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ABSTRACT Highly ordered treelike Si/ZnO hierarchical nanostructures are successfully prepared in a large scale by combining two common
techniques, viz., photolithography-assisted wafer-scale fabrication of Si nanopillars and bottom-up hydrothermal growth of ZnO nanorods.
Silver nanoparticles are decorated onto the nanotrees by photochemical reduction and deposition. The Si/ZnO/Ag hybrid nanotrees are
employed as SERS-active substrates, which exhibit good performance in terms of high sensitivity and good reproducibility. In addition to
the SERS application, such ordered Si/ZnO arrays might also find potential applications in light-emitting diodes and solar cells.
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INTRODUCTION

ational design and fabrication of hierarchical nano-
Rstructures with a tunable dimension and structural

complexity have drawn wide attention because of
their promising applications in nanoelectronic devices, en-
ergy conversion, SERS (surface-enhanced Raman spectros-
copy) substrate, and so on (1—>5). For example, various
groups have reported treelike nanostructures of GaP (6),
ZnsP, (7), PbS (8), and TiO, (9). Recently we developed a
facile method to fabricate tree-like hierarchical nanostruc-
tures with ZnO branches on SnO, backbone nanowires in a
large scale by a two-step fabrication process (4).

Since its discovery 30 years ago (10—12), SERS as a
powerful high-throughput tool for trace-level molecule detec-
tion has stimulated considerable research interest in the
scientific community (13—18). In the past few years, much
progress has been made in the fabrication of various metal
nanostructures as Raman signal enhancing agents (19—23).
Recently, it has been demonstrated that using three-dimen-
sional (3D) nanostructures as SERS media can dramatically
increase the sensitivity (24—30). The 3D nanostructures
have advantages of large surface area available for the
formation of the so-called “hot spots” (spatially localized
surface plasmon resonances between those closely neigh-
bored nanoparticles) (31) and the adsorption of target ana-
lytes. A number of promising 3D SERS substrates have been
proposed, such as porous Si (24) and Al,Os nanochanels (25),

* Corresponding author. E-mail: fanhj@ntu.edu.sg.

Received for review March 27, 2010 and accepted May 21, 2010

T School of Physical and Mathematical Sciences, Nanyang Technological University.
* School of Electrical and Electronic Engineering, Nanyang Technological University.
DOI: 10.1021/am100270b

2010 American Chemical Society

1824 IEDAPPLIED MATERIALS

XINTERFACES

VOL. 2 « NO. 7« 1824-1828 + 2010

Si nanotips (26) and nanowires (27), ZnO nanowire arrays
(28, 29), and In,P5 nanowire arrays (30).

To bring SERS-based sensor to practical applications, it
is desirable that the SERS substrates contain of highly
ordered structures with reproducible and controllable ge-
ometries. A nanopatterned structure, either 3D or 2D, can
provide significant Raman enhancement. A number of
techniques are available for 2D patterning of SERS sub-
strates, ranging from the conventional electron beam lithog-
raphy (32, 33) photolithography (34), to the mordern nano-
sphere lithography (35), block copolymer lithography (36, 37),
etc. Among these approaches, photolithography has its
advantage in terms of large area, high-throughput with
relatively low cost, and most importantly, technical compat-
ibility with Si industry, which is essential for realizing lab-
on-a-chip sensing devices.

In this paper, we fabricated highly ordered treelike Si/ZnO
hierarchical nanostructure arrays by combining photolithog-
raphy top-down patterning toward ordered Si nanopillar
arrays, and subsequent hydrothermal growth of ZnO nano-
rods on the Si pillars. The obtained ordered arrays of
nanotrees are then coated with Ag nanoparticles in order for
SERS applications. Compared to SERS substrates based on
nanoparticles films (37) and unidirectional nanowire arrays
(26—30), the nanotrees have a much higher specific surface
area, thus allowing an increased loading of metal particles
and adsorption of a larger number of target molecules, as
well as the high possibility of forming 3D plasmon “hot
spots”. In addition, it is expected that such ordered patterns
can be readily integrated within microfluidic channels and
applied in high-throughput screening bioassays.

RESULTS AND DISCUSSION
Figure 1 illustrates the fabrication procedure for the 3D

hierarchical SERS substrates. The process mainly involves
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FIGURE 1. Schematics of the fabrication procedures for the 3D
hierarchical SERS substrate, which is ordered Si/ZnO nanotrees
decorated by silver nanoparticles.
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FIGURE 2. SEM images of the Si nanopillar arrays. (a) Top view and
(b) 20° titled view.

three steps. First, the patterned Si nanopillar arrays were
prepared by standard top-down photolithography followed
by dry etching. This step defines the height and interdistance
of the trunks. In order to ensure the structure robutness and
preserve the patterns, the Si nanopillars herein are relatively
thick and short (see below). Subsequently, ZnO branches
were grown on the Si nanopillars through a routine hydro-
thermal process. The lengths of the nanorods are adustable
by controlling the growth time (1—5 h). The ZnO seed layer
needed for the hydrothermal growth was coated using
atomic layer deposition, which is particularly advantageous
in the case of high-aspect-ratio Si pillars. Finally, Ag nano-
particles were loaded onto the nanotrees through photo-
chemical reduction and deposition.

Figure 2a—d show the top and tilted-view SEM images of
the as-prepared Si nanopillar arrays on Si substrate after
etching. The pillars are oriented perpendicular to the sub-
strate surface with good uniformity. The pillar shows a
towerlike morphology with a typical height of 300 nm, the
average diameter of Si pillar is about 150 nm and gradually
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decreases from the root to the tip. The nearest-neighbor
spacing of the pillars is 400 nm, as predefined by shadow
mask.

After applying the solution growth of ZnO nanorods, the
initially smooth Si pillars branch out, forming tree-like
nanostructures. The typical SEM images of such structures
are shown in Figure 3a—d. The ZnO nanorod branches are
mainly stand perpendicular to the side surfaces of the Si
pillars. From the magnified SEM images (Figure 3c,d), the
diameter and length of secondary ZnO nanorods are deter-
mined to be about 30 nm and 150—200 nm, respectively.
The length of ZnO nanorods are controllable by adjusting
the growth time (see Figure S1 in the Supporting Informa-
tion). Unlike the cases of SnO, nanowire backbones where
the interface epitaxy allows a spacial alignment of the ZnO
nanorods (4), the ZnO nanorod branches on the Si pillars
are randomly oriented.

Figure 4 shows the representative SEM image of the
ordered nanotrees whose branches are decorated with Ag
nanoparticles. The metal Ag nanoparticles are successfully
deposited onto the surface of both ZnO branches and Si
backbones. The diameter of Ag particles is about 20—30 nm.
The successful decoation can be more clearlier seen in
samples with longer ZnO branches (see the Supporting
Information. Figure S2). X-ray diffraction (XRD) analysis was
employed to investigate the crystal phase of nanotrees prior
to and after the Ag decoration (see the Supporting Informa-
tion, Figure S3). The crystal phase of ZnO marked with“A”
is confirmed to be hexagonal wurtzite phase, and the peaks
marked with “4” (curve b) can be indexed to face-centered-
cubic (fcc) structure of Ag.

To evaluate the SERS activity of the Si/ZnO/Ag nanotree
substrates, we measured Raman spectra of R6G molecules
adsorbed on three types of different samples: bare Si/ZnO
nanotrees, Si/ZnO/Ag nanotrees, and Ag particles on a flat
Si surface. The results are depicted in Figure 5. Curve a is
from the Si/ZnO nanotrees incubated in 107> M R6G solution
for 20 min and then washed with deionized water (i.e.,
without Ag decoration). Only one strong Raman peak located
at ~520 cm™! is observed, which is assigned to the first-
order optical phonon scattering of crystal Si nanopillars and
substrate. No R6G related Raman signals can be observed
in curve a. For the Si/ZnO/Ag sample (curve c), besides the
Si peak, very strong R6G characteristic peaks are present.
The Raman bands at 1650, 1570, 1507, 1357, 1310, 1180,
778, and 605 cm™! are assigned to the xanthene ring stretch,
ethylamine group wag, and carbon—oxygenstretch of R6G
(38). For comparison, a control Raman study on 2D Ag
nanoparticles with diameter of ~15 nm (see Figure S4 in the
Supporting Information for SEM image) on planar Si sub-
strate was conducted. As shown in curve b, the Raman
enhancement is much weaker than that of the Si/ZnO/Ag
nanotree structures. Furthermore, the SERS detection level
of R6G molecules for the Si/ZnO/Ag substrates can reach to
[ x 1077 M (see the Supporting Information, Figure S5).

Quantifying the absolute enhancement factor (EF) is still
a matter of debate in literature, which requires accurate data
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FIGURE 4. SEM image of Ag-nanoparticle-decorated Si/ZnO nan-
otrees used for the SERS measurement.

(or otherwise plausible assumptions) of the area density of
the adsorbed molecules. We make a rough estimation of EF
by using a reference sample (1072 M R6G on quartz sub-
strate) without SERS effectbased on the formula EF =(I; 507 sers/
Ii507ref)/(Csers/Crer), Where Tiso7sers and Iiso7er denote the
integrated intensities for the 1507 cm™" band of R6G mol-
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FIGURE 5. SERS spectra of R6G molecule with a concentration of 1
x 1075 M collected from (a) Si/ZnO nanotrees; (b) 2D Ag nanopar-
ticles substrate prepared by sputtering method; (c) Ag-nanoparticle-
decorated Si/ZnO nanotrees. Laser wavelength, 532 nm; excitation
power, 20 uW; data acquisition time, 0.5 s.

ecules, respectively. Csgrs and Cer are the concentrations of
the R6G molecules in the SERS and referece samples. In our
work, the EF is estimated to be about 1 x 10°.

The large SERS enhancement in Ag-decorated Si/ZnO
nanotree substrates can be primarily ascribed to the local
strong electromagnetic effect, which is associated with the
sharp edge of Ag particles and/or resonance coupling be-
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FIGURE 6. SERS spectra of R6G molecule with concentration of 1 x
107° M collected on the random-selected 15 places of the Ag-
decorated Si/ZnO nanotrees. Laser wavelength, 532 nm; excitation
power, 20 uW; data acquisition time, 0.5 s.

tween the adjacent Ag nanoparticles anchored on the ZnO
surface (39, 40). The close interdistance between the Ag
particles between the branches allows the formation of “hot
spots”, as a result, high SERS enhancement was obtained.
To further clarify this issue, SERS measurement on Au
nanoparticle-decorated Si/ZnO nanotrees was also con-
ducted (see the Supporting Information, Figure S6 and7).
The observed Raman signal is much weaker compared with
that of Ag decorated Si/ZnO. This can be ascribed to the
absence of strong electromagnetic field effect in Au nano-
particles under a 532 nm laser excitation. In addition, the
periodic ordered 3D nanostructures might also enhance the
excitation light trapping in Si/ZnO structures (41), conse-
quently increasing the light interaction with Ag nanopar-
ticles. Thismay also have contributed to the SERS enhancement.

The 3D Si/ZnO hierarchial structures with high-density
ZnO branches provide a much larger surface area for loading
Ag nanopartilces in comparison with that of 2D planar
substrates. One may argue that the Raman ehnacement is
actually due to a geometry effect, that is, the increased
adsorption of R6G molecules in the nanotrees compared
with 2D surfaces causes stronger Raman signal in the given
excitation area. We claim that although this goemtry effect
can give a small contribution to the enhancement, it is not
the dominating reason. As mentioned above and shown in
Figure S7 in the Supporting Information, the Au-decorated
nanotrees give only weak Raman signal, which indicates that
the enhancenment observed in Figures 5—6 is exclusively
related with Ag nanoparticles and the 3D structure.

For practical SERS applications, signal reproducibility is
one of essential parameters. To test the signal reproducibility
of our sample, SERS spectra of R6G molecules with a
concentration of 1 x 107> M from 15 randomly selected
places on the Si/ZnO/Ag substrate were collected under
indentical experimental conditions. As shown in Figure 6,
the Raman spectra of R6G are enhanced greatly at each
acquisition points, indicative of good SERS activity and
reproducibility of the Si/ZnO/Ag hierarchical structures.
However, there are still slight fluctuations in the peak
intensities, which may be due to the nonuniform adsorption
of Ag nanoparticles and/or R6G molecules.
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CONCLUSION
We have presented a facile and new strategy for the

creation of SERS-active substrates based on wafer-scale 3D
ordered arrays of Si/ZnO nanotrees decorated with Ag
nanoparticles. The SERS substrates exhibit excellent perfor-
mance in terms of high sensitivity and good reproducibility.
By comparing to Ag-deposited 2D substrates adn Au-coated
nanotrees, the Raman enhancement is ascribe primarily to
the electromagnetic field enhancement by the Ag nanopar-
ticles, with a possible small contribution from the enhanced
light trapping due to multiscattering.

The reason we demonstrate the ZnO-Si heterostructures
herein is because of the easy growth of ZnO nanorods on
various types of backbones. Nevertheless, such nano hier-
archial SERS substrate is by no means limited to ZnO nor
Si; instead it can be constructed based on other material
combinations such as ZnO-SnO, (4), ZnO-carbon nanotube
arrays (42). Such ordered Si/ZnO/Ag structures may be
further integrated on a lab-on-chip device for label-free
chemical and biomolecules detection processes.

EXPERIMENTAL METHOD

Fabrication of Si/ZnO Nanotrees. The fabrication process for
the ordered array of Si/ZnO nanotrees is illustrated as in Figure
1. First, Si nanopillar arrays were prepared by a top-down
photolithography patterning and followed by dry etching with
ICP-RIE system and wet etching for metal/oxide removal.
Second, ZnO nanorod branch structures were grown on Si
nanopillars by a hydrothermal process adopted by our previous
publication (4). Before the solution growth, the Si nanopillars
were coated with a ~10 nm thick ZnO layer by atomic layer
deposition (ALD). The ALD was performed with a Beneq TFS-
200 system using diethyl zinc (DEZ) and DI water as Zn and
oxygen precursors, respectively. The ZnO was grown at 200 °C
using reactant exposure times of 500 ms for DEZ and H,O, with
10 s nitrogen purge times between exposures. Subsequently,
by putting the Si nanopillars array substrate into 35 mL aqueous
solution of 0.025 M zinc nitrate [Zn(NOs), - 6H,0O] and hexm-
ethylenetetramine (C¢H;2N4), the hydrothermal process was
conducted at 95 °C for 3 h. After reaction, the substrates were
removed from the solution, rinsed with deionized water, and
dried by a N, flow.

Metal Nanoparticle Decoration and SERS Substrates
Preparation. Ag nanoparticles were deposited on the Si/ZnO
hierarchical structures by a photochemical deposition method.
The as prepared Si/ZnO structures were immersed into 0.1 M
AgNOs5 (equal volum water and ethanol) solution for 20 min to
reach the Ag™ adsorption equilibrium on the ZnO surface. Then
the systems were irradiated under a 25 W UV lamp with a
maximum emission at 365 nm for 3 min. After irradiation, the
samples were carefully washed with deionized water and then
dried by N, flow. Rhodamine 6G (R6G) was selected as the
probe molecule for SERS measument. Fresh R6G solution with
1 x 107° M contrentration was prepared, then the samples were
submerged in the R6G solution for 20 min, taken out, and
washed thoroughly by deionized water.

Characterizations. The morphology and the crystalline struc-
ture of the as fabricated Si/ZnO and Si/ZnO/Ag hierarchical
structures were characterized by JEOL J[SM-6700F field emission
scanning electron microscope (FE-SEM) and Bruker D8 Ad-
vanced X-ray powder diffraction (XRD) diffractometer with Cu
Ka radiation. Raman measurements were performed at room
temperature on a WITEC CRM200 Raman system with a 532
nm line laser as excitation. The laser spot area was ~1 um in
diameter and the incident power was 20 uW. It should be noted
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Supporting Information Available: SEM images of Si/ZnO
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trees with different ZnO nanorod lengths, Ag-nanopar-

ticle-decorated nanotrees, Au-decorated Si/ZnO nanotrees,
and Ag nanoparticles on flat Si substrate, additional SERS
spectra, XRD patterns (PDF). This material is available free
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