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Hybrid-State Dynamics of Dye Molecules and Surface
Plasmon Polaritons under Ultrastrong Coupling Regime

Hai Wang, Hai-Yu Wang,* Qi-Dai Cheng, Huai-Liang Xu, Hong-Bo Sun,*
Fangcheng Huang, Waseem Raja, Andrea Toma, and Remo Proietti Zaccaria*

The achievement of an ultrastrong coupling regime between surface plasmon
modes generated by gold conical pits arrays and excitons associated to
squaraine dye is demonstrated. Numerical and experimental steady-state
reflection measurements demonstrate a remarkable Rabi splitting of 860 meV,
to date the largest reported value involving surface plasmon modes.
Furthermore, the dynamics of the hybrid states under the ultrastrong coupling
regime is investigated by transient absorption spectroscopy. The results show
that the upper bands are too short-lived to be detected, while the lower bands
have a relatively shorter lifetime with respect to the bleaching recovery of pure
squaraine dye. This result contradicts the behaviour of systems in strong
coupling regimes, suggesting a different photophysics between strong and

ultrastrong coupled systems.

1. Introduction

Among the many research fields which have found a new youth
due to the advancements in nanotechnology, surely takes its place
the study of the interactions between light and matter.” These
interactions can be classified into two different regimes based on
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their strength: weak and strong coupling.
In particular, the weak coupling regime
describes the situation where the en-
ergy levels of the material remain essen-
tially unaltered. The interaction with light
only modifies the spontaneous emission
rate, while the emission frequency is
unchanged.®¥ On the other hand, the
strong coupling regime describes a light-
matter interacting system where a re-
versible energy exchange between elec-
tromagnetic modes (light) and electronic
levels (matter) will take place before any
dissipation or decoherence process can
occur.>% Under this regime, the mat-
ter wavefunctions and electromagnetic
modes are in a coherent superpositions,
leading to two hybrid light-matter states with intriguing proper-
ties, capable of leading for example to thresholdless lasing,!!-14
to the possibility to achieve Bose—Einstein condensation at high
temperatures™® or for the realization of quantum entangled
states. At resonance, the energy gap between the hybrid states
is known as Rabi splitting. To date, various approaches includ-
ing optical microcavity and surface plasmon polaritons (SPPs)
have been used to demonstrate strong coupling with J-aggregates
molecules,!'*2% dye molecules?'** and quantum dots.[2+-2¢

Recently, with the introduction of photochromic molecules
and organic semiconductors with inhomogeneous broadened
absorption spectra, the light-matter interaction entered a com-
pletely new regime, in which the Rabi splitting values are re-
markably enhanced. In the so-called ultrastrong coupling regime,
the Rabi splitting energy becomes an appreciable fraction of
the exciton transition energy, which has been experimentally
and theoretically observed in a variety of systems.”’-% A Rabi-
splitting of 700 meV was firstly observed in a microcavity sys-
tem by employing photochromic molecules.””) Since then, giant
Rabi-splitting values exceeding 1 eV were reached with organic
semiconductors.”*?’) Meanwhile, ultrastrong coupling was also
achieved through the interaction of matter with SPPs. The ob-
served Rabi splitting was comparable to the value obtained in the
microcavity. Cacciola et al.?% reported a giant Rabi splitting of
780 meV in nanoshells constituted by a core of organic molecules
surrounded by a nanometric shell. Indeed, plasmonic structures
can tightly trap light at the surface of a metal, which leads to a
strongly confined and enhanced local field.B! As alternative to a
microcavity, SPPs provide an easily integrated and ultracompact
platform for achieving strong coupling.
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Figure 1. a) Fabrication scheme of the ultrastrong coupled hybrid system:
1. funnel-like shape of the conical pits array fabricated on ITO (100 nm);
2. gold layer deposition (200 nm); 3. spin-coating of SQ dye. b—c) SEM
images of the conical pits array on ITO glass without and with Au layer,
respectively. d) 52°-tilted SEM images of the template-stripped Au conical
pits array. €) Scheme of the structure for the numerical calculation used to
determine the reflection profiles.

In ultrastrong coupling regime, the electronic structures of the
molecules are significantly modified, with consequences such
as ground state energy shift and work function tuning.?? The
strength of the interaction between light and matter is of the
same order of magnitude as the frequency of the electronic levels
in exciton-like materials or the resonance frequency of the elec-
tromagnetic modes. This characteristics implies that the Rotating
Wave Approximation (RWA) usually employed for strongly cou-
pled system is no longer applicable to the ultrastrong regime.[*!
Hence, in such a situation, the photophysics of the hybrid states
cannot be predicted from a conventional picture. Furthermore,
experiments on the dynamics of ultrastrong coupling systems are
still relatively scarce. Therefore, in order to improve the under-
standing on the kinetics of the hybrid states under ultrastrong
coupling, time-resolved spectroscopy experiments should be car-
ried out.

In the present work, ultrastrong exciton-plasmon coupling in
squaraine dye filled gold nanoholes array is investigated both
from a static and dynamic point of view. A Rabi splitting energy
of 860 meV, corresponding to =~50% of the exciton transition en-
ergy, is observed in steady-state reflection measurements. More-
over, transient absorption experiments were performed to under-
stand the dynamics of the ultrastrong coupled exciton-plasmon
states. Itis found that the lower hybrid band is characterized by a
shorter lifetime than the uncoupled exciton states, phenomenon
which can be attributed to the very strong radiative damping of
SPPs modes.

2. Experimental Section and Simulation

The fabrication process of the ultrastrong hybrid system is shown
in Figure 1a. First, a square-like array of conical pits was milled
by means of a focused ion beam in a 100 nm thick ITO substrate
on top of glass. Afterwards, a 200 nm Au thick film was coated
on the ITO substrate by electron beam evaporation. The period
of the conical pits array was between 300 and 400 nm, covering a
total area of 50 x 50 um?. Scanning electron microscope (SEM)
images of a typical conical pits array fabricated in the ITO sub-
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strate before and after Au deposition are shown in Figure 1b and
1c, respectively. In the figures, the top diameter of the conical pits
after Au deposition is equal to 100 nm, while the apex diameter
(about 60 nm) was measured by template-stripping process,’** by
which the Au conical pits can be easily stripped off to a cured pho-
topolymer film as shown in Figure 1d. The Au-engraved periodic
conical pits, which provide the necessary momentum matching
condition, actlike antennas to couple the incident light into SPPs.
In particular, the resonant wavelength can be tuned by acting
on parameters such as the period, the incident angle and sur-
rounding material. In this regard, after covering the Au layer with
dichloromethane (DCM, refractive index 1.424), the experimen-
tal reflection spectra of the structure are shown in Figure 2a. Im-
portantly, all reflection spectra shown in this work have under-
gone a normalization procedure with respect the reflection from
unpatterned gold film. This choice was adopted to mitigate the
unphysical reflection increase observed at low wavelengths, in
fact due to the limited bandwidth of the adopted lamp and to the
scarce reading capabilities below 475 nm. Regardless, we shall
stress that this effect is however negligible with respect the obser-
vation of strong/ultra-strong coupling regime, as it only affects
the hybrid peaks (at low wavelengths) amplitude but not their
spectral position.

In Figure 2a a pronounced reflection peak, associated to the
SPPs resonance, is observed for each conical pits array. The
SPPs resonance can be tuned from 580 to 650 nm by modify-
ing the structure period between 300 and 400 nm. Importantly,
the SPPs resonance range matches with the broad absorbance
spectrum of squaraine (SQ; 2,4-Bis[4-(N,N-diisobutylamino)-2,6-
dihydroxyphenyl) dye which was chosen as active layer. Indeed,
owing to the large oscillator strengths,* SQ dye is considered
an ideal candidate for reaching ultrastrong coupling regime. To
avoid degradation by oxygen, the sample formed by SQ-DCM-
plasmonic conical pits array was sealed by a quartz slide under
nitrogen environment in glove box with an oxygen concentration
lower than 0.1 ppm.

In Figure 2b are shown the corresponding numerical reflec-
tion spectra, calculated by employing the RCWA method. In par-
ticular, periodic boundary conditions are assumed in the in-plane
(X-Y) directions with the light impinging along Z direction, as
shown in Figure 1le. The gold refractive index is taken from Al-
abastri et al.’>3% Importantly, experimental and numerical re-
sults show a remarkable matching with respect to the position
and the shift of the reflection peak. The discrepancy at low wave-
lengths is likely due to the choice of infinite DCM layer in the
simulations, different from the actual experimental condition.

3. Results and Discussion

3.1. Steady-State Optical Properties of the Ultrastrong Coupled
Hybrid States

In Figure 2 the hybrid system is indeed analyzed through steady-
state reflection measurements performed at normal incidence
angle using un-polarized light. In particular, the black curve of
Figure 2c represents the relative reflection spectrum of a SQ dye
layer spin-coated on a flat Au film taken as reference sample.
As mentioned, the reflection spectra are always normalized with
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Figure 2. a—b) Respectively experimental and numerical reflection spectra of Au conical pits arrays covered by dichloromethane (DCM). The lattice period
is tuned from 300 nm to 400 nm. c) Reflection spectra from flat gold film (black line) and from Au conical pits arrays (coloured lines) with period from
300 nm to 400 nm all covered by a layer of SQ. The gold thickness is 200 nm. The black squares represent the minima of the corresponding numerical
simulations. From (a) to (c), the reflection spectra are normalized with pure flat gold film. d) Experimental energy dispersion curves corresponding
to the Au conical pits array covered by SQ (black and red triangles, respectively upper and lower hybrid bands) and by DCM (gray dashed line, SPPs
resonances as in a). In the background is shown the experimental (pink shadow) and numerical (green/square line) absorbance of SQ dye deposited

on top of a glass layer.

respect to unpatterned flat gold film, in order to exclude the influ-
ence from the absorption of the film.”I The role of DCM was here
neglected owing to its evaporation occurring after spin-coating.
The curve is characterized by a main peak at 715 nm, associated
to the absorbance peak of SQ (=1.8 eV, see Figure 2d), and by a
wide line-width from 500 nm to 750 nm. Afterwards, the relative
reflection spectra of the hybrid system formed by SQ dye and dif-
ferent periods of Au conical pits arrays were measured. In each
spectrum (coloured curves) three peaks are clearly visible. Simi-
larly to the balck curve, the peak at 715 nm is related to the uncou-
pled SQ dye, indeed it does not show any shift with the tuning of
the period. Since the area associated to the Au flat zone increases
with the period, it is expected a 715 nm peak intensity increase
moving from 300 to 400 nm period, as confirmed by the figure.
Furthermore, for each period, two extra peaks on both sides of the
uncoupled SQ dye reflection peak are shown in the figure, corre-
sponding to the hybrid states formed by the interaction between
the SQ dye and SPPs. It is worth noting that the energy difference
between the two peaks is larger than both the width of the SPPs
refection band (Figure 2a) and SQ dye absorbance spectrum, sug-
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gesting that the hybrid system reaches indeed strong coupling
regime.l¥] Another important observation is about the possibil-
ity that the aforementioned energy difference between the two
peaks could be instead explained with Davydov splitting. In fact,
based on molecular exciton coupling theory, SQ dye may also lead
to band splitting known as Davydov splitting.?**% In particular,
if present this event should occur also in the reference sample,
i.e. in the sample formed by SQ deposited on a flat gold film.
Our experimental observations do not however support this sce-
nario, as no splitting is observed in the black curve of Figure 2c.
In the same figure are also illustrated the reflection minima as-
sociated to the lower and upper bands obtained from the numer-
ical simulations (black square dots), showing a very good match
with the experiments. Similarly to Figure 2b, 3D-RCWA method
was employed here as well. In this regard, the optical properties
of the SQ dye were retrieved by its experimental absorbance, as
demonstrated by the comparison between the pink/shadow pro-
file (experimental) and the green/square dots line (numerical) of
Figure 2d. Importantly, this figure also highlights an extra signa-
ture of the ultrastrong coupling regime occurring between SPPs

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and the SQ dye, that is the flat-looking anti-crossing behaviour,
namely an evident flatness of both the lower and upper bands
which prevents from any possible bands crossing?’”-*! In partic-
ular, the black and red lines correspond to the upper and lower
bands of the exciton-plasmon hybrid system, respectively. Both
energy levels experience a blue shift with the in-plane momen-
tum (27 /Period). The figure also shows a remarkable Rabi split-
ting energy around 860 meV, defined as the energy difference be-
tween the two dispersion branches. In general, when it comes to
strongly coupled systems, the Rabi splitting should be measured
at the resonant point, namely at the position where the SPPs and
the exciton curves come closer (anti-crossing position). In the
present case the situation is however different, as the system is
in ultra-strong coupling regime, so no anti-crossing behaviour is
clearly visible. Instead, both the lower and upper bands show a
flat-like form, therefore the Rabi value is roughly constant around
860 meV in all the considered momentum range (i.e. where the
SPPs resonances overlap with the SQ absorbance). This value cor-
responds to =#50% of the exciton transition energy which, to our
knowledge, is the largest Rabi splitting ever observed involving
SPPs. In fact, the corresponding wavelength is 1.44 um, close
to optical frequencies. Finally, both the absorbance of SQ dye on
glass and the SPPs resonances (gray round dots) generated by
the Au pits structure with DCM at different periods are shown.
As expected, they fall in the same energy range which is neces-
sary condition for achieving strong/ultrastrong coupling regime.

3.2. Dynamics of the Ultrastrong Coupled Hybrid States

Even though the present static approach could demonstrate the
achievement of ultrastrong coupling between SPPs and SQ dye,
it cannot provide any insight on the nature of the occurring cou-
pling. In particular, no information on the dynamics of the hy-
brid system under such a giant Rabi splitting can be provided by
the static approach. Hence, to gain further insight on the overall
system, the dynamics of the hybrid system was analyzed by tran-
sient absorption microscopy (TA).*1~*] In particular, in TA exper-
iments we measured the variation of the optical density AOD,
here defined as -log(Rpump,probe/Rprobe), Where Roump probe is the re-
flection 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 R,obe describes the probe reflec-
tivity in a condition far away from the pump excitation.

A series of TA experiments were performed on hybrid systems
with different lattice periods by adopting a 400 nm pump laser
pulses, a value relatively close to the upper band excitation. As
reference, TA spectra of SQ dye spin-coated on flat Au film are
shown in Figure 3a. The figure illustrates a wide ground state
bleaching signal with a main peak at 653 nm accompanied by
a weak shoulder peak extending to 740 nm, feature originating
from the SQ dye as it can be infer from Figure 2c (black curve,
flat configuration). Furthermore, in the short wavelength region,
the spectra show a positive signal which can be attributed to the
intrinsic absorption of gold.**

The TA spectra plotted in Figure 3b-d are characterized by
very different features from the spectra of SQ dye on flat Au film
shown in Figure 3a. Indeed, while in the short wavelength re-
gion the TA spectra are still dominated by the intrinsic absorp-
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tion of gold, it can be noticed a bleaching peak associated to the
lower hybrid energy band at 772, 794 and 800 nm (depending
on the period) which is consistent with the peaks position mea-
sured from steady-state reflection measurements. Interestingly,
under 400 nm excitation the bleaching peaks associated to the
upper hybrid energy bands do not emerge in the present experi-
ments. This behaviour is due to a rapid vibrational relaxation and
to other non-radiative decay processes occurring in the system.*’!
In different terms, the absence of the upper bleaching bands is
likely originating from the short life time associated to the upper
hybrid states, which cannot be resolved by the 100 fs laser setup
employed in the present experiment.

Proceeding with the analysis of Figure 3b-d, it can be no-
ticed that for the 325 nm period the bleaching signal from the
uncoupled SQ dye molecules is completely absent, while it is
present for both the 350 and 375 nm periods (=in the 660 nm
— 690 nm range). This characteristic suggests the occurring of a
full interaction between SQ molecules and SPPs for the 325 nm
period hence providing the ideal condition for ultrastrong cou-
pling regime. On the other hand, for higher periods, less area of
the Au film is occupied by the conical pits (hence less SPPs hot
spots), leading to an increase of the bleaching signal due to the
uncoupled SQ dye molecules. Importantly, these consideration
are sustained by the appearing of a strong positive peak on the
lower wavelengths side of the lower hybrid band (accompanied by
the aforementioned bleaching peak in the range 600 to 690 nm)
which is attributed to the thermal effect associated to uncoupled
SPPs.d Indeed, by increasing the period, this peak shows a well
expected red shift together with a higher amplitude, the latter
behaviour accounting for the hybrid system moving away from
the ideal ultrastrong coupling regime condition. In this regard,
Figure 4 shows the TA spectra recorded immediately after the
initial excitation at 0.5 ps for the Au flat configuration and for the
three different periodicities.

Always maintaining a 400 nm pump laser excitation, Figure 5
compares the normalized bleaching dynamics of SQ dye de-
posited on flat gold film with the dynamics associated to the
lower hybrid bands of the hybrid SQ-SPPs systems with period-
icity equal to 325, 350 and 375 nm. The plots clearly show the
slow decay time associated to the flat configuration when a probe
wavelength of 653 nm, corresponding to the bleaching peak, is
considered. In particular, the decay appears to be characterized
by a multi-exponential behaviour, with a first-half exciton lifetime
of about 2 ps, and a longer lifetime component in the nanosec-
ond regime. On the other hand, the lifetimes associated to the
hybrid systems, regardless the periodicity, show a faster decay
than the flat case. Indeed, a fast decay happening in less than
1 ps is followed by a slower decay tail occurring in hundreds of
ps. Interestingly, this result is in contrast with the life time ob-
tained for states in strong coupling regime (where much longer
lifetimes are achieved),* suggesting that the dynamics in ultra-
strong condition can be different from the dynamics for strongly
coupled systems. Indeed, the ultrastrong regime leads to exciton-
SPPs coupling strengths comparable to the frequency of both the
exciton oscillator and the SPP mode, which determines the break-
down of the RWA usually employed for describing strong cou-
pling regime. In this regard, in ultrastrong coupling regime the
reduction of the lifetime of the hybrid states with respect to the
lifetime of bare uncoupled SQ dye can be attributed to the very
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was chosen a 400 nm laser source. The spectra are recorded at 0.5, 1, 2, 5, 20 and 1000 ps. AOD: optical density variation.
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Figure 4. Comparison of the initial TA spectra recorded at 0.5 ps for SQ
dye on a flat gold film and on different gold conical pits arrays with periods
of 325, 350 and 375 nm. The excitation source is taken at 400 nm. AOD:
optical density variation.

fast damping of the SPP modes, which is in the range of tens of
£5.17] This can be further understood by carefully analyzing the
short lifetime component of the lower hybrid bands for differ-
ent conical pits periods as shown in the inset of Figure 5. By in-
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Figure 5. Comparison between the normalized bleaching dynamics at 653
nm for SQ dye spin-coated on a flat gold film and the dynamics associated
to the peaks of the lower bands at different periods. The dynamics in the
initial 4 ps are highlighted in the inset. The solid lines represent the fitting
results. The excitation source is taken at 400 nm. AOD: optical density
variation.

creasing the period of the structure the SPPs contribution tends
to decrease owing to the reduction of the conical pits occupied
area (the diameter of the conical pits is constant), resulting in
longer decay time. In particular, for period equal to 325 nm, the
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lower hybrid state shows the shortest lifetime (=500 fs), which
corresponds to a situation where the lower band has the strongest
plasmonic character.

4, Conclusion

To conclude, we have observed ultrastrong exciton—SPPs cou-
pling in gold conical pits arrays integrated with SQ dye. A giant
Rabi splitting of 860 meV was achieved, with the corresponding
splitting wavelength close to optical frequencies, which suggests
the possibility of using ultrastrong coupling to control the light in
this spectral range. Furthermore, the dynamics of hybrid states
under ultrastrong coupling regime was studied. It was found that
the upper band cannot be determined in the TA spectra, which
can be caused by the rapid vibrational relaxation and other non-
radiative decay processes. In addition, due to the overwhelming
effect due to the very fast damping of the SPP modes, the lower
hybrid state shows a lifetime much shorter than the bleaching re-
covery of SQ dye on a flat gold film, hence providing a substantial
difference with the dynamics of strongly coupled systems. Over-
all, the Rabi splitting energy in our study falls within the telecom-
munications window, which opens new possibilities to address
light managing in the spectral range close to optical frequencies.
Importantly, the understanding of the dynamics of ultrastrong
coupled hybrid states paves the way towards the realization of de-
vices such as threshold-less lasers and it can improve the knowl-
edge of advanced quantum optical systems.*#-%
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