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he problem of optical loss in meta-

structures based on metal subunits

represents a central topic that has to
be tackled before we can move toward
the fabrication of metamaterials in the visi-
ble range because most of the extraordi-
nary electromagnetic properties expected
in nanostructured systems are shadowed by
unavoidable absorptive effects. Recently,
theoretical studies have shown that bring-
ing gain in proximity to metal subunits can
reduce the strong radiation damping, in
terms of reduction of the imaginary part
of the dielectric permittivity.! This would
enable promising new applications of
these materials in fields such as materials
science,? biophysics,® molecular electronics,
and fluorescence spectral engineering
based on surface-enhancement effects.*
Compensation of the strong losses caused
by metal absorption would permit us to
operate at optical frequencies, opening
the possibility to investigate phenomena
such as perfect lenses,® cloaking,®” and
others not yet conceived. A recent experi-
mental work performed on plasmonic struc-
tures with gain units dissolved in solution®
showed that the presence of fluorescent
molecules in a mixture may modify the
scattering intensity as a function of the gain
owing to the enhancement of the quality
factor of surface plasmon resonances (SPRs).
It is well-known that relevant modifications
of the fluorescence of dye molecules placed
in close proximity to metal nanoparticles
(NPs) are due to mutual interactions with
nanoparticle surface plasmons (SPs), includ-
ing resonant energy transfer’ " A loca-
lized SP represents a collective oscillation
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ABSTRACT The performance of all metamaterial-based applications is significantly limited by
the inherent and strong energy dissipation present in metals, especially in the visible range. In fact,
these materials suffer from rather strong damping of the plasmon fields which can become
obstructive for most optical and photonic applications. Therefore, eliminating losses in optical
metamaterials is critical for enabling their numerous potential applications. We experimentally
demonstrate that the incorporation of gain material (fluorophores) in the high-local-field areas of a
metamaterial subunits (gold core/silica shell nanoparticles) makes it possible to induce resonant
energy transfer processes from gain units to plasmonic nanoparticles. A comparison between gain-
assisted (nanoparticle—dye dispersion) and gain-functionalized (dye encapsulated into the shell)
systems is reported. Fluorescence quenching and time-resolved spectroscopy along with modifica-
tion of Rayleigh scattering and transmission of a probe heam as a function of impinging energy are
key evidence of the strong coupling occurring between NPs and gain medium. The multipronged
approach used to compensate losses in these metal-based subunits permits one to obtain important
advances in materials science and paves the way toward further promising scientific research aimed

to enable the wide range of electromagnetic properties of optical metamaterials.

KEYWORDS: plasmonic nanoparticles - loss compensation - metamaterials -
functionalized gain media - resonant energy transfer

of electron charges in metallic nanoparti-
cles, whose resonance frequency (LSPR
frequency) is sensitive to dielectric changes
of the environment, as well as to the size
and shape of the nanoparticle. A phenom-
enon relevant to localized SPs is a surface
plasmon polariton (SPP), that is, a surface
electromagnetic wave propagating parallel
to the interface between two media posses-
sing permittivities with opposite signs, such
as a metal and a dielectric. In both cases,
oscillations are excited by light, exhibiting
enhanced near-field amplitude at the reso-
nance wavelength. Localized SPs have been
found on rough surfaces,'>'* in engineered
nanostructures,'~"” as well as in clusters
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and aggregates of nanoparticles (NPs).'®2° In 1989,
Sudarkin and Demkovich?' suggested to increase
the propagation length of a SPP by utilizing the
population inversion created in the dielectric medium
adjacent to the metallic film. Recently, gain-assisted
propagation of SPPs at the interface between a metal
and a dielectric with optical gain has been analyzed
theoretically.?*?* The enhancement of the SPP at the
interface between the silver film and the dielectric
medium with optical gain (laser dye) has been recently
demonstrated in ref 24 and described by Noginov for
Ag aggregates in solution.® Furthermore, a relevant
phenomenon of SP amplification by stimulated emis-
sion of radiation (SPASER), based on Forster-like energy
transfer from excited molecules to resonating metallic
nanostructures introduced by Stockman et al. in
2003,%>%% has been theoretically analyzed by Zheludev
et al?” and experimentally demonstrated in ref 28. At
the same time, theoretical self-consistent calculation
on gain-assisted metamaterials was proposed in 2009
by Fang et al.,' showing that 2D dispersive metamater-
ial losses can be compensated (Im(e) = 0), whereas
both positive and negative values of Re(e) can be
obtained. Nevertheless, most of these studies have
been performed in “gain-assisted” systems, where
striking plasmonic properties have been evidenced,
but the unavoidable problem of absorptive losses still
requires many technical and scientific problems to be
solved. Here, we report experimental studies aimed to
demonstrate effective chemical and physical ap-
proaches to mitigate the absorptive loss effect by
means of either gain-assisted (Ga) or gain-functiona-
lized (Gg) core—shell metal nanospheres, selected as
metamaterial building blocks. The main difference
between these two approaches is that in the gain-
assisted system fluorescent guest molecules are in-
cluded in the designed structure by mixing them in
solution with the plasmonic nanoparticles, whereas NP
gain functionalization comprises “smart nanoparticles”
carrying built-in gain elements compensating internal
losses, obtained by incorporating optically active com-
ponents (quantum dots or organic dyes) within the
silica shell.

RESULTS AND DISCUSSION

The study was performed by investigating primarily
the photophysical properties of adequate composites,
dye—NP solutions, to evaluate the main parameters in
resonant energy transfer mechanisms. Subsequently,
gain-functionalized composites were considered,
whose electromagnetic properties were modeled tak-
ing into account the presence of gain elements that
can shift plasmonic resonances modifying the fre-
quency response of the material. In particular, the
effective rate of (nonradiative) excitation energy trans-
fer from fluorescent dye molecules to surface plasmon
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Figure 1. (a) TEM image of the gold core/silica shell NPs. (b)
TEM image of the gain-functionalized system (Au@(SiO, +
R6G)), with R6G incorporated within the silica shell. (c)
Sketch of the nonradiative energy transfer process (green
dashed line (3)) occurring from fluorescent dye molecules
(red spheres, inside the silica shell of about 30 nm) to
surface plasmon modes of properly functionalized gold
cores (yellow sphere, d ~ 60 nm). The p is the pump
wavelength, (1) is excitation; (2) dye radiative de-excitation;
(3) nonradiative energy transfer; (4) plasmon state de-
excitation; (5) thermal de-excitation (electron—phonon
coupling).

modes of functionalized gold core/silica shell NPs has
been investigated by exploiting a surface coating
approach (see Figure 1).

The predicted behavior of the nonradiative transfer
rate due to the Coulombic interactions®® and a non-
trivial nanoparticle size dependence represent key
parameters to properly include gain units and provide
effective gain to plasmonic elements. Therefore, a
multipronged synthetic strategy was followed to bring
the required functionalities at the plasmonic NPs act-
ing as low-loss nanoresonators. The first step involved
the dissolution of organic dyes in the NP dispersion to
optimize compatibility, spectral overlap, and nonradia-
tive transfer rate (gain-assisted approach), then this
system was compared to the Gg system where the
selected fluorescent molecules were encapsulated
within the silica shell surrounding the noble metal
NPs. More in detail, gain-functionalized metal nano-
particles consist of a gold core (diameter d ~ 60 nm)
coated with a silica shell (30 nm thick) containing
organic dye molecules (Figure 1).3°73* The photostable
organic dye [Rhodamine 6G (R6G)] was optically ex-
cited by laser pulses at 355 nm, showing that its gain
curve overlaps the plasmon band of gold NPs in both
systems: gain-assisted (G,) and gain-functionalized
(Gf) (Figure 2).

Gain-Assisted (G,) Gold Nanoparticles. Au core/silica shell
nanospheres (core diameter 60 nm, silica shell 30 nm)
were dispersed in an ethanol solution of R6G (0.01 wt %).
Fluorescence spectroscopy allowed us to gain an
understanding about the coupling between active
dyes and plasmonic nanospheres. As observed by
Dulkeith,®® if a donor fluorescent molecule is main-
tained in the vicinity of a metal nanoparticle, a drastic
quenching of fluorescence is expected. This effect was
predicted by Gersten and Nitzan by considering a
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Figure 2. Absorption (dashed line) and emission (dash-dot-
dot line) spectrum of Rhodamine 6G dye in ethanol and
plasmon bands of gain-"assisted” and gain-“functionalized”
gold nanoparticles. (Gn) Sketch of the gain-assisted system
(Au@Si0,/R6G) in which R6G dye molecules have been
dissolved in the ethanol solution of gold core/silica shell
NPs; (Gr) R6G has been encapsulated within the silica shell
(dotted line).

remarkable enhancement of nonradiative resonant
energy transfer between donor fluorophore and plas-
monic acceptor.’ Inset of Figure 3 shows the fluores-
cence quenching observed in the Au@SiO,/R6G system
with respect to the pure R6G ethanol-based solution
(same concentration, 0.01 wt %) when optically pumped
with large spotted pulse trains of a tripled Nd:YAG laser
(A =355 nm) at the same pump energy.

By plotting the maximum fluorescence emission as
a function of pump energy for both solutions (Figure 3),
a different rate was observed. This can be the conse-
quence of resonant nonradiative energy transfer pro-
cess occurring from gain molecules to metal units
present in the surrounding volume, which causes the
decrease of the radiative rate. Indeed, upon studying
fluorescence changes in these gain-assisted systems,
only fundamental indications of excitation energy
transfer processes can be obtained. These observa-
tions are necessary but not sufficient to demonstrate
mitigation of absorptive losses. Hence, time-resolved
fluorescence spectroscopy along with pump—probe
experiments has been carried out on both gain-assisted
and gain-functionalized systems to perform a compara-
tive analysis of gain-induced optical loss modifications.

Gain-Functionalized (G¢) Gold Nanoparticles. The step for-
ward is represented by the functionalization of core—
shell NPs by encapsulating properly selected fluores-
cent guest molecules within the silica shell to induce
effective resonant energy transfer in dye-doped meta-
structures. As compared to the gain-assisted system,
this approach allows a fine control of key parameters
such as dye—metal core interdistance and dye con-
centration, offering the advantage of clearing inactive
fluorescent molecules from solution and allowing one
to maintain almost unmodified the energy density of
the optical pump. In this framework, material para-
meters of core—shell NPs have not been modified, the
difference only being the encapsulation of R6G dye
molecules within the shell. This process allows us to bring
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Figure 3. Inset: Fluorescence quenching observed in G
(black triangles) with respect to the R6G ethanol-based
solution (solid red line) under the same pump energy value.
Fluorescence emission maxima of the gain-assisted sample
(red circles) with respect to the R6G ethanol-based solution
(black triangles) as a function of pump energy (4 = 355 nm).

gain to single gold nanoparticles, which can over-
come direct energy feeding through nonradiative
mechanisms.

Fluorescence lifetime measurements demonstrate
quenching behavior, consistent with a small separation
distance from dyes to the surface of the nanoparticle
because of their strong resonant coupling. Figure 4
reports the time-correlated single-photon counting
(TCSPC) data at 560 nm for G, and Gg systems with
respect to the pure R6G dye solution when irradiated
with a 265 nm NanolLed pulsed laser diode. The time-
resolved fluorescence intensity decay of the ethanol
solution of pure R6G molecules is fitted as a single-
exponential function in Figure 4 (red dots and green
line fit), giving a time constant of 7o = Relo = 5.4 Ns
(> = 0.978). From the TCSPC data of the gain-assisted
system (blue dots and cyan line fit), two components
can be identified in the decay dynamics. A fast decay
(of Ta7 ~ 190 ps; x> = 0.978, Figure 4b) is accompanied
by a long-living emission where the decay kinetics
resembles the fluorescence decay for pure R6G dye
molecules. The first decay time is attributed to the
fraction of dye molecules decorating the silica shell
that experience the resonant energy transfer process;
the long-living emission is related to the fraction of
unbound dye molecules (the largest fraction) present
in solution but that are not coupled to plasmonic
nanoparticles. Strikingly, the time-resolved spectrum
of the Gg system (pink dots) shows only a short-living
intensity emission decay, fitted as a single-exponential
with a time constant 7 ~ 120 ps (xz = 1.058). Accord-
ingly, this decay time can be attributed to the encap-
sulated fluorescent molecules resonantly coupled to
the plasmonic gold core. It is worth noting that in the
G system we have not measured long-living emission
due to unbound R6G molecules. Thus, the identifica-
tion of a single-exponential decay of the short-living
encapsulated dye emission indicates a complete and
effective dye—NP coupling, which is manifested as a
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Figure 4. (a) Time-resolved fluorescence intensity decays: G, and Gg systems are compared to pure R6G dye solution. Long-
living emission of pure R6G characterized by a time constant 7g,, = 5.4 ns (red dots). Two components are identified in the
decay dynamics of the G, system: 741 ~ 190 ps and 7a, ~ 6.0 ns (blue dots). A short-living emission is identified for Gg (tx ~ 120
ps), clearly indicating a strong dye—NP coupling. (b) Zoom image of the time-resolved fluorescence decays in the first 7 ns.
The double decay time in the case of the G, system is more evident. (c) TCSPC data collected from a solution containing the
Au@SiO; particles only; results obtained in the same experimental conditions as used for the G system confirm that the origin

of short decay is due to the dye—NP coupling.
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Figure 5. Comparison of scattering and transmission enhancement signals between gain-assisted (a,b) and gain-func-
tionalized (c,d) samples. Enhancement of SP evidenced by an increasing of normalized Rayleigh scattering signal of probe
beam as function of pump energy (355 nm) for (a) Au@SiO,/R6G and (c) Au@(SiO, + R6G) samples. Normalized transmission
increasing of a probe beam at 532 nm as a function of pump energy for (b) Au@SiO,/R6G and (d) Au@(SiO, + R6G) samples.
Comparable threshold values for both transmission and scattering signals have been observed in the two samples.

significant reduction of the radiative rate. To exclude a
possible interference caused by the presence of
Au@SiO, particles, TCSPC data have been collected
from a solution containing the Au@SiO, particles only;
the results obtained in the same experimental condi-
tions as used for the Gg system are clearly different,
confirming that the origin of the Gg system short decay
is due to the dye—NP coupling (Figure 4c). All of these
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results elucidate the nonradiative energy transfer rate
as a consequence of strong coupling for the Gg system.
According to Beer—Lambert—Bouguer law, by measur-
ing simultaneously Rayleigh scattering and transmis-
sion, either in the absence or in the presence of gain,
we should be able to understand if the absorptive
power of the material is affected by excitation energy
transfer. Thus, modifications of Rayleigh scattering and
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transmitted intensity of a constant probe beam (1 =
532 nm) have been monitored as a function of the
pump energy for both systems (excitation @ 355 nm).
As first proposed by Lawandy,*® the localized SP
resonance in metallic nanospheres is predicted to
exhibit a singularity when the surrounding dielectric
medium has a critical value of optical gain. This can be
evidenced by an increase of the Rayleigh scattering
signal because of the enhancement of the local field
surrounding the nanoparticle. Hence, a pump—probe
Rayleigh scattering experiment enables observation of
the enhancement of the SP resonance due to the gain
material present in the solution or chemically encap-
sulated in the silica shell surrounding the gold core.
Pump—probe Rayleigh scattering experiments were
performed by a colinear launch of a probe beam in a
small portion of the volume excited by a wider pump
spot at A =355 nm. The scattered probe light, acquired
by means of the optical fiber of a high-resolution
spectrometer, was observed in the spectrum as a
relatively narrow line centered at 532 nm, on the side
of a much broader emission band relative to the dye
fluorescence (see inset of Figure 5a).

Thus, it could be easily separated from the dye
emission. The difference between the maximum of the
scattered beam and the corresponding value in the
fluorescence emission spectrum is plotted as a func-
tion of the pump energy. Figure 5a shows the en-
hancement of Rayleigh scattering signal as a function
of excitation energy in system Gp. The superlinear
increase of the scattered signal above a certain thresh-
old value of gain is a demonstration of the enhance-
ment of the quality factor of SP resonance mediated by
resonant energy transfer processes between active
elements and gold cores within the composite NPs.
The presence of a threshold gain value above which
systems show a nonlinear behavior was already dis-
cussed by Lawandy,*® arguing that a singularity in the
NP local field is expected as the transferred energy
compensates the absorptive losses by exciting NP
surface plasmon modes. However, the key experiment
of this work was performed by measuring the transmis-
sion at far field of probe lightwaves after passing the
excited area with different level of gain, selected by
varying the pump rate. Figure 5b shows the increase of
transmission peaks of the probe signal as a function of
the excitation energy, evidencing a clear gain-induced
increase of the whole system transparency. The mea-
sured transmitted signal is only relative to the probe
beam wavelength, selected by pinhole and notch

METHODS
Chemicals. Ascorbic acid, tetraethylorthosilicate (TEOS), Rho-
damine 6G, and NH,OH (29%) were supplied by Aldrich.
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filters, since stray light checks ruled out any other
undesired contribution. A comparative set of measure-
ments (both scattering and transmission) have been
performed also on the system Gg, revealing similar
threshold values with respect to NP—dye solution, even
if the total amount of present gain units was consider-
ably reduced with respect to the G, system. We plotted
in Figure 5c¢ the enhancement of Rayleigh scattering
intensity at the probe wavelength (probe =532 nm), as
a function of the pump rate in the Au@(SiO, + R6G)
sample. A pump energy threshold value of about 1 mJ/
pulse represents clear evidence that the amount of gain
molecules, now encapsulated in the shell (10°—10*
molecules, by considering a few percent of occupied
volume ratio), was sufficient to permit an effective
nonradiative energy transfer to gold NPs and promote
excitation of the surface plasmon modes, by providing
an estimated local gain of about 10*—10° cm ™' 3® This
effect can be explained by considering the interdis-
tance dependence of the energy transfer rate,?” owing
to NP—dye dipolar interactions according to Forster
theory.?® Figure 5d shows that the transmission of
light with wavelength selected within the resonant
band and propagating through the excited volume
experienced a considerable enhancement as the gain
was increased. A critical behavior of the transmission
was observed above a given threshold value of about
0.33 mJ/pulse, revealing that a reduction of optical
absorption can be induced only if enough gain is
provided. The gain-induced increase of optical trans-
parency of meta-subunits becomes clearer when cor-
roborated by experimental evidence which provides
both direct measurements of the physical quantity
(transmission) and effects clearly related to the energy
transfer process (fluorescence quenching and Ray-
leigh scattering enhancement).

CONCLUSIONS

In conclusion, bringing gain to strongly absorptive
meta-subunits can reduce the strong optical losses,
either by gain-assisted nanoparticles through proper
incorporation of gain molecules in structuring matrices
or by functionalizing the single nanoparticle with gain
units. We therefore demonstrated the possibility to
fabricate metamaterials where gain media can be
adequately inserted at different scale levels, ranging
from the nanoscale to the macroscopic scale. There-
fore, these results are of particular importance to move
metamaterials from fundamental scientific challenges
to applied materials.

Sodium citrate, HAuCl, x 3H,0, and cetyltrimethylammonium
bromide (CTAB) were purchased by Sigma. O-[2-(3-Merca-
ptopropionylamino)ethyl]-O’-methylpoly(ethylene glycol)
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(MmPEG-SH, M,, 5000) was procured from Fluka. Pure-grade
ethanol and Milli-Q-grade water were used in all preparations.
Synthesis of Au spheres: Au spherical particles with an average
diameter of 58 = 3 nm were prepared following the method
developed by Rodriguez-Fernandez et al>? Briefly, 2.5 mL of
ascorbic acid (0.5 mM) was added to 500 mL of an aqueous
solution containing HAuCl, (0.25 mM) and CTAB (0.015 M) at 35
°C.Subsequently, the seed solution (15 nm citrate Au seeds, [Au]
=3.97 x 10~° M) was added and allowed to react for 1 h.

Silica Coating. The Au nanoparticles were coated with silica
using the method reported in ref 31. The 58 nm Au nanoparticles
were first functionalized with mPEG-SH and transferred to
ethanol. This was carried out by dropwise addition of an aqueous
solution containing 1.06 x 10~® mol of MPEG-SH to 5 mL of as-
synthesized Au spheres (0.5 mM). After 30 min, the mixture was
centrifuged (3300 rpm, 30 min) three times to remove excess
mMPEG-SH and redispersed in 3 mL of ethanol. The modified
particles were then mixed with TEOS and ammonia in the
following final concentrations: [Au] = 0.4 mM, [H,0] = 10.55 M,
[NHs] = 0.2 M, [TEOS] = 0.8 mM. The thickness of silica shell after
this first growth step was around 19 nm. Before a second growth
step, the sample was centrifuged (3100 rpm for 30 min) to
remove any free silica nuclei. Eventually, the silica shell was
overgrown up to 30 nm by adjusting the concentration of silica
precursors as indicated above. Some of the obtained core/shell
NPs were added to an ethanol-based solution of Rhodamine 6G
dye at a concentration of 0.0 wt % and a weight ratio of 9.5:1
with respect to NPs. The final system constitutes the Au@SiO,/
R6G sample.

Silica Coating in the Presence of Organic Dyes (Rhodamine 6G). The
encapsulation of fluorophore probes was carried out by simply
adding the dye (diluted in ethanol) dropwise under gentle
stirring immediately prior to TEOS addition.?’ The concentration
of Rhodamine 6G in the reaction mixture was around 6 uM. The
final system is represented by Au@(SiO, + R6G), with R6G dye
encapsulated into the silica shell.

Characterization and Measurements. Transmission electron mi-
croscopy (TEM) was carried out with a JEOL JEM 1010 transmis-
sion electron microscope operating at an acceleration voltage
of 100 kV. The particles' size and shell thickness distributions
were determined from TEM images using at least 100 particles.
Fluorescence confocal microscope images were acquired on
the prepared system Au@SiO,/R6G (by a Leica TCS SP2, not
shown here), aimed to study the dye—NP aggregation size and
separation distance dependence in a resonant energy transfer
process. These images, combined with SEM (Environment
Quanta FEG 400 by Philips) and TEM observations of the same
area, demonstrated that some metal aggregates appear in the
solution, and that the dye is present in close proximity to these
aggregates. This important observation confirms the possibility
to activate Forster nonradiative energy transfer mediated by
Coulombic interactions, even if the dye is dissolved in solution,
toward the mesoscale building of metamaterials. On the other
hand, to investigate the different nonradiative energy transfer
rate as a consequence of diverse coupling strengths for G, and
G systems, the fluorescence lifetime of the two systems was
acquired with respect to the pure dye solution, by means of a
time-resolved spectrofluorometer (pump at 265 nm of a
NanoLed pulsed laser diode, emission at 560 nm, HORIBA
Jobin-Yvon Fluorolog-3 FL3-211), using the time-correlated
single-photon counting (TCSPC) option. Excitation sources were
mounted directly on the sample chamber at 90 to a single-
grating emission monochromator (2.1 nm/mm dispersion;
1200 grooves/mm) and collected with a TBX-04-D single-photon-
counting detector. The photons collected at the detector are
correlated by a time-to-amplitude converter (TAC) to the ex-
citation pulse. Signals were collected using an IBH Data Station
Hub photon counting module, and data analysis was performed
using the commercially available DAS6 software (HORIBA Jobin
Yvon IBH). Goodness of fit was assessed by minimizing the
reduced »? function) and visual inspection of the weighted
residuals. It resulted in the presence of two distinct decay times
in the case of the G, system, one related to the dye molecules
experiencing the strong coupling with the metal NPs, the
second one to the greater amount of gain molecules that do

DE LUCA ET AL.

not participate in the process. A shorter fluorescence lifetime
(order of hundreds of picoseconds) was obtained in the case of
the Gg system, indicating a more effective dye—NP coupling
manifested as a relevant radiative rate reduction. Furthermore,
Forster nonradiative energy transfer processes necessary to
mitigate the high metal losses can be observed through indirect
experiments. All of them are based on a pump—probe setup. The
sample is optically pumped with 4 ns pulses of a third harmonic
Nd:YAG laser (Brio by Quantel), 4 = 355 nm. A probe beam
(diode-pumped solid-state laser at 532 nm by Laser Quantum),
with a fixed power, was focused within the pumped region of
the sample. The probe wavelength was chosen in the proximity
of the overlapping region between dye fluorescence and plas-
mon band maxima, where localized surface plasmon modes are
expected. The probe light emitted, scattered, or transmitted by
Au NPs (1 = 532 nm) was collected by an optical fiber together
with the emission of dye, in a position depending on the
particular experiment. The fiber was positioned at the angle of
70° relative to the beam propagation direction for scattering
(90° for fluorescence) experiment, within several millimeters
from the cuvette; transmission signals were acquired far from
the sample, on the same pump beam direction and with a
high neutral filter in front of the fiber head, in order to prevent
any possible signal different from the probe one (high stable
power).
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