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Enhancement of light-matter interactions near metal surfaces
has been widely utilized in surface-enhanced Raman spectroscopy
(SERS).1 SERS is based on the enhancement of local fields
associated with excitation of collective electron oscillations in metals
[surface plasmons (SPs)], which can lead to orders-of-magnitude
increase of molecular Raman cross-sections. Interactions with SPs
can also significantly affect photoluminescence (PL) intensities of
light-emitting chromophores. In this case, however, because of the
competition between field enhancement and nonradiative damping
due to energy transfer to SPs, the proximal metal can either enhance
or decrease the PL intensity. Both of these effects have been
observed experimentally for, for example, organic dyes and
nanocrystal quantum dots (QDs).2 Potential applications of metal-
induced PL quenching/enhancement range from sensing technolo-
gies3 and solid-state lighting4 to amplification of surface plasmons.5

In this Communication, we report on the synthesis and charac-
terization of well-defined hybrid structures that comprise a gold
core overcoated with a silica shell, followed by a dense monolayer
of colloidal CdSe QDs. The dielectric silica spacer of a controlled
thickness provides a simple means for tuning interactions between
the QDs and the metal core. We demonstrate switching between
PL quenching and enhancement by varying the silica shell thickness.
Our synthesis employs a final step of self-assembly of QDs onto
the silica shell via simple titration of the QD solution with the
prefabricated Au/SiO2 particles. This approach allows us to perform
an accurate quantitative analysis of the effect of a metal on the
QD PL intensity.

Hybrid gold/silica/CdSe-QD nanoparticles were synthesized via
a multistep procedure, which involved synthesis of gold nanopar-
ticles, gold-particle surface activation, silica-shell deposition,
modification of the silica surfaces with-NH2 groups, and final
self-assembly of CdSe QDs onto the particle surfaces (Figure 1A).
Gold nanoparticle seeds (15 nm in diameter) were prepared
according to the standard sodium-citrate reduction method.6 A
seeded growth method was applied to prepare larger particles (up
to 45 nm in diameter). To deposit a silica shell, we used a modified
version of the procedure reported previously.7 We found that (3-
mercaptopropyl)trimethoxysilane (MPTMS) was better suited for
surface activation of gold nanoparticles than (3-aminopropyl)-
trimethoxysilane (APTMS) (originally used in ref 7) because of
stronger binding of the-SH groups to the gold surfaces. The use
of MPTMS also allowed us to reduce the yield of pure silica
particles produced by homogeneous nucleation and structures that
comprised multiple Au cores.

The silica-coated nanoparticles were treated with APTMS (a
silane coupling agent), which reacted with the surface silanol groups
to produce silica surfaces functionalized with-NH2 groups. Finally,
the surface-modified nanoparticles were dispersed in a tetrahydro-
furan (THF) solution of CdSe QDs synthesized via a high-
temperature pyrolysis method.8 Because of strong binding inter-
actions between the CdSe QDs and the-NH2 ligands, the QDs

self-assembled onto the surface of the silica shell, resulting in the
targeted hybrid gold/silica/CdSe-QD superstructures.

Figure 1 shows an example of transmission electron microscopy
(TEM) images of gold-core nanoparticles (B), gold/silica core/shell
structures (C), and final hybrid gold/silica/QD nanocomposites (D).
In this example, the gold-core diameterD ) 45 ( 4.0 nm, and the
silica-shell thicknessH ) 24 ( 2.4 nm. While the gold cores have
irregular shapes, the gold/silica structures are nearly spherical and
highly monodispersed (4% size dispersion). CdSe QDs form
uniform dense monolayers on all of the Au/SiO2 particles. TEM
images indicate that our synthesis does not produce such byproducts
as plain silica particles or particles comprising multiple Au cores,
while such byproducts are difficult to avoid using APTMS as an
activator of gold surfaces.

To evaluate the effect of a metal on PL of QDs, we used a dilute
solution of CdSe QDs in THF as a reference [original PL quantum
yield (QY) is 5%, and the emission wavelength (λe) is 630 nm]
and measured PL and extinction spectra following titration of this
solution with Au/SiO2-NH2 particles. In Figure 2A we present the
results of these measurements forD ) 45 nm andH ) 5 (squares)
and 24 nm (circles) shown as raw data (solid symbols) and the
data corrected for attenuation of pump radiation (λa ) 400 nm) in
the sample (open symbols). Both the raw and the corrected data
indicate similar trends, namely, PL quenching (by up to a factor of
0.6) in the case of the thinner shell and PL enhancement (up to a
factor of 1.8) for the thicker shell.

There are multiple interaction mechanisms between QDs and
metal nanostructures that can influence the PL intensity.2a,9 One
mechanism is due to the modification of the electric field near the
metal surface, which changes both the field applied to the QD and
the field radiated by it. We account for this effect by introducing
factorsfa and fe defined asfa ) σ*/σ and fe ) Γr

//Γr, whereσ and

Figure 1. (A) Multistep synthesis of hybrid Au/SiO2/CdSe-QD nanostruc-
tures, (B) TEM images of synthesized gold cores, (C) core/shell gold/silica
nanoparticles, and (D) final hybrid Au/SiO2/CdSe-QD nanostructures (QD
diameter is 6.0 nm). Inset is an enlarged image of a single Au/SiO2/CdSe-
QD particle.
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σ* (Γr andΓr
/) are QD absorption cross-sections (radiative decay

rates) without and with the proximal metal, respectively. Another
effect is damping induced by energy transfer from the emitter to
the metal (rateΓm), which can be described in terms of Joule
heating.2a

In our experiments, we monitor the change in the emission inten-
sity induced by adsorption of an increasing number of QDs onto
Au/SiO2 nanoparticles for a constant number of QD emitters in the
sample and a fixed excitation level. In this case, the PL quenching/
enhancement factor,F, can be presented asF ) faQ*/Q, whereQ
andQ* are QYs of the reference QD sample and the Au/SiO2/QD
composite, respectively. For a QD with the intrinsic nonradiative
rateΓnr, Q ) (1 + γnr)-1andQ* ) fe(fe + γnr + γm)-1, whereγnr

) Γnr/Γr andγm ) Γm/Γr. For small QD-to-metal distances (d ,
D/2), the parametersfa, fe, andγm can be calculated assuming that
the metal surface is a plane.2a This assumption provides an accurate
approximation for the thinnest (5 nm) shells studied here and is
less accurate for the thickest (24 nm) shells. However, it still allows
us to obtain useful insights into the mechanisms for QD-metal
interactions.

Within the image-charge theory applied to a flat metal surface,2a

the field enhancement factorsfa and fe are distance independent
and in the case of Au/SiO2 interface are∼1.8 (at 400 nm) and∼2
(at 630 nm), respectively (averaged over emitting dipole orienta-
tions). Damping induced by the metal is, on the other hand, strongly
d-dependent and is described by the proportionalityγm ∝ d -3. The
distance dependence ofF is determined by whether or not all QDs
in the ensemble could be described by a single nonradiative rate
Γnr. The existence of such a rate would imply that the PL decay of
the QD sample is single exponential with a total rate (Γnr + Γr).
However, previous studies indicate that colloidal QDs exhibit
multiexponential PL relaxation,10 which suggests distribution of
ratesΓnr. A simplified description of this distribution is in terms of
two QD subensembles of “perfect” (Q1 ) 1, γ1nr ) 0) and
“imperfect” (Q2 < 1, γ2nr > 0) dots with relative dot fractionsn1

andn2 (n1 + n2 ) 1), wheren2 relates to the overall QY of the QD
sample byn2 ) (1 - Q)(1 + γ2nr-1).

In Figure 2B, we show a distance dependence ofF calculated
for three different cases: (1) “all-perfect” dots (n2 ) 0 andQ )
Q1 ) 1; black line), (2) “all-imperfect” dots (n2 ) 1 andQ ) Q2

) 0.05; blue line), and (3) a mixed “perfect-imperfect” ensemble
(n2 ) 0.957,Q2 ) 7.6× 10-3, Q ) 0.05; red line). The comparison
of these traces indicates a significant effect of heterogeneity inΓnr

on both the absolute magnitude ofF and its distance dependence.
In case 1, PL enhancement is only possible through the excitation

channel; therefore, the maximum value ofF (for larged) approaches
fa. In case 2, enhancement is possible through both the absorption
and emission channels, which increases the maximum value ofF
up to ∼fa fe. Moreover, the role of energy-transfer damping is
decreased compared to case 1 becauseΓm competes with a much
greater intrinsic relaxation rate determined primarily byΓnr (if Q
, 1, Γnr . Γr); therefore, in case 2 metal-induced damping becomes
important at much shorter distances than in case 1.

The computed values ofF in case 2 are significantly different
from those measured experimentally (symbols in Figure 2B) despite
the matching value ofQ. This discrepancy clearly indicates the
importance of taking into account nonuniformity of nonradiative
rates existing in real QD samples. Using a two subensemble model
(red line in Figure 2B), we can closely reproduce the experimental
results for both thin and thick shells by assuming thatn2 ) 0.957
andγ2nr ) 130, which correspond to the initial QY of 5%. Since
in this model the overall QY of the sample at larged is determined
primarily by “perfect” dots, the predicted maximum value ofF is
close to that in case 1. This consideration implies that in our samples
the PL enhancement occurs primarily via the excitation channel
(factor fa).

In conclusion, we have developed a multistep synthesis of hybrid
superstructures that comprise gold cores and dense layers of CdSe
QDs separated by a silica shell. This architecture allows for versatile
control of QD-metal interactions through control of the metal-
core size (and potentially core shape and composition) and the
thickness of the dielectric spacer. We use these hybrid structures
to perform a quantitative analysis of the effect of the metal on QD
PL. One important result of this analysis is that nonuniformity of
nonradiative rates across the QD ensemble has a significant effect
on both the magnitude and the shell-thickness dependence of the
PL intensity.
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Figure 2. (A) PL quenching/enhancement factors (F) measured as a
function of concentration of Au/SiO2 nanoparticles [D ) 45 nm,H ) 5
(squares) and 24 nm (circles)]; red solid symbols are raw data and blue
open symbols are data corrected for attenuation of pump light. (B) The
dependence ofF on d for the flat gold surface calculated for three different
QD ensembles (see text for details). Symbols are experimental results.
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