorption spectra recorded at 0.5 ps for PVA/J-aggre-
gates deposited on a gold holes array with period equal to 310 nm.
Three different concentrations are considered. The lower band red shift
is highlighted by the gray dashed line. Excitation: 560 nm. AOD: optical
density variation.
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Fig. 7 Comparison between normalized bleaching dynamics of PVA/
J-aggregates with different concentrations on gold hole arrays. (a)
Lower hybrid bands, (b) upper hybrid bands measured at the detection
window edge (580 nm). The normalized bleaching dynamics of PVA/
J-aggregates (absorbance 1.40) on a flat gold film at 623 nm is shown as
reference (gray dot line). Similarly, the figures also show the normalized
bleaching dynamics of PVA/J-aggregates on a glass substrate with
different concentrations (color dot lines). The excitation source is equal
to 560 nm. AOD: optical density variation.

other two samples (absorbance 0.70 and 1.10) the kinetics of
the upper bands are taken at the detection window edge,
namely 580 nm. The results clearly show that the hybrid bands
have longer lifetimes than the bleaching recovery of J-aggre-
gates on flat gold films and glass substrates. Furthermore,
Fig. 7 also shows that the kinetics of the hybrid exciton-SPP
state is significantly affected by the J-aggregate concentration,
namely the coupling strength. Indeed, the lifetime of both
hybrid bands is reduced by increasing the coupling strength
(higher J-aggregate concentration). This result is of particular
interest especially when compared to the behaviour of J-aggre-
gates on a flat gold film where no dependence on the
concentration was detected, as shown in Fig. 4b (similar con-
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siderations also apply to J-aggregates on the glass substrate, see
Fig. 7). This behaviour can be explained by taking into account
the phonon bottleneck effect, the phenomenon responsible for
suppressing vibrational relaxation levels, as already demon-
strated in semiconductor quantum dots** and also demon-
strated in strongly coupled hybrid systems as a result of the large
Rabi splitting.>® Indeed, under pump laser excitation the
population density of plexitons (i.e. combination of plasmons
and excitons) in hybrid bands increases with the concentration
of J-aggregates (the amplitude of the bleaching signal is pro-
portional to the J-aggregate concentration). With high popu-
lation density, the interaction among plexitons is expected to
be especially significant, which in turn means that energy is
released to build up the population of phonons associated
with different energies. These new energy levels will then rep-
resent a channel for a relaxation from the upper to the lower
hybrid band and further to the ground state (namely removal
of the bottleneck effect). Such behaviour is consistent with the
bottleneck suppression found at high pump powers,* in
which a higher population density can be created. Thus we
suggest that the bottleneck relaxation mechanism can also
play an important role in the dynamics of SPP-related systems
and is strongly suppressed in hybrid structures with large Rabi
splitting values (i.e. high dye concentration). This explains why
the lifetime under high dye concentration approaches (i.e.
shorten) the behaviour of the dye on top of a flat metal layer or
glass substrate.

Conclusions

We have shown that strong coupling can occur between
J-aggregate molecules and SPPs supported by gold nanohole
arrays. We have investigated the dynamics of the formed
hybrid state with different coupling strengths by using a
femto-second pump-probe approach. Under upper band reso-
nant excitation, two distinctive bleaching bands appeared in the
transient absorption spectra showing an increased Rabi split-
ting upon increase of the concentration of J-aggregate mole-
cules. This result was indeed confirmed by static
measurements. Furthermore, the non-thermal kinetics of the
hybrid state indicates that the upper band has an intrinsic long
lifetime that depends on the Rabi splitting values as well. Our
measurements suggest that the phonon bottleneck relaxation
mechanism might play an important role in SPP-related
dynamics processes. With stronger coupling strength, the
bottleneck effect is suppressed, leading to a shorter lifetime of
the upper hybrid band. This indicates that the coupling
strength alters the dynamics of the hybrid system and offers
new insights into the intrinsic photophysics of strong coupling.
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