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Wourtzite ZnO nanorod exhibits many unique properties, which make it promising for various
optoelectronic applications. To grow well-aligned ZnO nanorod arrays on various substrates, a seed layer is
usually required to improve the density and vertical alignment. The reported works about seedless
hydrothermal synthesis either require special substrates, or require external electrical field to enhance the
ZnO nucleation. Here, we report a general method for the one-pot synthesis of homogenous and
well-aligned ZnO nanorods on common conducting substrates without a seed layer. This method, based on
the galvanic-cell structure, makes use of the contact potential between different materials as the driving force
for ZnO growth. It is applicable to different conducting substrates at low temperature. More importantly,
the as-grown ZnO nanorods show enhanced photoelectric response. This unique large scale
low-temperature processing method could be of great importance for the application of ZnO
nanostructures.

ne-dimensional semiconductor nanostructures, which display enhanced optical and electrical prop-

erties, have attracted much attention due to their potential applications in next generation electronic

and photonic devices' . Controlled growth of one-dimensional nanostructures on various substrates is
highly desirable. Among them, wurtzite ZnO is of particular interest because of its direct wide band gap (3.37 V)
and large exciton binding energy (60 meV), which make it promising for various optoelectronic applications®°.
There have been extensive studies on different approaches to synthesize well-aligned ZnO nanorod arrays, e.g.
chemical vapor deposition (CVD)", vapor-liquid-solid deposition'>", pulse laser deposition (PLD)", and solu-
tion-based growth methods''®. Among them, vapor-phase deposition usually requires single-crystal substrates
and high growth temperature, which is incompatible with the low-cost conducting substrates widely used for
optoelectronic devices.

Solution-based methods are especially attractive for industry because of the low-cost, low-processing temper-
ature, environmental friendliness, and ease of morphology control”*®. To grow ZnO nanorods on various
substrates, a seed layer is usually required to improve the density and vertical alignment of the nanorods'*'.
The seed layer, composed of packed ZnO nanocrystals acting as homoepitaxial nucleation sites, is generally
prepared by sol-gel or sputtering method. Annealing at high temperature is required to ensure seed particles
generation and adhesion to the substrate, which diminishes the advantage of low-temperature solution growth
methods. To date, several works have reported the seedless hydrothermal synthesis of ZnO nanorod arrays.
However, they either require expensive single-crystal substrates (e.g. Al,O3; and GaN**"**) or special substrate (e.g.
Ti/Au deposited substrate®**” and cover glass*®), or an external electrical field to enhance the ZnO nucleation®*.
Therefore, a general seedless approach for the synthesis of well-aligned ZnO nanorod arrays on various substrates
is still desirable.

Here, we reported a novel galvanic-cell-based approach towards the direct growth of ZnO nanorod arrays on
various conducting substrates at low temperature without the seed layer. This approach is simple and the
mechanism is described for the first time. The growth is substrate-independent and can be realized on different
conducting materials regardless of the surface roughness, crystallinity, or lattice structure. The substrates that
have been tested include Pt and Au-coated silicon wafers, transparent conducting oxides such as fluorine-doped
tin oxide (FTO) and indium tin oxide (ITO), and oxide-free copper plate. Furthermore, the as-grown ZnO
nanorods show enhanced photoelectric response compared with those grown with a ZnO seed layer, which is
likely due to the more efficient charge transport directly from nanorods to the conducting substrates.
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Figure 1 | Schematic illustration of the galvanic cell based fabrication
process of ZnO nanorod arrays. Al is used as the sacrificing anode and
ZnO growth occurs on the cathode substrate.

Results

Contact potential driven ZnO nanorods growth. The approach
proposed is based on the galvanic cell structure, which is
schematically shown in Figure 1. The ZnO growth mechanism is
similar to that of the electrochemical deposition, except that a
galvanic cell is employed instead of an external power source. The
work function difference between the two materials, one of which
being the substrate for ZnO growth, creates a bias that drives the
reactions indicated in Figure 1. In our study, Al was used as the
sacrificing anode, while the relatively inert substrate (Pt or Au-
coated silicon, Cu, FTO and ITO) as the cathode. The edge of the
substrate was covered with Al to make a direct contact between the
anode and cathode. The reduction potential for Al is more negative
than that of the inert cathode. Thus, Al will lose electrons to develop a
positive charge, and the electron will transfer to the cathode
substrate. The electrolyte is an aqueous solution containing zinc
nitrate hexahydrate and hexamethylenetetramine, and its pH is
close to neutral (~6.1). Reduction reaction of dissolved oxygen
occur on the cathode substrate (O, + 2H,O + 4 e — 40H"),
followed by the formation of Zn(OH), and dehydration to form
ZnO.

When using Pt-coated silicon wafers (Pt/Si) as the cathode sub-
strate, well-aligned single-crystal hexagonal nanorods of ~250 nm
in diameter grow homogeneously on the Pt surface (Figure 2a, c and
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Figure S1). From the field emission scanning electron microscopy
(FESEM) image taken at a 30° angle, we can see that these nanorods
grow perpendicular to the substrate surface. X-ray diffraction (XRD)
reveals a wurtzite structure with an enhanced (002) peak resulting
from the preferred c-axis orientation of the ZnO nanorods. It was
noted that the Pt/Si substrate contains grains of ~60 nm (see AFM
image in Figure S2), which is totally different from the ZnO nanorod
dimension. This indicates that the growth of nanorods is not facili-
tated by topography features. We have also tried hydrothermal
growth of ZnO on Pt/Si substrate without the Al at the edge. As
shown in Figure le, only several randomly dispersed ZnO microrods
with diameter of ~2.5 pm and length of ~20 pum were observed,
which confirms the vital role of Al

To clarify the chemical reaction occurs at the Al anode, the prod-
uct generated at the Al region was investigated. Figure 2d shows the
FESEM image and EDS result. The as-grown product is micro-sized
sheets interconnected with each other, and its XRD pattern cannot be
indexed to any phase of oxides (Figure S3). However, EDS analysis
shows that this product is composed of Al, Zn, and O with the atomic
ratio of 1:2.3:8.1. The ratio of [O]/[metal] is higher than that of the
corresponding oxides. To further investigate the composition of the
product generated at the Al region, the sintering experiment was
carried out. After being annealed at 350 °C in air, the micro-sized
sheets collapsed to form larger sheets (Figure S4), while the atomic
ratio of Al, Zn, and O changed to 1:2.3:5.2. Considering the fact that
XRD pattern after annealing shows wurtzite ZnO peaks, we conclude
that the products on Al region are mainly hydroxides of Al and Zn.
The FTIR spectroscopy (Figure S5) further verifies our conjecture.
The broad absorption peaks at 3405 cm™" and 1639 cm™' were
assigned to the stretching and bending modes of OH groups, respect-
ively®'. After annealing, the intensity of the OH peaks becomes much
lower, which is due to the dehydration of OH groups. In short, the
sacrificing anode, metallic Al, loses electrons to form Al cations,
followed by the formation of hydroxide mixture.

Generality of the approach and nanorod growth sequence. To
investigate the generality of our galvanic cell based synthesis of
ZnO nanorods, several other conducting substrates were tested,
including Au-coated silicon wafer, transparent FTO glass and Cu
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Figure 2 | FESEM images and XRD patterns of ZnO nanorods grown on Pt-coated silicon wafers. (a, c) FESEM images and (b) XRD patterns of ZnO
nanorod arrays grown on Pt-coated silicon wafers (Pt/Si) with Al on the edge. The peaks marked with asterisks are associated with the substrate.
(d) FESEM images and EDS of the product grown on Al region. (e) FESEM images of ZnO nanorod grown on Pt/Si without Al
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Figure 3 | FESEM images and XRD patterns of ZnO nanorod arrays grown on different substrates with/without Al coving the edges. (a-b) Au-coated
silicon wafer, (d—e) FTO glass, (g—h) Cu plate. The peaks marked with asterisks are associated with the substrates. (¢, f, i) FESEM images of ZnO

nanorod grown on corresponding substrates without Al.

plate (Figure 3). For all three substrates with Al attached to the edge,
we can see dense ZnO nanorods grow homogeneously on the surface.
XRD patterns for these samples all show wurtzite ZnO with an
enhanced (002) peak. On the other hand, in the absence of Al, we
can only find several randomly dispersed ZnO microrods on the
surface (Figure 3¢, f, i). Among the substrates we have tested,
growth of ZnO nanorod arrays on common transparent substrates,
such as FTO and ITO glasses, is of great importance for applications
in photoelectronic devices. Homogeneous ZnO nanorod arrays can
be obtained on such substrates at large scale using this method
(Figure 3d and Figure S6). Furthermore, the sample remains semi-
transparent after the ZnO growth as shown in Figure S7.

In order to study the initial nucleation and subsequent growth of
ZnO nanorods, time dependent characterization was conducted for
the sample on Cu plate (Figure S8). After 30 min of reaction, we
observe that hexagonal ZnO nano-plates of ~300 nm in diameter
grow homogeneously on the substrate. This is different from typical
solution-based ZnO nanorod growth where small-size nanorods
with diameter of ~50 nm and length of 0.5 pm can be formed in
the initial stage®™. In our cases, the negatively charged cathode will
attract zinc cations and result in the lateral growth of nano-plates in
the nucleation process. When the reaction time increases to 4 h, the
diameter of ZnO nanorods only increases slightly to 400 nm while
the length of nanorods increases significantly. The metastable polar
(001) plane has higher surface energy than the other “low-sym-
metry” nonpolar planes, which leads to the anisotropic growth of
the crystal along the [001] direction. To conclude, the role of the
galvanic cell structure is to initiate ZnO nucleation on the cathode

surface, and the subsequent growth process is controlled by the
anisotropy of ZnO crystal.

Controlled growth of ZnO nanorods on complex patterns. Besides
large scale low temperature synthesis without a seed layer, another
advantage of this technique is that it enables selective growth of
ZnO nanorods on different patterns. As a demonstration, we have
prepared different patterns of the inert cathode, Pt or Cu, on Al
substrate using PLD following standard photolithography process.
After hydrothermal growth, vertically aligned ZnO nanorods were
only observed on the Pt or Cu region (Figure 4 and Figure S9-11),
and these ZnO arrays exhibit a clear edge which is consistent with the
profile of the Pt or Cu pattern. It clearly demonstrates that this
method can be used for the controlled growth of ZnO nanorods on
sophisticated patterns.

To assess the quality of the obtained ZnO nanorods, we conducted
room temperature photoluminescence (PL) measurements on the
nanorods grown on FTO and ITO glasses (Figure 5a). An UV emis-
sion peak around 393 nm (~3.16 eV) was observed. The UV peak is
attributed to the near-band-edge emission, namely the recombina-
tion of free excitons between conduction band and valence band***,
which is consistent with values reported for ZnO prepared by hydro-
thermal (3.12-3.29 eV)*** and electrodeposition (3.12-3.30 eV)
methods®*®. Normally a broad visible light emission centered
around 620 nm can be found in electrochemically and hydrother-
mally grown ZnO. This orange-red emission is attributed to radi-
ative transitions involving defect-induced energy levels located in the
band gap, and is assumed to involve interstitial oxygen ions (O;).

| 3:2434 | DOI: 10.1038/srep02434

3



deposition

Figure 4 | Selective growth of ZnO nanorods on complex patterns. (a—d) FESEM images and (e) schematic representation of ZnO nanorods grown on

different Pt patterns which are deposited on Al substrate by PLD.

However, our samples do not display such orange-red emission,
which indicates the high optical quality and low defects density of
the as-grown ZnO nanorods®.

Discussion

These high quality ZnO nanorods, which are grown directly on
conductive substrates without the polycrystalline ZnO seed layer,
are expected to possess improved photoelectric performance.
Figure 5b shows the J-V curves of ZnO nanorods grown on FTO
using our method (ZnO/FTO) in dark and under illumination. For
comparison, the J-V curves of ZnO nanorod arrays grown with
polycrystalline ZnO seed layer (ZnO/Seed/FTO), which prepared
by zinc acetate deposition'®, were also tested. The ZnO/FTO sam-
pleexhibits a significantly enhanced (52% increase in photocurrent at
0.7 V) photoelectric response compared with ZnO/Seed/FTO. By
removing the polycrystalline seed layer, we have eliminated the
recombination centers for photo-generated carriers and enhanced
the charge transport from ZnO nanorods to the substrate.

In summary, we have developed a general method for the one-pot
synthesis of homogenous and well-aligned ZnO nanorods on com-
mon conducting substrates. This method, based on the galvanic cell
structure, offers several advantages over conventional routes. First, it

is substrate-independent and can be realized on various conducting
substrates regardless of their surface roughness or crystal structure.
Second, in comparison with conventional seed layer-mediated
growth, it is facile and economical, as no annealing or vacuum pro-
cess is needed for the seed layer preparation. This method can also be
used for the controlled growth of ZnO nanorods on sophisticated
patterns. More importantly, the as-grown ZnO nanorods show
enhanced photoelectric response compared with those grown with
seed layer, which is likely due to the efficient charge transport directly
from nanorods to conducting substrates. This unique low-temper-
ature processing method could be of great importance for the
application of ZnO nanorods.

Methods

Materials. Zinc nitrate hexahydrate (Zn(NOs),*6H,0), hexamethylenetetramine
(HMTA CgH;,Ny) were purchased from Sigma Aldrich. All the chemicals were used
as received without further purification. Pt-coated (~200 nm) silicon wafers (Pt/Si),
Au-coated (~50 nm) silicon wafers (Au/Si) were purchased from MTI Corporation.
Cu plates (99.9%) were purchased from Alfa Aesar.

Substrate Preparation. Pt/Si wafers, Au/Si wafers, Cu plates, fluorine-doped tin
oxide (FTO) and indium tin oxide (ITO) glasses were cleaned ultrasonically with
acetone and ethanol for 10 min, respectively, and then dried with nitrogen before
ZnO growth.
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Figure 5 | Photoelectric Properties of ZnO nanorods arrays. (a) Photo luminescence spectra of ZnO nanorods grown on FTO and ITO glasses with Al
covering the edge. (b) J-V curves of ZnO nanorods grown on FTO with Al or with ZnO seed layer in darkness and under illumination.
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Attaching Al on Cathode Substrate. The Al was loaded on the cathode substrate in
two ways: (1) For the large-scale growth of ZnO nanorods on these substrates, the
edge of the substrate was simply covered by Al foil, and the exposed substrate can be
used for the growth of ZnO nanorods. (2) For the controlled growth of ZnO nanorods
on complex patterns, Al was selectively deposited on the cathode substrate by PLD. Pt
and Cu patterns were also deposited on Al substrate by PLD. For method (2), the
distance between the metal target and the substrate was ~50 mm. The vacuum
chamber was evacuated to a base pressure of 1 X 10~° Pa. The energy at the target
surface and repetition rate of the laser was 100 mJ and 10 Hz, respectively.

Hydrothermal Growth of ZnO Nanorods. Hydrothermal ZnO growth was carried
out by suspending the above-mentioned substrates upside-down in an aqueous
solution containing 25 mM zinc nitrate hexahydrate and 25 mM
hexamethylenetetramine at 90 °C**. The typical growth time is 4 hours. The samples
were then removed from solution, rinsed with deionized water, and dried at 50 °C.

Characterization. X-ray diffraction patterns were obtained using a Shimadzu XRD-
6000 X-ray diffractometer with Cu Ko radiation (A = 1.5418 A). Field emission
scanning electron microscopy images were obtained using a JSM-7600F microscope.
The EDS was taken on an OXFORD INCA X-Max Energy Dispersive X-Ray
Spectroscopy. Surface topography measurements were conducted using a
commercial atomic force microscope system (Asylum Research MFP-3D) with DPE
probe (Mikromash, spring constant ~2 N/m). The Fourier Transform Infrared
absorption spectra were carried out on PerkinElmer Frontier FTIR/NIR Spectrometer
(USA) over the range of 500-4000 cm ' The fluorescence spectra were obtained on a
Shimadzu/RF-5301PC fluorescence spectrometer (Japan) at room temperature. /- V'
measurements were performed using a Keithley 2400 SourceMeter with a custom-
made LabTracer program. A 300 W Xenon Arc Lamp (Newport) with appropriate
filter was used as the light source. Au contacts (small square 0.03 cm?) were
evaporated onto the ZnO using a Vacuum Evaporator (JEOL JEE-420) through a
patterned shadow mask under high vacuum (<107° Torr).
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