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Abstract:  Inherent absorptive losses affect the performance of all plas-
monic devices, limiting their fascinating applications in the visible range.
Here, we report on the enhanced optical transparency obtained as a result
of the broadband mitigation of optical losses in nanocomposite polymeric
films, embedding core-shell quantum dots (CdSe@znS QDs) and gold
nanoparticles (Au-NPs). Exciton-plasmon coupling enables non-radiative
energy transfer processes from QDs to metal NPs, resulting in gain induced
transparency of the hybrid flexible systems. Experimental evidences, such
as fluorescence quenching and modifications of fluorescence lifetimes
confirm the presence of this strong coupling between plexcitonic elements.
Measures performed by means of an ultra-fast broadband pump-probe setup
demonstrate loss compensation of gold NPs dispersed in plastic network in
presence of gain. Furthermore, we compare two films containing different
concentrations of gold NPs and same amount of QDs, to investigate the
role of acceptor concentration (Au-NPs) in order to promote an effective
and efficient energy transfer mechanism. Gain induced transparency in
bulk systems represents a promising path towards the realization of loss
compensated plasmonic devices.

© 2016 Optical Society of America
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1. Introduction

Nanoplasmonics enables attractive optical properties and various interdisciplinary applications
based on localized surface plasmon resonances (LSPRs), defined as resonant collective free
electrons oscillations of metallic nanostructures with incident electromagnetic waves. Interac-
tion of LSPs and optical gain such as organic chromophores or quantum dots (QDS), has been
a subject of intense research in the last decade, both theoretically and experimentally [1-5].
Exciton-plasmon hybrid systems unearth various promising applications in light harvesting,
sensing, plasmon mediated superluminescence, surface enhanced Raman scattering and sub-
wavelength imaging beating the diffraction limit [6—10]. Moreover, such systems are also ex-
pected to promote quantum effects such as electromagnetically induced transparency, cavity
guantum electrodynamics, and photon blockade at normal experimental conditions such as
room temperature and atmospheric pressure [11-13]. Several approaches have been imple-
mented in order to study exciton-plasmon interaction, such as using DNA as spacer [14] and
placing QDs in close proximity of NPs by using an atomic force microscope (AFM) tip [15, 16].

To exploit exciton-plasmon interaction towards real applications, lots of efforts have been made
to disperse QDs and plasmonic NPs in polymer matrices [17-19].

However, it is well known that negative real permittivity, an essential condition for realization

of metamaterials is always accompanied with a large positive value of imaginary permittivity
which diminishes figure of merit FOM = Rg w)]/Im[e(w)] and leads to strong absorptive
losses in the plasmonic systems, making plasmonic devices inefficient in the optical range and
impossible to harness most of their fascinating properties for real life applications [20, 21].
Battling these absorptive losses will trace the future of nanophotonics and metamaterials. In
this context, theoretical and experimental studies suggest that bringing gain close to plasmonic
nanostructures can be a potential solution to solve this challenging issue [3,22-24]. In our for-
mer studies, we have successfully demonstrated various loss compensated systems in solutions
at nano- and meso-scales, including both gain-functionalized (dye encapsulated into silica shell)
and gain assisted (dye dispersed in solution of metal NPs) plasmonic structures [25-29]. How-
ever, the evaporation of host solvents can alter gain concentration around plasmonic elements
as well as overall concentrations of the systems, affecting the plexcitonic coupling and even-
tually the loss compensation mechanism. Thus, gain-plasmon interaction must be investigated
in a solid, chemically inert and optical transparent host in order to design low loss plasmonic
devices and to envisage novel technological ideas.
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Here we report on the strong exciton-plasmon coupling betv@2sand Au-NPs dispersed
in a thick and flexible plastic matrix in order to ensure the host’s chemical and physical stability
and to prevent change of hybrid system concentration. This particular coupling is responsible
for a non-radiative energy transfer from gain medium to the quasi static electric field of the
plasmonic elements, through an Exciton-Plasmon Resonance Energy Transfer (EPRET) pro-
cess, resulting in a modification of the overall absorption and a gain-induced transparency of
the plexcitonic systems. Two hybrid nanocomposite films, containing the same concentration
of QDs with two different concentrations of Au NPs are also investigated and compared. We
confirm that higher concentration of Au NPs leads to comparative proximal neighboring and
optimal ratio (critical value of gain around plasmonic NPs) between excitons and plasmons,
triggering more efficient non radiative channels via stronger coupling. It has been corroborated
by fluorescence quenching, shortening of QDs lifetimes using time correlated single photon
counting (TCSPC) data and comparison of threshold values and net enhancement of transmit-
ted probe beam in ultrafast broadband pump-probe experiments in both plexcitonic polymeric
films.

2. Methods

Hybrid nanocomposite polymer films are fabricated by starting from the synthesis of Oley-
lamine (OA-) coated Au-NPs and CdSe@ZnS QDs of 11 nm and 3 nm in diameter, respec-
tively, following the methods reported in references [30, 31]. Dispersion of freshly synthesized
OA-capped NPs in a Polydimethylsiloxane (PDMS) matrix resulted in a homogeneous, trans-
parent and free standing thick film containing Au-NPs. On the contrary, when colloidal emitting
CdSe@zZnS QDs were added into PDMS pre-polymer mixture, crosslinking of elastomer was
not observed in the final films. Absence of crosslinking did not allow PDMS films to be free
standing, homogeneous and transparent, even after a long thermal treatment. To overcome this
hurdle, change in the QDs surface chemistry presented a promising solution to obtain the de-
sired crosslinking mechanism [32]. OA-capped QDs were successfully incorporated into the
PDMS host by playing with nanocrystal surface chemistry, without changing the pre-polymer
mixture composition or processing temperature, resulting in effective cross-linked and stable
PDMS orange films [32—-35].

Six PDMS based nanocomposites samples are synthesized to study the interaction between
QDs and Au-NPs in a plastic host matrix. Four samples are used as reference samples (A-B-C-
D), while the hybrid nanocomposite films E and F represent the main samples as shown in Fig.
1. Sample A is simply a PDMS matrix, used to study the physical properties of pure polymer
network. The second and third samples B and C contain Au-NPs in the plastic host with two
different concentrations (B =% 10°® M and C = 3x 10°® M). Sample D was obtained by
dispersing CdSe@ZnS QDs 610 ° M) in the PDMS matrix. The main samples (E and F)
contain mixture of similar concentration of QDs and gold NPs at two different concentrations
presentin samples B and C, respectively. Figure 1 shows the plasmon bands of sample E (brown
circles) and sample F (black squares) along with the fluorescence emission of QDs in sample
F (red line) with the images of realized systems. Red shift and broadening of plasmon band is
due to the presence of a uniform distribution of NP aggregates in the plasmonic polymer films,
as well evidenced by optical microscope image reported in Fig.1 (C-50x) [36, 37]. Moreover,
uniform distribution of both Au NPs and QDs aggregates of different size in main samples (E
and F) is also ensured by the microscope images shown in Fig. 1 (E-50x and F-50x). As QDs
emission in samples E and F is quite similar, we reported here only the behavior of sample F
in order to exhibit good spectral overlapping with NPs plasmon bands, necessary condition for
enabling energy transfer processes via plexcitonic coupling in the two hybrid films.
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Fig. 1. Images of the reference and main samples. ReferengaesafA) pure PDMS film,

(B) low (1 x 10~8 M) and (C) high (3x 10-® M) concentrated Au-NPs PDMS film and (D)
QDs-PDMS film (QDs concentration =»610-> M). Main samples E and F: Dispersion

of same concentration of QDs with low and high concentrated Au-NPs in PDMS matrix,
respectively. Plasmon bands of samples E (brown circles) and F (black squares) and fluores-
cence emission spectrum of sample F (red line). Light blue background represents spectral
overlapping region. Microscope images of sample C, E and F have been acquired by a 50x
objective to show the uniform distribution of Au NPs and QDs aggregates of different size
(C-50x%, E-50x and F-50x). Scale bar measuresra0

3. Results and discussions

A multi-functional ultrafast experimental set-up has been utilized to study gain-plasmon in-
teraction in plexcitonic systems, as shown in Fig. 2(a). Fluorescence quenching behavior of
QDs in presence of Au-NPs and time resolved fluorescence spectroscopy have been performed
in order to confirm their strong interaction. Samples D, E and F were pumped at excitation
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Fig. 2. (a) An ultrafast optical set-up designed for steadiedtaorescence measures, time
resolved spectroscopy and broadband pump-probe experiments. (b) Maxima of fluores-
cence emission (FE) intensity of sample E (blue circles) and sample F (red triangles) with
respect to sample D (black squares) as a function of the incident pump energy. Inset shows
the quenching of emission spectra of QDs in the presence of Au-NPs in sample E (blue
line) and F (red line) with respect to sample D (black line).
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wavelengthAeyc = 370nmwith same average power by a tunable (680-1080 nm range) fem-
tosecond Ti:Sapphire pulsed laser (repetition rate = 4 MHz, pulse width = 140 fs, by Coherent
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Inc.), coupled with a second harmonic generator (SHG) modslshown in Fig. 2(a). Inset of

Fig. 2(b) shows the fluorescence emission quenching of both sample E and F with respect to
sample D. Fluorescence emission quenching in sample F have been observed more significant
with respect to sample E, due to higher concentration of plasmonic nano-resonators. Moreover,
observed emission quenching has also been reported as a signature of non-radiative energy
transfer processes occurring from QDs to Au-NPs [25, 38]. In order to elucidate this point, the
maxima of fluorescence emission intensity spectra of samples E and F are compared to sample
(D) as a function of excitation energy. If QDs and Au-NPs are uncoupled, Au-NPs would act as

a static quencher and quenching rate must be constant as a function of energy [28, 38]. Different
rates have been instead observed for both hybrid samples, confirming that a non-radiative RET
process is at the basis of the observed quenching mechanism [25, 28].
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= £ 1.6 :
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B o 14 1
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Fig. 3. (a) Time-resolved fluorescence intensity decays fopsaD (black curve), sample

E (blue) and F (red). Inset represents a zoom of the first 32 ns. (b) Shortened fast decay
time 1, in sample F with respect to sample E at different emission wavelengths. Light blue
background represents spectral overlapping region between plasmon bands of Au NPs and
fluorescence emission of QDs.

Time-resolved fluorescence spectroscopy was carried out on samples E and F, as well as on
reference sample D, in order to study the time dependent behavior behind the exciton-plasmon
coupling and RET processes. Figure 3(a) shows time-resolved fluorescence intensity decays at
fixed emission wavelength 560 nm, for main and reference samples, performed by means of a
spectrofluorometer (by Edinburgh Inc.) excited at 370 nm by same frequency doubled pulsed
laser described in Fig. 2. A bi-exponential fitting function is used to study the decay rate of
QDs dispersed in PDMS, due to the formation of QDs micro-aggregates into the plastic ma-
trix [32]. In the presence of Au-NPs, three exponential decay times were measured, including a
very short decay timer{). This very short living state is attributed to the fraction of QDs which
is located in close proximity with Au-NPs and take partiRRET process via strong gain-
plasmon coupling. Appearance of clearly shows that fluorescence emission quenching of

Table 1. Decay lifetime for sample D, E and F in ns at emission wavelength 560 nm.

Decay Time (ns)| Sample D| Sample E| Sample F
51 - 1.96 0.75
) 10.7 8.8 6.6
3 45.6 38.5 28.5

QDs in the presence of Au-NPs is related to a faster relaxaginardics, due to the presence of
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a non-radiative channel, confirming a RET mechanism (see idbladetails at emission wave-
length of 560 nm). The intermediate lifetims) is attributed to Forster-like resonance energy
transfer (FRET-like) mechanism between the different sizes of QDs micro-aggregates [39, 40].
Life time 13 is originated from those agglomerated QDs which do not participate in any kind

of energy transfer process. Moreover, we reported shortest life time compongri$ gam-

ple E and F as a function of emission wavelength (see Fig. 3(b)). It is clearly evident that
higher concentrated plexitonic elements (sample F) remain closer to each other with respect
to lower concentrated ones, when dispersed in the identical host matrix. Faster non radiative
energy transfer process from QDs to Au NPs via exciton-plasmon coupling strictly depends on
exciton-plasmon inter-distance and spectral overlapping [38]. A large variatmmsobserved

in sample E due to weak plexcitonic coupling with respect to an almost constant behavior of
sample F due to strong coupling as a function of emission wavelength, which becomes more
pronounced inside spectral overlapping region as indicated by the light blue background of Fig.
3(b). It is interesting to mention here that similar constant behavior of life time as a function
of emission wavelength has been observed in many other plasmon based nanostructures such
as hyperbolic metamaterials, when excitons are strongly coupled to surface plasmon polari-
ton modes of multilayer structures [41, 42]. An ultrafast broadband pump-probe experiment
has been performed to measure simultaneously transmission and Rayleigh scattering of hybrid
films under excitation waveleng#x. = 400nm This represents the most important proof that
EPRET processes are responsible of optical loss mitigation mechanism. Setup sketched in Fig.
2(a) allows the beam from a Ti:Sa pulsed laser to be split in two parts. 70% is duplicated by a
SHG module (340 nm - 540 nm) representing the excitation beam. Remaining fraction of the

17- Sample E 1
S 141 g [ s 50 |
7 {5 08 510
L 121% a0 ]
E | ﬁ 00 —v—530
@ 108 N 7
Q- ‘
& ] —— 560 |/
l_ 07 n 71,5 0 520 540 560 580 600 4
© 0 5; Wavelength (nm) b
o
O 0.2 ]
0.0+ ]

Pump Power (mW)

Fig. 4. Particular wavelength cuts extracted from broadl@sndf sample E in the spectral
overlapping region of plasmon resonances and QDs emission as a function of pump power,
when pumped by excitation wavelengiye = 400nm Inset shows the Delta scattering
experiment as a function of spectral overlapping region wavelength for sample E.

beam is used to generate super continuum light from a nonlinear photonic crystal fiber, to ob-
tain a broadband probe beam (50Q2000 nm). Pump and probe beams are coupled by means

of a beam coupler (BC) and sent to the sample holder. Here, we used 1 mm diameter probe
beam placed in the central region of a 2 mm diameter of pump beam, which always allows to
probe the area where maximum coupling between gain medium and plasmonic nanostructures
is expected. This is due to the Gaussian intensity distribution of the two laser spots (pump and
probe beams). Beer-Lambert-Bouguer law states that simultaneous investigations of a probe
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beam in Rayleigh scattering and transmission measuremeatgth pump-probe experiment
allows us to understand whether gain is able to modify absorptive nature of plasmonic systems.
Delta transmissiot is defined agl, — lo)/lo, Wherel , andl, are the transmitted intensity of

probe beam in the presence and in the absence of pump beam, while delta scagéesidg-

fined in the same way, in terms of scattered probe beam. Figure 4 shows ultrafast pump-probe
experiment for the simultaneous measure of transmission and Rayleigh scattering on sample
E. Sample E shows transmission enhancement of probe beam for spectral overlapping wave-
lengths as a function of pump power. Weaker plexcitonic coupling present in such hybrid film
enables gain induced transparency above a higher threshold value (above 70 mW) while the in-
set of Fig. 4 shows how the scattered probe beam is unaffected by the pump energy throughout
the whole spectral overlapping region. It is evident from Fig. 5(a) how strong exciton-plasmon
coupling takes place in the case of sampl&fremains constant at lower pump power and even
demonstrates slight transmission enhancement at higher power for 500 nm probe wavelength
which is just located at the edge of spectral overlapping region. On the cotfagyadually
increases as we change the wavelengths of the probe beam inside the spectral overlapping re-
gion as a function of pump power. Figure 5(a) reports lower threshold value (10 mW), above
which a super linear enhancement of delta transmission through sample F has been observed.
In fact, transmitted probe beam at 545 nm (90 mW pump power) is enhanced to an order of

-
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Fig. 5. (a) Particular wavelength cuts extracted from broadidg of sample F, approach-

ing towards the maximum transparency, attained at 545 nm in the spectral overlapping
region as a function of pump power. Inset shows decreaAe fior sample F, when probe
wavelengths move towards the end of overlapping region. (b) Comparis&f fump

power = 80 mW) for samples E and F as a function of probe wavelengths. Blue back-
ground represents the spectral overlapping region, evidencing the enhanced broadband op-
tical transparency in sample F with respect to sample E.

magnitude with respect to one, obtained at 500 nm probe beam. Inset of Fig. 5(a) shows how
At decreases when probe beam approach towards the end of overlapping region. Also in this
case, Rayleigh scattering remains constant at all excitation powers (curves not reported here).
Figure 5(b) shows behavior of delta transmission for sample E and F at a 80 mW pump power.
Delta transmission enhancement, as well as observed threshold values, clearly highlight how
effective EPRET processes are behind the induced broadband transparency obtained in sample
F with respect to sample E. The decreasing of the large imaginary part of permittivity of such
hybrid systems permits to attain a broadband mitigation of optical losses. In this context, Xiao
et al. showed a transmitted probe beam enhancement of about 100%, within a wavelength range
(712 to 736 nm), through gain functionalized plasmonic structures, by defining delta transmis-
sion in a similar way [43]. Even though the proposed structures are completely different from
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our systems and cannot be compared to them, in terms of dattsnirssion we observed a

net enhancement of probe beam through sample E and F in a wider wavelength region (520
- 600nm), with maximum values of about 150% and 650%, respectively, as reported in Fig.
5(b). Noteworthy, we performed the same pump probe experiments on all reference samples
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Fig. 6. Delta transmissior\f) of reference samples for two extreme pump powers (20 mW

& 80 mW) as the function of the spectral overlapping region(500-600 nm), when excited by
excitation wavelengtiiexc= 400nm (a) Sample A, (b) sample B, (c) sample C, (d) sample

D. Black and red lines represent the responses of probe beam at 20 mW and 80 mW pump
power, respectively.

A, B, C and D, inside the overlapping region and under the same experimental conditions as
used in main samples (E & F). In this case we used only two extreme pump powers (20 mW
& 80 mW). Figure 6 reports uniform and similar transmission signals at the two extreme pump
values for all the wavelengths of the overlapping region (500-600nm). This ensures that only
hybrid systems (sample E & F) exhibit transmission enhancement due to non-radiative energy
transfer from QDs to Au NPs via exciton-plasmon coupling.
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4. Conclusion

In summary, nanocomposite polymer films were fabricated by simultaneous dispersion of QDs
and Au-NPs by properly acting on nanocrystals surface chemistry. We confirmed the presence
of strong coupling mechanism between plexcitonic elements dispersed in a PDMS template
and demonstrated how this coupling mechanism strongly modifies the optical response of the
flexible films. Non radiative energy transfer processes from QDs to plasmonic NPs mitigates the
absorptive losses and enables the entire system to be more transparent. In addition, presence of
gain in close proximity of gold NPs was experimentally proved in order to achieve an efficient
EPRET processes between excitons and plasmons in bulk matrix. Such hybrid films enable
us to mimic more practical systems, where gain-plasmon concentrations can be controlled.
Therefore we reported an example towards the realization of optical metamaterials based on
gain functionalized plasmonic devices with low losses.
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