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Abstract

A rational approach for creating branched ZnO/Si nanowire arrays with hierarchical structure was developed based
on a combination of three simple and cost-effective synthesis pathways. The crucial procedure included growth of
crystalline Si nanowire arrays as backbones by chemical etching of Si substrates, deposition of ZnO thin film as a
seed layer by magnetron sputtering, and fabrication of ZnO nanowire arrays as branches by hydrothermal growth.
The successful synthesis of ZnO/Si heterogeneous nanostructures was confirmed by morphologic, structural, and
optical characterizations. The roles of key experimental parameters, such as the etchant solution, the substrate
direction, and the seed layer on the hierarchical nanostructure formation, were systematically investigated. It was
demonstrated that an etchant solution with an appropriate redox potential of the oxidant was crucial for a
moderate etching speed to achieve a well-aligned Si nanowire array with solid and round surface. Meanwhile, the
presence of gravity gradient was a key issue for the growth of branched ZnO nanowire arrays. The substrate should
be placed vertically or facedown in contrast to the solution surface during the hydrothermal growth. Otherwise,
only the condensation of the ZnO nanoparticles took place in a form of film on the substrate surface. The seed layer
played another important role in the growth of ZnO nanowire arrays, as it provided nucleation sites and
determined the growing direction and density of the nanowire arrays for reducing the thermodynamic barrier. The
results of this study might provide insight on the synthesis of hierarchical three-dimensional nanostructure materials
and offer an approach for the development of complex devices and advanced applications.
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Background
One-dimensional (1D) nanomaterials have received in-
creasing attention in nanodevices and nanotechnology due
to their unique properties, such as large surface-to-volume
ratio, nanocurvature effect, and direct pathway for charge
transportation [1]. Most importantly, they may be the
building blocks of complex two- and three-dimensional
(2D and 3D) architectures [2,3]. Among the 1D nanomater-
ials, Si nanowires are considered to be a promising candi-
date for the components of solar energy harvesting systems
[4]. The advantages of Si nanowires lie in their low-energy
bandgap (Eg = 1.12 eV) [4] that can absorb sunlight effi-
ciently as well as the fundamental materials in current
photovoltaic market. However, some serious troubles may
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be encountered in applying the Si nanowires merely in the
optoelectronics and photocatalysis as photoelectrodes. First,
the materials are easy to be corroded in electrolyte. Second,
the Si possesses high valence band maximum energy that is
thermodynamically impossible to oxidize water spontan-
eously [5,6]. Third, the surface-to-volume ratio may be lim-
ited for the 1D nanostructures. To address these issues, the
surface of the Si nanowires can be coated by a layer of
metal oxides that resists the electrolyte corrosion and also
modulates the energy diagram between the Si and the elec-
trolyte. On the other hand, the surface area can be further
increased by hierarchical assembly of 1D nanostructures
into 2D or 3D nanostructures. In this sense, 3D branched
ZnO/Si or TiO2/Si nanowire arrays with hierarchical struc-
ture are the most favorite choice, as the ZnO and TiO2

nanowire branches not only extend the outer space above
the substrate but also display stable physical and chemical
properties in electrolytes [5,7-9]. In addition, the conduc-
tion and valence band-edges of ZnO and TiO2 just straddle
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H2O/H2 and OH−/O2− redox levels and thus satisfy a
mandatory requirement for spontaneous photosplitting of
water [10]. In contrast with TiO2, ZnO is more flexible to
form textured coating in different types of nanostructures
by anisotropic growth [11-14]. Therefore, the branched
ZnO/Si nanowire arrays with hierarchical structure have
attracted more and more researchers' interest since their
first successful synthesis in 2010 [9,15-20]. Want et al. fab-
ricated the ZnO/Si nanowire arrays by a solution etching/
growth method and applied them in photodetectors [15].
The specimen presented a high photodetection sensitivity
with an on/off ratio larger than 250 and a peak photore-
sponsivity of 12.8 mA/W at 900 nm. They also used them
in photoelectrochemical cells and found that the 3D nano-
wire heterostructures demonstrated large enhancement in
photocathodic current density (an achieved value as high as
8 mA/cm2) and overall hydrogen evolution kinetics [16].
Kim synthesized the ZnO/Si nanowire arrays by combining
nanosphere lithography and solution process [9]. The sam-
ple was used in solar cells and exhibited an enhanced
photovoltaic efficiency by more than 25% and an improved
short circuit current by over 45% compared to the planar
solar cells. Nevertheless, all the above reports are chiefly
concentrating on the specimen's performance either on
photocatalysis or on optoelectronics. The basic issues, the
growth mechanism and the role of key growth parameters
on the hierarchical structure formation, are actually
neglected. Since the function of the ZnO/Si nanowire ar-
rays primarily depends on the composition distribution and
nanostructure feature, a systematic research about the in-
fluence of different growth parameters on the hierarchical
nanostructure formation is crucial to the controllable syn-
thesis as well as the related applications.
With the above considerations, in this letter, we proposed

a rational routine for creating branched ZnO/Si nanowire
arrays with hierarchical structure. The specimens were syn-
thesized through growth of crystalline Si nanowire arrays as
backbones first, subsequent deposition of ZnO thin film as
a seed layer on the surface of the backbones, and final
hydrothermal growth of ZnO nanowire branches. The suc-
cessful synthesis of ZnO/Si heterogeneous nanostructures
was confirmed by the results of scanning electron mi-
croscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), X-ray diffraction (XRD), photoluminescence
(PL), and reflectance spectra. The experimental parame-
ters, such as the solution type, the substrate direction,
and the seed layer, were systematically investigated to
determine the optimum growth conditions of the ZnO/
Si hierarchical nanostructures.

Methods
Materials and reagents
P-type, boron-doped (100) Si wafers with a resistivity of
1 to 10 Ω cm and a thickness of 450 μm were purchased
from Shanghai Guangwei Electronic Materials Co. Ltd
(Shanghai, China). Hydrogen peroxide (H2O2) 30%, nitric
acid (HNO3) 65%, sulfuric acid (H2SO4) 95%, hydrochloric
acid (HCl) 36%, hydrofluoric acid (HF) 40%, toluene
(C6H5CH3), acetone (C3H6O), ethanol (C2H5OH), zinc
acetate dihydrate (Zn(CH3COO)2 · 2H2O), and hexamethy-
lenetetramin (C6H12N4) were all bought from Xilong
Chemical Co. Ltd (Guangdong, China). Silver nitrate
(AgNO3) was ordered from the First Regent Factory
(Shanghai, China). Distilled water (H2O) with resistivity
higher than 18.0 MΩ cm was purified by a hi-tech labora-
tory water purification system. All the solvents and chemi-
cals used in the experiments were at least reagent grade
and were used as received.

Synthesis process
The synthesis procedure of branched ZnO/Si nanowire
arrays with hierarchical structure in this study could be
divided into three steps, as outlined by a schematic dia-
gram in the left panels of Figure 1. First, crystalline Si
nanowire arrays were prepared by wet chemical etching
of Si substrates in a modified Piret's method [21]. In de-
tail, the Si substrates were sequentially cleaned by ultra-
sonication in absolute toluene for 10 min, acetone for
10 min, ethanol for 10 min, and piranha solution
(H2SO4 and H2O2 in a volume ratio of 3:1) at 80°C for
2 h, each of which was followed by copious rinsing with
distilled water. After blow drying with nitrogen, the sub-
strates were immediately immersed in aqueous solution
of 5.25 M HF and 0.02 M AgNO3 in a Teflon vessel for
a galvanic displacement reaction at room temperature.
Post etching for a certain amount of time, the substrates
were transferred to the solution of HCl/HNO3/H2O in a
volume ratio of 1:1:1 overnight to remove the reduced
Ag nanoparticles during the chemical etching. The sub-
strates were then thoroughly rinsed with deionized water
and dried in air.
Next, a layer of ZnO film with 25 nm in thickness was

deposited on the surface of the Si nanowire arrays by a
radio-frequency magnetron sputtering system. In order
to achieve a uniform distribution of the seed layer, the
sputtering was performed in a working pressure of 1.5
mTorr with a deposition rate of 3 nm/min. Afterward,
the substrates were transferred into an oven and
annealed at 500°C in nitrogen atmosphere for 30 min to
obtain a tough adherence between the seed layer and the
Si backbones.
Last, hierarchically branched ZnO nanowires were

synthesized on the top and sidewall of the Si nanowires
by a hydrothermal growth approach. In brief, the seeded
samples were soaked vertically in aqueous solution of
25 mM Zn(CH3COO)2 · 2H2O and 25 mM C6H12N4 at
90°C in a glass beaker supported by a magnetic stirring
apparatus. The hydrothermal process was conducted for



Figure 1 Steps to synthesize branched ZnO/Si nanowire arrays (left panels) and corresponding SEM images (right panels). The Si
substrate (a), the growth of Si nanowire arrays by chemical etching (b), the deposition of ZnO thin film by magnetron sputtering as a seed layer
on the Si nanowires surface (c), the growth of ZnO nanowire arrays by hydrothermal method (d), SEM images of the bare Si nanowire arrays (e),
the Si nanowire arrays decorated with ZnO nanoparticles (f), and the branched ZnO/Si nanowire arrays with hierarchical structure (g).
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a time period to control the length of the ZnO nano-
wires. After the reaction, the as-grown samples were re-
moved from the solution, rinsed with deionized water,
and then dried in air.

Characterization
The morphology and size distribution of the products
were characterized by a LEO-1530 field-emission SEM
(Carl Zeiss AG, Oberkochen, Germany) with an acceler-
ating voltage of 20.0 kV. Chemical composition of the
specimens was analyzed using an EDS as attached on
the SEM. Structural quality of the nanowire arrays was
evaluated by an X’Pert PRO XRD (PANalytical Instru-
ments, Almelo, Netherlands) with Cu Kα radiation (λ =
1.54056 Å). The PL spectra of the samples were
collected on a Hitachi F-7000 fluorescence spectropho-
tometer (Hitachi, Tokyo, Japan) with an excitation wave-
length of 325 nm. Optical reflectance measurements
were performed on an Agilent Cary-5000 UV-vis-NIR
spectrophotometer (Agilent Technologies, Sta. Clara,
CA, USA). All the measurements were carried out at
room temperature in normal conditions.
Results and discussion
The structural evolution of the as-grown specimens that
underwent 30-min chemical etching and 2-h hydrother-
mal growth (S30Z2) is presented in the right panels of
Figure 1. It can be seen that after chemical etching in
step 1 (Figure 1e), free-standing Si nanowire arrays in a
wafer scale are produced on the substrate surface in a
vertical alignment. The Si nanowire arrays have a length
of about 2.5 μm and a diameter ranging between 30 and
150 nm. The growth rate of the nanowire length is about
1.4 nm/s and almost keeps constant for different dura-
tions. The structure, growth rate, and diameter of the Si
nanowires are primarily restricted by the components
and concentration of etching solution, as corroborated
by the following experiments. A layer of ZnO nanoparti-
cles is subsequently deposited on the Si nanowire array
in step 2 (Figure 1f ). Due to the isotropic characteristic
of the sputtering system, the ZnO nanoparticles con-
formally coat on the nanowires and induce a rough side-
wall surface. After hydrothermal growth in step 3
(Figure 1g), branched ZnO nanowires grow hierarchic-
ally on the surface of the Si nanowires, which fills up the
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space between the Si nanowires and presents a flower
shape on each Si nanowire tip for the radial growth.
The heterogeneous nanowire structure is more obvious

in the magnified and cross-sectional SEM images in
Figure 2. The branched ZnO nanowires grow nearly in the
normal direction to the Si nanowire surface. They have a
hexagonal cross section and grow along the c axis of the
wurtzite crystal. This is also confirmed by the following
XRD pattern of the specimen. The distribution of ZnO
nanowires seems non-uniform over the Si nanowire sur-
face, which may be due to the non-uniformity of Si nano-
wire diameters from the chemical etching and the uneven
coating of ZnO seed layer from sputtering. The mean
diameter of ZnO nanowires is around 35 nm and is almost
independent to the site of the Si nanowires. However, the
length of ZnO nanowires is strongly dependent on the
nanowires' location. It decreases from approximately
700 nm on top of the Si nanowires to approximately 80 nm
in the bottom. As in the case of TiO2/Si nanostructure
growth [22], the longer branches on top of the Si nanowires
stem from the easy access of growth precursors with higher
reactant concentration and less spatial hindrance from dif-
fusion. It is found that the growth rate of the ZnO nano-
wires on top of the Si backbones is about 6 nm/min for the
first 2.5 h and decreases drastically afterwards. Thus, the
length of ZnO branches can be increased by prolonging the
Figure 2 SEM images of branched ZnO/Si nanowire arrays: (a)
magnified view and (b) cross-sectional view.
hydrothermal growth or repeating the growth in another
fresh solution [23], and the length uniformity can be
improved by growing ZnO nanowires on longer Si nano-
wires or on an array with larger spaces between the Si
nanowires as created by combining latex mask and chem-
ical etching [9].
Besides morphologic characterization, the final prod-

ucts were also systematically investigated by EDS, XRD,
PL spectrum, and reflectance in order to elucidate the
chemical composition, crystal structure, and optical
properties. Figure 3a shows the EDS spectrum of the
S30Z2 sample. Only signals originating from the ele-
ments of O, Zn, and Si are detected in it. Quantitative
analysis yields a ratio of Si/Zn/O at about 3:1:1 (within a
precision of 5%), thus, ensuring a stoichiometric ZnO
composition in the branches of the hierarchical speci-
men. The excessive Si ratio possibly comes from the Si
backbones that receive larger part of the detection
electrons.
Figure 3b presents the XRD pattern of the S30Z2 spe-

cimen. Except a peak originating from the Si backbones
and substrate, all the diffraction peaks are well indexed
to those of hexagonal wurtzite ZnO (ICSD no. 086254),
and no diffraction peaks of any other phases are de-
tected. Moreover, there is no dominant peak in the
wurtzite structure, which should be a result of the ran-
dom orientation of the ZnO nanowires on the Si nano-
wire surface, as well supported by the SEM images in
Figures 1g and 2.
The PL spectrum of the S30Z2 sample shown in

Figure 3c consists of a weak ultraviolet peak at around
375 nm and a dominant blue emission at 440 nm with a
broad feature in the range of 392 to 487 nm. The ultra-
violet band corresponds to the near band-edge emission
from ZnO branches [7,24], while the blue band is gener-
ally ascribed to the radial recombination of a photogen-
erated hole with electron in a single ionized oxygen
vacancy in the surface lattice of the ZnO [25]. However,
the visible emission may also be related to the surface
defects within silicon oxide layer on the Si backbones, as
the silicon surface is facile to be oxidized by the ambient
oxygen and its emission band seats in the similar wave-
length range [26]. Our experiments (not show here) in-
dicate as well that only the blue emission band is
present for the Si nanowire arrays, and the ultraviolet
emission band is strengthened when the ZnO branches
become denser or longer. Therefore, the weak ultraviolet
emission and dominant blue band in the PL spectrum
demonstrate the existence of ZnO and a large number
of oxygen vacancies in the as-grown specimen.
A comparison of the hemispherical reflectance of the

branched ZnO/Si nanowire arrays and a flat silicon
wafer is provided in Figure 3d. The reflectance of the ar-
rays is less than 15% over the wavelength range from



Figure 3 Optical responses of branched ZnO/Si nanowire arrays. (a) EDS spectrum. (b) XRD spectrum. (c) PL spectrum. (d) Reflectance. The
reflectance of silicon wafer is also supplied in (d) for comparison.
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ultraviolet to the mid-infrared region, which is drastic-
ally decreased relative to that of the silicon wafer. This
significant property suggests that the nanotrees might be
a promising candidate of antireflective surfaces or pho-
toelectronics and photocatalysis for sunlight harvest.
The ultralow reflectance of the specimen may result
from the enhanced light-trapping and scattering for
rough surface and large surface area of the nanotree ar-
rays, multiple scattering of light within the hierarchical
structure, as well as an effective refractive index (RI) gra-
dient from air (RI ≈ 1.0) through ZnO nanowire array
(RI ≈ 2.0) to Si nanowire array and substrate (RI ≈ 3.5)
[18]. In addition, the abrupt drop in reflection is origi-
nated from band-edge absorption of the specimen [27].
The direct and indirect bandgaps of the components can
thus be estimated by the onset points, which are 397 nm
(equal to 3.123 eV) for the direct bandgap of ZnO nano-
wire branches and 1,221 nm (equal to 1.015 eV) for the
indirect bandgap of Si nanowire backbones. In contrast
to the Si wafer value 1,213 nm (equal to 1.022 eV) or to
the general value of bulk materials, 3.37 eV for ZnO [7]
and 1.12 eV for Si [5], the bandgaps of the as-grown spe-
cimen are found to be faintly narrowed down, suggesting
ideal components of the object. The small difference
may be due to the presence of ionic vacancies and struc-
tural defects in the nanotrees, as testified in the PL
spectrum.
The above results and analysis confirm that branched

ZnO/Si nanowire arrays with hierarchical structure can
be facilely grown on the silicon substrate in a wafer scale
by the cost-effective methods. However, as the procedure
includes chemical etching for the silicon backbones and
hydrothermal growth of the ZnO branches, different
synthesis parameters may cause serious influences on
the structure and performance of the ZnO/Si nanowire
arrays. For this reason, we systematically study crucial
influences of the key parameters on the structure of the
objects. First, the influence of etching solution on the
silicon backbones is investigated, and the results are
shown in Figure 4. We can see in Figure 4a that the Si
nanobelt or nanowire arrays orient vertically on the Si sub-
strate when the substrate was immersed into aqueous solu-
tion of HF/AgNO3 (5.25/0.02 M) at room temperature for
20 min. The arrays exhibit a rough surface for irregular ta-
pered tip ends of the nanostructure. In contrast, when the
substrate was first immersed in aqueous solution of HF/
AgNO3 (4.6/0.01 M) for 60 s and subsequently transferred
into aqueous solution of HF/Fe(NO3)3 (4.6/0.135 M) for
20 min (see Figure 4b), the rough surface disappears and
the vertically aligned Si nanowire arrays with smooth side-
wall surface present in a better order. Nevertheless, when
the substrate was changed to be immersed in aqueous solu-
tion of HF/AgNO3 (4.8/0.01 M) for 10 s and subsequently
transferred into aqueous solution of HF/H2O2 (4.6/0.4 M)
for 15 min (see Figure 4c), slanted nanowire arrays with
porous tip ends arise on the Si substrate instead of vertically
aligned nanostructure. In the growth procedure, the for-
mation of one-dimensional silicon nanostructures is
based on electroless silver deposition on silicon and
silver-nanoparticle-catalyzed chemical etching of silicon
in HF-based solution [28]. As the difference among the
three methods is introducing an oxidant of Fe(NO3)3 or
H2O2 in the etchant solution, it is reasonable to believe
that the different morphologies of the silicon nanostruc-
tures originate from redox potential of the oxidants.
Namely, the Fe3+/Fe2+ system has a lower positive redox



Figure 4 SEM images of Si nanowire arrays prepared at room temperature in different solution. (a) Substrate directly immersed in HF/
AgNO3 (5.25/0.02 M) aqueous solution for 20 min. (b) Substrate immersed in HF/AgNO3 (4.6/0.01 M) aqueous solution for 60 s and subsequently
transferred into HF/Fe(NO3)3 (4.6/0.135 M) aqueous solution for 20 min. (c) Substrate immersed in HF/AgNO3 (4.8/0.01 M) aqueous solution for
10 s and subsequently transferred into HF/H2O2 (4.6/0.4 M) aqueous solution for 15 min.
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potential than that of Ag+/Ag couple [28], which re-
duces the etching speed of the silicon substrate in con-
trast to the former solution and promotes the
morphology of the product. But for O1−/O2− system, the
positive redox potential is much higher than that of
Ag+/Ag couple [29], which enhances the etching ability of
the solution. Owing to the fast etching of the substrate,
some Ag particles may reside on the nanowire top surface
randomly and metal-assisted chemical etching continues
locally, which induces the tapered tip ends in Figure 4a
and porous tip ends in Figure 4c. The tapered and porous
tip ends tend to be penetrated by the following ZnO seed
layer deposition. Based on the above analysis, we can con-
clude that a moderate etching speed is crucial for achiev-
ing a well-aligned nanowire array with solid and round
surface. In fact, the morphology and structure of the Si
nanowire arrays can also be tailored by other parameters,
such as etching period [28], solution concentration [29]
and temperature [30], crystalline character of the sub-
strates [30,31], as well as surface treatment [32]. These are
beyond the scope of this article and can be found in refer-
ences and relative researches.
Figure 5 compares SEM images of the products pre-
pared in a similar procedure of S30Z2 sample but with
different substrate directions relative to the solution sur-
face during the hydrothermal growth. For the substrate
immersed vertically into the precursor solution,
branched ZnO nanowires with wurtzite crystal structure
grow radially and form a flower shape on each of the Si
backbones. The morphology of the product prepared by
immersing the substrate facedown into the reaction so-
lution is the same as that of the former case, and both
seem to possess an identical growth speed as the length
of ZnO nanowires is similar. Nevertheless, for the third
case with a faceup direction, the ZnO nanowire arrays
disappear on the Si backbones. The Si nanowires tend to
bundle up and their surface becomes much rougher in
contrast to the Si nanowires with seed layer in Figure 1f.
It is well known that water molecules run violently at
high temperature, which may cause deformation of adja-
cent nanowire tips into clusters for reducing the total
energy. Meanwhile, the condensation of the ZnO nano-
particles from the growth solution results in the rough
surface of the Si nanowires. The observation indicates



Figure 5 SEM images of products prepared in different
substrate directions in solution: (a) vertical, (b) facedown, and
(c) faceup. The Si nanowire arrays were capped with ZnO seed
layer before hydrothermal growth.

Figure 6 SEM images of products prepared in different
substrate directions in solution on the Si nanowire arrays: (a)
vertical, (b) facedown, and (c) faceup. The Si nanowire arrays
were not capped with ZnO seed layer before hydrothermal growth.
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that the presence of gravity gradient is a key issue for
the growth of ZnO nanowire arrays. Otherwise, only the
condensation of the ZnO nanoparticles takes place in a
form of film on the seed layer. The intrinsic mechanism
possibly lies in the specific character of chemical reac-
tions in the aqueous solution as well as the thermody-
namics and kinetics of ZnO growth, which is under
further exploration.
It is worthwhile to point out that the seed layer is an-

other important factor in the growth of branched ZnO
nanowires. Figure 6 shows the SEM images of the prod-
ucts prepared by 30-min etching and 2-h hydrothermal
growth but without the seed layer deposition. The sub-
strates were also soaked in different directions relative to
the solution surface during the hydrothermal growth. It
is found that after hydrothermal growth, all the Si nano-
wire arrays exhibit original morphologies except the
bending of the nanowires to form sheaf-like structures
in some specimens. The ZnO nanowires or nanorods are
also created but disperse randomly on the Si nanowire ar-
rays surface and are removed easily by subsequent cleaning.
The sheaf-like structures in Figure 6 are due to the surface
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tension force presence in the high-temperature solution as
well as in the drying process that deforms adjacent nano-
wire tips into clusters. For the disappearance of ZnO nano-
wire branches, it is well known that the crystal structure
and chemical bonds of ZnO substance are different from
those of Si substance. The precursors in the aqueous solu-
tion do not automatically nucleate on the Si nanowire and
grow to be a ZnO nanowire during the hydrothermal
process. The appearance of ZnO nanowires or nanorods in
the solution after the hydrothermal growth may stem from
the impurities acting as nucleation sites since the reagents
in the experiment are not of ultra-purity. In this regard, the
seed layer on the Si nanowire surface plays an important
role in the growth of branched ZnO/Si nanowire arrays as
it provides nucleation sites and determines the growing dir-
ection and density of the ZnO nanowire arrays for reducing
the thermodynamic barrier.

Conclusions
Branched ZnO/Si nanowire arrays with hierarchical
structure were synthesized by a three-step process, in-
cluding the growth of crystalline Si nanowire arrays as
backbones by chemical etching of Si substrates, the de-
position of ZnO thin film as a seed layer by magnetron
sputtering, and the fabrication of ZnO nanowires arrays
as branches by hydrothermal growth. During the synthe-
sis procedure, an etchant solution with an appropriate
redox potential of the oxidant was vital for a moderate
etching speed to achieve a well-aligned Si nanowire array
with solid and round surface. Meanwhile, the presence
of gravity gradient was a key issue for the growth of
branched ZnO nanowire arrays. The substrate should be
placed vertically or facedown in contrast to the solution
surface during the hydrothermal grown. Otherwise, only
the condensation of the ZnO nanoparticles took place in
a form of film on the substrate surface. The seed layer
played another important role in the growth of ZnO
nanowire arrays, as it provided nucleation sites and de-
termined the growing direction and density of the nano-
wire arrays for reducing the thermodynamic barrier.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
SH designed and performed the experiments, analyzed the data, and drafted
the manuscript. QY helped prepare and characterize the samples and
analyze the data. BY, DL, and RZ participated in the preparation of the
samples. SL and JK participated in the final data analysis and critical review
of the manuscript. All authors read and approved the final manuscript.

Acknowledgements
This work was supported by 973 Program (2012CB619301, 2011CB925600),
National Natural Science Foundation of China (61227009, 90921002),
Fundamental Research Funds for the Central Universities (2012121014,
2013121009), and Fundamental Research Funds for the Xiamen Universities
(DC2013081).
Received: 30 April 2014 Accepted: 20 June 2014
Published: 30 June 2014
References
1. Law M, Greene LE, Johnson JC, Richard Saykally R, Yang P: Nanowire dye-

sensitized solar cells. Nat Mater 2005, 4:455–459.
2. Hu JT, Odom TW, Lieber CM: Chemistry and physics in one dimension:

synthesis and properties of nanowires and nanotubes. Acc Chem Res
1999, 32:435–445.

3. Akhavan O: Graphene nanomesh by ZnO nanorod photocatalysts.
ACS Nano 2010, 4:4774–4780.

4. Pan XW, Shi MM, Zheng DX, Liu N, Chen HZ, Wang M: Room-temperature
solution route to free-standing SiO2-capped Si nanocrystals with green
luminescence. Mater Chem Phys 2009, 117:517–521.

5. Shi M, Pan X, Qiu W, Zheng D, Xu M, Chen H: Si/ZnO core–shell nanowire
arrays for photoelectrochemical water splitting. Int J Hydrogen Energ 2011,
36:15153–15159.

6. Yae S, Kitagaki M, Hagihara T, Miyoshi Y, Matsuda H, Parkinson BA, Nakato Y:
Electrochemical deposition of fine Pt particles on n-Si electrodes for efficient
photoelectrochemical solar cells. Electrochim Acta 2001, 47:345–352.

7. Qiu J, Guo M, Feng Y, Wang X: Electrochemical deposition of branched
hierarchical ZnO nanowire arrays and its photoelectrochemical
properties. Electrochim Acta 2011, 56:5776–5782.

8. Pan K, Dong Y, Zhou W, Pan Q, Xie Y, Xie T, Tian G, Wang G: Facile
fabrication of hierarchical TiO2 nanobelt/ZnO nanorod heterogeneous
nanostructure: an efficient photoanode for water splitting. Appl Mater
Interf 2013, 5:8314–8320.

9. Baek SH, Kim SB, Shin JK, Kim JH: Preparation of hybrid silicon wire and
planar solar cells having ZnO antireflection coating by all-solution
processes. Sol Energy Mater Sol Cells 2012, 96:251–256.

10. Zhou H, Qu Y, Zeid T, Duan X: Towards highly efficient photocatalysts
using semiconductor nanoarchitectures. Energy Environ Sci 2012,
5:6732–6743.

11. Lee YJ, Ruby DS, Peters DW, McKenzie BB, Hsu JW: ZnO nanostructures as
efficient antireflection layers in solar cells. Nano Lett 2008, 8:1501–1505.

12. Akhavana O, Azimiradc R, Safad S: Functionalized carbon nanotubes in
ZnO thin films for photoinactivation of bacteria. Mater Chem Phys 2011,
130:598–602.

13. Wahab R, Kim YS, Mishra A, Yun SI, Shin HS: Formation of ZnO micro-
flowers prepared via solution process and their antibacterial activity.
Nanoscale Res Lett 2010, 5:1675–1681.

14. Karunakaran C, Rajeswari V, Gomathisankar P: Enhanced photocatalytic and
antibacterial activities of sol–gel synthesized ZnO and Ag-ZnO. Mater Sci
Semicond Process 2011, 14:133–138.

15. Sun K, Jing Y, Park N, Li C, Bando Y, Wang D: Solution synthesis of large-scale,
high-sensitivity ZnO/Si hierarchical nanoheterostructure photodetectors. J Am
Chem Soc 2010, 132:15465–15467.

16. Sun K, Jing Y, Li C, Zhang X, Aguinaldo R, Kargar A, Madsen K, Banu K,
Zhou Y, Bando Y, Liu Z, Wang D: 3D branched nanowire heterojunction
photoelectrodes for high-efficiency solar water splitting and H2

generation. Nanoscale 2012, 4:1515–1521.
17. Devarapalli RR, Shinde DR, Barka-Bouaifel F, Yenchalwar SG, Boukherroub R,

More MA, Shelke MV: Vertical arrays of SiNWs–ZnO nanostructures as
high performance electron field emitters. J Mater Chem 2012,
22:22922–22928.

18. Choudhury BD, Abedin A, Dev A, Sanatinia R, Anand A: Silicon micro-structure
and ZnO nanowire hierarchical assortments for light management.
Opt Mater Express 2013, 3:1039–1048.

19. Cheng C, Fan HJ: Branched nanowires: synthesis and energy applications.
Nano Today 2012, 7:327–342.

20. Zhou H, Tian ZR: Recent advances in multistep solution nanosynthesis of
nanostructured three-dimensional complexes of semiconductive
materials. Prog Nat Sci Mater Int 2013, 23:237–285.

21. Piret G, Drobecq H, Coffinier Y, Melnyk O, Boukherroub R: Matrix-free laser
desorption/ionization mass spectrometry on silicon nanowire arrays
prepared by chemical etching of crystalline silicon. Langmuir 2010,
26:1354–1361.

22. Noh SY, Sun K, Choi C, Niu M, Yang M, Xu K, Jin S, Wang D: Branched TiO2/
Si nanostructures for enhanced photoelectrochemical water splitting.
Nano Energy 2013, 2:351–360.



Huang et al. Nanoscale Research Letters 2014, 9:328 Page 9 of 9
http://www.nanoscalereslett.com/content/9/1/328
23. Ko SH, Lee D, Kang HW, Nam KH, Yeo JY, Hong SJ, Grigoropoulos CP,
Sung HJ: Nanoforest of hydrothermally grown hierarchical ZnO nanowires
for a high efficiency dye-sensitized solar cell. Nano Lett 2011, 11:666–671.

24. Liu KW, Chen R, Xing GZ, Wu T, Sun HD: Photoluminescence
characteristics of high quality ZnO nanowires and its enhancement by
polymer covering. Appl Phys Lett 2010, 96(023111):1–3.

25. Vanheusden K, Warren WL, Seager CH, Tallant DR, Voigt JA, Gnade BE:
Mechanisms behind green photoluminescence in ZnO phosphor
powders. J Appl Phys 1996, 79:7983–7990.

26. Holmes JD, Johnston KP, Doty RC, Korgel BA: Control of thickness and
orientation of solution-grown silicon nanowires. Science 2000,
287:1471–1473.

27. Zhou J, Huang Q, Li J, Cai D, Kang J: The InN epitaxy via controlling In
bilayer. Nanosc Res Lett 2014, 9(5):1–7.

28. Peng K, Wu Y, Fang H, Zhong X, Xu Y, Zhu J: Uniform, axial-orientation
alignment of one-dimensional single-crystal silicon nanostructure arrays.
Angew Chem Int Ed 2005, 44:2737–2742.

29. Chern W, Hsu K, Chun IS, de Azeredo BP, Ahmed N, Kim KH, Zou J, Fang N,
Ferreira P, Li X: Nonlithographic patterning and metal-assisted chemical
etching for manufacturing of tunable light-emitting silicon nanowire
arrays. Nano Lett 2010, 10:1582–1588.

30. Fellahi O, Hadjersi T, Maamache M, Bouanik S, Manseri A: Effect of
temperature and silicon resistivity on the elaboration of silicon
nanowires by electroless etching. Appl Surf Sci 2010, 257:591–595.

31. Chang SW, Chuang VP, Boles ST, Thompson CV: Metal-catalyzed etching of
vertically aligned polysilicon and amorphous silicon nanowire arrays by
etching direction confinement. Adv Funct Mater 2010, 20:4367–4370.

32. Cheng C, Liu B, Yang H, Zhou W, Sun L, Chen R, Yu SF, Zhang J, Gong H,
Sun H, Fan HJ: Hierarchical assembly of ZnO nanostructures on SnO2

backbone nanowires: low-temperature hydrothermal preparation and
optical properties. ACS Nano 2009, 3:3069–3076.

doi:10.1186/1556-276X-9-328
Cite this article as: Huang et al.: Controllable synthesis of branched
ZnO/Si nanowire arrays with hierarchical structure. Nanoscale Research
Letters 2014 9:328.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Background
	Methods
	Materials and reagents
	Synthesis process
	Characterization

	Results and discussion
	Conclusions
	Competing interests
	Authors' contributions
	Acknowledgements
	References

