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Abstract A sol–gel method has been developed to

fabricate Au/SiO2/quantum dot (QD) core–shell–shell

nanostructures with plasmonic-enhanced photolumi-

nescence (PL). Au nanoparticle (NP) was homoge-

neously coated with a SiO2 shell with adjusted

thickness through a Stöber synthesis. When the

toluene solution of hydrophobic CdSe/ZnS QDs was

mixed with partially hydrolyzed 3-aminopropyltri-

methoxysilane (APS) sol, the ligands on the QDs were

replaced by a thin functional SiO2 layer because the

amino group in partially hydrolyzed APS has strong

binding interaction with the QDs. Partially hydrolyzed

APS plays an important role as a thin functional layer

for the transfers of QDs to water phase and the

subsequent connection to aqueous SiO2-coated Au

NPs. Although Au NPs were demonstrated as efficient

PL quenchers when the SiO2 shell on the Au NPs is

thin (less than 5 nm), we found that precise control of

the spacing between the Au NP core and the QD shell

resulted in QDs with an enhancement of 30 % of PL

efficiency. The Au/SiO2/QD core/shell/shell nano-

structures also reveal strong surface plasmon scatter-

ing, which makes the Au/SiO/QD core–shell–shell

nanostructures an excellent dual-modality imaging

probe. This technology can serve as a general route for

encapsulating a variety of discrete nanomaterials

because monodispersed nanostructures often have a

similar surface chemistry.
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Introduction

Fluorescence imaging has been widely used in clinical

diagnosis and monitoring processes in biological

systems. Regardless of the measurement technique

used, the photoluminescence (PL) intensity produced

by a fluorescent probe is of crucial importance in

determining its capability to provide specific detection

of materials of interest in the presence of unknown

amounts of other substances (Gisin et al. 2002; Wang

et al. 2010). The development of contrast agents, such

as fluorescent probes with engineered biomarker

functionalities, has become necessary for the advance-

ment of new bioimaging technologies (Hillman and

Moore 2007).
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The plasmon resonant properties of metallic nano-

particles (NPs) can be controlled by optimizing the NP

topology, dimensions, and composition. When plas-

monic NPs are smaller than a wavelength of light, they

become absorbers, much like molecules. Coupling of

excited fluorophores into surface plasmons is well

known to occur for intermediate metal–particle sep-

arations (Barnes 1998; Noginov et al. 2009). This

effect is the basis for surface plasmons-coupled

emission, which takes advantage of coupling between

excited emitters and surface plasmons to excite

surface plasmons that are then scattered into photons

and detected (Lackowicz, 2004; Gryczynski et al.

2005)

Metallic NPs have been revealed to enhance the PL

and decrease the molecular excited-state lifetimes of

vicinal fluorophores. The PL enhancement is attribut-

able to a combination of processes including enhanced

absorption by the molecule, modification of the

radiactive decay rate of the molecule, and enhanced

coupling of the fluorescent emission to the far field

(Wang et al. 2010). The extent of the enhancement that

can be achieved by coupling of quantum dots (QDs) to

metal nanostructures or rough films, strongly depends

on the proximity of the QDs to the metal structure, and

has been demonstrated to decay exponentially with

increasing distance between the two (Chan et al. 2009;

Ozel et al. 2011). Experimental studies have demon-

strated over 20 times enhancement in emission

intensity for emitters coupled to surface plasmon

supporting NPs compared with sources placed on glass

or other non-plasmon supporting substrates (Okamoto

et al. 2006; Pompa et al. 2006; Song et al. 2005).

Despite these recent advances achieved on surfaces or

based on NPs in films, a long-standing barrier has been

how to functionalize QDs with plasmonic materials

such as Au NPs. A challenge will be maintaining the

unique electronic and optical properties of both

nanocomponents and making discrete hybrid struc-

tures with tunable separation in the nanometer regime.

CdSe/ZnS QDs have attracted much attention due

to their excellent PL properties, including size-

dependent narrow emission, large absorption cross

section, high PL efficiency at room temperature, and

excellent photostability (Gerion et al. 2001). The QDs

are typically synthesized in high boiling point, non-

polar organic solvents to obtain high quality, mono-

crystalline particles with narrow size distributions.

The QDs are stabilized by hydrophobic ligands

(Bruchez et al. 1998). Recently, we found out partially

hydrolyzed silane agents have an ability to replace the

hydrophobic ligands on the CdSe/ZnS QDs without

deteriorating their PL properties (Yang et al. 2010).

This could be a unique technique to transfer the QDs

into water phase for further applications because such

SiO2 layer can reduce the surface deterioration of the

QDs. For the bio-applications of QDs, silica is an ideal

matrix because of its good mechanical and optical

properties compared with polymers (Murase 2010).

There have been many reports describing the deposi-

tion of an SiO2 layer on semiconductor QDs (Selvan

et al. 2005; Nann and Mulvaney 2004; Salgueiriño-

Maceira et al. 2006; Yang and Murase 2010) and Au

NPs (Yi et al. 2006; Liz-Marzán et al. 1996) which

exhibited important applications for biosensors. There

have been several reports focused on the plasmonic-

enhanced luminescence of metal/SiO2/QD composite

nanostructures. For example, Liu and co-workers

reported on the hybrid Au/SiO2/QD superstructures

with plasmonic-enhanced PL (Liu et al. 2006). How-

ever, the size of the superstructures is *100 nm. This

size is too bulky for the efficient labeling of fine

subcellular features. Therefore, novel method is still

expected to develop plasmonic-enhanced luminescent

nanostructures with small size for supersensitive

detection.

In this article, we report on the synthesis of well-

defined hybrid nanostructures consisted of Au NP core

over coated with a SiO2 shell, followed by a dense

layer of colloidal CdSe/ZnS QDs. The silanization of

the QDs enabled them to be transferred from toluene to

water. The dielectric SiO2 layer with tunable thickness

provides a simple means for adjusting the interactions

between the QDs and the Au NP core. The nanostruc-

tures exhibited plasmonic-enhanced PL when the

thickness of SiO2 layer was optimized. Because the

QDs in the nanostructure are coated with a functional

SiO2 layer with amino groups, the nanostructures are

easily conjugated with biomolecules for further

applications.

Experimental section

Chemicals

All chemicals unless specified were obtained from

Sigma Aldrich and used as received. Chemicals were

Page 2 of 11 J Nanopart Res (2012) 14:1025

123



of analytical grade or of the highest purity available.

The pure water was obtained from a Milli-Q synthesis

system. Hydrophobic CdSe/ZnS QDs were supplied

by Evident.

Preparation of Au NPs

Citrate-stabilized Au NPs were synthesized according

to the reported method (Yang et al. 2011). Briefly,

90 mg sodium citrate was dissolved in 100 mL H2O

with vigorous stirring and heated to 100 �C. 1 mL of

50 mM HAuCl4 was injected into the solution with a

speed of 0.2 mL/min. The reaction mixture was

maintained at the boiling temperature for further

3 min before allowing to cool down to room temper-

ature. The initial colloidal solution of Au was

condensed by a 3000-MWCO filter at 6,000 rpm

(4,800 g) for several times to remove un-reacted

materials for the purpose of preventing the NPs from

agglomeration.

Preparation of SiO2 beads with Au NPs

Single Au NP coated with a homogeneous SiO2 shell

was carried out by using a Stöber process. Typically,

1 ml of 1 lM re-dispersed Au colloid was added in the

mixture of 8 mL ethanol and 0.1 mL 25 % ammonia

with vigorous stirring. The concentration and injection

speed of TEOS were precisely adjusted according to

the thickness of SiO2 shell (Yang et al. 2011). The as-

prepared SiO2-coated Au NPs were centrifuged at

15,000 rpm for 10 min and then re-dispersed in H2O

for further characterization.

Preparation of Au/SiO2/QD core–shell–shell

nanostructures

A precursor APS sol was prepared by mixing APS

with ethanol and H2O. Typically, the molar ratio of

ethanol/H2O/APS is 30/1.5/1. The mixture was stirred

for 15–24 h and then heat-treated at 50–70 �C to

evaporate the ethanol. The toluene solution of CdSe/

ZnS QDs (0.1–1 mL) was mixed with the precursor

APS sol of 0.2–0.5 mL with stirring for 5–10 min.

Colloidal solution of SiO2-coated Au NPs of

0.1–0.5 mL was added to the mixture with stirring

for 10 min. Finally, Au/SiO2/QD core–shell–shell

nanostructure was created accompanied by a phase

separation. Toluene was remained on the upper part.

The APS sol with the Au/SiO2/QD nanostructure was

extracted and centrifuged at 14,500 rpm for 2 min

with several times for purification. For comparison,

the phase transfer of the QDs was carried out by using

pure water instead of a colloidal solution of SiO2-

coated Au NPs.

Apparatus

Observations by TEM were carried out using mainly a

Hitachi EF-1000 electron microscope. Absorption and

PL spectra were taken using conventional spectrom-

eters (Hitachi U-4000 and F-4500). The PL efficiency

(g) of luminescent materials represents the number of

emitted photons per number of absorbed photons

(Murase and Li 2008; Grabolle et al. 2009). Briefly,

the PL and absorption spectra of the standard quinine

solution (quinine in 0.1 N H2SO4 solution, PL

efficiency g0 of 55 %) were measured in a quartz cell

of 1 cm as a function of its concentration. The

emission intensity P0 (in the unit of the number of

photons) is expressed by the efficiency g0 as:

P0 � Kg0a010�0:5a0 ;

where a0 is absorbance at the excitation wavelength

(365 nm), K is the apparatus function. After the

measurement of the absorbance a and PL intensity P of

the sample using the same apparatus parameters, the

PL efficiency g of the sample is derived by comparing

with the PL intensity P0 of the quinine solution. The

error in the PL efficiency is estimated to be within

10 % by comparing the results using two standards

including quinine and rhodamine 6G. The PL lifetimes

were measured using a time-correlated single-photon

counting spectrofluorometer system (FluoroCube-

3000U, Horiba). The recorded decay curves were

fitted with a multiexponential function by a least

squares fitting method.

Results and discussion

Hybrid Au/SiO2/QD nanostructures were synthesized

via a multistep procedure including the synthesis of Au

NPs, Au NPs coated with a SiO2 shell, CdSe/ZnS QDs

coated with functional SiO2 layer with –NH2 groups,

and finally the assembly of the functional SiO2-coated

QDs onto the surface of SiO2-coated Au NPs as

illustrated in Scheme 1. The details for the preparation
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were explained in ‘‘Experimental’’ section. The result

of each step was monitored by measuring the evolution

of the properties of the QDs during the formation of the

nanostructures as explained below.

Properties of Au NPs

Au NPs with a mean size of 11.4 nm in diameter were

prepared according to the standard sodium citrate

reduction method. Figure 1 shows the absorption

spectrum and the transmission electron microscopy

(TEM) image of as-prepared Au NPs. The absorption

spectrum of the Au NPs shows the NPs with a very

intense surface plasmon absorption band in the visible

range (around 520 nm). The exact position of this

plasmon band is extremely sensitive to particle size,

shape, and the optical and electronic properties of the

medium surrounding the particles. Purification pro-

cess was used to avoid the self-assembly of Au NPs

during separation as explained in ‘‘Experimental’’

section. The TEM image indicates the Au NPs were

monodispersed in water.

Coating of Au NPs with SiO2 shell

Colloidal Au NPs is usually composed of single-

crystalline, singly twinned, or multiply twinned

structures. These nonideal spherical NPs have differ-

ent crystalline facets with different chemical activi-

ties. This makes the chemical affinity of Au surface

low to SiO2. Therefore, amino-terminated silane

coupling agents or polymers are often used as the

Scheme 1 Preparation

procedure of Au/SiO2/QD

nanostructures. Similar

phase transfer of CdSe/ZnS

QDs was observed by using

pure H2O instead of the

aqueous solution of Au/SiO2

beads

Fig. 1 Absorption spectrum (a) and TEM image (b) of Au NPs
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primer to make the Au surface vitreophilic for

subsequent SiO2 coating. Mulvaney and co-workers

first reported a three–step procedure for coating Au

NPs with a SiO2 shell using a silane coupling agent as

the surface primer (Liz-Marzán et al. 1996). As for

directly coated Au NPs with a SiO2 shell without a

primer, the controlling of sol–gel procedure is neces-

sary. We found out the slow deposition rate of SiO2

monomers makes Au NPs coated with a homogeneous

SiO2 shell as explained below.

Figure 2 shows the TEM image of Au NPs

encapsulated in SiO2 beads: (a), Bead 1; (b), Bead 2;

(c), Bead 3. The amount of TEOS used for Beads 1–3

was 3, 5, and 9 lL, respectively. The injection speed

of TEOS is 0.2 lL/min. In Fig. 2a, inhomogeneous

SiO2 coating was clearly observed. With increasing

the amount of TEOS from Beads 1–3, inhomogeneous

parts were filled out and become homogeneous. This

phenomenon is related to a prior deposition of SiO2

monomers to a certain facet (Murase 2010). The

thickness of SiO2 shell was easily adjusted by

changing the amount of TEOS. For Beads 2 and 3,

Au NPs were coated homogeneously with a SiO2 shell.

We also characterized the absorption spectra of

Au/SiO2 beads. SiO2 is electronically inert (it does not

exchange charge with the Au NPs), but its refractive

index is different from that of both water and ethanol

(and of course from that of Au). The plasmon

absorption band becomes intense with increasing the

thickness of SiO2 shell as shown in Fig. 3. This is due

to the increase in the local refractive index around the

Au NPs. When the SiO2 shell becomes sufficiently

thick, scattering becomes significant, resulting in a

strong increase in the apparent absorbance at shorter

wavelengths. Compared with that of Au NPs, the

absorption peak wavelength of Au/SiO2 bead revealed

a small red shift as shown in Fig. 3.

Surface silanization by (3-aminopropyl)-

trimethoxysilane (APS) and phase transfer

of CdSe/ZnS QDs

Phase transfer is an important step for fabricating

Au/SiO2/QD nanostructures. We investigated the

Fig. 2 TEM images of Au NPs coated with SiO2 shell with

tunable thickness: a Bead 1; b Bead 2; c Bead 3. The mean

thickness of SiO2 shell for Beads 1–3 is 5, 12.5, and 20 nm,

respectively

b
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phase transfer of hydrophobic CdSe/ZnS QDs by

coating with a functional SiO2 layer by using partially

hydrolyzed APS sol. CdSe/ZnS QDs with hexadecyl-

amine (HDA) as capping agent were transferred into

water from toluene by silanization as demonstrated in

Scheme 1. When the toluene solution of the QDs was

mixed with partially hydrolyzed APS sol, a transparent

mixture was obtained because the partial hydrolysis

made APS molecules amphiphilic. The amino group in

partially hydrolyzed APS attached to the QDs instead

of organic ammine because of strong binding interac-

tions between the QDs and the –NH2 ligands in APS.

The phase transfer of the QDs occurred when pure

water was added in the mixture since partially

hydrolyzed APS on the QD surface is hydrophilic.

This QD phase transfer technique is simple and

sufficiently efficient because all the QDs were trans-

ferred into water phase within several minutes.

Finally, the QDs with functional SiO2 layer were

separated for further characterization. Partially hydro-

lyzed APS sol thus prepared is a key to transfer the

QDs into water and to avoid the agglomeration of the

QDs during phase transfer. Additional experimental

results indicated CdSe/ZnS QDs aggregated when

pure APS (little amount), water, and ethanol were

added in the toluene solution of the QDs.

Formation and properties of Au/SiO2/QD

core–shell–shell nanostructures

The formation mechanism of the Au/SiO2/QD

core–shell–shell nanostructure is demonstrated in

Scheme 2. In this process, partially hydrolyzed APS

plays an important role to create the nanostructures.

Partially hydrolyzed APS molecules act as linkers

between SiO2-coated Au NPs and CdSe/ZnS QDs.

The functional SiO2-coated QDs prepared above were

transferred into the aqueous solution of SiO2-coated

Au NPs since partially hydrolyzed APS is hydrophilic.

Due to the electrostatic interactions between the

functional SiO2-coated QDs and SiO2 shell on Au

NPs, the QDs self-assembled onto the surface of the

SiO2 shell, resulting in the formation of hybrid

Au/SiO2/QD superstructures.

Figure 4 shows the TEM image of Au/SiO2/QD

nanostructure prepared by using Bead 2 shown in

Fig. 2. The detailed 3D images are shown in Fig. S1

(Supporting information). The result clearly indi-

cates the nanostructure with a Au NP core, SiO2

shell and the QDs layer. In this example, the Au NP

core has a mean diameter of 11.4 nm. The thickness

of SiO2 shell is *12. 5 nm. The Au/SiO2/QD

nanostructures with a diameter of less than 50 nm

are spherical and highly monodispersible. CdSe/ZnS

QDs form dense monolayer on all of the SiO2-coated

Scheme 2 Formation

procedure of Au/SiO2/QD

nanostructure

Fig. 3 Absorbance spectra of Au NPs and SiO2-coated Au NP
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Au NPs. This indicates the strong binding force

between SiO2-coated Au NPs and functional SiO2-

coated QDs is a key for the formation of the

nanostructures. Because of APS gel on the surface,

Au/SiO2/QD nanostructures easily aggregated in

water as shown in Fig. 4. Such APS gel also

resulted in an optical scattering observed in absorp-

tion spectra as shown in Fig. 5.

To evaluate the effect of the thickness of SiO2 shell

on the PL properties of the Au/SiO2/QD nanostruc-

tures, three kinds of SiO2-coated Au NPs (Beads 1–3

shown in Fig. 2) were used to fabricate the nanostruc-

ture. Figure 5 shows the absorption and PL spectra of

these nanostructures. The absorption and PL spectra of

functional SiO2-coated QDs are shown for compari-

son. To eliminate the effect of scattering on the

calculation of PL efficiency, the concentration of QDs

and scattering generated by beads and APS gel in the

solution of functional SiO2-coated QDs were adjusted.

For example, Bead 2 and functional SiO2-coated QDs

thus prepared exhibited the same absorption compo-

nent in every wavelength as shown in Fig. 5b. An

increased PL efficiency of 30 % was clearly observed

from the nanostructure prepared by Bead 2 compared

with functional SiO2-coated QDs. When the thickness

of SiO2 shell is 20 nm (using Bead 3), the PL

efficiency of the nanostructure is very similar to that

of functional SiO2–coated QDs. However, the PL

efficiency of the nanostructure prepared by Bead 1

with a SiO2 shell of 5 nm revealed a decrease of 40 %

compared with functional SiO2-coated QDs. The

absorption spectrum of the nanostructures shows an

intense surface plasmon absorption band in the visible

range (around 520 nm for Beads 1–3). This excellent

Fig. 4 TEM images of Au/SiO2/QD nanostructure prepared by

Bead 2 shown in Fig. 2 (same specimen at different magnifi-

cation). The mean size of the nanostructure was * 47 nm in

diameter (a, b). The images show the QDs were attached on the

nanostructures. The images with high magnification show

clearly the lattice fringes of Au NP (c) and QDs (d)
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dual-property indicates the nanostructure is well

applicable for imaging probes.

It is well known that the presence of a metal surface

in close proximity to a fluorophore can significantly

modify its emission. This has been attributed to several

factors, and depends strongly on the distance between

fluorophore and metal (Lackowicz 2001; Barnes

1998). For the Au/SiO2/QD nanostructures prepared

by Bead 3, no affect on the PL efficiency was observed.

This is ascribed that PL is not affected by Au NPs and

behaves as they would be in free space. As separation

distance decreases, increased non-radiative relaxation

of the excited fluorophore occurs as energy is coupled

into surface plasmons on the surface of the metal.

Therefore, an increased PL efficiency was observed for

the nanostructure prepared by Bead 2. For very small

separations, such as the ones prepared by Beads 1,

emission quenching occurs and is attributed to damp-

ing of dipole oscillators and coupling of energy into

evanescent waves at the surface of the metal. Figure 6

shows the PL decay profiles of the initial CdSe/ZnS

QDs and the QDs coupled to SiO2-coated Au NPs

prepared by Bead 2 shown in Fig. 2. The decay curves

can be well fitted to a biexponential model described by

F(t) = A ? B1exp (-t/s1) ? B2 exp (-t/s2), where s1

and s2 (s1 \ s2) represent the time constants, and B1

and B2 represent the amplitudes of the fast and slow

components, respectively. Average lifetime s is cal-

culated using s = (B1s1
2 ? B2s2

2)/(B1s1 ? B2s2)

(Jones et al. 2003). The fitted values of the parame-

ters B1, B2, s1, s2, and average lifetime s are listed in

Table 1.

Fig. 5 Absorption and PL spectra of partially hydrolyzed

functional SiO2-coated QDs and Au/SiO2/QD composite

nanostructure: a PL spectra of Au/SiO2/QD nanostructures

prepared by Beads 1–3 shown in Fig. 2 (excited at 365 nm, QD

concentrations are same for these three samples); b absorption

and PL spectra of functional SiO2-coated QDs and Au/SiO2/QD

nanostructure prepared by Bead 2. PL efficiency of 28 %

enhancement was observed from the nanostructure prepared by

Bead 2 compared with functional SiO2-coated QDs. The

absorbance of the nanostructure at 800 nm was set to zero for

comparison

Fig. 6 PL decay curves (measured at maximum emission peak,

kex = 374 nm) of CdSe/ZnS QDs in toluene solution and in

Au/SiO2/QD nanostructure in H2O. Reproduced curves using

the data illustrated in Table 1 are plotted as thin red lines

Table 1 Components B1 and B2, time constants s1 and s2, and

average lifetime s of CdSe/ZnS QDs and Au/SiO2/QD core–

shell–shell nanostructures prepared by Bead 2

Samples B1

(%)

B2

(%)

s1/ns s2/ns s/ns PL efficiency

(%)

QDs 44.1 55.9 10.7 22.8 19.5 18

Au/SiO2/

QD

34.2 65.8 4.8 20.8 19.1 23
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For initial CdSe/ZnS QDs in a toluene solution, the

decay profile reveals an average lifetime of 19.5 ns.

The PL lifetime of the QDs is extremely sensitive to

the size of CdSe core, the thickness of ZnS shell, and

surface ligands. The fast (s1), and slow (s2) decay of

CdSe/ZnS QDs involves recombination of the delo-

calized carriers and the localized carriers, respec-

tively. The fast component (B1) of PL decay of the

QDs in the Au/SiO2/QD nanostructures decreased

compared with that of initial QDs, while the slow

component (B2) increased. As illustrated in Table 1,

the lifetime of fast PL decay (s1) drastically decreased;

however, the lifetime of slow PL decay (s2) decreased

slightly, which is characteristic for the localization

process of excitons (Rogach et al. 2000). The average

lifetime (19. 1 ns) of the nanostructures just revealed a

slight decrease compared with the initial QDs. Similar

phenomenon was observed in literature. For example,

Ozel et al. (2011) observed a significant shortening of

PL decay lifetimes for each set of Au NP and CdTe QD

films. The photon decay lifetime of CdTe QDs is

modified from 7.9 to 1.8 ns in the presence of metal

NPs and to 2.8 ns in the presence of metal NPs

separated with dielectric layers, which corresponds to

the strongest emission enhancement. Yuan and co–

worker coupled CdSe/ZnS QDs to Ag nanoprisms

using a polymer layer with optimized thickness of

10 nm to minimize energy transfer from QDs to Ag

nanoprisms (Yuan et al. 2009). For reference QDs, the

decay is single-exponential with an average lifetime of

*25 ns. In contrast, the PL decay profile for coupled

QDs deviates slightly from a single-exponential decay

with a shortened averaged lifetime of *5 ns. This

phenomenon indicated the lifetime of metal/QDs

nanocomposite is sensitive to the structure.

Metallic NPs influence the PL efficiency and

lifetime of adjacent fluorophores in a manner depen-

dent on the properties of the nanostructure. There are

two kinds of interaction mechanisms between QDs

and metal nanostructures (Liu et al. 2006). One

mechanism is 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. Another

effect is damping induced by energy transfer from the

emitter to the metal, which can be described in terms

of Joule heating. Because of the competition between

field enhancement and non-radiative damping due to

energy transfer to surface plasmons, the proximal

metal can either enhance or decrease the PL intensity.

Damping induced by the metal is strongly distance-

dependent (Gersten and Nitzan 1981). In addition, the

enhancement and decrease of PL intensity depend

strongly on the composition and structure of QDs,

metal NPs and intermaterials. PL and time-resolved

fluorescence characteristics support each other. Here

their modified PL spectra can be explained by a

dominating increase in the non-radiative decay rate in

the presence of metal NPs (with no dielectric spacer),

which results in quenched fluorescence, and by a

dominating increase in the radiative decay rate in the

presence of metal NPs separated by dielectric layers,

which results in enhanced PL, with the combination of

enhanced local electric fields in the close proximity of

plasmon-coupled QDs (Ozel et al. 2011).

In our experiments, we monitor the change in the

PL intensity induced by the competing processes of

field enhancement and non-radiative damping which

can simultaneously quench and enhance the QD PL

depending on the spacing between the two materials

and the spectral overlap between the QD PL and the

Au surface plasmon resonance (SPR). At short sepa-

ration distance and significant overlap between QD

emission and Au SPR bands, the quenching effect

dominates, whereas moderate separation distance and

spectral overlap of QD emission and Au SPR result in

more pronounced field enhancement. In our Au/SiO2/

QD nanostructures, the enhanced PL efficiency was

observed under the optimal SiO2 shell thickness of

*12.5 nm. Similarly, using Au NP films on a glass

surface, the QD PL could be enhanced by adjusting the

QD and Au NP separation with polyelectrolytes

(Kulakovich et al. 2002).

Conclusions

We have developed a multistep synthesis of hybrid

nanostructures consisted of Au NP core, dielectric

SiO2 layer, and dense layers of CdSe/ZnS QDs. The

QDs on the nanostructures were coated with a

functional SiO2 layer with amino groups on the

surface. The nanostructures with a mean size of less

than 50 nm also exhibited an intense surface plasmon

absorption band. This architecture allows for versatile

control of QD–Au NP interactions through control of

the thickness of the dielectric spacer. With such

configuration, we achieved 1.3 times enhancement of

the PL efficiency and a slight decrease of PL lifetime
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accompanied by the decrease of fast component and

the increase of slow component. The PL enhancement

depended strongly on the thickness of dielectric SiO2

layer. The observed characteristics would make the

proposed material a better alternative for a high

performance single-photon emitter.
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