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We described a novel seeded synthesis of vertically aligned ZnO nanorod arrays on a DNA network

surface. Zinc ions were first adsorbed onto the DNA network and then heated to yield layers of ZnO

seeds. The DNA network plays an important role not only as a substrate for the adsorbing of zinc ions,

but also as a fine template for density controllable synthesis of high-quality ZnO seeds. The density of

ZnO seeds was controlled by the adsorption times of zinc ions. The final density of ZnO nanorods was

determined mainly by that of ZnO seeds. The ZnO nanorod arrays were used as templates for making

silver-coated ZnO nanocomposites, which were applied as substrates in surface-enhanced Raman

scattering (SERS) measurements. Two typical probe molecules, R6G and 4-ATP were used to test the

SERS activity of the ZnO/Ag composites and the results indicated good Raman activity on the

substrate.
1. Introduction

DNA molecules are attractive biological templates to construct

nanostructures with a specific shape and unique properties. DNA

is a rigid biopolymer that can withstand a range of pH,

temperature, and solvation conditions. Particularly, DNA

possesses a linear structure, large aspect ratio (length/diameter)

and well-defined sequences of DNA base and a variety of

superhelix structures. The negatively-charged phosphate groups

of DNA have a strong affinity for the metal cations and

positively-charged nanoparticles. In the past decades, metal

nanowires (silver, gold, platinum, palladium, copper), carbon

nanotube and semiconductor nanowires (ZnO, CdS, PbS and

ZnS) were created using DNA as a template.1–10 In addition to

linear structure, large-scale DNA networks can also be fabri-

cated by controlling DNA concentration.11 Wei et al. have

fabricated nanoporous silver films by the electrostatic self-

assembly of silver nanoparticles onto DNA network.12

Zinc oxide (ZnO) is an n-type, wide band gap (Eg ¼ 3.35 eV)

semiconductor, with a large excitation binding energy of

60 meV.13 ZnO exhibits a variety of properties, including trans-

parent conductivity, piezoelectricity, ferromagnetic and gas

sensing properties.14–17 ZnO nanostructures can be grown on

a variety of substrates including sapphire, glass, silicon, and

indium-tin-oxide (ITO).18 Recently, highly ordered ZnO
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nanorods or nanowires are particularly important for their

potential applications in optics, optoelectronics, sensor and

photocatalysts.18–21 ZnO nanorods arrays were also used as

a template to fabricate ZnO/Au composites, which showed

highly enhanced surface enhanced Raman scattering activity.22

Therefore, many different synthetic methods, including chemical

vapor deposition, hydrothermal methods, template-based

methods, pulsed laser deposition, metal–organic source vapor

deposition and sol–gel have been introduced to prepare ZnO

nanorods or nanowires.23–28 In addition, ZnO is a biocompatible

semiconductor, and it has been shown that ZnO nanorods are

compatible with DNA.29 Usually, highly vertical ZnO nanowire

arrays are synthesized either with an appropriate single crystal-

line substrate (Al2O3 or GaN) or with a textured ZnO thin film as

a nucleation layer that is deposited on a nonepitaxial substrate

(such as silicon or glass). These methods are always limited to

insulating or expensive substrates, and the ZnO thin film requires

gas-phase fabrication of the ZnO layer. To overcome these

limitations, Yang et al. developed a hydrothermal process for

preparing ZnO nanowires arrays using textured ZnO seeds.30

Here, we expanded the seeded synthetic methods to prepare

density-controllable ZnO nanorod (NR) arrays using a mild

solution process. ZnO seeds were formed directly on substrates

by thermally decomposing zinc acetate that adsorbed on DNA

networks at 350 �C. The final density and size of the ZnO NRs

were determined mainly by those of ZnO seeds. In the optimized

procedure, highly-quality vertical ZnO NR arrays were grown,

which were used as templates for making silver-coated ZnO

(ZnO/Ag) composite nanoarrays. It was found that these ZnO/

Ag composite nanoarrays could be used as good SERS-active

substrates with Rhodamine 6G (R6G) and 4-aminothiophenol

(4-ATP) as test probes.
This journal is ª The Royal Society of Chemistry 2011
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2. Experimental section

2.1 Materials

Lambda DNA (l-DNA, 0.3 mg mL�1, 48502 bp) was purchased

from Sino-American Biotechnology Company (Beijing, China).

Zinc acetate dehydrate (ZnAc2$2H2O) and 4-aminothiophenol

(4-ATP) were purchased from Aldrich. Hexamethylene tetra-

mine (HMT) and Rhodamine 6G (R6G) were purchased from

Exciton Chemical Co. Inv. (Dayton, OH). Zinc nitride (A. R.),

silver nitrate (A. R.) and potassium sodium tartrate were

purchased from Beijing chemical reagent factory (Beijing,

China). All of these chemicals and materials were used as

received. Ultrapure water was used throughout the work.

2.2 Formation of DNA networks

l-DNA networks were prepared with a simple method. Briefly,

l-DNA was diluted to 25 ng mL�1 with ultrapure water, and

mixed with 10 mM ZnAc2$2H2O solutions in equal volumes.

20 mL of this DNA solution was dropped onto freshly cleaned

indium-tin-oxide (ITO). Ten minutes later, the sample was rinsed

with ultrapure water for 30 s and a uniform and nanoporous

DNA network formed on the ITO surface.

2.3 Several ZnO NR arrays prepared by seeded growth process

ITO with DNA networks was wetted with a droplet of 0.02 M

ZnAc2$2H2O in ethanol, rinsed with ethanol after 25 s, and

blown dry with N2. This wetting procedure was carried out 0, 2,

4, 6 times, and the sample was heated to 350 �C in air for 20 min

in order to yield ZnO seed layers. The ITO slide with ZnO seeds

was then vertically immersed into a growth solution (0.025 M Zn

(NO3)2, 0.025 M HMT) and heated to 92.5 �C for 1 h.

2.4 Preparation of SERS-active substrate

The ITO slide with optimized ZnO NR arrays was immersed in

an aqueous solution of 0.05 M AgNO3 and was illuminated

under monochromatic UV light (365 nm) for 10 min. This

immersion and illumination step was repeated and the slide was

then illuminated for 30 min. Finally, the substrate was placed

into the silver plating solution for 10 min to prepare silver

nanoparticles (Ag NPs) on ZnO NR arrays.31

2.5 Instruments

SEM images were obtained by field-emission scanning electron

microscopy (FESEM, Hitachis-4800). Tapping-mode AFM

imaging was performed on a Digital Instruments multimode

AFM controlled by Nanoscope IIIa apparatus (Digital Instru-

ments, Santa Barbara, CA) equipped with an E scanner. XRD

data were collected on a D/max-RA X-ray spectrometer

(Rigaku). UV-vis absorption spectra were collected in solid using

a Cary 500 UV-vis-NIR spectrophotometer. 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�
This journal is ª The Royal Society of Chemistry 2011
objective was used to focus the laser beam onto a spot with

approximately 1 mm in diameter. Radiation 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 Controllable synthesis of ZnO seeds on DNA network

Fig. 1a shows an AFM image of a DNA network adsorbed on an

ITO surface. Different DNA strands crossed over each other and

created compact and uniform reticulated structures. The height

of the DNA networks was measured using cross-section analysis,

and the histogram of their distribution is shown in Fig. 1b. The

statistical histogram shows that the average height of DNA

networks was about 1.14 nm, which is 2 times that of a single

DNA chain that is reported to be about 0.5 nm by AFM in

air.32,33 The DNA network can be immobilized on ITO because

Zn2+ acts as a bridge ion between the phosphate groups of DNA

and ITO surface. The main immobilization force is the electro-

static attraction between Zn2+, DNA, and ITO. A key factor is

that Zn2+ should be introduced, which can benefit in two ways.

One is that it can make the DNA strands immobilize onto the

ITO surface tightly. The other advantage is that the bridge ions

(Zn2+) can be decomposited to form ZnO seeds. In our previous

work, DNA structures with different concentrations formed on

the surface were studied.34,35 When the DNA concentration is

decreased (1–5 ng mL�1), DNA molecules cannot cover the entire

surface, and also cannot overlap or cross each other to form

a DNA network.34 When the DNA concentration is increased to

more than 20 ng mL�1, more densely packed DNA networks and

DNA films can be obtained.35 Fig. 2a shows ZnO seeds (S1,

ESI†) formed by thermally decomposing DNA/Zn2+ networks,

and the seeds are relatively fat hexangular nanoplatelets with

diameter of 50–60 nm. The density of ZnO seeds was estimated to

be about 15 per mm2. In fact, the size of ZnO seeds is much larger

than that of the ZnO seeds reported by Yang et al.30 In their

previous procedure, zinc acetate dehydrate was adsorbed directly

on the substrate, and then was heated to yield layers of ZnO seeds

with diameter of 5–20 nm. We suggested that the strong elec-

trostatic interaction between zinc ions and the phosphate back-

bone of DNA strands could accelerate the nucleation and growth

of ZnO nanoparticles. In addition, the as-prepared ZnO seeds are

hexangular nanoplatelets, which may favor the further growth of

hexagonal end faceted ZnO nanorods.

To examine the effect of the wetting procedure on the growth

of ZnO nanorods, the DNA networks were wetted different times

with zinc acetate, and then were heated to 350 �C in air for 20 min

to yield ZnO seeds. Fig. 2b–d shows the SEM images of ZnO

seeds (S2–4) formed on the DNA network when wetting for 2, 4,

and 6 times. When the DNA network was wetted 2 times, a little

more ZnO nanoparticles were obtained. The density of ZnO

seeds was estimated to be about 22 per mm2. When the wetting

times were increased to 4 times, the density of ZnO seeds was

increased to about 35 per mm2. When the wetting times were

increased to 6 times, the density of ZnO seeds was as high as

about 70 per mm2. An obvious trend is that the density of ZnO

seeds increased as the number of wetting times increased. It is
J. Mater. Chem., 2011, 21, 9674–9681 | 9675
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Fig. 1 (a) Tapping mode AFM image of DNA networks, (b) corresponding height distribution histogram of AFM image of (a).

Fig. 2 SEM images of ZnO seeds (S1–4) formed on the DNA network

when wetting for (a) 0, (b) 2, (c) 4, and (d) 6 times.
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suggested that the number of zinc ions adsorbed on the DNA

networks increases with the increasing of the number of wetting

times. In our previous work, the effect of Zn2+ concentration on

DNA morphologies has been studied, and it was found that in

the case of low concentration (lower than 10 mM), Zn2+

concentration did not greatly change the morphology of DNA

networks. After that range, some obvious aggregation between

DNA chains appeared.36 In this work, the DNA network on ITO

surface after six times of wetting treatment was imaged by AFM

(See Figure S1a†), and a DNA network with obvious aggrega-

tion was observed. The height of the DNA networks was about

2.35 nm, which was much larger than DNA networks on ITO

before wetting treatment (See Figure S1b†). The increase in

height might be possibly due to the formation of DNA bundles

with such a high concentration of ZnAC2.
Fig. 3 (a–d) SEMimages ofZnOnanorods grown fromZnOseeds (S1–4).
3.2 Formation of ZnO NR arrays using ZnO seeds

Fig. 3 shows SEM images of ZnO NR arrays grown from

different ZnO seeds (S1–4) in aqueous solution at 92.5 �C. When

ZnO seeds S1 were used, several dispersed ZnO NRs were

obtained on the ITO surface (Fig. 3a). The average diameter and
9676 | J. Mater. Chem., 2011, 21, 9674–9681
length of ZnO NRs were about 150 nm and 600 nm, and the tilt

angle was in the range from 20� to 90� with respect to the

substrate normal. The density of ZnO NRs was estimated to be

about 2 per mm2. When ZnO seeds S2 were used, clusters with

densely packed ZnO NRs were found on the whole ITO surface

scanned (Fig. 3b). It was found that the ZnO clusters were

composed of more than 30 NRs, in which the roots of the NRs

were grown together. The average diameter and length of the

ZnO NRs were about 150 nm and 1 mm, and the tilt angle was in

the range from 10� to 70� with respect to the substrate normal.

Comparing with ZnO NRs grown from S1 seeds, the density was

increased to about 10 per mm2. When ZnO seeds S3 were used,

more dense ZnO NR arrays were observed on the ITO surface

(Fig. 3c). The average diameter and length of ZnO NRs were

about 150 nm and 1 mm, which was similar to that of the ZnO

NR arrays shown in Fig. 3b. The tilt angle was in the range from

0� to 60� with respect to the substrate normal, and the ZnO NRs

density was increased to about 35 per mm2. When ZnO seeds S4

were used, highly vertical ZnO NR arrays with diameter of 100–

200 nm and length of 1 mm were synthesized (Fig. 3d). The ZnO

NRs density was increased to about 48 per mm2, and the tilt angle

was in the range from 0� to 10� with respect to the substrate

normal.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 SEM images of (a) ZnO seeds fabricated by magnetron sputter-

ing, (b) correspondingly grown ZnO nanorods, (d) ZnO nanorods grown

with no seeds, (c) high-magnification SEM image of (b).
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It is noticeable that the DNA network pattern has an impor-

tant influence on the finally resulting ZnO array. When the DNA

concentration is very low, as mentioned above, DNA molecules

(5 ng mL�1) cannot cover the entire surface, and also cannot

overlap or cross each other to form a DNA network (See Fig-

ure S2a†). The finally resulting ZnO NRs also cannot cover the

entire surface (See Figure S2b†). The average diameter and

length of ZnO NRs were about 260 nm and 1.5 mm, respectively,

which was similar to that of ZnO NR arrays shown in Fig. 3b.

The tilt angle was in the range from 10� to 60� with respect to the

substrate normal, and ZnO NRs density was about 10 per mm2.

When the DNA concentration is very high, as mentioned above,

DNA molecules (20 ng mL�1) formed more densely packed DNA

networks (See Figure S2c†). The finally resulting ZnO NRs were

similar with ZnO NR arrays shown in Fig. 3d (Figure S2d†).

These results indicate that the ZnO array is sensitive to DNA

patterns when the DNA concentration is in the range of 1–5 ng

mL�1. When the DNA concentration was above 12.5 ng mL�1, no

significant change was observed, indicating that 12.5 ng mL�1

DNA is enough to adsorb Zn2+ for a vertical ZnO NR array.

Therefore, the optimal DNA concentration for ZnO NR array

formation should be 12.5 ng mL�1.

In our experiments, ZnO NRs had a strong trend to grow

vertically, and the tilt angle of ZnO NRs with respect to the

substrate normal depended on the ZnO seeds density, which was

controlled by varying the number of wetting times. As the

wetting times increased, the ZnO seeds density increased, and the

ZnO NRs density increased accordingly. And when the density

of ZnO seeds was as high as about 70 per mm2, completely vertical

ZnO NR arrays were obtained over the entire surface of the

substrates. It was reported that the vertical NR arrays are highly

suitable for use in ordered nanorod-polymer solar cells.37 In this

study, vertical ZnO NR arrays fabricated on the ITO slide have

potential applications in photovoltaic devices, and the ITO slide

can also act as an electrode. A further study about this is

currently underway and will be reported at a later date. We

suggested that the quality of ZnO seeds is an important factor for

the orientation of ZnO NRs. Similar phenomena have been

found by scientists previously. For example, Yang et al. found

that the orientation of the ZnO seeds directly determines the

orientation of the nanorods.30 To further investigate the effect of

ZnO seeds to the formation of ZnO NRs, a 100 nm thick ZnO

film fabricated by magnetron sputtering was used as a seed layer.

Fig. 4a, b show SEM images of ZnO films formed by magnetron

sputtering and ZnO NR arrays grown from these seeds. Fig. 4c

shows the high-magnification SEM image of ZnONRs. The ZnO

film consists of nanoparticles with diameter of 20–50 nm, and the

density is as high as 400 per mm2. The ZnO NRs have diameter

ranging from 24 to 150 nm and a length of a few micrometres.

The NR number density was estimated to be 65 per mm2 which

was much lower than that of seeds. It was suggested that a small

part of the seeds contributed to the growth of NRs. Comparing

with ZnO NRs from S4 seeds, the NR density was increased, but

the tilt angle with respect to the substrate normal was as large as

10–50�. The results further demonstrate that the quality of ZnO

seeds is a key factor to determine the orientation of ZnO NRs. In

another control experiment, ZnO NRs were grown on an ITO

surface with no seeds in aqueous solution at 92.5 �C for 1 h.

Fig. 4d shows the SEM image of as-prepared ZnO NRs with
This journal is ª The Royal Society of Chemistry 2011
diameter of 35–65 nm and length of 180–950 nm, separated by

gaps of 0–700 nm. The NR number density was as low as 500 per

mm2, which indicates that the existence of ZnO seeds favors the

growth of NRs on the substrate.

We have tried different substrates for growing ZnO nanorods,

for example, mica, glass, n-type Si (100) and sapphire substrates.

It was found that growth of ZnO nanorods is substrate-inde-

pendent as long as the substrate has a flat surface. Although an

ITO slide was used here for ease of imaging, we routinely obtain

similar nanorod arrays over the entire surface of all of the

substrates mentioned above. See Figure S3 of the Supporting

Information† for SEM image and UV-vis absorption spectrum

of ZnO NRs on glass grown by the same method. ITO itself is

a semiconductor and it is opaque in UV and infrared. The UV-vis

absorption and transmission spectra of the pure ITO slide were

collected and are shown in Figure S4†. It revealed that the

transmission of the ITO slide could reach 70%–84% when the

wavelength was larger than 350 nm. As the background of

the ITO absorption was removed in testing, thus the absorption

of ITO will not affect the results presented in this work.
3.3 Preparation and characterization of ZnO/Ag

nanocomposites

In order to prepare SERS-active substrates, we used ZnO NR

arrays (shown in Fig. 3d) as templates for preparing ZnO/Ag

nanocomposites. Fig. 5a, b show the SEM images of the as-

synthesized ZnO/Ag NR arrays. Ag nanoparticles (NPs) were

successfully deposited onto the surface of ZnONRs. The average

diameter of Ag NPs is about 18 nm. The successful decoration

can be clearly seen in a high-magnification SEM image, as shown

in Fig. 5b. Ag NPs were brought together and their interparticle

distance was smaller than 5 nm. The number density of Ag NPs

on the surface of ZnO NRs was estimated to be about 6 per NR.

Ag NPs prefer to attach to the side of the ZnO NRs. Similar

phenomena have been found in our previous research.38 The

energy dispersive X-ray spectrum (EDS) (Fig. 5c) confirms that

the samples consist of element Zn, O and Ag. The signals of both

Zn and O are attributed to the ZnO NRs. The Ag signal results

from the Ag nanoparticles on the surface of the ZnO NRs. No
J. Mater. Chem., 2011, 21, 9674–9681 | 9677
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Fig. 5 (a) SEM image and (c) EDS spectrum of ZnO/Ag nanocomposites, (b) High-magnification SEM image of (a), (d) UV-vis absorption spectra of

ZnO/Ag nanocomposites and ZnO nanorods.
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other signals were observed in the EDS, indicating that the as-

prepared sample is pure.

Fig. 5d compares the UV-vis absorption spectra of ZnO/Ag

NRs with that of ZnO NRs. For ZnO NRs, the absorption peak

between 300 and 400 nm is attributed to the exciton emission of

ZnO in the UV light region. In the case of ZnO/Ag NRs, another

broad band around 450 nm is observed, indicating the formation

of Ag NPs. The peak at 450 nm shows a great red-shift compared

with the peak formed by reduction of sodium citrate, which is

about 400 nm.39 It is reasonable that the optical and electronic

properties of the metal NPs are dependent on the nanoparticles’

size, shape, and environment. It is well known that spherical Ag

NPs will display only a single surface plasmon band due to their

completely symmetrical shape. But the Ag NPs in ZnO/Ag NRs

displayed a wide peak, which may be attributed to the coupling

of the plasmon absorbance of the closely spaced Ag NPs. On the

other hand, Templeton et al. have reported that the position of

plasmon absorption is related to electron density of the metal.

When the electron density of metal is increased, the plasmon

absorption l of the metal was decreased, leading to the blue-shift

of the plasmon absorption band. For a ZnO n-type semi-

conductor, the work function (4s ZnOz 4.3 eV) is more than that

of the noble metals (4m Ag z 4.26). And thus ZnO can donate

electrons to Ag readily.40 Thus, the transfer of electrons from

ZnO to Ag occurs until two systems reach a dynamic equilibra-

tion, resulting in an increase of electron density of Ag. But in this

experiment, the red-shift of the plasmon peak of silver is

observed. Therefore, there may be other factors that influence the

position of plasmon absorption. For example, the environment

of Ag NPs may be a key factor in the position of plasmon
9678 | J. Mater. Chem., 2011, 21, 9674–9681
absorption. When Ag NPs were adsorbed on the ITO surface, its

absorption has a red shift in comparison with that of Ag NPs in

colloid. The red-shift of the surface plasmon absorption is

attributed to the strong interfacial coupling between Au NPs. A

detailed study about the red-shift of the plasmon absorption

band will be investigated in future work. In addition, the

absorption peak between 300 and 400 nm for ZnO/Ag NRs has

a blue-shift compared with that for ZnO NRs. The blue-shift of

the surface plasmon absorption (SPR) may be caused by Ag

coating on ZnO NRs. Ag NPs act as the molecular linkers

between ZnO NRs, and strong interfacial coupling between ZnO

NRs caused the blue-shift of the SPR peak.

The purity and crystallinity of the as-synthesized ZnO/Ag NRs

were examined by X-ray diffraction (XRD) patterns. Fig. 6

shows the XRD patterns of the ZnONR arrays and ZnO/Ag NR

arrays. From Fig. 6a, it was found that ZnO NRs are crystalline,

and the XRD pattern has peaks at 2q ¼ 34.6, 36.4. The 2q

diffraction peaks correspond to (002) and (101) ZnO wurtzite

structure facets (JCPDS Card File No. 36-1451). The strong peak

at (002) confirmed that the ZnO NRs have a preferred [0001]

growth direction.41 For ZnO/Ag NR arrays, these peaks can still

be observed, and a new strong peak at 2q ¼ 38.5 is observed in

Fig. 6b. The new peak can be indexed to the (111) plane of the

cubic metallic silver (JCPDS Card File No. 04-0783). The above

result indicates that Ag NPs have been coated on the surface of

ZnO NRs without impurities.

In order to further gain insight to the effect of the Ag NPs in

contact with the ZnO NRs, the room temperature PL spectra of

ZnO NRs and ZnO/Ag NRs were investigated in Fig. 7. The PL

spectrum of ZnO NRs consists of two emission bands in the UV
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 XRD patterns of (a) ZnO nanorods and (b) ZnO/Ag

nanocomposites.

Fig. 7 The RTPL spectra of (a) ZnO nanorods and (b) ZnO/Ag

nanocomposites.

Fig. 8 SERRS spectra of R6G (1 � 10�10 M) on ZnO/Ag nano-

composites, ZnO nanorods and Ag nanoparticles prepared with the

silver-plating method. Laser power 25 mW, 1%; integration time: 20 s.

D
ow

nl
oa

de
d 

by
 C

ha
ng

ch
un

 I
ns

tit
ut

e 
of

 O
pt

ic
s,

 F
in

e 
M

ec
ha

ni
cs

 a
nd

 P
hy

si
cs

, C
A

S 
on

 2
3 

A
pr

il 
20

12
Pu

bl
is

he
d 

on
 1

7 
M

ay
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1J

M
10

83
0A

View Online
and visible regions, respectively. The UV emission band with an

asymmetrical lineshape was centered at about 379 nm. The

asymmetrical lineshape is attributed to the near-band edge

exciton and bound exciton emission. The broad visible emission

band around 520 nm is generally related to defect related

intrinsic defects like oxygen vacancies, zinc vacancies, oxygen

interstitials and zinc interstitials.42 There are two mechanisms for

the visible emission, one is the recombination of a shallowly

trapped electron with a deeply trapped hole, and the other one is

the recombination of a shallowly trapped hole with a deeply

trapped electron.43 After being decorated with 18 nm Ag NPs,

the ZnO NRs display weakened UV and green emission peaks,

and the ratio of the UV and green band height decreases from 20

to 8.0. In addition, the PL peak in the UV-region has a slight shift

to shorter wavelength, so that is to the high-energy side. It

revealed that the growth of Ag NPs onto ZnO NRs almost

completely quenches the PL, because the nucleation and growth

of Ag nanoparticles may be involved in the defects of the surface,
This journal is ª The Royal Society of Chemistry 2011
which can trap the photogenerated electrons and holes. Thus we

believe that the decrease of the intensity of ZnO visible emission

is due to the formation of Ag NPs in oxygen vacancies or defects

on the surface of ZnO nanoparticles, which passivates the surface

of ZnO. Surface passivation is responsible for an energy potential

high enough to prevent surface states trapping the electrons or

holes that are photogenerated, which blocks the pathway to form

the luminescence centers.
3.4 SERS properties of ZnO/Ag composite nanoarrays

Considering the fact that SERS is often present on aggregated

silver nanoparticles in the range of 20–200 nm,44 the ZnO/Ag

NRs are expected to be SERS-active because the Ag NPs

aggregates are involved in the nanocomposites. In our experi-

ment, R6G was used as the probe molecule due to its well-

established Raman spectral data and the large Raman scattering

cross section.45 It should be noted that the Raman signal of R6G

molecules partly contributes to the resonance enhancement

(about 2–3 orders of magnitude) of the laser used, such as 514.5

nm argon ion laser used in our work, so the spectrum of R6G

detected is actually the surface-enhanced resonance Raman

scattering (SERRS) signal. Fig. 8 displays the SERRS spectra for

10�10 M R6G adsorbed on the ZnO/Ag NRs, Ag NPs and ZnO

NRs complexes at an excitation wavelength of 514.5 nm. For the

ZnO/Ag NRs, a low-concentration of R6G produced a clear

enhanced effect at 1650 cm�1, one of the main characteristic

bands. A detailed assignment of the spectral features of R6G has

been reported previously and will not be repeated here.45 It is

noted that the SERS performance of such an ZnO/Ag substrate

has been stable for more than 1 month. But the Raman intensity

is very weak for pure Ag NPs prepared with the silver-plating

method. And no Raman peaks could be observed when the R6G

solution was dispersed on the pure ZnO NRs substrate.

The possible reasons for the high Raman intensity enhance-

ment were explained as follows. The SERS enhancement effi-

ciencies depend on the interparticle distance. As stated above, Ag

NPs were closed-packed, and their interparticle distance was

smaller than 5 nm. When excited by incident light, the collective
J. Mater. Chem., 2011, 21, 9674–9681 | 9679
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surface plasmon is localized at these close-packed silver nano-

particles, resulting in the formation of a local field in this region.

The localized resonant plasmon modes can contribute to a larger

SERS enhancement. As reported by Sun et al., the SERS effect is

mainly due to the interaction between close-packed particles

which induces a perturbation of the local electromagnetic (EM)

field around each particle.46 In their work, little enhancement was

found for isolated nanoparticles, while a large enhancement was

observed for aggregates with multiple particles. This is due to

plasmon coupling between nanoparticles in close proximity,

which results in huge electromagnetic field enhancements at

junction sites or SERS ‘‘hot spots’’. From the above discussions,

it is reasonable to conclude that EM field enhancement plays an

important role in the SERS enhancement.
3.5 Estimation of the SERS enhancement

To evaluate the SERS activity of the ZnO/Ag composite, 4-ATP

was used as the model probe molecule. Fig. 9 shows the normal

Raman spectrum of solid 4-ATP and the SERS spectrum of

4-ATP on the ZnO/Ag composite. The normal Raman spectrum

of solid 4-ATP is similar to that reported by Osawa et al. and

Zheng et al.47,48 The gCS band shifts from 1085 cm�1 in Fig. 9a to

1070 cm�1 in Fig. 9b, and an obvious Raman frequency shift

from 1591 to 1579 cm�1 was also observed. These changes of

several main bands indicate that the –SH group in 4-ATP makes

direct contact with the silver film surface by forming a strong Ag–

S bond. The enhancement factor (EF) for 4-ATP on the substrate

was calculated according to the equation:

EF ¼ (ISERS/IRaman) (Mbulk/Msurface)

where ISERS and IRaman are the intensities in the SERS and

normal Raman spectrum, respectively;Mbulk is the concentration

of molecules in the bulk sample; andMsurface is the concentration

of adsorbed molecules. For the target molecule 4-ATP, in the

sample area (1 mm in diameter) measured,Msurface was calculated

to be 1.2 � 104 mm�2. Taking the laser spot (1 mm in diameter)
Fig. 9 (a) Normal Raman spectrum of solid 4-ATP, (b) SERS spectrum

of 4-ATP (1 � 10�7 M) on ZnO/Ag nanocomposites. Laser power

25 mW, 1%; integration time: 20 s.

9680 | J. Mater. Chem., 2011, 21, 9674–9681
and the penetration depth (about 2 mm) and the density of 4-ATP

(1.17 g mL�1) into account,49 Mbulk had a value of 0.82 � 1010

mm�2 in the detected solid sample area. For the vibrational modes

at 1390 cm�1 (b2), EF was estimated to be about 7.4 � 108.

The use of our ZnO/Ag NRs composites as a SERS substrate

has several advantages. First, the good signal-to-noise for the

SERS spectra of R6G and 4-ATP on the ZnO/Ag NRs substrate

indicates that the substrate is very suitable as a SERS substrate.

In this work, we thought the Raman enhancement is mainly

ascribed from SERS ‘‘hot spots’’ between two close-packed Ag

NPs and the relatively large surface area provided by the ZnO

NR arrays. Second, the ZnO/Ag nanocomposites have good

stability and reproducibility.
4. Conclusions

We have developed a controllable seeded synthetic method for

fabrication of ZnO NR arrays in mild conditions using DNA

networks as templates. In the synthesis, the final density of ZnO

NRs is determined mainly by that of the ZnO seed. By forming

ZnO seeds on a DNA network, highly vertical NR arrays free of

intermediate thin films or nanoparticles layers were fabricated.

The DNA network plays an important role not only as

a substrate for the adsorbing of zinc ions, but also as a fine

template for density controllable synthesis of high-quality ZnO

seeds. The density of ZnO seeds became larger when the wetting

times were increased. By introduction of Ag NPs on the surface

of ZnO NRs, ZnO/Ag nanocomposites can be prepared easily,

which provides an opportunity to fabricate stable and

reproducible SERS-active substrates. The enhancement factor

for ZnO/Ag nanocomposites is as high as about 7.4 � 108 with

4-ATP as the probe molecule.
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