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Growth of ZnO Nanorods on Various Substrates by Electrodeposition
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The structural and optical properties of electrochemically grown ZnO nanorods on several substrates were
investigated. The ZnO nanorods were dense and vertically well-aligned with the decrease in resistivity of
substrates. Scanning and transmission electron microscopy results showed that hexagon-shaped ZnO nanorods
with a diameter in the range of 100 nm to 200 nm and a length of about 600 nm were formed. Photoluminescence
(PL) measurement showed a strong near-bandedge UV emission at 382 nm and a broader band emission
centered around 600 nm, which was related to deep level defects. 
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1. INTRODUCTION

Zinc oxide (ZnO) has attracted global interest for potential
applications, such as electronic and optoelectronic devices,
solar cells, and chemical sensors, because of its direct wide
bandgap of 3.37 eV and large exciton binding energy of 60
meV.[1,2] Recently, nano ZnO transistors,[3] nano ZnO light
emitting diodes (LEDs),[4] nanorod laser devices,[5] and dye-
sensitized solar cells (DSSC)[6] have been reported.

So far, for the realization of these ZnO-based nano-
devices, ZnO has been prepared by many different tech-
niques, such as plasma enhanced molecular beam epitaxy
(PEMBE),[7] thermal chemical vapor deposition (CVD),[8]

sol-gel,[9] and vapor-liquid-solid (VLS)[10,11] growth. How-
ever, there are some problems concerning the control of the
dimensionality and doping. For example, in the VLS growth
method, the control of the dimensionality of nanowires
depends on the eutectic temperature and size of the liquid
droplet. Nanowires, which have large size distribution, grow
on the liquid droplet.

Electrodeposition, as another approach method, has sev-
eral advantages compared with the deposition technologies
mentioned above.[12-14] Electrochemical deposition is a low
cost and low temperature process. The dimensionality can be
easily controlled by varying the concentration of solution
and applied potential. ZnO films were electrodeposited on
several substrates such as GaN,[15] Au,[16] indium tin oxide
(ITO),[17] and Zn plate.[18] The electrochemical approaches
were performed by several groups.[15-19] Typically, ZnO were
cathodically electrodeposited in oxygen-saturated aqueous

salt solution below 100°C. The growth mode can change
from two dimensional films to three dimensional nanorods
by varying growth conditions.[19,20] There are several factors
that affect the microstructure of ZnO films: the lattice con-
stant of a substrate, the electrolyte, the dissolved oxygen
content, the cell potential, and the pretreatment of the elec-
trode surface. The core-shell nanostructures can tune the
electrical and optical properties of ZnO nanorods.[21-23]

In this study, we report the growth of vertically well-
aligned ZnO nanorods by cathodic electrodeposition in
aqueous zinc chloride electrolyte. The effect of the substrate
on the growth of ZnO nanorods by electrodeposition was
investigated. The microstructural and optical properties of
ZnO nanorods were characterized.

2. EXPERIMENTAL PROCEDURE 

ZnO nanorod arrays were electrodeposited in electrolyte
solutions composed of 5 mM ZnCl2 and 0.1 M KCl. The
substrates used were Au/Si, amorphous Zn-doped In2O3 (a-
IZO), In-doped ZnO/Si, and bare Si (001). The resistivities
of the substrates were 4.2 × 10-6, 2.8 × 10-4, and 2.5 × 10-4 Ωcm,
respectively. The resistivity of a bare Si substrate could not
be measured. Prior to the electrodeposition, the substrates
were ultrasonically cleaned with acetone, ethanol, and de-
ionized water for 5 min, respectively. The electrodepositon
was performed in a two-electrode electrochemical cell at
80°C. The above-mentioned substrates and gold-coated Si
were used as a working and a counter electrode, respectively.
The potential applied to the working electrode was -1.0 V.
The deposition time was 30 min. During the electrodeposi-
tion, oxygen gas was continuously bubbled near the working
electrode. The dissolved oxygen functions as an oxygen*Corresponding author: hs.lee@knu.ac.kr
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source necessary to ZnO nanorod growth. The deposition
reaction in the electrolyte is as follows:[24]

Zn2+ +1/2O2 +2e- → ZnO

This occurs if the negative potential is applied to the work-
ing electrode. The apparatus used in this study was shown
schematically in Fig. 1. After electrodepositing, the samples

were annealed at 130°C for 15 min in air to remove the
remaining water.

The morphology of the product was analyzed by field
emission scanning electron microscopy (FESEM). The crys-
tal structure and crystallinity of the prepared ZnO nanostruc-
tures were characterized by x-ray diffraction (XRD) and
transmission electron microscopy (TEM). For the character-
ization of optical properties, some samples were annealed at
300°C for 1 h in air. Photoluminescence (PL) measurement
was carried out at room temperature under excitation with a
30 mW He-Cd laser operating at 325 nm.

3. RESULTS AND DISCUSSION

Figure 2 is FESEM images of the ZnO nanorod arrays
grown on several substrates for 30 min. ZnO nanorod arrays
grown on Au/Si substrates are vertically well-aligned and
very dense, as shown in Fig. 2(a). The substrate is covered
by the ZnO nanorods, which has a diameter in the range of
100 nm to 200 nm. The inset of Fig. 2(a) is a high-magnified
FESEM image of a single ZnO nanorod, showing a nearly
perfect hexagon facet. ZnO nanorods grown on ZnO/Si sub-
strates have vertically random orientation and cover the sub-
strate perfectly, as shown in Fig. 2(b). The diameter of the
ZnO nanorods grown on ZnO/Si substrates is slightly larger
than that of ones grown on Au/Si substrates. The top surface
of a ZnO nanorod is slightly faceted. Figure 2(c) shows ran-
domly oriented ZnO nanorods and large plates grown on an
a-IZO/Si substrate. Figure 2(d) shows the film grown on a
bare Si (001) substrate, showing a few ZnO nanorods. ZnO
nanorods are rarely grown on Si substrates because of the

Fig. 1. Schematic diagram of the apparatus used in the electrodeposi-
tion of ZnO nanorods.

Fig. 2. FESEM images of the ZnO nanorod arrays grown on several substrates for 30 min at 80°C and -1.0 V. (a) Au/Si, (b) ZnO/Si, (C) a-IZO/
Si, and (d) bare Si substrates.
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very low conductivity of the Si substrate. This different mor-
phology is related to the difference in the conductivity of the
substrate.

Figure 3 shows the 2θ-ω XRD patterns of ZnO nanorods
annealed at 130°C for 15 min in air to remove the remaining
water. The diffraction patterns can be indexed to diffraction
peaks from ZnO and substrates. The diffraction patterns
related to ZnO reveal the hexagonal wurtzite structure
(JCPDS No. 36-1451, a = 0.324 nm, c = 0.5206 nm). The
diffraction intensity of (0002) planes in Figs. 3(a) and (b) is
higher than those of other peaks, indicating that ZnO nano-
rods have preferred orientation along the [0001] direction.
This is also confirmed by TEM analysis. The c-axis is the
favorable growth direction because the polar (0002) plane is
metastable.[16] ZnO nanorods grown on a-IZO and Si sub-
strates show very weak diffraction intensities and have no
preferred orientation, as shown in Figs. 3(c) and (d). 

Further microstructural characterization of the ZnO nano-
rods was carried out by TEM. Figure 4 shows a cross-sec-
tional bright-field TEM micrograph of ZnO nanorods grown
on a Au/Si substrate and the corresponding selected area
electron diffraction (SAED) pattern. The sample exhibits a
columnar structure with a smooth surface and uniform
length. The length of ZnO nanorods is about 600 nm. ZnO
nanorod arrays are vertically well-aligned. An abrupt inter-
face between the ZnO nanorods and Au/Si substrate is
observed. The SAED pattern of a single ZnO nanorod can be
indexed to the wurtzite structure of hexagonal ZnO, which
confirms that ZnO nanorods are single crystals. The zone
axis is [11 0], indicative of the growth of the ZnO nanorods
along the [0001] direction, which is consistent with the XRD
result.

Figure 5 is a room temperature PL spectrum of ZnO nano-
rods grown on a Au/Si substrate after annealing at 300°C for

1 h in air. The PL spectrum reveals a strong ultraviolet band
emission at 382 nm and a relatively weak visible band emis-
sion centered at 600 nm. The UV PL peak at 382 nm and the

2

Fig. 3. XRD patterns of the ZnO nanorods annealed at 130°C for 15
min in air. (a) Au/Si, (b) ZnO/Si, (C) a-IZO/Si, and (d) bare Si sub-
strates.

Fig. 4. (a) Cross-sectional bright-field TEM micrograph of ZnO nan-
orods grown on a Au/Si substrate and (b) the corresponding SAED
pattern. ZnO nanorods were vertically well-aligned and grown along
the [0001] direction.

Fig. 5. Room temperature PL spectrum of the ZnO nanorods grown
on a Au/Si substrate after annealing at 300°C for 1 h in air.
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broad visible emission bands around 600 nm are related to
the near band-edge emission and the recombination at the
deep defect levels, respectively. The ratio of the intensity of
the near band edge emission to the intensity of the deep level
emission (INBE/IDLE) is large, as shown in Fig. 5, indicating a
relatively low concentration of deep level defects. The PL
result together with the SEM and XRD results indicates the
conductivity of the substrate is a very important factor for
obtaining the good crystallinity and optical quality of ZnO
nanorods grown by electrodeposition

4. SUMMARY

ZnO nanorods were successfully grown by electrodeposi-
tion on several substrates at 80°C under the potential of -1.0
V. The conductivity of conductive substrates greatly affects
on the structural and optical properties of ZnO nanorods.
More conductive substrates favor high quality ZnO nanorod
growth. PL measurement showed a near band edge UV
emission and a broader band emission related to deep level
defects. Low temperature electrodeposition on conductive
substrates can be applied in the simple mass production of
well-aligned ZnO nanorods.
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