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electron oscillations in metallic nano-

structures, offers the opportunity to
enable routing and active manipulation of
light at the subwavelength scale and pro-
mises a family of exciting applications such
as invisibility, optical data processing, and
quantum information." ~* Nevertheless, me-
tallic Joule loss, an intrinsic feature of metal-
based waveguides supporting the surface
plasmon propagation, hampers the achieve-
ment of excellent optical properties for nano-
photonics applications. Therefore, the losses
impose key challenges in fundamental plas-
monic research and relevant technological
development. Recently, there is a tremendous
interest in the plasmon loss compensation by
introducing gain media.>~” Optically pumped
gain media (dye molecules, quantum dots,
etc.) have been incorporated into the adjacent
dielectric to compensate the losses that dam-
pen the coupled oscillations of electrons and
light®~° Pusch and Wuestner et al. theoreti-
cally demonstrated the possibility of compen-
sating the loss by gain in a negative refractive
index double-fishnet metamaterial with an
embedded laser dye on the basis of a full-
vectorial three-dimensional Maxwell-Bloch
approach." 3 Zheludev et al. experimentally
demonstrated a Joule loss compensation
using optically pumped semiconductor quan-
tum dots hybridized to plasmonic nanostruc-
tures, leading to a multifold intensity increas-
ing and narrowing of their photolumines-
cence (PL) spectrum due to Purcell effect.’*"”
Meanwhile, gain compensation opens a prom-
ising avenue to achieve surface plasmon
laser, so-called SPASERs.'®™'® The results
from these previous experiments suggest

P lasmonics, which deals with collective
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ABSTRACT

Plasmonics exhibits the potential to break the diffraction limit and bridge the gap between electronics and
photonics by routing and manipulating light at the nanoscale. However, the inherent and strong energy
dissipation present in metals, espedally in the near-infrared and visible wavelength ranges, significantly
hampers the applications in nanophotonics. Therefore, it is a major challenge to mitigate the losses. One way
to compensate the losses is to incorporate gain media into plasmonics. Here, we experimentally show that
the incorporation of gain material into a local surface plasmonic system (Au/silica/silica dye core—multishell
nanopartides) leads to a resonant energy transfer from the gain media to the plasmon. The optimized
conditions for the largest loss compensation are reported. Both the coupling distance and the spectral
overlap are the key factors to determine the resulting energy transfer. The interplay of these factors leads to
a non-monotonous photoluminescence dependence as a function of the silia spacer shell thickness.
Nonradiative transfer rate is inareased by more than 3 orders of magnitude at the resonant condition, which
is key evidence of the strongest coupling ocaurring between the plasmon and the gain material.

KEYWORDS: core—multishell - plasmonic nanocavities - loss compensation -
resonant energy transfer - nonradiative rate
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Figure 1. Core—shell/multishell plasmonic nanocavities. (a) Schematic diagram of Au(yellow)/silica(green) core—shell
nanostructures. (b) Schematic diagram of Au/silica/dye silica core—multishell nanostructures. Middle silica shell (shown in white)
is used as a spacer to control the distance between Au particles and dye; r is the radius of Au particles, and s is the thickness of the
spacer. Dye molecules (shown as red stars) are dispersed in the outermost silica shell (shown as green shell). (c—g) TEM images of
Au/silica core—shell structures with different shell thickness: (c) 1.7 nm, (d) 2.8 nm, (e) 4.6 nm, (f) 17.7 nm, (g) 39.5 nm. (h) TEM
images of Au/silica/dye (Rhodamine 6G) silica core—multishell nanostructures. Silica spacer thickness is 2.8 nm, and the thickness

of R6G silica layer is 54.2 nm.

enhancement as a function of the distance between
the fluorophores and the metal nanoparticles is a
fundamental question to be addressed.”®~?® There
have been a few attempts to use polyelectrolyte or
DNA linkers to control the distance; however, a rigid
dielectric spacer layer is more advantageous to accu-
rately control the spacer thickness and investigate the
energy transfer in the sub-5 nm regime, which is critical
to address the recent debate on the distance of
quenching and enhancement maximum.?* 32 The
systematic studies of the variation in fluorescence
intensity as a function of the distance between gain
materials and plasmon, which is an essential step
toward understanding the loss compensation, still
remain elusive. In addition to this distance depen-
dence, the local field enhancement surrounding metal
nanostructures is strongly wavelength-dependent.
Therefore, loss compensation will also depend on the
spectral overlap between the gain media and plasmon.

The aim of our work is to explore the optimized
conditions for loss compensation in plasmon with gain
media. We systematically investigate the distance de-
pendence and spectral overlap effect of the energy
transfer between plasmon and fluorophores based on
a Au core, a rigid silica spacer shell, and rhodamine 6G
dyes (R6G) or fluorescein isothiocyanate (FITC) which
are embedded into another silica shell. Our results
show that the energy transfers from R6G to plasmon
when the silica spacer is smaller than 7.6 nm. On the
contrary, the energy transfer direction is from plasmon
to R6G above 7.6 nm. The PL intensity of R6G exhibits a
minimum when the spacer is 2.8 nm and a maximum
at 21.9 nm. Therefore, we suggest the optimized
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distance for the energy transfer from R6G to plasmon is
2.8 nm, which indicates the largest loss compensation.
Time-resolved fluorescence spectroscopy shows that the
lifetime of R6G also exhibits a minimum at 2.8 nm spacer.
The nonradiative rate increases by more than 3 orders of
magnitude, and the quantum efficiency also reduces
down to 0.02% from 95%, which further confirms the
strongest interaction between plasmon and R6G.

RESULTS AND DISCUSSION

Surface Plasmon Electronic Oscillations in Au/Silica Core—
Shell Structures. We designed and constructed a core—
multishell plasmonic nanocavity system consisting
of a Au core with a diameter of about 60 nm, sur-
rounded by a silica shell as a spacer which is coated
with another silica shell with dye molecules embedded
(Figure 1a,b). The thickness of the spacer silica shell can
be tuned from 1.7 to 108.4 nm by solution chemistry,
obtained from statistical analysis of the electron micro-
graphs. In such plasmonic nanocavities, Au core under-
pins the plasmonic modes, the outer silica shell
containing the organic dye molecules (shown as red
stars) provides a gain media, and the middle silica shell
(shown in white) functions as a spacer to tune the
distance between the plasmon and gain. Itis important
to note that the spacer can also fine-tune the plasmo-
nic bands. Figure 1c—f shows the TEM images of
Au/silica core—shell structures, and the thickness of
silica shell is 1.7 0.2, 2.8 + 0.4, 46 + 0.8, 17.7 + 0.6,
and 39.5 £ 0.9 nm, respectively. The standard devia-
tion is obtained by statistical analysis. Figure Th shows
the Au/silica spacer/dye silica multilayer hybrid core—
multishell structures, in which the embedded dye
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Figure 2. Spectroscopy characterizations. (a) Normalized absorption spectra of aqueous solutions of Au nanoparticles and
Au/silica core—shell nanostructures with different shell thickness; 0 nm represents the bare Au nanoparticles. (b) Plasmon
band position as a function of the silica shell thickness obtained in experimental data (red open circles + line), and FDTD
simulation (blue open circles +line). (c,d) Normalized absorption and photoluminescence spectra of Rhodamine 6G (R6G)

and FITC-APS conjugate. From (a) and (c), we know that R6G
silica shell.

molecule is R6G, the spacer shell is 2.8 nm, and the dye
silica shell is 54.2 + 0.5 nm.

For non-interacting metallic particles in a non-
absorbing medium, their extinction coefficient is given
by Mie theory, which describes a summation over all
electric and magnetic multipolar oscillations contribut-
ing to the absorption and scattering of the interacting
electromagnetic field. The extinction coefficient of a
particle is given by*?

18.7TV8z1/2£2

Cot = ——— 2
T Mer+2em) + €3)

(1
where g, is the real part of the dielectric function of the
surrounding medium, and &, &, represent the real and
imaginary parts of the dielectric function of the ma-
terial, respectively (€core = €1 + igy). V is the molar
volume of the material constituting the particles. The
absorbance of a colloidal solution containing N par-
ticles in an optical cell with a path length L is given by
A = CoeNL/In 10.3* This theory has been extended to
ellipsoids and multilayer particles.>® The exact posi-
tion of the plasmon absorption band is extremely
sensitive to the particle size and shape, and the
dielectric constant of the surrounding medium. For
core—shell structures, the extinction cross section is
given by*®

Coxt = 4mr*k’Im

{ (eshell — &m)(Eshell — 28core) + (1 — h)(Ecore — Eshell)(€m + 2&shell) }
(&shell + 2&m)(Ecore + 2€shen) + (1 — h)2éeshe — 26m)(Ecore — Eshelr)

(2)
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emission is in resonance with Au nanoparticles with a 2.8 nm

where € e is the complex dielectric functions of the
core and &gy is the real part of shell material di-
electric function; h is the volume fraction of the shell
layer, h=1—r*/(r + 5)*, where ris the radius of metallic
particle and s is the thickness of shell. The resonance
condition for the plasmon absorption is roughly
fulfilled when the denominator is equal to 0*”
2¢&shelllheshel + em(3 — h)]

= 3
“ Eshell(3 — 2h) + 2hem @)

According to Drude model, the real (¢;) and imag-
inary (g,) parts of the dielectric function are given
by &1 = £.. — wp(@” + w) and &, = Wiwd/w (@’ + W),
where ¢.. is the high-frequency dielectric constant of
gold and w, is the bulk plasma frequency expressed in
terms of the free electron density n, the electron
charge e, the vacuum permittivity €o, and the electron
effective mass Meg, wp = ne’/mege; Ap is the bulk
plasma wavelength of metal, 1, = 27c/wp. wq is the
relaxation or damping frequency. Therefore, the band
position for core—shell structures should obey
2 2(1 — h)eshell(Eshell — €m) 4 6&shellem

— = €+ 4
/1‘2) é 3&shell — 2(1 — h)(eshell — &m) @)

From eq 4, we find that the plasmon absorption band
is red-shifted as the thickness of the shells increases
when Eshell > Em-

Figure 2a shows the UV—vis absorption spectra
of Au/silica core—shell structures with different shell
thickness (0 nm corresponds to bare Au nanoparticles),
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Figure 3. (a) Photoluminescence spectra of aqueous solution of R6G containing Au/silica core—shell nanostructures with
different shell thickness. Non-monotonous behavior is noticed. (b) Plot of the variation (C — C,)/C, of the PL intensity as a
function of the silica shell thickness extracted from (a); the inset is the zoomed-in view around 2.8 nm. Local electric field
contours for Au/silica core—shell structures with different shell thickness: (c) 0 nm (bare Au nanoparticles), (d) 1.7 nm,
(e) 2.8 nm, (f) 7.6 nm, (g) 21.9 nm, (h) 39.5 nm. The dotted circles indicate the edge of silica shell. (i) Electric field enhancement
|E]* as a function of the silica spacer thickness. The wavelength of local field intensity distribution corresponds to the plasmon
band position of Au/silica core—shell structures, which are shown in Figure 2b.

dispersed into water solutions. Au colloids show a very
intense surface plasmon absorption band around
544 nm, which red shifts systematically due to the fact
that the dielectric constant of the silica shell (e5ne; = 2.12)
is larger than that of the solvent (H,0, &, = 1.78).3” As
the shell thickness increases, the surface plasmon
resonance band red shifts from 544 nm for bare
nanoparticles to 565 nm for 95 nm shell nanoparticles,
which is in agreement with eq 4. The experimental
surface plasmon resonance band position versus the
shell thickness is plotted in Figure 2b (red open circles
+ line). We also calculated the surface plasmon reso-
nance position by the finite-difference time-domain
method (FDTD), as depicted in Figure 2b (blue open
circles + line), showing good agreement with experi-
mental data.®® In order to investigate the coupling
between surface plasmon and gain medium, R6G and
FITC dye molecules are used as the gain materials.
Their peak positions of the absorption and PL
maximum are 527 and 550 nm for R6G (Figure 2c)
and 502 and 514 nm for FITC-(3-aminopropyl)-
trimethoxysilane (FITC-APS) conjugate (Figure 2d),
respectively. Compared with Figure 2a,c, we find that
the surface plasmon band of Au/silica core—shell
structures is in resonance with the emission of R6G
molecules when the shell thickness is ~2.8 nm with a
resonance of ~551 nm, where the FITC emission
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energy is higher than the surface plasmon resonance
band (Figure 2a,d).

Spacer Distance Dependence of Energy Transfer between
Plasmon and Gain Medium. On the basis of Au/silica
core—shell structures, we systematically investigate
the distance dependence of energy transfer between
plasmon and gain medium (R6G) by evaluating the
enhancing or quenching effect on dye molecule emis-
sion in the presence of plasmonic nanoparticles. Silica
shell is used as a spacer to control the distance
between Au and R6G, while keeping the concentra-
tions of the particles and dye molecules constant.
Figure 3a shows the room-temperature PL spectra of
the aqueous solution of R6G (excited at 480 nm) con-
taining Au/silica core—shell structures with different
shell thickness. Presumably, only those R6G molecules
getting in contact with plasmonic nanoparticles will be
significantly affected in terms of their quantum yield of
luminescence. A pronounced silica shell thickness
dependence is spotted from Figure 3a. The PL inten-
sities are extracted and plotted versus shell thickness in
Figure 3b, where C and C, are the PL intensities of R6G
with and without Au/silica core—shell particles, respec-
tively. When the spacer is 7.6 £ 0.9 nm, the PL intensity
is comparable to that of only R6G in the aqueous
solution. Below 7.6 nm, the PL is quenched, while the
PL is enhanced above 7.6 nm. When the shell is thicker
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than ~80 nm, the surface plasmon has barely any
effect on the PL signal of R6G within the experimental
error, which indicates that the energy transfer between
plasmon and gain occurs only when the spacer is
smaller than ~80 nm. Our results are consistent with
previous studies.3>3?~*! Two interesting phenomena
are observed: the PL exhibits a local minimum
(strongest quenching) when the spacer is 2.8 nm and
a local maximum (strongest enhancement) at 21.9 nm,
which are totally different from the previous experi-
mental works 394142

Theoretically, the optical quenching of donor fluor-
ophores by proximal Au NPs has been formulated.**
Focusing on the dye—Au nanoparticle system, Strouse
and co-workers proposed to model the system as a
point dipole interacting with an infinite metal surface
and to integrate the Forster expression over the two-
dimensional surface, which leads to a 1/d* dependence
of the energy transfer rate, where d is the separation
distance between Au particle and dye molecules.®®
Carminati et al. further derived the expressions for
the distance dependence by using Green function
formalism, and the rate of energy transfer, «1, can be
given by3°**

1+ %(Zymd//ld)z + é(znnd JAa)*
7o(d/Roeren)®

where Rorrer is the Forster separation distance corre-
sponding to 50% efficiency. However, only at large
separation distances (>30 nm), the higher order correc-
tions from (d/Aq4)? and (d/A4)* are expected. At a small
distance, the rate of energy transfer is equivalent to the
Forster dipole—dipole interaction model, which can be
given by*

kt = (5)

1
~ 7p(d/Roren)®

where 1, is the lifetime of the donor in the absence of
acceptor. Ryeren = 8.79 x 107> (k?’n~*QgJ), in the unit
of A®* where n is the refractive index of the medium
and A4 is the donor emission wavelength. Qq is the
quantum yield of donor in the absence of Au particles,
which is 0.95 for R6G.*® The «? is the dipole orientation
factor, which is 2 for Au particle acceptors.3® J is the
spectral overlap integral between the normalized do-
nor emission and the acceptor absorption.** Therefore,
the larger the spectral overlap is, the faster the energy
transfer and the stronger local quenching is. We simu-
lated the local electric field enhancement by a FDTD
method. Figure 3c—h shows the calculated local field
intensities distributed in the x—z plane for bare Au
nanoparticles and Au/silica core—shell structures with
1.7,2.8,7.6,21.9,and 39.5 nm silica shells, respectively.
Figure 3i plots the square of maximum electric field |E|,
as a function of the spacer thickness. |E|* increases to a
maximum when the thickness of the silica shell is

Kt (6)
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~1.7—2.8 nm and then monotonously drops to a
minimum at ~7.6 nm. A second maximum at
~21.9 nmis observed beyond which the |E|* decreases.
When the silica shell is more than 40 nm, |£]* shows a
very weak dependence on the spacer thickness. Gen-
erally speaking, two competing factors determine the
overall quenching and enhancement of the lumines-
cence intensity: increased absorption and emission
due to the coupling of the radiative mode of the
transition dipole with the surface plasmon, and the
nonradiative energy transfer from the excited dipole to
the metal.*” Therefore, we suggest that nonradiative
energy transfer predominates at short distances
(<7.6 nm). Both the small distance and the large
spectral overlap between PL and the plasmon band
are the key factors, which yields a fast nonradiative
energy transfer from the excited dipole to the metal.
Since the spectral overlap between the surface plas-
mon band and emission of R6G is the largest at 2.8 nm
spacer, which is in good resonance, the quenching
becomes the strongest. In the case of the enhance-
ment of the luminescence intensity at long distances
(>7.6 nm), the excitation rate is enhanced. Because the
absorption increases due to the local surface plasmon,
Yexc = |P+E|>, where p is the transition dipole moment
of dye molecule.?® The radiative decay rate with and
without plasmon, r;%; and r%,q, are related by |E|?, r;By o<
|E[*r%4.*® Therefore, the radiative rate is enhanced
significantly (Purcell effect);?*****~>' meanwhile, the
nonradiative rate is suppressed in the surface plasmon
enhanced system. Therefore, the enhancement factors
are large enough that we see an overall increase in PL
intensity, which is proportional to |£|2.3%47>2
Gain-Assisted Spherical Gold Plasmon Nanostructures.
Time-resolved fluorescence spectroscopy allows us to
gain an understanding of the coupling between dye
molecules and plasmon nanoparticles, which is criti-
cally dependent on the distance between them. This is
achieved in a hybrid core—multishell nanostructure
consisting of a Au particle core, a silica shell as a spacer,
and a R6G dye-doped silica shell as the outer layer
(shown in Figure 1b). It isimportant to note that we also
measured the time-resolved PL of a mixture of a R6G
solution containing Au/silica core—shell nanostruc-
tures. However, this approach shows a negligible
difference of the PL decay constants with a control
experiment of a R6G aqueous solution without Au/
silica nanostructures. We believe that the fast collision
between R6G molecules and Au/silica nanostructures
makes it difficult to resolve the plasmon—exciton
coupling, if any, by time-resolved PL. In our current
core—multishell nanostructure with a dye-doped silica
shell, it is possible to bring the gain media with a
controlled concentration to a single gold nanoparticle
level and precisely control the spacer thickness, both of
which are essential for the understanding of the strong
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Figure 4. (a) Time-resolved fluorescence spectra of R6G and Au/silica/R6G silica core—multishell structures. The silica spacer
thicknesses are 0, 1.7, 2.8, 4.6, and 21.9 nm, respectively. The solid lines are fits to the data using an exponential decay
function, as described in the text. (b) Lifetime as a numerical function of the silica spacer thickness (z, red line, 7, black line). (c)
Nonradiative rate (r$£,4) as a function of the silica spacer thickness. The unit is 10'° s~". (d) Jablonski diagram for molecular
fluorescence excitation and decay on a plasmonic system: direct photon excitation without plasmon (y,) and enhanced
excitation due to plasmon (y,,) (green), radiative model with plasmon (r;B4, red), nonradiative model without plasmon

new

(r%aq cyan), and new decay nonradiative model due to plasmon (7%, violet).

plasmon—exciton resonant coupling toward novel loss
compensation in plasmonics.

Figure 4a shows time-resolved PL spectra of R6G
and Au/silica/R6G silica core—multishell nanostruc-
tures. The silica spacer thicknesses are 0, 1.7, 2.8, 4.6,
and 21.9 nm, respectively. For the R6G aqueous solu-
tion, the time-resolved PL decay curve can be well
fitted as a single-exponential function shown in
Figure 4a (black dots and red line fit), resulting in a
lifetime of 7; = 4.1 & 0.1 ns, which is consistent with
previous studies.”® For Au/silica/R6G silica nanostruc-
tures with the spacer thickness between 0 and 4.6 nm,
the PL decay curves of R6G cannot be well fitted by a
single-exponential function. Rather, a biexponential
decay function gives a better fit, I(t) = A exp(—t/17;) +
A,exp(—t/7,),>* with two time constants: a fast decay
(71) accompanied by a long-living emission (z,), where
I(t) is the PL intensity. However, when the spacer
thickness is 21.9 nm, the PL decay can be fitted as a
single-exponential function with a time constant of
2.8 + 0.1 ns, which shows a pronounced decrease
compared to R6G alone, suggesting an increase of the
radiative recombination rate.>® Pons et al. and Ray et al.
reported that plasmon-induced multiexponential fluo-
rescence decay is due to dipole—metal interactions.>>*'
Dulkeith et al. found that short- and long-living emission
components can be identified in the decay dynamics of
the dye/Au nanoparticle system. The long-living emission
decay is attributed to dye molecule far away from Au
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nanoparticles.>® In our case, the thickness of the R6G-
doped silica layer is 54.2 nm. Therefore, we suggest
that the long-living emission is related to the fraction of
dye molecules in the silica shell, which are located at
longer distances from plasmonic Au nanoparticles,
thus exhibiting a very weak interaction with the Au
core. The fast decay time is attributed to the fraction of
R6G dye decorating the silica shell that experiences the
resonant energy transfer process, which is consistent
with the opening up of additional relaxation pathways
due to the surface plasmon.

Figure 4b shows the decay lifetime as a function of
spacer shell thickness in Au/silica/R6G silica core—
multishell plasmon nanostructures. The two decay
lifetimes are (7;) 250 £ 40,178 £ 10,65 + 9,and 336 +
16 ps and (r) 3.4+ 0.1,25+0.1,1.9 £ 0.1,and 2.7 £
0.1 ns in the case that the silica spacers are 0, 1.7, 2.8,
and 4.6 nm, respectively. Many previous works have
reported the significant decrease of lifetime in dye—
plasmon systems coupled via DNA or polyelectrolyte
linkage, which can be essentially traced back to an
increase of the nonradiative rate leading to fluores-
cence quenching3®°7~8 Ray et al. investigated the
distance dependence of the fluorescence lifetime of
dye molecules. They found that the lifetime was mono-
tonously increased as the distance between plasmon
and fluorophore was increased.*' However, in our case,
we observe that the lifetime first decreases strikingly
toa minimum at 2.8 nm and then increases monotonously
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when the spacer thickness increases even further. To
obtain more quantitative information, we evaluate the
fluorescence decay rate using r¢ = 1/7¢. The decay rate has
both radiative and nonradiative components and can be
expressed as r; = by + rik.q, where r; is the fluorescence
decay rate and r¥,4 is the nonradiative decay rate with
plasmon. The fluorescence quantum efficiency 7(d) can be
written as>®

nd) = ry/re = glld,t = 0)/r )

where d is the separation distance between the Au particle
and dye. I(dyt) is the intensity of measured fluorescence
transient, and g is the collection efficiency factor, which can
be determined from R6G dye molecules since 7(d) = 0.95,
I(t = 0), and r; are experimentally determined values.
From eq 7, we can obtain ribq = gl(d,t = 0). Therefore, we
can deduce the nonradiative rate. In Figure 4c, the
nonradiative rate rf.4 is plotted versus the spacer
thickness, which increases by more than 3 orders of
magnitude at 2.8 nm compared to pure R6G dye
molecules (1.1 x 107 s™'); meanwhile, the quantum
efficiency drops by more than 3 orders of magnitude.
Therefore, the drastically enhanced nonradiative decay
rate leads to a pronounced shortening of lifetime. The
fluorescence excitation and decay can be shown as a
simplified Jablonski diagram in Figure 4d. The electrons of
the R6G molecule in ground states are excited into a
higher state when they are excited by incident photons.
The excitation transition rate, Y is proportional to the
local field, which is enhanced when the dye molecule is
near the plasmon structures.® To make it simple, yo and
Ysp are denoted to express the photon excitation rate of
the R6G molecule and Au plasmon enhanced excitation
rate, respectively, Yexc = Yo + Ysp- On the other hand, the
modified nonradiative decay rate due to plasmon, ey, is
induced when metallic nanoparticles approach the R6G
molecule due to Forster energy transfer from exciton to
lossy plasmon. Therefore, the nonradiative decay rate is
accelerated, Py = Pag + 12, where r2.q is the non-
radiative decay rate without plasmon, which results in
more energy transferred to the plasmon and quantum
yield decreases. Previous reports in theory and experiment
have proven that the increased nonradiative rate dom-
inates the increased excitation rate leading to the quench-
ing of the dye molecules when the silica spacer thickness is
smaller than 8 nm.2%*° In our experiments, the nonradia-
tive rate is the fastest at ~2.8 nm, which justifies the
minimum lifetime and quantum efficiency (0.02%). There-
fore, the rate of energy transfer from gain media to
plasmon is the fastest at ~2.8 nm, which indicates that
the most energy is transferred to the plasmon. Our results
further reasonably confirm the strongest fluorophore—
plasmon coupling resonance and the largest loss com-
pensation at ~2.8 nm spacer thickness. From the Forster
dipole—dipole interaction model, it is found that the larger
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Figure 5. (a) Time-resolved fluorescence spectra of FITC-
APS conjugate and Au/silica/FITC silica core—multishell
structures. Silica spacer shells are 0, 1.7, 2.2, 3.5, 7.6, and
13 nm, respectively. The solid lines are fits to the data using
an exponential decay function, as described in the text.
(b) Lifetime as a function of the silica spacer thickness.
(c) Nonradiative rate (r;F,q) as a function of the silica spacer
thickness; the unitis 10° s .

the spectral overlap is, the faster the energy transfer is. It
has been reported that both large spectral overlap and
resonance between plasmon and emission of dye mol-
ecules can greatly improve energy transfer"° In our
experiments, the largest spectral overlap occurs at
~2.8 nm, manifesting a strong resonant R6G dye emission
with a Au/silica core—shell nanostructure surface plasmon
band. Therefore, we attribute the decrease of fluorescence
lifetime to the spectral overlap and resonance between
plasmon and R6G emission.

To further investigate the effect of spectral overlap
and resonance on the energy transfer, we replace the
R6G dyes by FITC dyes as the gain media to design Au/
silica/FITC silica core—multishell nanostructures, and
the middle silica shell spacersare0,1.7 £0.2,2.2+ 0.2,
3.54+04,7.6 £ 0.9 and 13 + 0.9 nm, respectively. The
PL position of the FITC-APS conjugate is at 514 nm
(Figure 2d), at the blue side of the plasmon band.
Figure 5a shows the time-resolved PL spectra of the
FITC-APS conjugate and the Au/silica/FITC silica core—
multishell nanostructures, with each spacer thickness
specified. For the FITC-APS conjugate, the time-
resolved fluorescence intensity decay is fitted with a
single-exponential function, giving rise to a time con-
stant of 4.3 + 0.1 ns, close to the previous report.>®
However, for Au/silica/FITC silica core—multishell na-
nostructures, two time constants are observed, a short-
living lifetime 7; and long-living lifetime 7, when the
silica spacer thickness is smaller than approximately
8 nm. Figure 5b shows the lifetime as a function of the
spacer thickness. The fluorescence lifetimes 7, are 185 +
4,110+ 11,195 + 8,240 £ 22,and 281 £ 24 psand 7,
are 28 £0.1,2.1 £ 0.1,25+ 0.1,3.1 = 0.1,and 3.2 £
0.1 ns for the silica shell spacer of 0, 1.7, 2.2, 3.5, and
7.6 nm, respectively. Both time constants decrease to a
minimum when the silica spacer is 1.7 nm. We assign the
two lifetimes to FITC dye molecules located close to and
far away from the Au core, respectively. When the silica
spacer is 13 nm, there is only one long-living lifetime
(3.4 £ 0.1 ns), suggesting that the coupling between
the plasmon and exciton of FITC becomes very weak.
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For the long-living lifetime 7,, the increase rate declines
when the spacer is larger than 3.5 nm, which further
indicates that the plasmon—exciton coupling becomes
weak as the spacer thickness is considerably large (e.g.,
8 nm in this case). This also verifies that the long-living
lifetime is from those dye molecules located far away
from the Au core. Figure 4c shows the nonradiative rate
as a function of the spacer thickness. The nonradiative
rate r;h.q increases by approximately 2 orders at 1.7 nm
compared to the FITC-APS conjugate (1.2 x 10%7"),
where the quantum efficiency decreases more than 3
orders of magnitude. Compared to the results of R6G, we
find that the nonradiative rate r¥,q increases to a
maximum at a spacer thickness of 1.7 nm and then
monotonously decreases with the increasing spacer
thickness for FITC-doped plasmonic nanostructures.
However, for R6G-doped plasmonic nanostructures,
P 4 firstincreases to achieve a maximum at 2.8 nm,
where the plasmon band (551 nm) is in resonance
with the emission of R6G (550 nm) and the spectral
overlap is the largest, and then decreases monoto-
nously as the silica spacer thickness further increases.
Therefore, the spectral overlap and the plasmon—
exciton resonance at short distances lead to a new
nonradiative channel and accelerate the nonradiative
decay rate, resulting in short-living lifetime and low
quantum efficiency. Larger spectral overlap leads to a
larger nonradiative energy transfer rate from the gain
medium to the plasmon. We suggest that only when the
plasmon band is in close resonance with the emission of
fluorophores, and the distance between plasmon and
the gain media is in a few nanometer proximity, a

METHODS

Materials. (3-Aminopropyl)trimethoxysilane (APS), tetra-
ethoxysilane (TEOS), chloroauric acid (HAuCl,-3H,0), sodium
citrate anhydrous, Rhodamine 6G (R6G), fluorescein isothiocya-
nate (FITC), 2-propanol (IPA, HLPC), ethanol (HLPC), sodium
hydroxide (NaOH), and ammonia were purchased from Sigma-
Aldrich. Sodium silicate was purchased from Beijing Chemical
Regent Company. Milli-Q water was used in all of the
preparations.

Synthesis of Au/Silica Core—Shell Structures. We first synthesized
Au NPs with a diameter of about 64 nm as cores by a standard
sodium citrate reduction method.®° A freshly prepared aqueous
solution of 1 mM (3-aminopropyl)trimethoxysilane (APS)
(0.4 mL) was added to 20 mL of as-prepared gold sol and
80 mL of Milli-Q water under vigorous magnetic stirring in 15
min, ensuring complete complexation of the amine groups with
the gold surface. Then, 1.6 mL of 0.54 wt % sodium silicate
solution and 2 mL of 0.1 M NaOH were added to the sol again
under vigorous magnetic stirring.>® To accelerate the synthesis
procedure and make the ultrathin silica shell, we elevated the
reaction temperature from room temperature to 90 °C.%' The
thickness of thin silica shell can be tuned between 1 and 3 nm
by controlling the reaction time. Au core/thin silica shell struc-
tures were obtained by centrifugation (9000 rpm, 5 min) and
redispersed in 6 mL of Milli-Q water. To increase the thickness of
the silica shell, 0.36 mL of as-prepared Au/silica was added into
1.14 mL of water, 5 mL of IPA, and 0.125 mL of ammonia,
followed by the addition of 75 uL of tetraethoxysilane (TEOS,

PENG ET AL.

maximum nonradiative rate and the largest loss com-
pensation can be readily achieved.

CONCLUSION

In summary, Au/silica core—shell and Au/silica/dye-
doped silica core—multishell nanostructures have
been synthesized with a tunable silica shell as a spacer
with thickness ranging from ~1.7 to 108.4 nm, where
the plasmon band is red-shifted from 544 to 565 nm.
Such exquisite structures enable the systemic investi-
gations of the energy transfer between active dye
molecules and surface plasmon as a function of the
spacer thickness. Our results show that the largest
fluorescence quenching and plasmon loss compensa-
tion with R6G molecules can be achieved when the
spacer is ~2.8 nm, where the spectral overlap between
plasmon and R6G emission is maximized. The time-
resolved fluorescence spectroscopy of the core—
multishell system with dye embedded shows that the
lifetime drops from 4.1 ns to 65 ps and the nonradiative
rate increases by more than 3 orders of magnitude at
~2.8 nm, resulting in the largest plasmon loss com-
pensation from gain materials. As a comparison, the
core—multishell nanostructures doped with FITC mole-
cules, which exhibit much smaller spectral overlap with
plasmon, show that the decay lifetime decreases to a
minimum and the nonradiative rate increases to a
maximum at 1.7 nm. Our results suggest that the loss
compensation is critically dependent on both the
spectral overlap and the distance between plasmon
and gain materials with nanometer accuracy in the
sub-10 nm regime.

10 mM) and stirring for 24 h. Au/silica core—shell nanostructures
were centrifugated at 9000 rpm for 5 min and redispersed in
1.5 mL of Milli-Q water. Silica shell thickness was then increased
to 3.5 nm. The thickness of the silica shell can further be tuned
between 3.5 and 108.4 nm by increasing the amount of TEOS.
On the basis of the Au/silica core—shell structures, we system-
atically investigated the distance dependence of energy trans-
fer between the plasmon and R6G; 5.12 x 10° Au/silica
core—shell particles were dispersed in 3 mL of DI water contain-
ing 2.83 x 107 M R6G, which were prepared freshly and kept in
the dark before measurements.

Synthesis of Au/Silica/Dye-Doped Silica Core—Multishell Nanostruc-
tures. For Au/silica/R6G silica core—multilshell structures,
1.5 mL of obtained Au/silica core—shell nanostructures was
added into 5 mL of IPA and 0.125 mL of ammonia, followed by
the addition of 400 uL of TEOS (10 mM) twice within 4 h (at a
interval of 2 h) and 100 uL of R6G solution (1 mM), stirring for
24 h in the dark. Au/silica/R6G silica core—multilshell structures
can be obtained by centrifugation (6000 rpm, 3 min), washed five
times by Milli-Q water to remove free R6G, redispersed in 0.2 mL of
Milli-Q water, and kept in the dark before measurements.

For Au/silica/FITC silica core—multishell nanostructures, the
experimental steps are the same except for using 20 uL of FITC-
APS conjugate instead of R6G solution, which was formed by
stirring FITC (6.2 mg) in 25 mL of ethanol containing 5.65 uL of
APS in the dark for 24 h.6%%3

Time-Resolved Fluorescence Intensity Decays. Excitation pulses
were generated from an optical parametric amplifier (TOPAS,
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Light Conversion Ltd.) that was pumped by a 1 kHz, 150 fs Ti:
sapphire regenerative amplifier (Legend, Coherent, Inc.). The PL
emission was collected in a standard backscattering geometry
and dispersed by a 0.25 m DK240 spectrometer with a 150 g/
mm grating. The PL signal was time-resolved using an Optronis
Optoscope streak camera system which has an ultimate tem-
poral resolution of 6 ps. Samples were loaded in cuvettes of
2 mm path length, and excitation wavelength was tuned to
480 nm for the Au/silica/R6G silica samples and to 490 nm for
the Au/silica/FITC silica samples.

Characterization. TEM was performed on a JEOL1400 transmis-
sion electron microscope with an accelerating voltage of 100 kV.
The spacer thickness was obtained by measurement and statistical
analysis of many TEM images (>100 nanoparticles). UV/vis absorp-
tion spectra were recorded at room temperature using a Lambda
950 spectrophotometer. Room-temperature steady-state PL was
recorded by Fluorolog with a 430 W Xe lamp, and the excitation
wavelength is 480 nm. In case R6G and FITC molecules were
photobleached in our experimnts, the dye solution was freshly
prepared. All samples were kept in the dark before measurements,
which were finished within 5 min for each sample.
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