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a b s t r a c t
We synthesized ZnO nanowall networks on GaN/sapphire substrates by metal organic chemical vapor
deposition without using metal catalysts. It was observed that the domain size of ZnO nanowalls decreased
and the density of nanowall networks increased with increasing growth time. The ZnO nanowall networks
were grown in a crystallized wurtzite structure and c-axis growth direction perpendicular to the substrate.
The temperature dependent PL spectra of ZnO nanowall networks grown for a short growth time show
stronger emission of longitudinal optical ﬁrst phonon replicas of free-exciton than free-exciton emission as
temperature increases in ZnO nanowalls, compared with those grown for longer growth time. It is
interpreted that different PL spectra of ZnO nanowall networks are due to different Ga impurity diffusion into
ZnO on GaN epilayer.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
ZnO materials have attracted great interest for transparent electronic
devices and optical devices such as thin-ﬁlm transistors, light-emitting
diodes, and laser diodes due to their unique properties, including a wide
direct bandgap (~3.4 eV), large exciton binding energy (~60 meV), and
piezoelectricity [1–3]. In particular, low dimensional ZnO nanostructures, such as one-dimensional (1-D) ZnO nanowires and zerodimensional (0-D) ZnO quantum dots, have demonstrated enhanced
device performance and potential applications such as nanoelectronic
transistors and information-storage devices [4,5]. As compared with 1-D
ZnO nanostructures, two-dimensional (2-D) ZnO nanostructures such
as ZnO nanowalls have not been studied extensively. This may be
because of the difﬁculty in controlling the shape of nanowalls due to the
sensitivity to growth conditions [6]. ZnO nanowall networks can
potentially be used for optoelectronics and sensors due to their large
surface area, diverse shape, and ease of manipulation for device
application [6–10]. In previous studies, it has been shown that 2-D
ZnO nanowall networks can be synthesized in thermal evaporation
based on the vapor–liquid–solid (VLS) growth method using metal
catalysts or ZnO thin-ﬁlm catalysts [7,8]. 2-D ZnO nanowall networks
have also been synthesized by metal organic chemical vapor deposition
(MOCVD) without using catalysts [6,9,10]. In particularly, the MOCVD
technique has many advantages in terms of large area growth and
accurate doping and thickness control [8]. Furthermore, in many cases,
nanostructures grown without using metal catalysts are favored, since
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metal catalysts may often act as defects of deep levels, resulting in
degradation of device performance [11].
In this study, we synthesized the ZnO nanowall networks on a
GaN/sapphire substrate without using metal catalysts. The surface
morphology, structural characteristics, and photoluminescence (PL)
properties of ZnO nanowall networks were investigated. We particularly compared the temperature dependent PL spectra of the nanowall
networks grown for different growth times.

2. Experimental details
The schematic illustration in Fig. 1 shows the hot-wall MOCVD setup
using diethylzinc [DEZn; Zn(C2H5)2] and oxygen (O2) gas as the Zn and O
source materials for the growth of ZnO nanostructures, respectively. The
DEZn bubbler was kept cool in a 10 ºC temperature bath. Nitrogen as a
carrier gas was passed through the DEZn bubbler, and DEZn precursors
with nitrogen gas were supplied via inner quartz tube (5 mm diameter).
Oxygen sources were supplied via outer quartz tube (30 mm diameter).
In order to suppress generation of ZnO particles by pre-reaction between
precursors and oxygen, DEZn and oxygen were supplied separately into
the chamber and mixed over the substrate. DEZn and oxygen were
typically supplied at ﬂow rates of 5–20 μmol/min and 890 μmol/min,
respectively. The ZnO nanostructures were synthesized on a GaN (2 μm
thickness)/c-plane sapphire substrate without using metal catalysts at a
growth temperature of ~800 °C. The chamber pressure was kept at
60 Torr for growing ZnO nanowall networks. The surface and crosssectional images of ZnO nanostructures were observed by ﬁeld emission
scanning electron microscopy (FESEM). Structural analyses of synthesized ZnO nanostructures were carried out with X-ray diffraction
spectroscopy (XRD) and high resolution transmission electron
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Fig. 1. Schematic illustration of hot-wall MOCVD system for synthesis of ZnO nanostructures.

microscopy (HRTEM). The PL spectra were measured from 10 to 300 K
using a He–Cd laser of 325 nm wavelength as the excitation source.
3. Results and discussion
3.1. Morphological and structural analysis of ZnO nanowall networks
We investigated surface morphologies of ZnO nanowall networks
grown for different growth times. Fig. 2 shows a series of the FESEM

images of ZnO nanowall networks grown on the GaN/sapphire
substrate at 800 °C for different growth time in the MOCVD system.
Fig. 2(a) and (b), (c) and (d), and (e) and (f) shows sets of top-view
and cross-sectional FESEM images of ZnO nanowall networks grown
for 20, 30, and 60 min, respectively. We clearly observed that the
surface morphology changed signiﬁcantly with increasing growth
time. The domain size of ZnO nanowalls decreased, and the density
of nanowall networks increased with increasing growth time. The
domain sizes of nanowalls were observed to be 100 nm–1.0 μm, 50–

Fig. 2. FESEM images of ZnO nanowall networks grown on GaN/sapphire substrate at 800° C under different growth times of (a and b) 20 min, (c and d) 30 min, and (e and f) 60 min.
Images of (a), (c), and (e) are top views, and images of (b), (d), and (f) are cross-sectional views.
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500 nm, and 30–300 nm for ZnO nanowall networks grown for 20, 30,
and 60 min, respectively. The heights of nanowalls were found to be
~700 nm, ~2.5 μm, and ~10 μm for ZnO nanowall networks grown for
20, 30, and 60 min, respectively. The nanowall widths were found to
be similar, 10–30 nm, for all of the ZnO nanowall networks. It should
be noted that prior to growth of ZnO nanowall networks, a continuous
ZnO thin ﬁlm on the GaN/sapphire substrate of ~200 nm, ~600 nm,
and ~2 μm thickness was grown for 20, 30, and 60 min, respectively.
Note that ZnO nanowall thickness is not proportional to the deposition
time, due to various reasons such as the different deposition rates of
two ZnO structures (nanowall and thin ﬁlm), preformation of ZnO
thin ﬁlms, and different domain sizes of ZnO nanowalls for different
growth times.
The mechanism of forming ZnO nanostructures is commonly
explained by vapor–liquid–solid (VLS) growth mechanism in which
metal catalysts play an important role [2,7,8]. However, the ZnO
nanowall networks grown in MOCVD method in our study do not
follow the VLS mechanism because of the growth without using metal
catalysts. It is known that ZnO growth along the [001] direction is
favored, since the surface energy of the (001) plane is greater than that
of the other crystal faces [12]. Kim et al. reported that when the Zn vapor
ﬂow was increased, the [001] direction crystallinity was improved;
however, at the same time, the surface became more rough [10]. The ZnO
nanowall networks can be formed with a sufﬁcient supply of Zn
adatoms. During the ZnO nucleation and growth stage, the high density
ZnO nuclei on the substrate surface can be easily coalesced into [001]
growth of ZnO nanostructures [8,10,13,14]. The continuous deposition of
Zn vapor and oxidation results in forming the ZnO nanowall networks.
Fig. 3 shows XRD patterns and HRTEM images of ZnO nanowall
networks to explain the detailed crystal information of ZnO nanowalls. The θ–2θ diffraction pattern of ZnO nanowalls in Fig. 3(a)
indicates a good epitaxial relationship between the (001) plane of ZnO
nanowalls and the GaN thin ﬁlms epitaxially grown into c-axis direction on sapphire due to very intense (002) peaks and far weaker extra
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(101) and (100) peaks. The (002) plane peaks of ZnO thin ﬁlms and
nanowalls, and GaN thin ﬁlms are not resolved due to an excellent
lattice matching between ZnO thin ﬁlms and nanowalls and GaN thin
ﬁlms, as shown in Fig. 3(a) and (b). These results show that ZnO
nanowalls are well crystallized and highly c-axis oriented. The full
width at half maximum (FWHM) of the rocking curve of the (002)
peak of ZnO nanowalls in Fig. 3(b) is 0.81°. This narrow FWHM of the
rocking curve conﬁrms that these nanowalls are well aligned and
oriented along the [001] direction with their c-axis perpendicular to
the substrate. The in-plane ϕ scan was performed by rotating the
sample of grown ZnO nanowalls along the surface normal direction.
Fig. 3(c) shows the ϕ scan at ﬁxed 2θ angle 47.5° for the speciﬁc
detection of (102) planes in ZnO nanowalls. The (102) plane family for
ϕ scan analysis is chosen, since 2θ difference between ZnO (102) and
GaN (102) is ~0.8°. The interference from each other could avoid due
to enough 2θ difference and the individual spectra of ZnO nanowalls
and GaN thin ﬁlms could be obtained [15]. The six peaks were
observed with an equivalent distance of 60°, indicating ZnO nanowalls
on GaN epilayer with six-fold symmetry in the in-plane epitaxial
relation. Fig. 3(d) shows the cross-sectional HRTEM image of ZnO
nanowalls. The average atomic spacing along the growth direction
was found to be ~0.26 nm. The lattice spacing of the (001) planes of
wurtzite ZnO corresponds to ~0.52 nm, consistent with the lattice
spacing observed from XRD patterns [14,16]. All results in Fig. 3 support the highly single crystallinity of ZnO nanowalls grown by MOCVD
in this study.
3.2. Photoluminescence properties of ZnO nanowall networks
Fig. 4 displays the temperature dependent PL spectra measured
from the top surface of ZnO nanowall networks. The PL spectra were
measured for ZnO nanowall networks grown for 20, 30, and 60 min, as
shown in Fig. 4(a), (b), and (c), respectively. PL measurement at low
temperature and temperature evolution of PL peaks should be traced

Fig. 3. XRD pattern and cross-sectional HRTEM image of ZnO nanowall networks grown for 30 min. (a) θ–2θ scan, (b) rocking curve, (c) ϕ scan of ZnO nanowall networks, and
(d) cross-sectional HRTEM images of ZnO nanowalls.
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Fig. 4. PL spectra with logarithmic scale of ZnO nanowall networks grown for (a)
20 min, (b) 30 min, and (c) 60 min measured at various temperatures (10, 20, 30, 40,
50, 60, 70, 100, 150, and 300 K).

in order to conﬁrm the corresponding assignments, since some of the
PL peaks at room temperature are very weak or combined with closely
narrow interval. The PL spectra at 10 K show excitonic behaviors
associated with free-exciton (FX), longitudinal optical (LO)-phonon
replicas of FX (FX-nLO), and LO-phonon replicas of donor-bound
exciton (D0X and D0X-nLO). The emission peaks at 3.378, 3.360, 3.307,
and 3.290 eV at 10 K are ascribed to FX, D0X, FX-1LO, and D0X-1LO. The
bound exciton peak is generally related to the D0X, since undoped ZnO
is a native n-type semiconductor by oxygen vacancies which act as ntype dopants. The oscillatory structure of PL spectra with energy
periodicity of ~70 meV was observed in LO-phonon replicas, which
is ZnO characteristic electron–phonon interaction due to the ionicity
of ZnO [17,18]. The emission peak locations at FX, D0X, FX-nLO, and
D0X-nLO signals are consistent for ZnO nanowall networks grown
for all growth times. On the other hand, the position of strong UV
(ultraviolet) emission band at room temperature shifted from 3.25 eV
to 3.28 eV with increasing growth time from Fig. 4(a) to (c). Additionally, the FWHM of UV emission PL peak measured at room
temperature decreased from 140 meV to 90 meV with increasing
growth time. At temperature below 100 K, the emission spectra of a
D0X peak are dominant. The intensity of the D0X peak steadily be-

comes weaker, wider with the increase of temperature and eventually
combined into the low energy shoulder of FX peak about 100 K. The
D0X related emissions were quenched due to thermal activation of
the bound excitons and FX related emission became dominant as the
temperature increases.
In particular, a stronger emission FX-1LO emission than FX emission
was observed at higher temperature (N100 K) in ZnO nanowalls grown
for 20 min (Fig. 4(a)), which have larger domain size and smaller height
than those grown for the longer growth times of 30 and 60 min (Fig. 4
(b) and (c)). For the ZnO nanowall networks grown for 30 and 60 min,
the FX emission was observed to be stronger than the FX-1LO emission
for all measured temperatures. The FX-1LO emission observed in ZnO
nanowall networks grown for 20 min can be associated with Ga
incorporation into ZnO nanowalls on a GaN epilayer substrate. Schneider
et al. reported that unintentional Ga incorporation into ZnO ﬁlm from
GaN substrate due to high growth temperature (777 ºC) led to bandgap
narrowing along a cross-section of ZnO ﬁlm from spatially resolved
cathodoluminescence study [18]. Makino et al. explained PL band
broadening at room temperature of Ga-doped ZnO by the contribution
of LO-phonon replicas due to Ga impurities [20]. It is also known that the
UV emission band of ZnO at room temperature suffered a red shift by Ga
doping due to incorporation of shallow levels below the conduction
band [20,21]. Therefore, strong FX-1LO emission (N100 K) and relative
red shift of maximum UV emission at room temperature in PL spectrum
of Fig. 4(a) are attributed to Ga incorporation into ZnO thin ﬁlm. Ga from
GaN layer can be diffused into the ZnO ﬁlm (Fig. 2(a)) because ZnO ﬁlm
deposited prior to growth of nanowall networks has enough thin-ﬁlm
thickness (~200 nm) and sufﬁcient growth times (20 min) to diffuse Ga
from GaN, as expected in a previous study [19]. However, Ga
incorporation into ZnO nanowalls would be negligible, since the ZnO
nanowalls (height of ~700 nm) are grown above the ZnO thin ﬁlm
(~200 nm) and Ga cannot easily reach ZnO nanowalls by diffusing
through the ZnO ﬁlm.
The ZnO nanowalls and ﬁlms with the Ga impurity diffused to different extents exhibit mixed PL properties of Ga-doped ZnO and
undoped ZnO. The ZnO nanowall networks grown for 20 min, with the
lowest thickness of ZnO thin ﬁlm deposited prior to growth of nanowall
networks among the three kinds of ZnO nanowall networks grown for
three different growth times, are most signiﬁcantly inﬂuenced by Ga
incorporation. It is expected that Ga incorporation into ZnO thin ﬁlms
are more susceptible than that into ZnO nanowalls due to preformation
of ZnO thin ﬁlms and fast growth rate of ZnO nanowalls. Fig. 2(d) and (f)
shows much thicker ZnO ﬁlms and higher nanowalls than those of Fig. 2
(b). Due to the growth rate of ZnO nanowall networks being faster than
the diffusion rate of Ga impurities expected from the previous study [19],
ZnO nanowall networks grown for longer growth times exhibit less
inﬂuence on PL properties due to Ga impurities. Therefore, the PL
properties shown in Fig. 4(a) due to Ga incorporation into ZnO thin ﬁlm
are different from those shown in Fig. 4(b) and (c). Since the surfaces of
ZnO nanowall networks grown for longer growth times have negligible
Ga incorporation, these PL properties show stronger FX emission than
FX-1LO emission without temperature dependence and display UV
emissions into a higher energy range at room temperature. Signiﬁcant
variation in FX-phonon coupling is due to different annihilation process
by lattice defects or related phonons at low temperature [20]. Different
relative strength of FX-1LO to FX at low temperature emissions is due to
the variations of concentration of impurities [20].
4. Conclusions
ZnO nanowall networks were synthesized on GaN/sapphire substrates by MOCVD method without using metal catalysts. Structural
characterizations by XRD and HRTEM revealed that ZnO nanowall
networks were single crystalline with c-axis growth direction. The
temperature dependent PL spectra from ZnO nanowall networks
grown for different growth times showed different excitonic and

Author's personal copy
J. Maeng et al. / Thin Solid Films 518 (2009) 865–869

phonon-assisted transitions. Strong FX-1LO emission (N100 K) and a
red shift of maximum UV emission were observed in ZnO nanowall
networks with the lowest thickness of ZnO thin ﬁlm among the ZnO
nanowall networks grown for three different growth times, which is
due to being signiﬁcantly inﬂuenced by Ga incorporation from the
GaN epilayer. 2-dimensional ZnO nanowall networks can be a promising material structure for various electrical and optical applications
due to the large surface area of nanowall networks.
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