
A

L
S
E

a

A
R
R
A
A

K
Z
H
W
S

1

c
s
t
n
p
d
a
a
s
r
q
t
p
n
r
t
b
t

b
v
t
(

0
h

Applied Surface Science 258 (2012) 7813– 7819

Contents lists available at SciVerse ScienceDirect

Applied  Surface  Science

j our nal ho me  p age: www.elsev ier .com/ loc ate /apsusc

 white-emitting  ZnO–Au  nanocomposite  and  its  SERS  applications

anlan  Sun, Dongxu  Zhao ∗, Meng  Ding, Haifeng  Zhao, Zhenzhong  Zhang, Binghui  Li,  Dezhen  Shen
tate Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, 3888 East Nan-Hu Road, Open
conomic Zone, Changchun 130033, People’s Republic of China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 23 February 2012
eceived in revised form 5 April 2012
ccepted 5 April 2012
vailable online 11 April 2012

a  b  s  t  r  a  c  t

We  reported  a simple  method  to  synthesize  ZnO–Au  nanocomposites  (hybrid  A)  by  combining  hydrother-
mal  and  electric  beam  evaporation  deposition  method.  It was found  that  Au  deposition  time  takes  an
important  role in  the  generation  of Au  nanoparticles.  Changing  Au  deposition  time makes  the thickness
of  Au  formed  on  ZnO  nanorods  increase  from  10 nm to  70 nm.  On  the  other  hand,  white-emitting  ZnO–Au
eywords:
nO–Au
ybrid
hite-emitting

ERS

nanocomposites  (hybrid  B) were  obtained  after  treating  hybrid  A  with  HCl  solution.  Thanks  to  the  cover-
ing  of  Au  film  and  acid etching,  it induces  many  defects  on  the  surface  of  ZnO  NRs,  and  largely  enhances
the  visible  emission  of surviving  ZnO and  finally  generates  white  emission  on  Au  mesocrystals  (hybrid  B).
Both of the ZnO–Au  hybrids  (A  and  B)  can  be applied  as substrates  in  surface-enhanced  Raman  scattering
(SERS)  measurement.  A  typical  probe  molecule,  4-ATP  was  used  to test  the  SERS  activity  of  the  ZnO–Au
composites  and  the  results  indicated  good  Raman  activity  on  the  substrates.
. Introduction

The hybrid nanomaterials that comprise two or more different
omponents have attracted much attention due to their unique
hape- and composition-dependent properties and multiple func-
ionalities, which are not usually achievable in single-component
anomaterials [1–3]. The multiple functionalities and even novel
roperties make the hybrid nanomaterials achieve applications in
iverse areas, such as multimodal catalysis, biological detection,
nd optoelectronic applications [4–6]. The hybrid nanomaterials
re usually classed as two types, the core-shell and heterodimer
tructures [7,8]. For core-shell hybrids, Dabbousi et al. have
eported a general method for producing (CdSe)ZnS core-shell
uantum dots (QDs) [9].  More recently, Au–ZnO hybrid nanopar-
icles have been explored based on a seed-mediated growth
rocess [10]. For heterodimer hybrids, Zn0.9Co0.1O–Ag heterodimer
anocrystals have been synthesized and found abnormally large
oom-temperature ferromagnetism. Among these hybrid nanoma-
erials, semiconductor–noble metal hybrid nanocomposites have
ecome an active frontier because of their remarkable optical, elec-
rical, and catalytic properties [11–14].

ZnO, which has a wide band gap (3.37 eV) and a large exciton
inding energy (60 meV), has potential photonic applications in the

isible and the near-UV wavelength regions [15]. And Au nanopar-
icles (NPs) have great potential to complement ZnO nanorods
NRs) in constructing functional nanocomposites, because Au NPs

∗ Corresponding author. Tel.: +86 431 86176322; fax: +86 431 4627031.
E-mail address: dxzhao2000@yahoo.com.cn (D. Zhao).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.04.039
© 2012 Elsevier B.V. All rights reserved.

are resistant to surface oxidation, catalytically active, and optically
sensitive. Therefore, Au–ZnO hybrid nanostructures have attracted
intense attention due to their potential applications in biolog-
ical detection, photocatalysis, and solar cells [16–18].  Recently,
Wu and co-workers have reported the photoluminescence (PL) of
ZnO nanowires (NWs)-Au NPs hybrid nanostructures fabricated by
attaching Au NPs onto ZnO NWs  [19]. They synthesized Au NPs
with different sizes by chemical reduction method, and attached
Au NPs onto the surface of ZnO NWs  by incubating ZnO NWs  with
Au NPs solutions. In their work, it is found that 40 nm Au NP is
most effective in quenching the green emission and enhancing the
UV emission. Sun et al. fabricated ZnO–Au NRs by a hydrothermal
method and found that ZnO NRs exhibited weaker UV and visi-
ble emission when modified with Au NPs [20]. However, most of
these hybrids are obtained in solution phase, thus the impurities
(including chemical precursors, and capping reagent) are always
introduced into the hybrids inevitably. In addition, the immersion
of as-synthesized ZnO NRs into solutions may  influence the photo-
luminescence of ZnO.

In this work, we successfully prepared ZnO–Au hybrid nanos-
tructures by combining hydrothermal method and electric beam
evaporation deposition technology. The as-synthesized ZnO–Au
hybrid nanostructures (hybrid A) possess uniform Au NPs on ZnO
surface. The thickness of Au NPs on ZnO surface is controllable
by tuning the Au deposition time. The ZnO–Au hybrids were
treated with diluted hydrochloric acid (HCl) solution and the white-

emitting ZnO–Au nanocomposites (hybrid B) were obtained. The
PL of the hybrid B depends on the thickness of Au NPs on ZnO sur-
face. By comparing hybrids prepared with different Au deposition
time, we  found that the hybrid (B4) fabricated with Au deposition

dx.doi.org/10.1016/j.apsusc.2012.04.039
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:dxzhao2000@yahoo.com.cn
dx.doi.org/10.1016/j.apsusc.2012.04.039
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Fig. 1. SEM images of (a) ZnO NRs and ZnO–Au hybrid A with differe

ime of 4 min  exhibits the highest white emission. In addition, it is
ound that these ZnO–Au hybrids can be used as good SERS-active
ubstrates with 4-aminothiophenol (4-ATP) as a test probe.

. Experimental

.1. Materials

Zinc acetate dehydrate (ZnAc2·2H2O) and 4-aminothiophenol
4-ATP) were purchased from Aldrich. Hexamethylene tetramine
HMT) was purchased from Exciton Chemical Co. Inv. (Dayton, OH).
inc nitride (Zn(NO3)2, A.R) and hydrochloric acid (HCl) were pur-
hased from Beijing chemical reagent factory (Beijing, China). All
f these chemicals and materials were used as received. Ultrapure
ater was used throughout the work.

.2. Preparation of ZnO NRs

ZnO NRs arrays were prepared according to the method of Lee
t al. with some modifications [21]. Briefly, cleaned indium-tin-
xide (ITO) slide was wet  with a droplet of 0.02 M ZnAc2·2H2O
n ethanol, rinsed with ethanol after 25 s, and blown dry with N2.
his wetting procedure was repeated three more times, and the
ample was heated to 350 ◦C in air for 20 min  in order to obtain
nO seeds layers. The ITO slide with ZnO seeds was then vertically
mmersed into a growth solution (0.025 M Zn(NO3)2, 0.025 M HMT)
nd heated to 92.5 ◦C for 1 h. It should be indicated that the surface
rea of ITO slides is about 1 cm2. For control experiment, different
ubstrates have been used for growing ZnO nanorods, for example,
lass, n-type Si (1 0 0) and sapphire substrates.

.3. Preparation of ZnO–Au hybrid nanostructures

ZnO–Au hybrid nanostructures (hybrid A) were prepared by
n electric beam evaporation deposition method with different

eposition time (2 min, 4 min, 6 min, 8 min, 10 min). The detailed
xperimental condition is: electric current is kept at 8 mA,  and the
acuum degree is kept at 10−2 mbar. The hybrid B was  fabricated
y incubating the hybrid A with diluted HCl solution (1 mM)  for
deposition times, (b) 2 min, (c) 4 min, (d) 6 min, (e) 8 min, (f) 10 min.

3 min. Then the hybrid 2 was  washed with water and dried under
N2 before characterization.

2.4. SERS measurement

Hybrids A and B were used as SERS substrates for SERS mea-
surement. 4-ATP solution was diluted to 1 × 10−7 M with ethanol.
Then, 20 �L of such solution was dropped onto the SERS sub-
strate, and the solvent was allowed to evaporate under ambient
conditions. In this experiment, more than five SERS-active sub-
strates of each ZnO–Au hybrids were prepared, and ten different
points on each substrate were selected to detect the 4-ATP probe,
to verify the stability and reproducibility of these SERS active
substrates.

2.5. Instruments

The morphology and structure properties of samples were
investigated by field-emission scanning electron microscopy
(FESEM, Hitachi S-4800), energy-dispersive X-ray spectroscopy
(EDS, GENE SIS 2000 XMS  60S, EDAX, Inc.) XRD data were collected
on a D/max-RA X-ray spectrometer (Rigaku). Photoluminescence
(PL) measurements were performed using a He–Cd laser line of
325 nm as the excitation source. SERS spectra were measured with
a Renishaw 2000 model confocal microscopy Raman spectrometer
with a CCD detector and a holographic notch filter (Renishaw Ltd.,
Gloucestershire, U.K.). The microscope attachment was based on
a Leica DMLM system, and a 50× objective was used to focus the
laser beam onto a spot with approximately 1 �m in diameter. Radi-
ation of 514.5 nm from an air-cooled argon ion laser was  used for
the SERS excitation. All of the spectra reported were the results of
a single 20 s accumulation.

3. Results and discussion

3.1. Preparation and characterizations of ZnO and ZnO–Au

hybrids (hybrid A)

Fig. 1a shows the typical SEM image of ZnO NRs on ITO sub-
strate, which shows that ZnO NRs are well aligned and uniform
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Table 1
The diameter of hybrid A and thicknesses of Au film with different Au deposition
times.

Au deposition time (min) 2 4 6 8 10

respectively, which is corresponding to the Au deposition time of 6,
8, and 10 min, respectively. The density and size of NRs in hybrid B
are summarized in Table 2. From Table 2, it reveals that the density
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ver a large scale. The density of ZnO NRs is estimated to be about
00/�m2. The diameter of ZnO NRs is in the range of 25–50 nm,  and
he length is in the range of 200–300 nm.  We  have tried different
ubstrates for growing ZnO nanorods, for example, glass, n-type
i (1 0 0) and sapphire substrates. It is found that growth of ZnO
anorods is substrate-independent as long as the substrate has a
at surface. Fig. 1b–f shows the morphology of the ZnO–Au hybrids
hybrid A) prepared under different Au deposition time. When the
u deposition time is 2 min, Au nanoparticles (NPs) are coated on

he surfaces of ZnO NRs. The average diameter of Au NPs was about
 nm.  The interparticle distance between Au NPs is about 5 nm.  The
ensity of Au NPs on the surface of ZnO NRs was estimated to be
bout 2 × 105/�m2. The as-prepared ZnO–Au hybrid is very similar
o that prepared by a hydrothermal method [20]. In this reference,
he size and density of Au NPs are dependent on the HAuCl4 con-
entration. When the concentration of HAuCl4 was 0.45 mM,  Au
Ps (10 nm of diameter) were attached uniformly on the surface of
nO NRs. When the concentration of HAuCl4 was decreased, lower
ensity of Au NPs were located on the surface of ZnO NRs [20].
hile in this work, the modification of Au NPs is influenced by Au

eposition time, and the Au NPs prefer to link together to exist as
 film when the Au deposition time is more than 6 min, which can
e seen in Fig. 1d–f. The thickness of Au film can be calculated by
omparing the diameters of ZnO–Au hybrid and pure ZnO NRs. The
hicknesses of Au film with different Au deposition time are sum-

arized in Table 1. It reveals that the thickness of Au film increases
ith increasing Au deposition time, and the film becomes more

moother when Au deposition time is more than 6 min. It should
e noted that the hybrids with Au deposition time of 2 min, 4 min,

 min, 8 min, and 10 min  are marked as A2, A4, A6, A8, and A10,
espectively.

The energy-dispersive X-ray spectroscopy (EDS) spectrum
eveals that the ZnO NRs is composed of the elements of Zn and

 (Fig. 2a). The signal of Zn and O are attributed to the ZnO NRs,
nd the In signal is from the ITO substrate. No other signals are
bserved in the EDS, indicating that the as-prepared sample is pure
nO NRs. The EDS spectrum in Fig. 2a reveals that the as-prepared
nO–Au hybrid (A2) is composed of the elements of Zn, O and Au.
he signals of both Zn and O are attributed to the ZnO NRs. The Au
ignal results from the Au film on the surface of the ZnO NRs, and
he In signal is from the ITO substrate. No other signals are observed
n the EDS, indicating that the as-prepared sample is pure. Fig. 2b
hows the X-ray diffraction (XRD) patterns of the ZnO NRs arrays
nd ZnO–Au hybrid (A2), in which the diffraction peaks from ITO
ere marked by a symbol �. For the ZnO NRs arrays, all the diffrac-

ion peaks can be indexed to the hexagonal wurtzite structure of
ulk ZnO (JCPDS No. 36-1451). The peaks located at 2� = 34.7◦, 45.7◦,
3.2◦ correspond to (0 0 2), (1 0 2) and (1 0 3) ZnO wurtzite struc-
ure facets, respectively. The predominant ZnO peak from the (0 0 2)
lane indicates that the ZnO NRs arrays were grown with c-axis ori-
ntation normal to the substrate surface. For ZnO–Au hybrid (A2),
nother signals were observed at 2� = 38.4◦ and 44.5◦, which can be
scribed to the (1 1 1) and (2 0 0) planes of face-centered cubic Au
rystals, respectively. The above results clearly indicate that Au NPs
ave been coated on the surface of ZnO NRs without impurities.

.2. Fabrication and characterization of ZnO–Au nanocomposites
hybrid B)

Hybrid B was fabricated by a simple one-step chemical method.
riefly, the ITO slides with hybrid A (A2, A4, A6, A8, and A10) were

mmersed in a diluted HCl acid solution (1 mM)  for 3 min. Then the

ybrid B (B2, B4, B6, B8, and B10) was obtained after washing with
ater and drying under N2. As a control experiment, pure ZnO NRs

n the ITO slide was immersed in the 1 mM HCl acid solution for
 min. The white color on ITO becomes transparent, which reveals
Diameter of hybrid A (nm) 40 60 80 90 100
Thickness of Au film (nm) 10 30 50 60 70

that ZnO NRs have been etched completely by HCl. The XRD and
SEM results indicate that none of ZnO NRs exist on the ITO slide
(data not shown). Fig. 4 shows the SEM images of the as-prepared
hybrid B. As observed from Fig. 4a, sparsely dispersed NRs were
obtained after removing ZnO NRs from the ZnO–Au hybrid (A2) by
HCl aqueous solution. There are some nanoparticles with diameter
of 15 nm dispersed on the ITO surface. It can be seen that the density
of NRs decreases (for B2 and B4), but the size is unchanged (for B2-
10) after treating with HCl solution (shown in Fig. 1b). The density
decreasing of NRs reveals that there is no continuous Au film formed
on the ZnO NRs to resist acid etching for shorter Au deposition time
(2 and 4 min). The density of NRs is estimated to be about 35/�m2.
The average diameter of B2 is about 40 nm,  which is the same with
that of A2. Fig. 4b shows NRs with helical structure at the bottom,
and the density of NRs was estimated to be about 50/�m2. The
average diameter of NRs was 60 nm.  Fig. 4c–e shows SEM images
of hybrids (B6, B8, B10) with Au film thickness of 50, 60 and 70 nm,
60504030

0

2 θ (degree)

Fig. 2. (a) EDS spectra and (b) XRD patterns of ZnO NRs and ZnO–Au hybrid A2.
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Fig. 3. SEM images of (a) ZnO–Au hybrid B with different Au deposi
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Fig. 4. (a) XRD patterns and (b) EDS spectra of ZnO–Au hybrid B.
tion times (b) 2 min, (c) 4 min, (d) 6 min, (e) 8 min, (f) 10 min.

and size of hybrids are increased with increasing the Au deposition
time.

The purity and crystalline of the as-synthesized hybrids B were
examined by X-ray diffraction (XRD) patterns. Fig. 4a shows the
XRD patterns of the hybrid B with different Au deposition times and
ITO slide. The 2� diffraction peaks at 38.3◦ and 44.5◦ corresponded
to (1 1 1) and (2 0 0) plane of the face center cubic of Au. The peak
intensity of Au increases with the increasing of Au deposition time.
But the diffraction peaks related to ZnO are not observed. From SEM
and XRD analyses, the hybrid B mainly consists of Au mesocrystals.
To further confirm the structure of hybrid B, EDS was used to deter-
mine the element of hybrid B (Fig. 4b). It reveals that the hybrids
consist of element Zn, O and Au, and the In signal is from the ITO
substrate. The signals of Zn are both attributed to the ZnCl2 and
surviving ZnO tightly covered by Au film. It reveals that some ZnO
NRs exist in the center of Au films, as the EDS peak intensity of Zn
decreases with the increasing of Au deposition time. From above
results, it is reasonable to conclude that the hybrid B is comprised
Au mesocrystals as the shell with a few ZnO NRs as the core.

3.3. The optical properties of hybrid B

Fig. 5 shows the room temperature PL (RTPL) spectra of ZnO
NRs and ZnO–Au nanocomposites (hybrid B). The RTPL spectrum
of pure ZnO NRs shows a UV emission at ∼378 nm associated with
its exciton emission and a broad band related to defects ranged
from 500 to 700 nm in the visible light. The broad band may  be
caused by discrepancies, such as O vacancies, Zn vacancies, Zn

interstitials, O interstitials, donor acceptor pairs, and surface state
[22,23]. After being decorated with 10 nm Au NPs followed by
corrosion with diluted HCl solution, the Au mesocrystals display
weakened and red-shifted UV (390 nm)  and blue-shifted visible

Table 2
The diameter and density of Au mesocrystals with different Au deposition times.

Au deposition time (min) 2 4 6 8 10
Diameter of Au mesocrystals (nm) 40 60 80 90 100
Density of Au mesocrystals (per �m2) 35 50 80 85 90
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more obvious when increasing the Au deposition time from 2 to
10 min, which can be explained by the increase of surface defects.
As known that Au NPs had a strong absorption in the visible range,
which may  contribute to the quenching of visible emission of ZnO
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Fig. 5. The RTPL spectra of ZnO NRs and ZnO–Au hybrid B with diffe

450–600 nm)  emission. The Au mesocrystals (B2, B6) with 10
nd 50 nm of thickness exhibit two weaker emissions at both UV
396 nm)  and visible range from 400 to 600 nm. For Au mesocrystals
B8, B10) with 60 and 70 nm of thickness, they both exhibit weak-
ned UV emission (390 nm)  and slightly enhanced visible emission
450–600 nm). Interestingly, the Au mesocrystals (B4) with 30 nm
f thickness display a highly enhanced visible emission and a signif-
cantly quenched UV emission. It should be noted that the thickness
f Au mesocrystals is proportional to Au deposition time, which is
hown in Table 1. It can be found from Fig. 5 that the UV emis-
ion of Au mesocrystals is weakened than pure ZnO NRs, and the
u mesocrystals with 30 nm (B4) of thickness display the weak-
st UV emission. ZnO visible emission is sensitive to thickness of
u mesocrystals, which is controlled by Au deposition time. An
bvious trend is that the ratios of the visible and UV emission
and heights increased strongly with the increasing thickness film,
chieves maximum value (∼4.8) for hybrid B4. The results indi-
ate that Au mesocrystals with 30 nm of thickness revealed greater
hite emission than other mesocrystals.

In previous work on constructing ZnO–Au hybrid, Au NPs were
dsorbed or grown on ZnO surface by chemical method [17,19,24].
or example, Chen et al. firstly synthesized Au NPs of different
izes by the well-established citrate reduction method. And then
hey fabricated ZnO–Au hybrid structures by incubating ZnO NWs
n concentrated Au NPs solution at room temperature for 12–18 h
17]. Chang et al. prepared ZnO–Au hybrid by immersing ZnO NWs
nto HAuCl4 solution under UV light for 4 min  [24]. Wang et al.
mmersed ZnO NRs into an aqueous solution of HAuCl4 in the
resence of 1.25 mM CoCl2 for 1 min  to deposit Au NPs onto the
uterwall of NRs [19]. In their work, ZnO NRs act as the major
art and Au NPs act as a very thin layer to modify the ZnO sur-
ace. The electron transfer from the defect sites on the ZnO surfaces
o Au, which can suppress other radiations. This charge transfer is
elated to the formation of a Schottky barrier and a depletion layer
etween the ZnO NWs  and the Au NP, since the work function of

nO (4.3 eV) is smaller than that of Au (5.1 eV). Thus the UV emis-
ion of ZnO NRs (or NWs) is enhancement after adsorbing Au NPs.
n the other hand, Au NPs have a strong absorption in the visible

ange, which may  contribute to the quenching of visible emission
u deposition times the inset shows the corresponding SEM images.

of ZnO NRs. Therefore, the visible emission is much weakened after
attaching Au NPs onto ZnO NRs. Our system is significantly differ-
ent with previous work, because in the present study most of ZnO
NRs were etched by HCl, and the outerwall of surviving ZnO were
covered with relatively thick Au films. Both etching of ZnO by acid
and covering of Au film induce many defects on the surface of ZnO
NRs. The surface modification makes energy potential low enough
to promote surface states trapping the photo-generated electrons
or holes, which paves the pathway to form luminescence centers.

Control experiments without HCl etching were carried out to
isolate and to evaluate the effects of etching process. As illustrated
in Fig. 6, UV and visible emission were both weakened after cover-
ing with Au NPs. And there is an obvious red shift of the UV  peak
after the Au deposition, which might be a result of a higher density
of surface defects [25]. As shown in Fig. 6, the red-shifts become
600400

Wavelength (nm)

Fig. 6. The RTPL spectra of ZnO NRs and ZnO–Au hybrid A without HCl etching.
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ig. 7. Typical FT-SERS spectra of 4-ATP (1 × 10−5 M)  on ZnO–Au hybrid A with
ifferent Au deposition times.

Rs when Au NPs were introduced. This result excluded Au NPs as
he origin of the visible emission and confirms the etching role in
nducing more defects on surviving ZnO surface. In general, without
tching, the intensity of UV and visible emission are both largely
uenched, which further reflects the effectiveness of Au mesocrys-
als with little ZnO in the internal-wall. In addition, it should be
oted that the PL properties of ZnO NRs and ZnO–Au hybrids (A
nd B) are reproducible, which have been confirmed by measuring
ifferent samples, and several points for each sample.

From above results, it demonstrated that the modification of Au
n ZnO NRs could not enhance but quench the visible emission of
nO NRs. We  suggest that the enhanced visible emission is caused
y the presence of ZnCl2 at the interface between ZnO cores and Au
hells. ZnCl2 composites are formed after acid treating of ZnO/Au
ybrid A, which has been confirmed from XRD and EDS analysis.
he presence of ZnCl2 on ZnO cores increases the defects of oxygen
nd zinc vacancies. Recent works have relevant discussions on ZnO
efects on undoped ZnO and doped ZnO by Eu [26,27]. To com-
letely understand that how the visible emission is dramatically
nhanced after the Au decoration and acid treating, further work
n both experiments and calculations are needed in the future.

.4. SERS measurements of 4-ATP molecules on the hybrids A and

In our previous studies, we investigated the assembly of Ag
Ps on the ZnO NRs arrays, and explored the applications of these
nO–Ag nanocomposites in the SERS-active substrate primarily
28]. For one basic application, we also hope these ZnO–Au hybrids
ormed in this work can be used as SERS-active substrates. In order
o detect the possibility of these hybrids A for the applications
n SERS-active substrates, 20 �L 1 × 10−5 M 4-ATP (dissolved by
thanol) was dropped onto these substrates and detected with
T-Raman spectrometer. Fig. 7 gives typical comparative FT-SERS
pectra of 1 × 10−5 M 4-ATP on hybrids shown in Fig. 1b–f. It is obvi-
us that the ZnO–Au hybrid with 30 nm thickness of Au film shows
reater enhancement ability than the other hybrids for 4-ATP probe
olecules. And no Raman peaks could be observed when the 4-ATP

olution was dispersed on pure ZnO NRs substrate. An obvious trend
s that the enhancement ability firstly increases and then decreases
ith the increase of Au film thickness. As mentioned above, the
u film thickness is dependent on the Au deposition time, thus

he SERS intensity of ZnO–Au hybrids can be controlled by tuning
u deposition time. In these SERS spectra, four important bands,
Fig. 8. Typical FT-SERS spectra of 4-ATP (1 × 10−5 M)  on ZnO–Au hybrid B with
different Au deposition times.

�(CC) for 1583 cm−1, �(CC) for 1077 cm−1, ı(CH) for 1178 cm−1,
and 392 cm−1 which is assigned to one of the vibrational modes of
C S bond, are all dominated with the in-plane (a1) vibrational mode
[29–31].  Similar results have been reported by Wang et al. who con-
sidered the predominance of a1 mode in the FT-SERS spectra might
imply the enhancement via the electromagnetic mechanism is sig-
nificant [32]. Fig. 8 shows the typical FT-SERS spectra of 1 × 10−5 M
4-ATP on hybrids B shown in Fig. 3, in which similar trend in the
enhancement ability with that of hybrid A is observed.

We suggest that the size and interparticle distance are two main
factors for the enhancement ability of SERS. It can be seen from
Fig. 1 that the diameter of Au NPs is about 5 nm when Au depo-
sition time is 2 min. It is reported that the most enhanced SERS
often presents on aggregated silver nanoparticles in the range of
20–200 nm [33], thus the hybrid prepared under 2 min  deposition
time shows the weakest SERS signal. The hybrid prepared under
4 min  deposition time displays the strongest SERS signals, in which
Au NPs are closely spaced and interparticle distance is smaller than
2 nm.  Similar results have been reported by Xu et al., who  have cal-
culated and suggested that closely spaced nanoparticles separated
by 1 nm can provide an enhancement of 1010 at the interstitial
of two NPs [34]. While the SERS intensity decreases when fur-
ther increasing Au deposition time, which can be explained by the
“hot spot” mechanism. In previous work, large enhancement was
observed for aggregates with multiple particles, but little enhance-
ment was found for single nanoparticles [35]. This is because there
are many “hot spots” at junction sites between aggregated NPs,
in which huge electromagnetic field enhancements are caused by
plasmon coupling between nanoparticles in close proximity [36]. In
our work, Au NPs linked together and became continuous films in
hybrids when increasing deposition time (from 6 to 10 min), which
decreased the “hot spots” and decreased the SERS intensity.

The electric beam evaporation deposition method provided in
this work maybe a feasible strategy for the preparation of SERS-
active substrates for the practical applications in chemical and
biological analysis. Firstly, the good signal-to-noise for the SERS
spectra of 4-ATP on the hybrids indicate that these substrates are
very suitable as SERS substrates. In this work, we thought the
Raman enhancement mainly come from three factors: the rough
surface on nanometer scale, SERS “hot spots” between two close-

packed Au NPs, and the relatively large surface area provided by
ZnO NRs templates. Secondly, the ZnO–Au hybrids prepared by
combining hydrothermal method and electric beam evaporation
deposition method have good stability and reproducibility. Finally,
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his one-step electric beam evaporation deposition method to pre-
are Au NPs aggregates and film for SERS applications is very simple
nd quick.

. Conclusions

We  have developed a simple method to controllable fabri-
ate white emission ZnO–Au hybrid nanostructures by combining
ydrothermal method and electric beam evaporation deposition
echnology and post-treating with acid. The white emission inten-
ity is dependent on the Au deposition time, and the highest white
mission is obtained for Au mesocrystals (deposition time is 4 min).
t is suggested that the thickness of Au mesocrystals is propor-
ional to Au deposition time, and the thickness of Au mesocrystals
s a main factor for white emission. Control experiments revealed
hat the etching with HCl plays an important role in enhancing the
hite emission. In addition, the ZnO–Au hybrids can be used as

ERS substrates for detection of 4-ATP molecules, which provides
n opportunity to fabricate stable and reproducible SERS-active
ubstrates.
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