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It is indeed known that as molecules can 
interact one another through the exchange 
of electrons to form new molecular states, 
molecules can also interact with the elec-
tromagnetic field by the exchange of 
photons to realize the so called hybrid 
states. This phenomenon is known as 
strong coupling or coherent coupling. 
In particular, when molecules undergo 
strong coupling with SPPs, the molecular 
wavefunctions and the SPPs mode form 
coherent superpositions, leading to a new 
hybrid exciton–plasmon state. These states 
are defined by an upper and lower energy 
band, separated by the Rabi splitting 
energy.[3–8] The exciton–plasmon inter-
action is indeed similar to light-matter 
coupling in microcavity structures.[9–15] 
Strong coupling dynamics has been inves-

tigated in J-aggregates,[7,16–23] dye molecular systems,[24–27] and 
quantum dots[28,29] coupled to SPPs or light in microcavities. 
In particular, a unique strong coupling with individual sub-
diffraction plasmonic nanostructure has been achieved.[30,31] 
In these systems, hybrid states with Rabi-splitting values up to 
hundreds of meV have been demonstrated to have the potential 
for novel applications, such as electrically pumped LEDs,[32,33] 
optical switches,[34] and low-threshold polariton lasing.[35–38]

Recently, the research on strong coupling of molecules with 
either SPPs or microcavities has made a lot of exciting pro-
gress.[16,39–41] For example, Lienau and co-workers[16] presented 
the first real-time observation of ultrafast Rabi oscillations on 
a 10 fs timescale for a strongly coupled SPP and J-aggregates 
system. Similarly, Ebbesen and co-workers[39] demonstrated 
ultrastrong coupling by means of a microcavity resulting in a 
Rabi-splitting value exceeding 700 meV, which corresponds to 1/3 
of the mole cular transition energy. Furthermore, in SPP systems, 
the splitting was found of the order of 650 meV. In another inter-
esting work the authors analyzed, by using wavelength-selective 
transient absorption technique, the dynamics of the strongly cou-
pled J-aggregate-cavity system demonstrating that the intrinsic 
lifetime of the lower polariton branch can be much longer than 
the radiative lifetime of the cavity.[41] This fundamental result 
opens new possibilities to control the dynamics of quantum-
mechanical states under strong coupling regime.

With respect to cavity systems, SPPs have the strong advan-
tage of being capable of confining the electromagnetic energy 
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1. Introduction

Strong interactions between surface plasmon polaritons (SPPs) 
and molecules are currently a subject of significant interest.[1,2] 
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in very small volumes (much smaller than the diffraction 
limit) with also the characteristic of being, if necessary, open 
to the surrounding environment. This peculiarity offers indeed 
a greater design flexibility which can surely lead to a wider 
range of applications with respect to the cavity counterpart. In 
this work, in order to deeply grasp the dynamics of the hybrid 
exciton–plasmon states, we have studied a prototypical hybrid 
state formed by gold hole arrays and J-aggregate molecules 
using both steady-state spectroscopic methods and an ultrafast 
pump-probe approach. Under resonant excitation to the upper 
energy band, transient absorption spectra provided direct evi-
dence that a coherent exciton–plasmon hybrid state was indeed 
formed. Finally, a remarkable long lifetime was measured, 
behavior associated to the existence of a trap-state within the 
upper band energy peak.

2. Results and Discussion

The scheme of the structure used in this work is shown in 
Figure 1a. The investigated hybrid nanostructures consists of a 
200 nm thick Au film which is patterned by means of focused 
ion beam (FIB) to create a 2D square lattice of holes. A SEM 
(scanning electron microscope) image of typical nanohole 
arrays is illustrated in Figure 1b. A 300 nm thick polyvinyl 
alcohol (PVA) film doped with molecular J-aggregate is spin-
coated on top of the hole arrays. More details on the samples 
and on the related fabrication techniques are provided in the 
Experimental Section.

To investigate the optical dynamics, we first performed static 
measurements of the optical transmittance at normal incidence 
both on the bare metallic gratings and on the system with the 
molecular J-aggregate. Results are reported in Figure 1c for a 
lattice period P = 310 nm. The normalized-to-area transmission 
spectrum of the gold nanohole arrays covered by the PVA film 
in absence of J-aggregate is reported with an orange solid line 
with closed dots. The grating period was chosen to promote the 
overlap between the SPPs resonance and the absorption peak of 
the J-aggregate occurring at 623 nm (thin grey line in Figure 1c) 
in order to maximize the coupling intensity.

When J-aggregate molecules are dispersed into the PVA 
film, the transmission spectrum of the gold hole arrays (solid 
magenta line with open dots) changes dramatically. A hybrid 
state is formed by the interaction between J-aggregates and 
SPPs, showing a transmission profile characterized by two dis-
tinct bands with a splitting value about 260 meV. Importantly, 
the splitting is larger than the width of the plasmon band, 
which is a typical evidence of strong coupling.[5] In order to pro-
vide complementary evidence of the strong coupling regime, 
the interaction was studied by measuring the transmittance of 
samples with different lattice periods in the range 275–375 nm. 
The measured normalized transmittance of the undoped sam-
ples (no J-aggregate) as a function of the wavelength and lat-
tice period is reported in Figure 1d. The dispersion of the SPPs 
peaks is denoted by the dashed black line. Finite-elements 
optical simulations of the same systems were also performed 
by using Comsol Multiphysics numerical software[42] resulting in 
an excellent agreement, as shown by the plot of Figure 1e.

Adv. Funct. Mater. 2016,   
DOI: 10.1002/adfm.201601452

www.afm-journal.de
www.MaterialsViews.com

Figure 1. a) Sketch of sub-wavelength hole arrays milled in a gold film on top of a CaF2 substrate. A PVA film, doped with J-aggregate molecules, is 
spin-coated on the gold film. Inset: structures of the Thia molecule (top) and PVA molecule (bottom). b) Top and 52°-tilted SEM images of the metallic 
grating showing the funnel-like shape of the holes. One row was further milled to confirm the vertical profile of the holes (scale bar: 300 nm). c) Absorp-
tion spectrum of the J-aggregate molecules embedded in a 300 nm thin PVA film, centred at 623 nm (gray line). Normalized-to-area transmission 
spectra for the gold hole arrays (P = 310 nm) covered by a 300 nm thick PVA film with (ο) and without (•) embedded J-aggregate. In the former case 
the typical hybrid state shape is clearly shown. Normal incidence is chosen for all configurations. d–g) Normalized transmission spectra as a function 
of the wavelength and lattice period. Experimental (d) and theoretical (e) results for the bare gold gratings without J-aggregate. Experimental (f) and 
theoretical (g) results for the hybrid systems. The Rabi splitting for the lattice period of 310 nm is also reported.
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Similarly, in Figure 1f is illustrated the measured optical 
absorption for samples doped with J-aggregate, while the cor-
responding numerical calculations are reported in Figure 1g, 
hence confirming the full agreement between experiments 
and numerical calculations. In the figures, the upper and lower 
bands of the exciton–plasmon mixed states are reported with 
dashed lines. The energy corresponding to the absorption peak 
of the J-aggregate is also reported with a dashed horizontal 
white line. From Figure 1f,g it can be noted that the upper 
and lower branches experience a blue shift as the in-plane 
momentum is increased, together with the typical signature of 
strong coupling: anticrossing of energies.[5,19] The resonance, 
characterized by the smallest splitting energy difference, occurs 
at the period of 310 nm, with a Rabi splitting energy value of 
260 meV.

Even though the illustrated results indicate that J-aggregate 
molecules can undergo strong coupling with SPPs, they can 
say very little about the nature of the hybrid exciton–plasmon 
state. In fact, under strong coupling condition, the excitonic 
and plasmonic characteristics coexist in the hybrid state whose 
lower and upper bands are populated transiently. However, due 
to the change of the local refractive index of the overall system 
caused by the strong absorption of the J-aggregate at high con-
centrations, extracting the absorption spectrum of the exciton–
plasmon hybrid state from the static transmission of the bare 
nanohole arrays is extremely difficult. In this regard, transient 
absorption experiments can provide deeper insights about the 
dynamics of the overall system. In particular, transient absorp-
tion experiments can provide information, such as very small 
absorbance changes, otherwise difficult if not impossible to 
obtain with the more standard static approach.[20]

The first series of transient absorption experiments were 
performed under nonresonant conditions by a 400 nm 
wavelength pulsed pump laser. In particular, we measured 
the variation of the optical density ΔOD, being it defined 
as −log(Rpump,probe/Rprobe). Here, Rpump,probe describes the probe 
reflectivity 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 
in a condition far away from the pump excitation.

Figure 2a shows the transient absorption spectra of 
J-aggregate molecules on a flat gold film. The figure illustrates 
a narrow ground state bleaching signal at 623 nm and a positive 
signal around 600 nm due to the excited state absorption, both 
associated to the presence of J-aggregate. Figure 2b shows the 
corresponding spectra when a gold nanohole arrays with peri-
odicity 310 nm is taken into account. Compared with the flat 
gold sample, the transient spectra change significantly. Under 
the nonresonant 400 nm excitation, the J-aggregate molecules 
manifest little absorption, therefore mainly the SPPs on the 
gold nanohole structures are excited.[43] The excited electrons 
rapidly equilibrate via electron–electron scattering to create 
a hot electron distribution, which broadens the SPPs absorp-
tion bands and reduces the absorption intensity,[44,45] leading 
to two positive signals on both sides of the SPPs band, at 561 
and 656 nm. Hence, the observed spectra are dominated by the 
thermal effect of the SPPs, therefore the hybrid states cannot 
be clearly identified. In fact, similarly to many other ultrafast 
transient absorption experiments carried out with different 

kinds of metal nanostructures under nonresonant excitation,[6] 
these experiments only reflect the thermal distribution, through 
electron–electron scattering and electron–phonon relaxation 
process.[3,43,45] For this reason, they cannot provide information 
about the intrinsic photophysics of the hybrid state. Finally, for 
both flat and hole-patterned gold substrates, the signal below 
550 nm does not change with or without J-aggregate (only PVA 
and gold are used; data not shown). Hence, this wavelength 
range cannot be considered as part of the coupling regime 
picture.

To better understand the nature of the hybrid exciton–
plasmon state, transient absorption experiments were further 
performed under resonant excitation at 560 nm, which corre-
sponds to the upper band of the hybrid state (see Figure 1c). 
For J-aggregate molecules on a flat gold film the result is shown 
in Figure 3. The plot is similar to the spectra obtained under 
excitation at 400 nm (Figure 2) illustrating a narrow bleaching 
signal at 623 nm and a positive excited state absorption signal 
around 600 nm. Noticeably, the minimum at 623 nm is about 
one order of magnitude higher than the corresponding peak 
in Figure 2 which can be ascribed to the resonant excitation 
condition.

The spectra for samples with different hole array periods are 
reported in Figure 4 suggesting the formation of hybrid states. 
For a period equal to 280 nm, namely, low coupling strength, 
a negative signal, possibly corresponding to the lower hybrid 
band at 631 nm, can be observed; on the contrary, the associ-
ated upper hybrid band is nearly undetectable being it out from 
our spectral window. Even though the minimum of the lower 
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Figure 2. a) Transient absorption spectra of J-aggregates on a flat gold 
film, and b) on a gold hole arrays with 310 nm period. Nonresonant exci-
tation at 400 nm was used. The spectra are recorded at 0.3, 1, 1.5, 5, 10, 
20, 100, and 1000 ps. ΔOD: optical density variation.
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hybrid band is very close to the transition of the J-aggregates 
(623 nm), it cannot be associated to the bleaching of the J-aggre-
gate molecules. In fact, (i) the transient absorption spectra at 
P = 280 nm do not manifest any positive peak caused by the 
excited state absorption as in Figure 3; (ii) the dynamics from 
the bleaching band of the J-aggregates is substantially different 
from the dynamics of the lower hybrid state (see Figure 5).

For a period equal to 310 nm, the SPPs resonance overlaps 
the absorption peak associated to the J-aggregates (see Figure 1), 
thus maximizing the coupling intensity. Under this condition, 
the bleaching signal from the uncoupled J-aggregate molecules 
is completely absent, so that most of the molecules can interact 
with SPPs in a strong coupling regime. Instead, two distinc-
tive bands, which can be interpreted as the bleaching of the 
hybrid SPPs/J-aggregate state, appear with similar intensity. As 

the period further increases, the upper hybrid band becomes 
more apparent. Overall, the bleaching signal from uncoupled 
J-aggregate molecules is not detectable also for the 325 and 
350 nm periods.

A general behavior of both the lower and upper hybrid 
bands, is their tendency of red shifting by period increase. Once 
again, the simultaneous shifting of both bands is consistent 
with the signature of strong coupling: anticrossing of ener-
gies. These results are clearly evidence that coherent exciton–
plasmon hybrid states are formed in the patterned structures. 
It also worth noticing that in the strongest coupling regime 
(P= 310 nm) no positive signals are recorded. This behavior is 
related to the reduced SPPs excitation, in turn lack of thermal 
effects, with respect to the nonresonant excitation. Hence, under 
resonant excitation by 560 nm laser pulses, our experiments 
clearly identify the strong coupling conditions and they can 
directly analyze the SPPs-related nonthermal dynamics process.

The kinetics process associated to the lower hybrid band in 
the periods of 280, 310, and 325 nm are illustrated in Figure 5a. 
The plots show that the lifetimes of the lower hybrid band 
are indeed longer than the bleaching recovery of J-aggregates 
under the same pump power, for all considered periods. Simi-
larly, in Figure 5b, is illustrated the bleaching kinetics of the 
upper band, always compared with the J-aggregates kinetics. In 
particular, the lifetimes of the upper band at 590 nm for periods 
of 310, 325, and 350 nm are recorded, finding them remark-
ably longer than the bleaching recovery of J-aggregates on a 
flat gold film. Indeed, the former reaches 1/e well after 10 ps, 
while the latter takes only 2 ps. In a conventional picture, the 
dynamics of hybrid states is simply determined by the fastest 
components. Due to the ultrafast damping of the SPPs mode, 
in the range of a few tens of fs,[45] this longer hybrid bands life-
time might sound counter-intuitive. However, slowly decaying 
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Figure 3. Transient absorption spectra of J-aggregate molecules on a flat 
gold film under 560 nm excitation (upper band excitation). The spectra 
are recorded at 0.54, 1, 2, 3, 5, 20, and 1000 ps.
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polaritons have also been studied in microcavity systems.[41] In 
these cases the lifetime of the hybrid state can indeed be longer 
than the bleaching recovery of bare J-aggregates. One among 
the provided explanations is that the lifetime of the lower band 
is determined by vibrational relaxation phenomena, which are 
strongly affected by the large Rabi splitting. In fact, if the split-
ting is large enough, the lower band can be thought as a poten-
tial-minima quasi-bound state. Regardless the actual reason, 
further theoretical analysis, beyond the scopes of the present 
paper, will be necessary to understand the long lifetime of 
both lower and upper hybrid bands. In the following, we shall 
provide an alternative explanation based on the experimental 
observation of a trap state.

The next step is then to analyze the dynamics of the coupled 
system under lower hybrid band excitation, in contrast to the 
upper band excitation of Figure 4. In this regard Figure 6 shows 
the transient response obtained at 670 nm laser pulses. The 
signal appears dominated by the thermal effect, which is similar 

to the results obtained in Figure 2b in the range from 550 to 
600 nm, where 400 nm excitation was considered. Differently 
from the results shown in Figure 4, no hybrid state bleaching 
signal is detected under lower band excitation, as clearly shown 
by Figure 6. This result was recently highlighted by George 
et al.,[46] where they argue that the presence of a lower band 
does not imply its direct population, namely, transient absorp-
tion. This result also recalls similar responses involving cavity 
systems,[40,41] where the transient behaviors are very different 
for lower and upper bands excitation. In particular, Schwartz 
and co-workers showed a very fast decay of the hybrid bands 
under lower band excitation. This fast decay is here respon-
sible for the absence of any hybrid state signal, as shown in 
Figure 6, being them virtually undetectable by our apparatus. 
In the present case, the SPPs mode of 280 nm period sample 
is not expected to be efficiently excited under lower band excita-
tion since the lower hybrid band, for low periods, shows mainly 
an excitonic nature, as seen by comparing Figure 1d,f. Fur-
thermore, in Figure 6 the curves corresponding to the period 
equal to 280 nm, show a behavior somehow similar to the cor-
responding graphs measured for periods equal to 310, 325, and 
350 nm. Hence, we suggest that at least in SPPs/J-aggregate 
strong coupling system, the intrinsic lifetime of the hybrid 
states is extremely short under lower band excitation (cannot be 
resolved by our setup), in contrast to the upper band excitation 
where we observe a life time of the hybrid states longer than 
the bare J-aggregate, as seen in Figure 5.

Finally, a last important result needs to be stressed: the 
upper hybrid band decays much slower than the lower hybrid 
band with respect to J-aggregates deposited on a flat gold film. 
This behavior is not readily understandable by a first look of the 
transient spectra of Figure 4, where both the bleaching of the 
upper and lower bands under resonant excitation are shown. In 
fact, considering that the two bands share the same common 
ground state, after the pump laser has emptied the population 
of the ground state, it is expected a bleaching from both of the 
two hybrid bands just as would occur in a molecule with S1 
and S2 excited states. Hence, from this argument, no predic-
tions can be done on the decay times of the two hybrid states. 
However, from a deeper analysis of Figure 4, some useful 
information in this regard can be extracted. In the early times 
of the transient spectra excited by 560 nm pump laser pulse, 
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Figure 5. Comparison between normalized bleaching dynamics of J-aggregates deposited on a flat gold film at 623 nm with a) the peaks of the lower 
hybrid band, b) upper hybrid band at 590 nm. The solid lines represent the fitting results. For both cases the excitation source is taken equal to 560 nm 
(upper band excitation).
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a fast decay behavior of the red side of the upper hybrid band 
is noticed (highlighted in Figure 4) for all considered periods. 
The spectra shape shows a distinctive difference between the 
initial t = 0.54 ps and the immediate subsequent times, while 
no appreciable change is observed for longer times. To visualize 
this feature, we subtracted the spectra measured at 2 ps from 
the initial spectra at 0.54 ps, thus finding a clear peak on the 
red side of the upper band for the three considered periodici-
ties. This result is reported in Figure 7. Vice versa, the lower 
hybrid band spectra keeps the same shape for any considered 
time (see Figure 4).

We conjecture that this fast decaying portion of the peak 
characterizing the upper hybrid band can be associated to a trap 
state, namely, from the actual upper hybrid band the system 
decays in it, thus reflecting the initial relaxation process of the 
upper band. This process would determine a lifetime of the 
upper state surprisingly long (at least several hundred femto-
seconds) as it is found in Figure 5. Importantly, this process 
reflects the decay of population from the upper hybrid band to 
the ground level. In fact, the alternative decay route from the 
upper to the lower hybrid band is precluded because, similarly 
to the upper hybrid band, also the lower hybrid band undergoes 
a bleach recovery at increasing times. After the occurring of the 
transition from the upper hybrid band into the trap state, a very 
long decay time is observed, even longer than the decay time 
characterizing the bare J-aggregate molecules (Figure 5). Vice-
versa, we can conjecture that a trap state is absent in the lower 
hybrid band. Indeed, as seen in Figure 6, even under lower 
band excitation we cannot detect the formation of the hybrid 
bands due to the time-resolution capability of our set-up with 
respect to the hybrid state time decay. Considering all, further 
experiments (such as transient fluorescence) are needed to 
clarify this aspect.

Finally, we would like to stress that an alternative explanation 
of the unusual long lifetime of the upper band may be provided 
through the vibrational relaxation mechanisms suggested for 
microcavity systems. We can indeed assume that the transition 

from the upper to lower band is mediated by multivibrational 
modes relaxation which is strongly affected by the Rabi split-
ting. If the splitting is large enough, these vibrational relaxa-
tions will be blocked just as the phonon bottleneck effect.[47,48] 
in the state filling of semiconductor quantum dots, which 
results in a long live upper band.

3. Conclusion

We have constructed a hybrid structure comprising a gold 
hole arrays and J-aggregate molecules to investigate the pho-
tophysics of hybrid states using an ultrafast pump-probe 
approach. Under resonant pump at 560 nm laser pulse, cor-
responding to upper band excitation, the bleaching signal 
associated to the uncoupled J-aggregates (623 nm) is found 
to be completely absent. On the other hand, it is observed the 
presence of two distinctive bleaching signals in the transient 
absorption spectra which were related to the existence of the 
hybrid exciton–plasmon state, hence providing unambiguous 
signatures of strong coupling. Furthermore, no positive signal 
in the transient absorption spectra was found hence ruling 
out any thermal effect in the strong coupling condition. Our 
experiments on the kinetics process time decay dynamics also 
showed a very long decay time both for the lower but especially 
for the upper hybrid band, even longer than the lifetime of bare 
J-aggregate molecules. Among the possible explanations we 
introduce the possibility that a trap state, observed in the red 
side of upper bands, can be responsible for such a behavior. 
When instead lower band excitation is considered, the intrinsic 
lifetime of the hybrid state results extremely short, to the 
extent to be undetectable by our set-up. We believe that this 
new piece of understanding on the dynamics of hybrid states 
in strong coupling regime should provide new approaches 
to design novel ultrafast plasmonic devices with coherent 
functionalities.[49]

4. Experimental Section
Sample Fabrication: The scheme of the samples used in this work 

is shown in Figure 1a. A CaF2 substrate is coated with a 200 nm thick 
gold film (with a 5 nm titanium adhesion layer) which is then milled 
with a focused ion beam (FEI/Helios Nanolab 650) to create a 2D array 
of circular nanoholes. A series of samples were made with different 
lattice periods between 275 and 375 nm, covering a total area of 
200 × 200 μm2. The hole period to diameter ratio is kept at ≈2.5 while 
the period is varied. The periodicity of the nanohole arrays provides 
the necessary momentum-matching condition in order to couple the 
incident light into SPPs.[50] Finally, a 300 nm thick PVA film, both with 
and without J-aggregates, was spin-coated on the samples. The dye 
used in the experiments was 3,3′-disulfopropy1-5,5′-dichloro-9-ethylthia-
carbocyanine triethylammonium salt (Thia; Hayashibara Biochemical 
Laboratories, Inc.), which was dissolved in water with a concentration 
as high as 8 mg mL. Afterward, the solution was dispersed in liquid PVA 
(50 mg mL−1) and spin-coated onto a precleaned CaF2 substrate with a 
speed of 2000 rpm. To determine the absorbance of the J-aggregates film, 
a sample with no gold layer was fabricated, whose absorbance spectrum 
is shown in Figure 1c (gray line). The Thia molecule was chosen owing 
to its large absorption coefficient which makes J-aggregates interesting 
candidates for studying exciton–plasmon interactions. To avoid 
degradation by oxygen, the sample was sealed by a quartz slide under 
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Figure 7. Transient absorption spectra of J-aggregate molecules depos-
ited on gold hole arrays with periods of 310, 325, and 350 nm under 
560 nm excitation (upper band excitation) and measured at 2 ps (blue 
line). Differential spectra between 2 and 0.54 ps (red line), together with 
the emerging peaks of the upper bands (pointed out by black arrows).
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nitrogen environment in glove box with an oxygen concentration smaller 
than 0.1 ppm.

Transient Absorption Measurements: Femtosecond transient absorption 
spectra were recorded with a 100 fs laser pump-probe setup.[51,52] A 
modelocked Ti:sapphire laser (Solstice, Spectra-Physics) was used and 
the output was amplified with a regenerative amplifier (RGA, Spitfire, 
Spectra Physics). The used amplifier can provide 800 nm fundamental 
pulses at a repetition rate of 250 Hz with energy of 1.5 mJ and a pulse 
width of 100 fs, which was split into two parts. The strongest part 
was used to pump a TOPAS system to generate excitation pulse at 
560 nm or sent to a 1 mm thick BBO to get the double frequency of 
400 nm excitation pulse. Then the pump light was sent into an optical 
delay line and modulated by a synchronized optical chopper (Newport 
Model 75160) with a frequency of 125 Hz as the pump beam to excite 
the sample. The remaining part of the RGA output (800 nm) was used 
to generate a white light continuum as probe beam by focusing the 
beam into a sapphire. The pump and probe beams were orthogonally 
collinearly recombined by a dichroic mirror and focused on the sample at 
normal incidence by a microscope objective (NA 0.75, magnification 10). 
Reflected light from the sample, collected by the same objective, was 
then transmitted through a beam splitter, spectrally filtered to reject the 
pump light, and focused on a highly sensitive spectrometer (Avantes 
AvaSpec-2048 × 14). Traces of the dynamics were obtained by controlling 
the relative delay between the pump and the probe pulses with a stepper-
motor-driven optical delay line (Newport M-ILS250CC). The group 
velocity dispersion of the whole experimental system was compensated 
by a chirp program.

The multiexponential dynamics fits of the life-time studies were 
performed by using the software ASUFIT (http://www.public.asu.
edu/∼laserweb/asufit/) in MatLab, through a standard deconvolution 
procedure and nonlinear regression. The decay curves at a selected 
wavelength in the TA spectra were fit to a sum of exponentials 

A t A ti
i

n

i( , ) ( )exp /
1

∑λ λ τ( )∆ = −
=  

where ΔA(λ,t) is the observed absorption change at time delay t and 
n is the number of kinetic components used in the fitting. The pre-
exponential factors Ai represent the amplitudes of each component, 
which has a lifetime of τi.

Importantly, due to far-field and near-field interactions originating 
from the periodicity and the short distance among the nanoholes, the 
transient spectrum of the hybrid state results angle sensitive.[53,54] To 
solve this issue we set up a pump and probe system where pulses are 
collinearly recombined by a dichroic beam splitter and focused on the 
sample. In this way the probe signal can monitor the transient spectrum 
eliminating the effect of the angle of incidence.
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