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ABSTRACT: Enhanced near band gap edge (NBE) emissions
of PVA−ZnO nanoparticles were achieved by employing
SiO2−Au core/shell nanostructures whereas the defect-level
emission (DLE) is greatly suppressed. A maximum enhance-
ment of nearly 400% was observed using SiO2−Au for the
emission with optical resonance at 554 nm. SiO2−Au core/
shell nanostructures also show a superior tunability of
resonance energy as compared to that of the pure metal
nanoparticles. The enhancement of the NBE emission and
suppressed DLE is ascribed to the transfer of the energetic electrons excited by surface plasmon from metal nanoparticles to the
conduction band of ZnO nanoparticles.
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Investigations of surface plasmon resonance (SPR) effects
from metallic nanostructure/dielectric interfaces have

increased in recent research because of their promising
applications in the enhancement of the luminescence efficiency
of light-emitting materials and devices.1−5 Among direct band
gap semiconductor materials, ZnO is considered to be one of
the most promising materials for ultraviolet LEDs and laser
diodes because of its large band gap (3.36 eV) and high exciton
binding energy (60 meV). Enhanced UV emission of ZnO has
been achieved by the deposition of metals such as Ag, Au, Al,
and Pt on ZnO films, as a result of the resonant coupling
between the surface plasmon of metal and the band gap
emission of ZnO.1−4 However, the tunability of the resonance
of pure metal particles is limited. For example, by increasing the
size of gold nanoparticles from 5 to 80 nm, the resonance peak
can shift only from 520 to 545 nm.6 Moreover, the synthesis of
monodisperse metal nanoparticles with sizes larger than 100
nm is a significant challenge.7,8 As a promising alternative, the
resonance peak of colloidal metal core shell structures can be
easily tuned over a wide range by changing the core-to-shell
ratio. Therefore, colloidal core−shell metal nanoparticles
greatly enhance the ability to manipulate the resonating
conduction electrons, making it possible to cover the
ultraviolet, visible, and infrared wavelengths of the electro-
magnetic spectrum.9

In this letter, we report enhanced UV emission by the
deposition of solution-processed SiO2−Au core shell nano-
structures on the PVA−ZnO nanoparticle thin film surface.
ZnO nanoparticles with sizes ranging from 100 to 150 nm were
surface treated with PVA solutions (1% by weight of water) for
surface passivation. The PVA-coated ZnO nanoparticles were

then centrifuged and dispersed in ethanol to form a suspension
with a concentration of 30 mg/mL. The solution was spin-
coated onto quartz substrates and annealed in air at 100 °C for
5 min, followed by the deposition of SiO2−Au core−shell
nanoparticles through a simple drop-casting method.
An outline of the gold-functionalized silica particles is shown

in Figure 1, which is a modified method described by
Oldenburg et al.10 and Westcott et al.11 Silica spheres were
first obtained using the Stöber procedure.12 A solution of 30
mL of ammonia and 4 mL of tetraethoxysilane (TES) were
added to 200 mL of dry ethanol under rapid stirring (>150
rpm). The functionalizations were carried out by mixing a
certain amount of 3-aminopropyltrimethoxysilane (APS),
which was sufficient to provide an approximately 2.5 monolayer
coating on the silica particles. After it was stirred overnight, the
solution was held at a low boil (80 °C) for 1 h to promote
covalent bonding of the organosilane to the surface of the silica
particles.13,14 Excess reactants were removed from the APS-
functionalized particles by centrifugation and redispersion in
ethanol at least five times.
Aqueous solutions of small gold nanoclusters (1 to 2 nm in

diameter) were prepared by the reduction of chloroauric acid
with tetrakis hydroxymethyl phosphonium chloride (THCP) as
described by Duff et al.15 An appropriate amount of APS-
functionalized silica particles was added dropwise to the freshly
prepared gold nanocluster solution and stirred for 12 h in order
to form silica particles covered with small gold clusters
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(precursor particles). Nonattached gold nanoclusters were
removed by centrifugation and redispersion in water.
To initiate the growth of the gold shell, silica particles

attached to gold nanoclusters were added to the aged mixture
solution (gold hydroxide) of chloroauric acid and potassium
carbonate.16 The surface coverage or shell thickness can be
easily controlled by adjusting the ratio of the number of
precursor particles to the gold salt. These suspensions were
centrifuged to remove excess reagents for further character-
ization.
The scanning electron microscope (SEM) images of SiO2−

Au core/shell samples (S1−S4) with varying dimensions (5−40
nm) of Au nanoparticles attached to the surface of SiO2 are
shown in Figure 2a−d. The dimensions of the SiO2 core of

samples S1−S4 are similar at about 600 nm. A larger-scale SEM
image of the SiO2−Au core−shell structure is presented in
Figure 2e. An X-ray photoelectron spectroscopy (XPS)
spectrum from 0 to 1000 eV for the SiO2−Au core−shell
structures is shown in Figure 3a, revealing the presence of Si, O,
Au, and C. The C signal may originate from adventitious
carbon contamination. Figure 3b shows the X-ray diffraction
(XRD) pattern of the SiO2−Au core−shell structures in which
one weak diffraction peak can be indexed to SiO2 in addition to
peaks from gold shells.
To test the tunability of the surface plasmon resonance

coupling of the SiO2−Au core−shell structures, samples S1−S4
are deposited on PVA-coated ZnO nanoparticle thin films by a
drop casting method to form SiO2−Au/PVA−ZnO composite
structures, which are labeled as D1−D4. The planar and cross-
sectional SEM images of the SiO2−Au/PVA−ZnO composite
structures are shown in Figure 4a−c, respectively. The ZnO
nanoparticles have an average size ranging from 100 to 150 nm.
The photoluminescence (PL) spectra of samples D1−D4 and
the reference sample (bare PVA−ZnO without deposition of
SiO2−Au) were measured using a Spex Fluorolog Tau-3
spectrofluorimeter with a xenon lamp, and the excitation
wavelength was fixed at 330 nm, as shown in Figure 5. The
spectra consist of two bands at 380 and 540 nm, respectively.
The first band is attributed to NBE emission, and the second
band originates from deep defect levels induced by oxygen
vacancies.17−19 The enhancement factor is defined as the ratio
of the intensity of the PL peak for the composite structure
sample to that of the PL peak for the reference sample. The
enhancement factors for NBE recombination (red pillar) and
DLE (gray pillar) are presented in the inset of Figure 5. It is
found that the enhancement factor of the NBE emission

Figure 1. Scheme of the synthesis of the SiO2−Au core−shell structures.

Figure 2. (a−d) High-resolution SEM images of the SiO2−Au core−
shell samples (S1−S4) with varying dimension of Au nanoparticles
attached to the surface of SiO2. (e) SEM image of a SiO2−Au core−
shell sample on a larger scale.

Figure 3. (a) XPS analysis and (b) XRD pattern of SiO2−Au core−shell structures.
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increases from sample D1 to D4 and the enhancement factor of
the defect-related emission band decreases. The change in the
PL enhancement factors for the 380 nm emission band and the
540 nm emission band of D1−D4 is attributed to the resonance
effect between the surface plasmon of metal nanoparticles and
defect emission, which converts the useless defect radiation to
useful excitonic emissions. This mechanism is illustrated in
Figure 6. The Au Fermi level is 5.3 eV below the vacuum level,
which is very close to the energy defect level of ZnO (5.35 eV
below the vacuum level). This enables the electron transfer
from the ZnO defect levels to the Fermi level of Au, thus
increasing the electron density in Au.20 Upon resonance

excitation, particle plasmons can undergo a nonradiative decay
via excitation of electron−hole pairs and create energetic
electrons with higher-energy states in Au.21 The surface
plasmon energy of Au is around 2.38 eV, making the created
energetic electrons 2.92 eV below the vacuum level. These
energetic electrons can be transmitted to the conduction band
of ZnO.22 Therefore, the electrons in defect states have a
pathway to the conduction band of ZnO via Au, leading to an
increase in the number of electrons in the conduction band of
ZnO. Hence, the NBE emission is enhanced while the defect
emission is reduced.
The proposed mechanism for PL enhancement is supported

by the absorption spectra measurement, as shown in Figure 7.

The absorption peak at about 380 nm is assigned to the
intrinsic exciton absorption of the ZnO film, and the extra
absorption peaks observed at 554, 585, 600, and 631 nm can be
attributed to the surface plasmon resonance (SPR) absorption
of SiO2−Au core−shell structures deposited on top of samples
D1−D4. Such SPR absorption was also reported for Ag
nanoparticles implanted in ZnO films.23 The position of the
ZnO DLE is close to the SPR wavelength of SiO2−Au core−
shell structures, making it possible to couple between them
resonantly. The maximum PL enhancement observed for
sample D1 can be explained by its closer proximity to the ZnO
DLE wavelength (540 nm) than samples D2, D3, and D4.
Hence, D1 has the largest enhancement factor. It is clear from
Figure 7 that by varying the dimension of the Au nanoparticles

Figure 4. (a, b) Planar and (c) cross-sectional SEM images of the SiO2−Au/PVA−ZnO composite structures.

Figure 5. PL spectra of D1−D4 (with different resonance peaks) and
reference sample (PVA−ZnO). The inset is the enhancement factor
for band edge emission and defect-level emission from D1 to D4.

Figure 6. Scheme of the SPR effect of the Au shell on the suppression
of the defect emission and the enhancement of the NBE emissions.

Figure 7. Absorption spectra of D1−D4 with resonance peaks ranging
from 554 to 631 nm.
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attached to the SiO2 surface from 5 to 40 nm the core−shell
structures show tunable resonance peaks that can shift from
554−631 nm (77 nm difference). This proves the superior
tunability of the SiO2−Au core−shell structure as compared to
that of pure Au nanoparticles.
To investigate the SPR mechanism of the composite material

system further, time-resolved PL (TRPL) measurements were
carried out under excitation by the fourth harmonic (266 nm)
of the mode-locked Nd3+/YAG laser with a pulse duration of 20
ps. The TRPL signal was recorded using a streak camera with 2
ps temporal resolution, and the result is shown in Figure 8. The

decay trace can be approximately fitted by a biexponential
function as follows: y = y0 + As exp[−(t − t0)/tf] + Af exp[−(t
− t0)/ts]. In the fitting equations, y0, t0, Af, and As are the fitting
parameters, and tf and ts are fast and slow exciton decay times.
The value of tf and ts for each sample is listed in the inset of
Figure 8, which shows that the lifetimes of the exciton
transition from the samples with SiO2−Au core−shell
structures are faster than that from bare PVA−ZnO. This
observation provides further evidence of the proposed SPR
mechanism.
In conclusion, SiO2−Au core−shell structures with a

controllable core−shell ratio were synthesized, and the SPR
peaks of the core−shell structures can be tuned over a wide
range (554−631 nm) by adjusting the size and the shape of Au
nanoparticles attached to the SiO2 surface. The core−shell
structures provide an effective approach for simultaneously
suppressing DLE and enhancing NBE emissions of the ZnO
nanoparticles by defect-induced surface plasmon resonance.
The superior SPR tunability of the core−shell structure,
together with the low cost and flexibility of the approach,
makes it a nanomaterial of high potential for future
optoelectronics. Future work will focus on investigating
methods to pattern the SiO2−Au core−shell structures
precisely and the influence of SPR tunability in further
improving the PL enhancement.
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