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Heteroepitaxial growth of well-aligned ZnO nanorod arrays
on GaAs (111) substrates was achieved through electrochem-
ical deposition at low temperature without any buffer layers
for the first time. Structural analysis demonstrated the epitax-
ial orientation relationship of ZnO(0001)//GaAs(111). The
rod density was dependent on the applied current density.
These ZnO nanorods had high crystalline quality and

Introduction

Zinc oxide (ZnO) nanomaterials have attracted wide at-
tention due to their potential applications in many fields,
such as ultraviolet (UV) laser and light-emitting devices,
electron field emitters, photocatalysts, and energy genera-
tors.[1–6] Among them, one of the most important prospects
is the application of ZnO nanomaterials as UV and blue
optoelectronic nanodevices, since their exciton binding en-
ergy is about 60 meV, which is larger than that of other
widely used semiconductors, e. g. GaN (26 meV) or ZnSe
(20 meV), and it also exceeds the room-temperature thermal
energy (25 meV). Recently, both ZnO epitaxial films and
nanowires have shown excellent optical characteristics.[7,8]

Furthermore, alloying of ZnO with Mg and Cd has been
implemented to tune the band gap energy.[9,10] These two
aspects favor its application in optoelectronics. However,
the difficulty of p-type doping in ZnO has greatly impeded
the fabrication of ZnO p-n homojunctions and thus blocked
the further development of related optoelectronic devices,
such as light-emitting diodes (LEDs).[11]

Recently, as an alternative approach, heterojunctions
combining ZnO nanowires with other well developed p-type
semiconductors have attracted great attention. Typically,
the Yi[12] and Myoung[13] groups epitaxially grew vertical
ZnO nanowire arrays on Mg doped p-type GaN films,
forming a heterojunction LED with blue electrolumin-
escence emission.[12] In line with these ideas, p-type Si was
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exhibited strong UV near-edge photoluminescence with a
106 meV full-width at half-maximum and very weak deep
level emission. Furthermore, the patterned growth was fa-
cially implemented by using surface masks on cathode sub-
strates. These results are envisaged to advance the develop-
ment of ZnO nanorod-based heterojunctions and their appli-
cations in optoelectronics.

also utilized, including vertically growing[14,15] or placing in
parallel[16] ZnO nanowires on p-type Si substrates to form
p-n junctions and LEDs. However, as a representative
second-generation semiconductor material, GaAs has sel-
dom been reported to merge with ZnO nanowires, although
ZnO thin films have been grown on GaAs substrates.[17–19]

Here, for the first time, we report the electrochemical de-
position (ECD) growth of vertical ZnO nanorods on GaAs
(111) substrates at a low temperature and without any
buffer layer. The nanorods are of high crystalline and op-
tical quality. Furthermore, the patterned growth was fa-
cially demonstrated by using surface masks. These results
would advance the development of ZnO nanorod-based
heterojunctions and their applications in optoelectronics.

Results and Discussion

Figure 1a presents the low-magnification SEM image of
ZnO nanorods grown on GaAs substrates. These rods have
diameters and lengths of approximately 250 nm and 2.5 µm,
respectively. The rod distribution is very homogeneous on
the whole substrate. Most rods are vertically aligned on the
GaAs substrate, which is further revealed by the high mag-
nification SEM image in Figure 1b. As a typical character,
the rod density is relatively low relative to that obtained by
syntheses on other epitaxial substrates, such as GaN and
Si,[20,21] where the ZnO nanowires usually cover the whole
substrate surface. However, the verticality achieved here is
really perfect. Furthermore, the rod density can be tuned
by the applied current density, as shown in Figure 2. Typi-
cally, the densities corresponding to current densities of 1.0,
0.8, and 0.6 mA/cm2 are about 185, 70, and 25 rods per
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100 µm2, respectively. The rod density decreases with the
applied current density as shown in Figure 2g, but the
change in rod diameter is negligible.

Figure 1. Typical views of ZnO nanorods electrodeposited on a
GaAs (111) substrate: (a) Low-magnification SEM image, showing
the large-scale production and homogeneous distribution of nano-
rods. (b) High-magnification SEM image with a 30 °C tilting angle,
revealing the nanorod morphology and the perfect verticality of
the rods to the substrate.

The notable hexagonal faceting and verticality of nano-
rods indicate that they are of high crystalline quality and
are oriented along the c axis, as further confirmed by TEM
analyses shown in Figure 3. Figure 3a shows the perfect top
view of a hexagonal facet of a standing nanorod. The corre-
sponding EDS spectrum in Figure 3b confirms the pure
ZnO composition; no impurities are detected. This demon-
strates that there is no element diffusion from the substrate
into the nanorods during the growth. The latter usually
takes place in high-temperature chemical vapor deposition
(CVD) growth of ZnO nanowires on GaN and Si sub-
strates, and thus greatly affects their optical/electronic prop-
erties.[19] Figure 3c presents the low-magnification side-view
TEM image of a ZnO nanorod. The nanorod has a smooth
surface and is slightly taperied along the axial direction.
The HRTEM image in Figure 3d demonstrates the mono-
crystalline character and axial direction along the [0001]
orientation; no obvious defects are observed in the whole
body of the rod.

As a matter of fact, ZnO can be synthesized electrochem-
ically from aqueous solutions of zinc salts. In 1996, Izaki et
al.[22] and Peulon et al.[23] independently discovered meth-
ods to electrodeposit crystalline ZnO thin films, employing
cathodic reduction of the nitrate ion and dissolved oxygen,
respectively. ZnO can be grown cathodically under a range
of deposition conditions from –0.76 to 0.88 V vs. the nor-
mal hydrogen electrode (NHE) at pH = 0.[24] The electro-
chemical formation of ZnO nanorods has been explained
by Equations (1) and (2).[4,20] The reduction of nitrate ions
from NO3– to NO2– and appearance of more hydroxy ions
(OH–) in the electrolyte would lead to the formation of
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Figure 2. Current density dependence of rod density. Low- and
high-magnification SEM images of ZnO nanorods prepared by
electrodeposition with different deposition current densities: (a)
and (b), 1.0 mA/cm2; (c) and (d), 0.8 mA/cm2; (e) and (f), 0.6 mA/
cm2. (g) Nanorod density vs. deposition current density.

Zn(OH)2 and then of ZnO on the cathode by a simulta-
neous dehydration process. The preferential growth of
nanorods along the c axis is favored by the polarized char-
acter of ZnO. The positively Zn2+-terminated and nega-
tively O2–-terminated polar surfaces induce a net dipole mo-
ment along the c axis. Thus, the surface energy of the polar
(0001) plane is higher than those of nonpolar planes, lead-
ing to growth along the c axis.

NO3
– + H2O + e– � NO2

– + 2OH– (1)

Zn2+ + 2HO– � ZnO + H2O (2)

From the high-magnification SEM images of ZnO nano-
rods in Figures 1b and 2b–f, it can be observed that the
undeposited parts are very clean, and no nanoparticles or
buffer-layer-like thin films are formed on the substrate dur-
ing ECD processes. Previously, we observed that many ZnO
nanoparticles were formed on ITO substrates in the initial
stage of the ECD process, and then acted as a buffer layer
for subsequent growth of well-aligned ZnO nanowire ar-
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rays.[4] Here, the ZnO nanorods were abruptly grown on the
GaAs (111) substrates, which demonstrates heteroepitaxial
growth. Combining with the clear faceting and [0001]
growth orientation of ZnO nanorods in agreement with the
SEM and TEM observations discussed above, we conclude
that ZnO nanorods were epitaxially grown on the
GaAs(111) substrate with the following orientation rela-
tionship:

ZnO(0001)//GaAs(111),
ZnO[11–20]//GaAs[01–1],
ZnO[10–10]//GaAs[11–2].

The epitaxial interface and matching configuration are
presented in Figure 4. It is known that wurtzite ZnO has a
hexagonal structure with the lattice parameters a =
0.32496 nm, c = 0.52065 nm, while zinc blende GaAs has a
cubic structure with a = 0.56532 nm. The lattice mismatch
in such configuration is –18.7%. The negative sign means
that the atom spacing on the ZnO (0001) plane is smaller
than that on the GaAs (111) plane. The c axis of the ZnO
layer is parallel to the [111] axis of the GaAs substrate. The
lattice strain in heteroepitaxial layers will appear due to the
mismatch of lattice constants between the grown layer and
the substrate material.[25] As revealed by the SEM image,
the ZnO nanorods grown by ECD on a GaAs substrate are
relatively sparse, although 1.0 mA/cm2 is a suitable current
density for the well-defined ZnO ECD growth. In contrast,
ZnO nanowire arrays electrodeposited on a Si substrate
with the ZnO nanocrystal buffer layer can be very dense
under the same conditions, as shown in Figure S1. Here, an
unavoidably low nucleation rate could be induced by the
large lattice mismatches, which leads to a high nucleation
energy for epitaxial growth from the electrolytes. In fact,
many ZnO nanorods were found to form in the solution

Figure 3. TEM characterizations of ZnO nanorods: (a) and (b)
Top-view TEM image and EDS spectrum of a vertically standing
rod, exhibiting perfect hexagonal faceting and pure ZnO composi-
tion. (c) and (d) Side-view TEM and HRTEM images of a lying
rod, revealing single-crystalline features.
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after the ECD process. The decreasing current density fur-
ther depresses the nucleation rate, resulting in a lower nano-
rod density on the substrates, as shown in Figure 2.

Figure 4. Unit cell structures of hexagonal ZnO (a) and cubic GaAs
(b), and a sketch mapping the epitaxial orientation relationship be-
tween ZnO and a GaAs substrate (c).

Photoluminescence (PL) measurements were carried out
at room temperature with a 325 nm He-Cd laser as the exci-
tation source. The PL spectrum of nanorods grown under
a current density of 1.0 mA/cm2 (corresponding to Fig-
ure 2a and b) is shown in Figure 5. Ultraviolet (UV) emis-
sion with a peak energy of 3.23 eV and a full-width at half-
maximum (FWHM) of 106 meV is dominantly observed.
This FWHM is slightly smaller than other reported values,
indicating the high quality of the near-band-edge (NBE)
emission, typically 120 meV for a ZnO thin film grown on
GaAs by molecular-beam epitaxy (MBE).[26] The visible
emission related to the deep level (DL) defects is very
weak.[2,27,28] The ratio of the peak intensities of NBE to
that of DL, that is NBE/DL, is as high as 20 even at room
temperature, which is slightly lower than those for high-
quality thin films prepared by MBE (about 60), but higher
than those for the films made by metalorganic chemical
vapor deposition (MOCVD) (about 5).[9] These structural
and PL results demonstrate that the ZnO nanorods grown
by ECD on a GaAs substrate have well-defined crystalline
and optical qualities, thus they have decent potentials in
UV lighting or LED applications, especially when consider-
ing the high level of development of n-type doping of ZnO
and p-type doping of GaAs.

Figure 5. Room-temperature photoluminescence spectrum of
ZnO nanorods grown by ECD on a GaAs substrate under an
1.0 mA/cm2 current density.
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Furthermore, patterned growth has usually been ex-

plored for practical applications. In fact, it can be easily
achieved on such ECD-grown ZnO nanorods by utilizing
preformed photoresist masks on substrates. The results are
presented in Figure 6. ECD growth on GaAs substrates
with holes and line grooves results in ZnO nanorod arrays
(Figures 6a and b) and nanorod lines (Figures 6c and d),
respectively. The size of holes and grooves has an obvious
effect on the resulting nanorods. For the larger vacancy
mask, nanorod bundles form preferably, as shown in Fig-
ures 6a and c. With decreasing mask size, the nanorods in
Figure 6b become well separated and aligned on substrates
and the nanorod line in Figure 6d becomes thinner (a width
of nearly one rod). The inset in Figure 6b shows the perfect
hexagonal faceting, indicating the high quality of the nano-
rods. Such facial patterning growth would benefit the fabri-
cation of ZnO nanorod GaAs heterojunction devices and
hence related optoelectronic applications.

Figure 6. SEM images of patterned ZnO nanorods on GaAs sub-
strates with photoresist masks of different configurations: holes
with diameters of 1 µm (a) and 500 nm (b); grooves with line widths
of 2 µm (c) and 500 nm (d). The inset shows a single rod standing
on the substrate under larger magnification.

Conclusions

We report on the electrochemical deposition of vertical
ZnO nanorods on GaAs (111) substrates at low temperature
without any buffer layer for the first time. The structural
analysis demonstrated the epitaxial orientations of
ZnO(0001)//GaAs(111), ZnO[11–20]//GaAs[01–1], and
ZnO[10–10]//GaAs[11–2]. The ZnO nanorods have high
crystalline quality and exhibit strong UV near-edge emis-
sion with 106 meV full-width at half-maximum. Further-
more, patterned growth can be facially achieved by using
surface masks. These results would promote the develop-
ment of heterojunctions based on ZnO nanorods and their
applications in optoelectronics.
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Experimental Section

Galvanostatic cathodic deposition was employed on the substrates
(cathode) at a current range of 0.8–1.5 mA. Zinc sheets (99.99%
purity) acted as the anode, and the electrolyte solution was aqueous
zinc nitrate (0.05 ). A Si-doped n-type GaAs (111) substrate was
used as the cathode. The pH value of the solution was about 6.
The deposition temperature was fixed at 70 °C by means of a water
bath, and the deposition time was 1 h. For the patterned growth
of nanorods, patterned substrates were used as cathodes for ECD
growth. The conventional photoresist was firstly spin coated onto
the substrates and then transformed into hole or line groove pat-
terns by a normal photolithography process. The samples were
characterized by field emission scanning electron microscopy (FE-
SEM, FEI Sirion 200), X-ray diffraction (XRD, Philips X�Pert,
Cu KR line: 0.15419 nm), and transmission electron microscopy
(HRTEM, JEOL JEM-3000F). Optical properties were studied by
PL spectra excited by the 325 nm line of a He-Cd laser.

Supporting Information (see footnote on the first page of this arti-
cle): SEM image of ZnO nanowire arrays electrodeposited on a Si
substrate with the ZnO nanocrystal buffer layer under a current
density of 1.0 mA/cm2.
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