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Abstract. This paper reports direct growth of [001] ZnO nanorod arrays on ITO substrate from aqueous solution with
electric field assisted nucleation, followed with thermal annealing. X-ray diffraction analyses revealed that nanorods have
wurtzite crystal structure. The diameter of ZnO nanorods was 60—300 nm and the length was up to 2.5 um depending on the
growth condition. Photoluminescence spectra showed a broad emission band spreading from 500 to 870 nm, which suggests
that ZnO nanorods have a high density of oxygen interstitials. Low and nonlinear electrical conductivity of ZnO nanorod array
was observed, which was ascribed to non-ohmic contact between top electrode and ZnO nanorods and the low concentration

of oxygen vacancies.
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1. Introduction

ZnO is of great interest for various photonic and electrical
applications due to its unique physical and chemical proper-
ties, such as a wide band gap (3.37 eV), large exciton binding
energy (60 meV) at room temperature, piezoelectricity, and
surface chhemistry sensitive to environment. Applications
of ZnO include light-emitting diodes [1], diode lasers [2],
photodiodes [3], photodetectors [4], optical modulator wave
guides [5], photovoltaic cells [6], phosphor [7], varistor [8],
data storage [9], and biochemical sensors [10]. Nanostruc-
tured ZnO, nanorods or nanowires in particularly, has at-
tracted intensive research, primarily for their large surface
area for applications relying on heterogeneous reactions
such as sensors and detectors [4], their light confinement
for nano-lasers [2], and their enhanced freedom in lateral
dimensions for more sensitive piezoelectric devices [11].
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Various fabrication techniques have been established
for the growth of ordered ZnO nanorods and nanowires.
Vapor-liquid-solid growth [2], chemical vapor deposition
[12], thermal evaporation [13], carbothermal evaporation
[14], aqueous solution growth [15], flux growth [16],
template-based synthesis [17], and electrochemical depo-
sition [18-20] have all reported to successfully grow ZnO
nanorod arrays. Well-aligned arrays of ZnO nanorods were
grown by vapor-phase process at high temperature on the
single crystal substrates such as Si [21], GaN [22], and sap-
phire [2], which have crystallographic similarity to ZnO.
This method has limitation to scale up the process because
of expensive single crystal substrate and high processing
temperature. Aligned arrays of [001] ZnO nanorods on
glass and silicon substrates have also been readily grown
from aqueous solution with nanocrystal seeding [23]; the
alignment of nanorods was achieved by evolution selection
growth, i.e., the crystal orientation with the higher growth
rate and perpendicular to the substrate surface will survive
and continue to growth [24]. The nature of the evolution se-
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lection growth dictates the inhomogeneous microstructure
across the nanorod arrays, i.e., more and random nanorods at
the bottom, and less and aligned nanorods on the top. Low-
temperature hydrothermal method has also been demon-
strated to grow high quality ZnO nanowire arrays [25]. This
paper reports the growth of well aligned [001] ZnO nanorod
arrays on ITO substrate from aqueous solution using a two-
step growth process with electric field assisted nucleation.
By using two-step process, we first grow a thin layer of ZnO
on ITO substrate by electrochemical deposition, and then
subsequently grow ZnO nanorod arrays with electrochem-
ical deposited ZnO thin layer as substrate by spontaneous
growth method. The length, diameter, and density of ZnO
nanorods can be tailored with growth conditions. The rela-
tionship between the growth conditions, the density and size
of nanorods, photoluminescence and electrical properties of
the resulting nanorods have been discussed.

2. Experimental Details

[001] ZnO nanorods arrays on ITO substrates were fabri-
cated by a two-step process: seeding and subsequent growth.
First ITO substrates were placed in a 0.1 M of zinc nitrate
(Zn(NO3),-6H,0, Fisher Scientific) aqueous solution for
an initial growth or deposition. An external electric poten-
tial of 1.2 V was applied to ITO substrate, as a cathode,
with a platinum plate as an anode for 20 min. According
to the previous works [18-20] about electro-deposition of
ZnO, the electrical potential used in this work (1.2 V) is
not the optimal value to obtain (001)-oriented ZnO tem-
plate layer. However, the voltage used here is good enough
to grow a thin layer of aligned ZnO as substrate to grow
nanorod arrays spontaneously in the next step. The distance
between two electrodes was kept to be 1.5 mm. For com-
parison, another ITO substrate was coated with a layer of
ZnO by dip coating of the same zinc nitrate solution. The
ITO substrates with ZnO deposit were subsequently heat-
treated at 500°C for 30 min in air. No optimized work was
done here to grow well-aligned ZnO layer by dip-coating
since our work is focus on the effect of electrochemical
deposition, however the nucleation density resulted from
one time dip-coating in aqueous solution is rather low, and
the nucleation density will affect the ZnO rod growth and
alignment [26]. The ITO substrates with initial ZnO de-
posit after heat-treatment were placed in a mixture solu-
tion of 0.015 M zinc nitrate and 0.022 M methenamine
(C¢H 2Ny, Alfa Aesar) at 60°C for 40 h. CgHoNy is a
growth directing agent as widely used in literature for the
synthesis of ZnO nanorods [15, 23]. The ITO substrates
with grown ZnO nanorod arrays were washed with DI-H,O
and dried at 110°C in air for 1 h, and then subjected to
characterization by means of scanning electron microscopy
(SEM, Jeol 5200) and X-ray diffraction (XRD, PW 1820,
Phillips). Photoluminescence (PL) of ZnO nanorod array
was measured at room temperature by an oriel instaspec IV

charge-coupled device camera using a mercury lamp for
excitation. The current-voltage behavior of nanorod array
was measured from —10 to 10 V using HP semiconductor
parameter analyzer (HP 4155B). To measure the electri-
cal properties, another ITO substrate was used as a counter
electrode to place on top of the ZnO nanorod arrays with
a 1 kg/cm? pressure, to ensure a firm contact between ITO
and ZnO nanorods.

3. Results and Discussion

Figure 1 shows the SEM images and possible growth mech-
anisms of ZnO nanorod arrays on ITO substrates grown
in a two-step process from aqueous solution. Figure 1(a)
is a top-view picture of nanorod arrays grown without
the external electric field applied during the initial de-
position, where as Fig. 1(b) shows the top-view nanorod
arrays grown with an external electric potential applied
during the initial deposition. Both show the well faceted
nanorods with narrow size distribution of diameter and
length in given growth conditions. Figures 1(c) and (d)
are the cross section images of ZnO nanorod arrays grown
with and without external electric field assisted nucleation
respectively. Figures 1(e) and (f) depict possible growth
mechanisms and will be discussed later in this section.
From Figures 1(a)—(d), one can see that although ZnO
nanorod arrays were grown in both cases, both the de-
gree of the alignment and density of ZnO nanorods differ
noticeably. The typical density of nanorods is approximately
of 15 nanorods/, ,um2, when the initial deposition was carried
out with an electric potential of 1.2 V for 20 min and sub-
sequently heat-treated at 500°C for 30 min in air, whereas
a density of 11 nanorods/um? was found when no external
electrical potential was applied during the initial deposition.
In both cases, typical diameter of nanorods ranges from 60—
120 nm with a length of 1.5-1.8 um for 24 h growth. How-
ever, both diameter and length of ZnO nanorods increase
with increased growth time. For example, nanorods with a
diameter of 100-300 nm with a length of 2.0-2.5 um were
found after 40 h growth.

XRD results shown in Fig. 2 further assured such notice-
able difference in both alignment and density. The XRD
spectrum of ZnO nanorod array grown from the initial de-
posit with an applied electric potential consists of only one
diffraction peak corresponding to (002), indicating all the
nanorods were grown along the same crystallographic di-
rection. The relative texture coefficient was calculated to be
0.97, using the equation [27]:

(Too2/13%,)

TCon =
= Mo/ 19) + (1t /1%)]

where Iy, and [p; are the measured diffraction inten-

sities due to (002) and (101) planes of grown nanorod,
. O O .

respectively, I, and I, are the corresponding values
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Figure 1. (a) SEM image of ZnO nanorods grown from random seeds. (b) SEM image of ZnO nanorods grown from oriented seeds. (c) Cross-section of
ZnO nanorods grown from random seeds. (d) Cross-section of ZnO nanorods grown from oriented seeds. (¢) Schematically represents the growth of ZnO
rods from random seeds. (f) Schematically represents the growth of ZnO nanorods from orientated nucleation seeds.

(a) ZnO (002)

ITO

(b)

Counts (a.u.)

) (002)

(102)

25 30 35 40 45 50
2 Theta (deg)

Figure 2. XRD patterns of ZnO nanorod arrays grown from (a) oriented seeds. (b) random seeds.
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listed in JCPDS #800075 of wurtzite ZnO. Simi-
larly, the relative texture coefficient of ZnO nanorod
array grown from ZnO solution film was calculated to be
<0.80.

XRD spectra shown in Fig. 2 also corroborate the dif-
ference in density of nanorods grown from deposit with
and without external electric field, observed in SEM im-
ages. Spectrum (a) consists of one minor peak at 30° from
ITO substrate; whereas spectrum (b) clearly demonstrates
all peaks from ITO. Considering the length of nanorods is
quite similar in both samples, the intensity difference in the
diffraction peaks from ITO substrates can be attributed to
the different density of nanorods in two samples. Further,
the density of ZnO nanorod arrays is strongly dependent
on the duration of initial deposition; longer initial deposi-
tion time leads to a higher density of nanorods. A contin-
uous [001] ZnO films on ITO substrate would form dur-
ing the subsequent growth if the initial deposition lasted
longer than 20 min with an external applied electric field.
The experimental results revealed that the diameter and

length of ZnO nanorods are dependent on not only the heat-
treatment of the initial deposit and the subsequent growth
condition, but also the initial deposition duration within
the experimental conditions studied in the present investi-
gation. The heat treat temperature also affects the nanorod
diameter and density, the small diameter nanorods were ob-
tained at low temperature heat treat temperature. Without
heat-treatment, no ZnO nanorod array would grow and the
growth of ZnO nanorod arrays occurs only on the deposit
with heat-treatment at a temperature higher than 300°C for
30 min.

Although the exact mechanisms for the growth of well
aligned [001] ZnO nanorod arrays on ITO substrates and
the influences of the external electric potential and the sub-
sequent heat-treatment are not known, possibilities are dis-
cussed below and partially illustrated in Figs. 1(e) and 1(f).
Since the growth condition of ZnO nanorods after the initial
deposition and heat-treatment is similar to that widely re-
ported in the literature [15], the one dimension growth along
<001> direction can be ascribed to the anisotropic growth
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Figure 3.

XRD patterns of the initial ZnO films (a) 20 min, (b) 20 min with heat-treatment at 500°C for 30 min, and (c) 50 min.
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Figure 4.  Photoluminescence spectra of ZnO nanorod arrays (a) grown

from oriented seeds. (b) grown from random seeds.

largely due to both the fast growth rate along <001> di-
rections and the presence of the growth directing chemical,
CsH2Ny4. The inability of formation of ZnO nanorod ar-
rays directly from the initial deposit without heat-treatment
suggests that the heat-treatment plays a critical role in the
subsequent growth of ZnO nanorods. The deposition of ZnO
under an electric potential is likely to result in preferential
growth. Such preferential growth has also been reported
in literature [28] and is likely to be due to the polar crys-
tal structure of ZnO. The most common polar surfaces are
{001}, which can be either positively or negatively charged
depending on the stacking and termination of Zn>* or 0>~
ions on the surfaces. However, the growth of ZnO nanorods
is also critically dependent on the subsequent heat-treatment
of initial deposit. Without the heat-treatment, the initial ZnO
deposit would dissolve into the 0.015 M aqueous solution
for subsequent growth. Several possibilities exist: (1) initial
deposit was amorphous, heat-treatment crystallizes the de-
posit, (2) initial deposit is a thin film, heating converts it to
islands (crystal seeds), and (3) initial deposit is islands but
too small to be stable due to its relatively large solubility.
Figure 3 compares the XRD spectra of the initial deposit
with the externally applied electric potential: (a) 20 min de-
position without heating, (b) 20 min deposition with heat
treatment at 500°C for 30 min, and (c) 50 min deposition
without heating. The initial deposit before heating reveals
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Figure 5.  Current density and conductance of ZnO nanorod arrays.
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no diffraction peaks, suggesting the initial deposit is ei-
ther amorphous or poor crystalline. However, characteristic
XRD peaks can be unambiguously identified from the ini-
tial deposit with heat-treatment at 500°C for 30 min. Pro-
longed deposition (such as 50 min) results in the formation
of crystalline deposition, which suggests the electrochem-
ical deposition forms crystalline ZnO directly that agrees
well with the literature [28]. Further, it has been reported
that the initial deposition of ZnO from aqueous solution by
electrochemical deposition forms islands [29]. It is also re-
ported that the polycrystalline ITO film surface with random
orientation is not atomically smooth [30]. Such rough sur-
face would definitely favor the formation of small clusters
or islands during the initial deposition. The experimental re-
sults and discussion above suggest that the initial deposition
is poorly crystallized ZnO islands. The subsequent heat-
treatment is likely to improve the crystallinity and possibly
also to increase the size of the ZnO islands so as to enhance
the stability of initial ZnO islands. Longer deposition will
result in the formation of continuous ZnO film (such as
50 min deposition in the present study), which agrees with
the literature that highly textured ZnO films can be directly
grown by electro-chemical deposition [28].

The photoluminescence (PL) spectra of [001] ZnO
nanorod arrays are shown in Fig. 4, obtained with a 325 nm
excitation source at room temperature and with the PL from
ITO substrates subtracted. Both [001] ZnO nanorod arrays
and random oriented ZnO demonstrated the identical char-
acteristic PL, except the emission intensity due to the dif-
ference in nanorod density. There is a broad peak ranging
from 500 to 870 nm, but absent of other emission peaks.
The 385 nm emission in ZnO synthesized from aqueous so-
lution is often reported at low temperature but not at room
temperature [25], and this emission corresponds to the near
band-edge emission caused by the recombination of a de-
localized electron close to the conduction band with deeply
trapped hole in the zinc vacancies [28]. Another commonly
observed PL peak at 495 nm in ZnO, associated with oxy-
gen vacancies, is also absent in the current ZnO nanorod
arrays [31]. The emission ranging from 500 to 870 nm is
ascribed to abundant oxygen in the crystal lattice, suggest-
ing that the oxygen to zinc ratio is larger than unit [32] or
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the grown ZnO nanorods consist of interstitial oxygen. Sim-
ilar results have been reported in the literature when ZnO
nanorod arrays were grown by aqueous methods [25].

The current-voltage (I-V) behaviors of [001] ZnO
nanorod arrays grown with the electric potential assisted
initial deposition are shown in Fig. 5 with a low nomi-
nal unit area electrical conductance of 0.012 S/cm? at 0 V
bias. The nonlinearity of [001] ZnO nanorod arrays may be
attributed to the contact between ZnO nanorod and elec-
trodes, particularly the top electrode. Since not all the ZnO
nanorods have exactly the same height on the top, some ZnO
nanorods have a good contact with top electrode, whereas
other ZnO nanorods may not be in contact with the top
electrode. Tunneling conduction may occur between the top
electrode and some ZnO nanorods, resulting in nonlinear I-
V relationship. Although the precise electrical conductivity
of the ZnO nanorods grown in this study is difficult to de-
termine, the observed low nominal electrical conductance
of such grown ZnO nanorods possess can be explained by
the fact that our ZnO nanorods have a high concentration
of interstitial oxygen as indicated by PL spectra, and the
conductivity of ZnO is controlled by the concentration of
interstitial zinc ion or oxygen vacancy [33]. The less well
aligned ZnO nanorod arrays grown without electric field
assisted initial deposition did not demonstrate reproducible
I-V curves; the poor reproducibility of I-V curve is partly
due to a less number of nanorods contributing to electrical
conduction and the possible change of conduction behavior
of nanorods caused by bending under an mechanical com-
pressive stress applied during the measurements and is not
discussed further here.

4. Conclusions

In summary, [001] ZnO nanorod arrays were grown directly
on ITO substrate from aqueous solution with electric field
assisted nucleation, followed with thermal annealing. Both
externally applied electric field for the initial deposition
and subsequent annealing play a critical role in the growth
and alignment of [001] ZnO nanorods. X-ray diffraction
analyses revealed that nanorods have wurtzite crystal struc-
ture. The diameter of ZnO nanorods was 60-300 nm and
the length of nanorods was up to 2.5 um depending on
the growth conditions. Photoluminescence spectra showed
abroad emission band spreading from 500 to 870 nm, which
suggests that ZnO nanorods have a high density of oxygen
interstitials. The low and nonlinear electrical conductivity of
ZnO nanorod array was partially ascribed to the non-ohmic
contact between top electrode and ZnO nanorods and the
low concentration of oxygen vacancies.
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