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This study examined the effect of the synthesis temperatures on the characteristics of vertically
aligned Ga-doped ZnO (GZO) nanorods grown on a ZnO template by thermal evaporation using
Zn and Ga sources. The increase in synthesis temperature at less than 700 �C induced stress
relaxation relative to the ZnO template due to the suppression of defect generation by the formation
of nanorods, while a further increase resulted in an increase in compressive strain due to domi-
nant Ga doping. The increase in Ga concentration in the GZO nanorods with increasing synthesis
temperature was also confirmed by X-ray photoelectron spectroscopy and photoluminescence. The
best conductivity was observed in the GZO nanorods grown at 800 �C. On the other hand, the
GZO nanorods synthesized at 900 �C showed less conductivity and weak near-band-edge emission
properties due to the generation of defects from the excess Ga.
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1. INTRODUCTION

Zn-based wide-band gap oxide semiconductors with
superior physical properties, such as intense emission,
chemical and thermal stability, transparency, and wide
electrical conductivity range, have demonstrated their
potentials in wide range of applications including ultravio-
let laser diodes (LDs),1 lighting-emission-diodes (LEDs),2

transparent thin-film transistors,3 sensor devices,4 and
piezoelectrics.5 In particular, one-dimensional (1D) ZnO
nanostructures are expected to show unique physical phe-
nomenon and high efficiency characteristics due to the
increased surface to volume ratio and quantum confine-
ment effects.6 However, the increase in electrical conduc-
tivity of ZnO nanorods is vital to achieve high efficiency
optoelectronic devices and their commercial purposes. The
control of the electrical properties by changes in intrinsic
defects in un-doped ZnO is unstable and not reproducible.
In this context, the electrical conductivity of 1D ZnO nano-
structures can be enhanced by extrinsic doping using group
III metals such as Al, Ga, In, etc.7–10 Among these various
dopant metals, Ga is a useful element, because it has a
similar ionic (0.62 Å) and covalent radius (1.26 Å) to Zn
(0.74 Å and 1.31 Å, respectively), which is in contrast to

∗Author to whom correspondence should be addressed.

In (0.81 Å, 1.44 Å) and Al (0.5 Å, 1.26 Å).11 Moreover, Ga
doped ZnO (GZO) shows good electrical conductivity and
transparency in the films grown by vacuum deposition.12

Additionally, Ga-doped ZnO exhibited greater resistant to
oxidation, suggesting higher chemical stability compared
to undoped ZnO.
However, heavy doping would lead to degrade the

structural, electrical, and optical properties of the ZnO
nanorods.13–15 Though, thermal evaporation is a simple
and cost effective method of synthesizing 1D ZnO nano-
structures, different evaporation rates for source materials
make uniform doping in the ZnO nanorods more com-
plicated. Thus, Ga with different evaporation efficiency
from that of Zn requires elaborate control of the syn-
thesis conditions. Therefore, it would be interesting to
examine the effects of the synthesis temperatures on elec-
trical and chemical properties of GZO nanorods. In this
study, GZO nanorods were synthesized on a ZnO template
by thermal evaporation at various temperatures, and their
chemical, structural, electrical, and optical properties were
investigated.

2. EXPERIMENTAL DETAILS

Ga-doped ZnO (GZO) nanorods were synthesized by sim-
ple thermal evaporation method at various temperatures.
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To fabricate vertically arrayed nanorods, 400 nm thick
ZnO templates, which were deposited on n-Si by radio-
frequency (RF) magnetron sputtering, were used as a seed
layer. After forming the template layers, the Ga incor-
porated ZnO nanorods were synthesized in a horizon-
tal tube furnace using Zn and Ga metal powders of 1:1
ratio. Ar was used as a carrier gas for the metal vapors
and the reactor pressure was maintained at 5 Torr during
synthesis. The synthesis temperatures were changed from
600∼900 �C. The effects of the Ga source contents on the
formation of the GZO nanorods reported elsewhere.13 The
ratio of the Ga and Zn sources was fixed to 1:1, which is
the condition showing better electrical performance.
The chemical, structural, and optical properties of the

GZO nanorods synthesized at various temperatures were
examined by X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), and photoluminescence (PL),
respectively. The I–V characteristics of the GZO nanorods
were determined using a Keithley millimeter. For the elec-
trical measurements, the gaps between the GZO nanorods
were filled with insulating polyimide. The top region of
the polyimide filled nanorods was exposed by reactive ion
etching (RIE), and then the Au/Ti bilayer electrodes were
deposited as an electrode.

3. RESULTS AND DISCUSSION

Figure 1 shows SEM images of the vertically aligned
Ga-doped ZnO (GZO) nanorods synthesized by thermal
evaporation at various temperatures. The GZO nanorods
synthesized by the template-assisted method show perfect
vertical arrays at more than 600 �C. The length of the
GZO nanorods increased continuously from 3.5 to 6.7 �m
with increasing growth temperature up to 800 �C due to
the increase in vapor-transfer density. However, further
increase in temperature to 900 �C resulted in the reduction

Fig. 1. SEM images of the GZO nanorods synthesized at various tem-
peratures; (a) 600, (b) 700, (c) 800, and (d) 900 �C. The insets show
plan-view SEM images observed under the same magnification.

of length to 1.1 �m due to the enhanced re-evaporation
rate of source materials at high temperatures. In addition,
the diameter of the nanorods was also increased, as shown
in the insets of Figure 1. This indicates that an increase in
growth temperature to 800 �C induces significant enhance-
ment in the number of the adatoms deposited from trav-
elling vapor. The ZnO films on Si substrates are believed
to show the growth behavior of 3D islands in order to
minimize of the stress-related energy in the initial growth
stage due to the large lattice mismatch with the substrate.
The ZnO templates grown on Si substrates received com-
pressive stress with respect to bulk ZnO, which originates
from the residual misfit stress and subsequent cooling-
down process by the large thermal coefficient mismatch.16

In addition, Shin et al.17 suggested that the high den-
sity of defects, such as grain boundaries, dislocations, and
stacking faults observed in the polycrystalline ZnO thin
film on the Si substrates is considered as another rea-
son for the compressive stress. In contrast, the un-doped
ZnO nanorods on the ZnO template showed reduced stress,
which is considered to result from the absence of grain
boundaries and dislocations by the formation of per-
fect single crystal nanorods without defects, as shown in
region I in Figure 2. The stress in the nanorods becomes
more relaxed with the incorporation of Ga. In particu-
lar, the GZO nanorods synthesized at 700 �C are almost
stress-free. It is well known that the incorporation of Ga in
the ZnO matrix induces a decrease in the lattice constant,
because the covalent bond length of Ga–O (0.192 nm)
is smaller than that of Zn–O (0.197 nm).11 However, the

(a)

(b)

Fig. 2. (a) XRD spectra of (0002) diffraction peaks obtained from the
template, undoped ZnO nanorods, and GZO nanorods. (b) Change in
c-axis lattice constants as a function of the growth temperature. The
results of the template and un-doped ZnO nanorods are included for
comparison.
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behavior of the GZO nanorods in region II showed an
opposite trend. The stress reduced by the increase in lattice
constant of the GZO nanorods in region II was attributed
to the elimination of grain boundaries and dislocations,
which means that stress increment is more dominant than
the decrease in the lattice constant by the incorporation of
Ga. At synthesis temperatures ≥700 �C, the GZO nanorods
showed increased compressive strain due to the smaller
radius of the Ga atom than Zn atom. Consequently, it is
expected that a high synthesis temperature assists in the
production of conducting nanorods due to the incorpora-
tion of electrical dopants.
The distribution of Ga in the nanorods was examined by

determining the chemical bonding properties of the GZO
nanorods synthesized at various temperatures by XPS, as
shown in Figure 3. As shown in Figure 3(a), the GZO
nanorods fabricated at 600 �C showed only two Zn related
peaks at 1111 and 1024 eV corresponding to Zn 2P3/2 and
Zn 2P1/2 in the ZnO system. However, the GZO nanorods
at elevated temperatures of >600 �C clearly showed addi-
tional Ga 2P3/2 and Ga 2P1/2 peaks in the spectrum, in
which the intensity of the Ga related peaks increased with
increasing growth temperature. This suggests that synthe-
sis using Zn and Ga sources at high temperatures induces
the fabrication of Ga incorporated GZO nanorods with ver-
tical arrays on the ZnO templates. Figure 3(b) shows the
asymmetric O 1s peaks of the GZO nanorods fitted by two
Gaussian peaks. Based on previous XPS analysis of ZnO
thin films,18 the higher binding energy corresponding to
531.4∼532 eV related to the O 1s peak of XPS is normally
assigned to an oxygen-deficiency, while the lower binding
energy of 529.8∼530.5 eV resulted from the O2− ions in
the ZnO wurtzite structure. Interestingly, with increasing
growth temperature, the intensity of the O 1s peak related
to oxygen vacancies in the GZO nanorods decreased with
increasing intensity of the O2− ions related peak, together

Fig. 3. XPS results of the GZO nanorods synthesized at various temper-
atures; (a) XPS peaks corresponding to Zn 2p and Ga 2p peaks, (b) XPS
peak for O 1s. The asymmetric O 1s peaks are fitted by two Gaussian
peaks.

with an increase in the peak intensity for Ga–O bond-
ing. It shows that an increase in synthesis temperature
enhances the replacement efficiency of Ga atoms in the
Zn sites, resulting in the suppression of oxygen vacancy
sites. It is generally believed that ZnO nanorods synthe-
sized using vapor transition methods at high temperatures
have a high density of oxygen vacancies. In particular, the
density of oxygen vacancies increased with increasing in
synthesis temperature. However, the Ga–O bond, which
has a covalent bond length slightly smaller than that of
Zn–O, inhibited the formation of oxygen vacancies, even
though synthesis occurred at high temperatures. Therefore,
the incorporation of Ga in ZnO nanorods is expected to
show a low density of oxygen vacancies and conducting
properties due to substitution of Ga atoms in Zn sites.
Figure 4 shows the low-temperature (10 K) PL spectra

on the GZO nanorods synthesized at various tempera-
tures. With increasing temperature, the FWHM of near
band edge (NBE) emission in the GZO nanorods was
broadened from 40.9 to 66.6 meV (Fig. 4(a)). In general,
when dopants such as Al, In, and Ga were included, the
PL line broadening may be the result of doping charge
fluctuations.19 Moreover, the extent of PL line broadening
increases with increasing doping concentration, which is
consistent with the XPS and XRD results. Furthermore, the
peak position of NBE emission shifted toward higher pho-
ton energy with improved NBE intensity with increasing
growth temperature up to 800 �C. This behavior is related
to the well-known Burstein-Moss (BM) effect. However, a
further increase in growth temperature to 900 �C induced

(a) (b)

(c) (d)

Fig. 4. (a) Low temperature (10 K) PL spectra of the GZO nanorods
synthesized at various temperatures. (b) Intensity variation in NBE emis-
sion and deep-level emission as a function of the synthesis temperature.
(c) and (d) variation in peak position of NBE emission and deep-level
emission, respectively.
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a shift of peak position to lower energy and a decrease
in emission intensity, as shown in Figure 4. The rela-
tive intensity of deep level emission in the visible region
to that of NBE also decreased up to growth temperature
of 800 �C, and further increases in temperature resulted
in an increase in the contribution from deep level emis-
sion (Fig. 4(b)). Although low Ga doping in ZnO does
not contribute to the creation of the defects responsible
for deep-level emission, the excessive incorporation of Ga
atoms can promote the formation of lattice defect com-
plexes, such as GaZn–Oi and GaZn–VZn or the formation
of Ga related oxide phases, such as Ga2O3, resulting in
intense nonradiative recombination.20�21 In impurity-doped
semiconductors, excess doping deteriorates effects of deep
level emission. Figure 4(d) shows the change in the cen-
tered position of deep level emission in GZO nanorods.
The GZO nanorods synthesized at low temperatures show
deep level emission centered at ∼2.5 eV. With increasing
growth temperature, the position of the deep level emis-
sion exhibited a continuous shift toward a low energy level
(2.2 eV at 900 �C). In a previous study,22 the deep level
emission at ∼2.5 eV was attributed to oxygen vacancies,
which is the normal emission peak in nanorods fabricated
using vapor-transfer methods. It was suggested that the
peaks at ∼2.3 eV correspond to Ga impurity in heavily
Ga-doped ZnO layers. This indicates that the deep-level
emission observed in the GZO nanorods synthesized at
high temperatures may due to the excess incorporation
of Ga atoms.11 In contrast, the medium temperature of
700∼800 �C induced lower deep-emission intensity rela-
tive to NBE, which means that the ZnO nanorods were
successfully doped with Ga atoms.
In order to examine the effect of different synthe-

sis temperatures on the electrical characteristics of GZO
nanorods, the I–V curves of the n-type GZO nanorods
were obtained after forming a metal contact on the top
region of the GZO nanorods. Figure 5(a) presents a
schematic diagram of the structure used for the electrical
measurements. Although this method does not show the
characteristics of the nanorods directly, comparative analy-
sis of the electrical conductivity of the GZO nanorods can
be performed from the gradient of the I–V curve on n-type
conducting GZO nanorods/n-type semiconducting ZnO
films, as described elsewhere.13 All I–V curves showed
Ohmic-like linear behavior between the two Au/Ti metal
electrodes on the GZO nanorods because the device struc-
ture consisted of only n-type semiconducting films, and
there is no energy barrier between the GZO nanorods and
ZnO template. The electrical resistance of the nanorods
in the GZO nanorods/ZnO film structures can be indi-
rectly compared, since we used the same ZnO films, where
the GZO nanorods/ZnO films synthesized at 600, 700,
800, and 900 �C showed 2�5× 104, 1�6× 104, 1�2× 103,
and 4�8× 103 �, respectively, with from I–V curves.
With increasing synthesis temperature, the GZO nanorods

(a)

(b)

Fig. 5. (a) Schematic diagram of the GZO nanorods/template/n-Si
structure for the electrical measurements. (b) The I–V curves of these
structures as function of the growth temperature.

became more conducting up to 800 �C but their electrical
conductivity decreased significantly with further increases
in temperature. Some groups reported the enhancement in
electrical conductivity of Ga-doped ZnO nanorods com-
pared to undoped ZnO nanorods.10�13 Therefore, it is
expected that the highly conducting GZO nanorods were
synthesized at 800 �C. However, higher synthesis tempera-
ture shows less conductive nanorods, implying the increase
of the electrically inactive dopants. This behavior showed
similar trends to the PL results.

4. SUMMARY

Vertically aligned GZO nanorods were produced on a ZnO
template using simple thermal evaporation at various tem-
peratures. The effect of the synthesis temperature on the
chemical, electrical, and structural properties in the GZO
nanorods were examined. With increasing synthesis tem-
perature up to 800 �C, the growth rate was quite rapid, the
intensity of NBE emission became stronger, and the elec-
trical properties became more conducting. At the lower
temperature regions, the GZO nanorods showed less com-
pressive strain, due to the elimination of defects enhancing
stress. This means that stress makes a more dominant con-
tribution than the doping effect. On the other hand, syn-
thesis at 900 �C induced the formation of shorter and less
conducting nanorods, together along weak NBE emission.
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