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ABSTRACT: We have investigated the strong coupling interaction between excitons of
CdSe quantum dots (QDs) and surface plasmon polaritons (SPPs) of gold nanohole
array by steady-state spectroscopic method and transient absorption measurements.
Numerical and experimental steady-state measurements demonstrate that the SPP−QD
system can indeed undergo strong coupling, characterized by a Rabi splitting up to 220
meV. In particular, it is found that in the transient absorption spectra, under resonant
excitation, the 1S transition bleaching band from uncoupled CdSe QDs is completely
separated into two distinctive bleaching bands, remarkably fingerprinting the hybrid
SPP−QD state. It was also found that the lifetime of these hybrid bands is just slightly
shorter than the lifetime of bare CdSe QDs, possibly caused by the phonon bottleneck
effect due to the large Rabi splitting. These results could open a new avenue toward the
development of novel nanoplasmon devices with strong SPP−QD interaction.

The interaction of quantum emitters with surface plasmon
polaritons (SPPs) has attracted tremendous attention due

to the possibility of controlling light−matter interactions on the
nanoscale.1,2 To date, the exciton−SPP interaction has been
especially used to enhance the fluorescence of emitters and to
affect the reciprocal energy-transfer rates.3,4 However, most of
the applications take place in the weak-coupling regime, where
the interaction only modifies the radiative decay rate of the
excitons, while the wave functions of the emitters and SPP
modes are considered to be only slightly altered. Conversely,
when the interaction is strong enough, striking change of
emission properties occurs. Under this condition, the system
enters a strong coupling regime where the wave functions of
the initial excitonic and surface plasmon states are coherent
superpositions. The excitation energy is then coherently
exchanged between the emitter and the SPP modes, resulting
in the formation of new hybrid bands separated by an energy
equal to the Rabi-splitting ℏΩR, a quantity proportional to the
strength of the light−matter interaction.5−7

On the basis of the rotating-wave approximation (RWA),8

theory predicts that for an individual two-level emitter at
resonance with electromagnetic field E⃗ and in absence of
dissipation, the Rabi splitting is given by9
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where ℏω is the SPPs resonance energy, d ⃗ is the molecular
transition dipole moment of the two-level oscillator, ε0 is the
vacuum permittivity, V is the modal volume, and nph refers to
the number of photons in the system. Furthermore, for a many
emitters (N) system, the Rabi splitting is proportional to the
square root of the molecular concentration N V/ ,7,10 where N
is the number of coupled molecules in the SPP modal volume
V.
A strong SPP−exction coupling regime has been achieved

with various kinds of optically active materials such as J-
aggregates,7,11−16 organic dye molecules,10,17,18 and laser
dyes.19 However, organic molecules tend to photobleach
under high optical intensities.20,21 When this effect turns into
an issue, the choice of materials free from this kind of
problematic is then mandatory. In this regard, semiconductor
nanocrystals, also referred to as quantum dots (QDs), are
surely a viable solution.
QDs are a versatile class of materials that exhibit interesting

size-dependent optical properties. They display excellent
photostable and high photoluminescence quantum yields,20,21

making them intriguing candidates for various fields of
application, especially for nanoplasmonic devices.22,23 Recently,
progress has been made in strong coupling with QDs.24−26 For
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instance, strong coupling between CdSe QDs and a SPPs on a
planar silver thin film has been carried out and characterized by
a Rabi splitting of 112 meV.26 The same authors then reported
about transient experiments on QD−SPP hybrid system, which
was performed under nonresonant excitation conditions by the
Kretschmann geometry reflectometry.25 However, so far little is
known about the kinetics of hybrid systems generated by the
interaction of QDs and SPPs. In particular, the dynamics of
QD−SPP systems under resonant excitation have not been
reported yet, the achievement which would improve the current
knowledge on the their photophysical essence. In the present
work, we demonstrate that strong exciton−SPP coupling can be
achieved with CdSe QDs and SPPs supported by gold
naonhole array. Furthermore, by ultrafast pump−probe
approach, the formation in the transient absorption (TA)
spectra of the hybrid bands is clearly shown. Under resonant
excitation, we demonstrate that the lifetime of the hybrid state
is just slightly shorter than the lifetime of bare QDs.
Sample Fabrication and Steady-State Measurements. We chose

a golden layer patterned with a sequence of holes following a
square-like configuration as SPP device. The process started
with the evaporation of 200 nm of gold on a calcium fluoride
(CaF2) substrate. Afterward, holes covering an overall area of
200 × 200 μm2 were milled by following a square pattern in the
gold films using a focused ion beam apparatus (FEI/Helios
Nanolab 650). The ratio between the lattice period and the
hole diameter was kept constant at 2.5 with the period falling in
the range between 350 and 420 nm. Typically, these kinds of
subwavelength metallic hole array structures possess an
extraordinary transmission in the optical regime, which nicely
demonstrates that the incident light can indeed be turned into
SPPs.27,28

After the fabrication of the gold layer, a few hundreds of
nanometers of CdSe QDs were drop-casted onto the patterned
substrates as illustrated in the inset of Figure 1a. The CdSe
QDs, as the most extensively investigated colloidal II−VI
semiconductor nanoparticles, were purchased in toluene
solution from NN-laboratories. With interesting properties
such as band gap throughout the visible range and relatively
easy synthesis, CdSe QDs have been used in a wide range of
applications such as light-emitting devices,29,30 solar cells,31,32

photocatalysis, and biological labeling.33,34 In particular, with a
constant concentration of CdSe QDs in toluene equal to 5 mg/
mL, we considered three situations corresponding to three

different amounts of CdSe QDs/toluene solution: 30, 60, and
90 μL. The associated absorbance profiles are shown in Figure
1b.
The SPP resonant wavelength is mainly determined by the

structure period, which provides the necessary momentum and
energy-matching conditions. For a square hole array of period P
at normal incidence, the transmittance spectra peak λmax is
given by the following equation35−37
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where εm and εd are the permittivity of the metal and dielectric
media, respectively. Each set of indices (i, j) is associated with a
peak in the transmission spectrum. Notice that the peak
position is influenced by the refractive index of the dielectric
media in contact with the metal surface. Thus for CdSe QDs
drop-casted structures it is extremely challenging to retrieve the
exact SPPs resonance peak from static spectra measurements
owing to the CdSe QDs absorption or the influence of toluene
at the same spectrum region. Recalling that the main ingredient
necessary for the occurrence of strong coupling is the spectral
overlapping between the maximum SPPs transmission and the
CdSe QD absorbance peak, we have to notice that in the
considered period range the combination of just air, as top
layer, with a square-like patterned golden structure would
provide an SPP peak strongly blue-shifted with respect to the
605 nm absorbance peak of CdSe QDs. In turn, it would mean
no strong coupling. In this regard, we have then numerically
determined the role of both CdSe QDs, in terms of the real part
of the refractive index nreal,CdSe, and toluene (which, we recall,
form the solution drop-casted on top of the patterned gold hole
array structure) in bringing the SPP peak toward the 605 nm
position. By reconstructing the optical properties of CdSe QDs
from their absorbance profile shown in Figure 1b (this was
done for the 90 μL configuration, but the same applies to the
other two cases), we could determine that nreal,CdSe alone does
not allow for a proper overlapping between the SPPs and the
605 nm peak. (This conclusion was reached by considering a
uniform layer of CdSe on top of gold.) Thus the next step was
to verify the role of toluene. In this process we had, however, to
take into account its evaporation characteristic; therefore, the
idea of having a uniform layer of toluene on top of gold had to
evolve by considering a mixture of air and toluene. Upon TA
measurements (see the next section) we could determine an

Figure 1. (a) Scanning electron microscope image of top-down fabricated hole-based hybrid nanostructure. The white bar indicates the period of the
lattice. The inset shows the overall device: a layer of CdSe QDs on top of 200 nm thick layer of squared patterned gold, followed by 5 nm of Ti and a
thick layer of CaF2. (b) Steady-state experimental absorbance spectra of CdSe QDs film drop-casted on a glass substrate. Three different amounts of
CdSe QDs/toluene solutions are considered: 30, 60, and 90 μL (continuous lines). Calculation were also performed to reproduce the CdSe QD
absorbance for the 90 μL solution (dot curve). (c) Absorbance spectrum for 90 μL solution (dotted blue line) overlapped to the transmission
spectrum (continuous orange line) obtained by the hybrid structure without the use of CdSe QDs. The structure is formed by a layer of toluene
mixed with air, on top of a gold square-like patterned film with period 380 nm, followed by Ti and CaF2. Both spectra show maxima at ∼605 nm to
realize the strong coupling condition.
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ideal strong coupling period around 380 nm. Hence, to realize a
proper overlapping between the SPPs transmission maximum
and the 1S transition of the CdSe QDs38 at 605 nm, we
modified the respective concentration of air/toluene reaching
an optimum value of 60/40% (which provides an effective
refractive index equal to 1.20). Similarly, with respect to the
gold optical constants, its description was taken from Alabastri
et al.39 The results are shown in Figure 1c.
Experimental absorbance spectra of the drop-casted CdSe

films on bare glass are shown in Figure 1b. As determined by
the first exciton transition 1S [1S(e)−1S3/2(h)] at 605 nm,
where 1S(e) and 1S3/2(h) represent the lowest electron (e) and
hole (h) levels, the estimated diameter of the CdSe NCs is ∼5
nm.38 With increasing of the CdSe/toluene solution amount
(30, 60, 90 μL), the CdSe film absorbance values at 605 nm are
found to be 0.45, 0.93 and 1.25, respectively. The normal
incidence experimental transmission spectra, acquired when the
three different amounts of CdSe solutions are deposited on the
gold nanohole array substrate, are plotted in Figure 2a−c.

As it can be seen, two new SPP−QD hybrid bands are
formed, both of which continuously red-shift as the lattice
period increases from 350 to 435 nm. The dispersion of the
separation between the peaks is plotted as a function of the
lattice period in Figure 2e. The plot shows a clearly strong
coupling characteristic: anticrossing of the hybrid bands,7

whose magnitude increases with the increasing concentration of
CdSe QDs. Under the resonance condition with lattice period
of 380 nm, a Rabi splitting up to 220 meV is achieved in the
sample with the highest CdSe QD concentration (90 μL). In
support of the aforementioned experimental data, calculations
were also performed for the 90 μL solution configuration. The
considered numerical approach is based on the RCWA method,
which is very suitable for determining the transmission
spectrum of 3D structures with 2D periodicity.14 Furthermore,
convergence analysis was performed to guarantee a simulation
error below 1%. In particular, Figure 2d shows the calculated
transmission peaks forming the upper and lower bands upon
period change, while the green circles in Figure 2e remarkably
agree with the corresponding experimental data (green circles:

Figure 2. Normalized-to-area transmission experimental spectra of a set of hybrid structures drop-casted with CdSe QDs solutions of different
amounts: (a) 90, (b) 60, and (c) 30 μL. The periods of the gold hole array vary from 350 to 420 nm. (d) Simulated lower and upper bands for the
hybrid structure when the 90 μL solution is considered. The same periodicities as in panel a were considered. (e) Experimental energy dispersion
curves showing the lower and upper bands by varying the CdSe QDs solution amounts. The Rabi splitting is estimated around 380 nm period
(highlighted by the arrow). The horizontal dotted line describes the CdSe QD absorbance maximum, namely, the 1S exciton transition (see Figure
1b). The gray/square symbols represent the plasmonic behavior obtained through calculations. A similar approach was used to determine the
splitting for the 90 μL solution (green circles). (f) Experimental Rabi splitting values as a function of the square root of the CdSe QD film
absorbance.
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simulations; red triangle: experiment). The same Figure also
shows both the 605 nm CdSe QD absorbance resonance
(horizontal dotted line) and the SPP behavior when a 60/40%
air/toluene mixture is considered on top of the patterned gold
layer (square black dots). The crossing of these two lines falls at
the periodicity of 380 nm, corresponding to the Rabi splitting
position upon drop-casting of CdSe QDs on top of the
patterned gold. Finally, the plot of the Rabi splitting values as a
function of the square root of the CdSe QDs absorbance is
shown in Figure 2f. Importantly, the observed linear relation-
ship shows very good agreement with the expectation for
strong coupling regime.7,40

Above all, steady-state measurements indicate that the SPP−
QD system can undergo strong coupling. To gain further
insight into the formation of the hybrid state, TA spectroscopy
was also performed.
Transient Absorption Experiments. The considered ultrafast

femtosecond TA setup41,42 is based on a mode-locked amplified
Ti:sapphire laser system (RGA, Spitfire, Spectra Physics). The
output of the laser provides a 250 Hz repetition rate with pulse
energy of 1.5 mJ, 100 fs pulse width. Furthermore, at 800 nm
wavelength it is divided into two portions to create the pump
and probe beams. In particular, the stronger fraction of the
pulse is either frequency-doubled by a β-barium borate (BBO)
crystal to generate the pump pulses at 400 nm or sent to the
TOPAS system to generate desired excitation pulse at 560 nm.
The other fraction is instead focused into a sapphire plate to
produce a broadband white-light continuum spanning the 450−
800 nm wavelength range, used as the probe pulse. Pump and
probe pulses are orthogonally collinearly recombined by a
dichroic mirror and, through a microscope objective (NA 0.75,
magnification 10), focused on the sample at normal incidence.
Finally, the relative timing between pump and probe pulses is
controlled by a mechanical delay line. Of particular note is that
due to the chromatic aberrations, pump and probe beams have
different focal planes. Here we optimize the focusing of the
probe beam and provide a probed area that is smaller than the
nanohole lattice size. Both pulses, which are collected by the
same microscope objective, upon interaction with the sample
are reflected to a beam splitter, which deviates them toward a
spectrometer. In particular, while the pump-associated light is
then blocked by a filter, the probe light beam is focused on a
fiber-coupled sensitive photodetector (Avantes AvaSpec-
2048×14). Another important aspect to consider is the cutoff
wavelength due the dichroic mirror used in the present
experiment. Indeed, the detection window of the probe light
was from 450 to 800 nm under 400 nm laser pulse pump and
from 575 to 800 nm under 560 nm pulse pump. Finally, the
group velocity dispersion of the transient spectra was
compensated by a chirp program.
The 30 μL drop-casted CdSe QDs solution (with absorbance

values of 0.45 at 605 nm) was chosen for TA measurements.
Initially we performed TA experiments under nonresonant
conditions by the 400 nm laser pulse, by which electrons were
able to pump into thermally excited conduction bands at
various energies above the QD conduction band edge. As
reference we chose the recorded time-resolved spectra of CdSe
QDs drop-casted on a flat gold film, as shown in Figure 3a,
which show the typical features of these systems.43,44 The
spectra comprise two bleaching bands peaking at 500 and 590
nm, which can be assigned to the 1P [1P(e) → 1P3/2(h)] and
1S [1S(e) → 1S3/2(h)] transitions, respectively. Furthermore, a
positive peak was observed at 535 nm resulting from the

photoinduced absorption (PA) due to the CdSe QDs. The
following step was to investigate, always with the nonresonant
400 nm laser pulse, the hybrid structure formed by CdSe QDs
on gold hole array. The hole period was chosen as 380 nm to
achieve the resonant coupling between SPPs mode and the 1S
transition of the CdSe QDs. The TA spectra are shown in
Figure 3b. As it can be seen, the 1P absorption band around
500 nm is unchanged with respect to Figure 3a. This result was
expected because the 1P transition does not couple to the SPPs
resonance. Conversely, there is a small dip appearing in the 1S
bleaching band. The dip between the two new peaks
corresponds to the 1S transition wavelength of the CdSe
QDs. However, the separation between these peaks is very
small, even smaller than the results obtained from the steady-
state experiment, which suggests that the intrinsic photophysics
of the hybrid state cannot be properly described under
nonresonant excitation. This condition does indeed imply the
excitation of electrons to thermally excited conduction bands,

Figure 3. Transient absorption spectra under nonresonant 400 nm
excitation of CdSe QDs on (a) flat gold film and (b) gold hole array
with period equal to 380 nm. The spectra are recorded at 1.5, 3, 5, 10,
20, 50, 100, 500, and 1000 ps. (c) Normalized bleaching dynamics
under 400 nm nonresonant excitation of CdSe QDs on flat gold film
measured at 500 (1P transition, black dotted line), 590 (1S transition,
590 nm, gray dotted line), and 610 nm (light-gray dotted line).
Similarly, CdSe QDs on gold hole array (P = 380 nm) show a
bleaching peak at 500 nm (1P transition, continuous blue line)
together with two more peaks at 578 and 610 nm, which are separated
by the 1S transition (red and purple continuous lines). The inset
shows the dynamics for short time windows. ΔOD: optical density
variation.
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which provide information on the hot electrons relaxation in
hybrid systems. Thus the corresponding relaxation dynamics
are compared in Figure 3c. (The inset shows dynamics for short
time windows.) In particular, the dotted lines describe the
kinetic traces at 500, 590, and 610 nm of QDs on flat gold film.
The Figure shows that the 1P bleach band at 500 nm grows and
also relaxes faster (black square line) than the other bands. As
the 1P band starts decreasing (∼300 fs), the 1S band at 590 nm
shows a slowing down in the initial rise, which has been
indicated as relaxation of the 1D and 1P electrons into the
lower 1S state. After this state-filling process, the 1S band
shows a slow decay (approximately nanoseconds).45 The
kinetics of the hybrid state is also plotted in Figure 3c as
solid lines. It is observed that the 1P band dynamic is nearly the
same as that of QDs on flat gold film because this transition is
not coupled to the SPPs modes. Besides, the dynamics
corresponding to the two peaks originating from the 1S
bands show a fast initial rise (∼100 fs) owing to biexciton
effect,44 followed by a bend, which is caused by a slow increase
in the 1S population electron states. The bend reaches the
maximum at ∼1.5 ps to follow with a slow decay. This dynamic
process is almost the same as bare QDs at 610 nm. Above all,
these similar dynamic processes indicate that electrons located
in thermally conduction states can relax into the hybrid bands,
suggesting that the state-filling effect is unaffected by the strong
coupling. Nonetheless, these results from nonresonant
excitation cannot provide information about the intrinsic
photophysics of the hybrid state.
To obtain a deeper understanding of the photophysics of the

hybrid state, we further performed TA measurements under
resonant condition by 560 nm laser pulse, which corresponds
to the upper band excitation. Figure 4a shows the TA spectra of
CdSe QDs on top of a flat gold film, which was once again
chosen as reference. The Figure illustrates one bleaching peak
appearing around 600 nm, which is assigned to the 1S

transition of CdSe QDs, similarly to the 400 nm excitation
condition. On the contrary, the TA spectra of hybrid structures
formed by CdSe QDs drop-casted on gold hole array (period =
380 nm) show totally different features (see Figure 4b). The 1S
transition bleaching band is completely separated into two
distinctive bleaching signatures with equal intensities, a result
that remarkably underlines the formation of the hybrid state.
The two peaks located at 580 and 622 nm show a Rabi splitting
energy as 145 meV, which is consistent with the value measured
from steady-state experiments.
Importantly, we performed TA measurements under

resonant condition also on hybrid structures of CdSe QDs
drop-casted on gold hole array structures having different
periods. In this case, the TA spectra recorded at maximum
amplitude are plotted in Figure 4c. As the hole period increases
from 380 to 400 nm, both of the two bands show a red shift,
resulting in accordance with the static measurements (Figure
2). The intensities of the two bands are no longer equal,
indicating that the strength of the coupling becomes weaker.
With further increasing of the period to 420 nm (pink line), the
splitting peaks are not detectable any longer because the SPP
mode and the 1S transition of the CdSe QDs have become off-
resonant. Therefore, through varying the period of the hole
array in TA measurements, it can be clearly observed that when
the nanohole array period is equal to 380 nm, the SPP
resonance can overlap with the first exciton transition of the
CdSe QDs. Finally, it is worth noticing the absence of any
positive signals in the TA spectra, suggesting that the intrinsic
nonthermal decay of the hybrid state should be properly
represented under resonant excitation.
In terms of dynamics and always assuming resonant

excitation condition, we compared the normalized results of
the upper and lower hybrid bands under the strongest coupling
regime (P = 380 nm) with the behavior from bare excitons of
CdSe QDs on a flat gold film. As shown in Figure 4d, the

Figure 4. TA spectra under 560 nm resonant excitation of CdSe QDs on (a) flat gold film and (b) gold hole array with period 380 nm. The spectra
were recorded at 0.7, 5, 35, 100, 220, 460, and 1000 ps. (c) TA spectra measured at 0.7 ps for CdSe QDs drop-casted on a flat gold film and gold
hole array with three different periods. The arrows highlight the hybrid peaks. (d) Normalized bleaching dynamics under 560 nm resonant excitation
of CdSe QDs on a flat gold film (measured at 598 nm) and on a gold hole array structure of P = 380 nm (measured at the hybrid bands of 582 and
623 nm).

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.6b02059
J. Phys. Chem. Lett. 2016, 7, 4648−4654

4652

http://dx.doi.org/10.1021/acs.jpclett.6b02059


lifetime of the hybrid bands is slightly shorter than for bare
excitons. To analyze this result, we have to recall that in strong
coupling regime the hybrid system is a combination of excitons
and SPPs components. In general, the lifetime of hybrid states
is expected to be governed by fast decay mechanisms, namely,
the damping of SPP modes, which is in the range of tens of
femtoseconds.46,47 Here the lifetime of the hybrid bands is
instead only slightly slower than that for bare CdSe QDs
(approximately nanoseconds); indeed it is much longer than
the typical SPPs damping time. Thus the kinetics of the hybrid
bands cannot be defined in any simple way.
Specifically, recent experiments have demonstrated that the

lifetime of hybrid systems with J-aggregates can be intrinsically
long. In particular, it was found that the phonon bottleneck
effect can play a key role in such mechanism.48,49 In the present
situation, because of the spatial confinement, well-defined
energy levels are induced in the QDs. If the spacing among the
energy levels is large enough, the rate of carrier relaxation will
be strongly reduced due to the mismatch between the
electronic gaps and phonon frequencies. In other words, the
bottleneck effect is responsible for suppressing the vibrational
relaxation levels, as already demonstrated in the state filling of
semiconductor QDs.50 Therefore, by assuming that the
transition from the upper to lower band is mediated by
relaxation through multivibrational modes, under the condition
of a large Rabi splitting the transition will be inhibited due to
the phonon bottleneck effect, allowing for an increase in the
upper hybrid band relaxation time. As a result of the phonon
bottleneck effect, the lifetime of hybrid states can be very long
and only slightly shorter than bare QDs.
We have constructed a hybrid structure by drop-casting CdSe

QDs on a gold subwavelength hole array and demonstrated that
strong coupling can be achieved with SPP modes and excitons
of CdSe QDs. Numerical calculations were also implemented
for a better insight into the system. A large Rabi splitting energy
up to 220 meV is obtained. Furthermore, the photophysics of
the formed hybrid state was studied by ultrafast pump−probe
approach. Under nonresonant excitation, we have demon-
strated that state-filling effect is unaffected by the strong
coupling. Furthermore, under resonant excitation, the for-
mation of the hybrid state is remarkably displayed in the TA
spectra, where the nonthermal decay was also directly
represented. We have found a slow decay of the hybrid state
lifetime, with it being just slightly shorter than the lifetime of
bare CdSe QDs. As a possible explanation we have suggested
the phonon bottleneck effect due to the large Rabi splitting. To
conclude, this work provides a theoretical framework for
realizing, through the use of QDs, novel active nanoplasmonic
devices such as ultrafast all-optical switches/modulators or
nanolasers.
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