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Catalyst-free synthesis of ZnO nanowall networks on Si3N4/Si substrates
by metalorganic chemical vapor deposition
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ZnO nanowall networks were synthesized on Si3N4/Si �100� substrates at low growth temperature
of 350 °C by metalorganic chemical vapor deposition �MOCVD� without any help of metal
catalysts. Depending on MOCVD-growth conditions, a large number of nanowalls with extremely
small wall thicknesses below 10 nm are formed into nanowalls with a thickness of about 20 nm,
resulting in the formation of two-dimensional nanowall networks. The ZnO nanowall networks were
found to have a preferred c-axis orientation with a hexagonal structure in synchrotron x-ray
scattering experiments. Room-temperature hydrogen incorporation into ZnO nanowall networks has
been observed in photoluminescence measurements. © 2006 American Institute of Physics.
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ZnO with a wide band of 3.37 eV and large excitonic
binding energy of 60 meV is of great interest for photonic
applications.1,2 Recent researches have shown that ZnO ex-
hibits room-temperature �RT� stimulated emission.3,4 In ad-
dition, ZnO is very promising in possible device applications
such as hydrogen-storage application,5 solar cells,6 chemical
sensors,7,8 and surface acoustic wave devices.9 ZnO nano-
structures such as quantum well,10 quantum dots,11

nanowires,12 nanobelts,13 nanonails,14 and nanotubes15 have
been attracting great attention because it is expected that the
device performance can be improved by nanostructuring. Re-
cently, several groups have reported on the fabrication of
ZnO nanowalls using a vapor-liquid-solid �VLS� process16,17

with a metal catalyst at high growth temperature of over
900 °C. However, high temperature processes seriously limit
device applications and increase thermal strain in the grown
nanostructures. Moreover, a broad deep-level emission band
is usually observed in ZnO nanostructures grown by a VLS
process, indicating that they contain a great number of point
defects.17,18

ZnO nanowalls grown by metalorganic chemical vapor
deposition �MOCVD� have been recently reported without
the aid of a catalyst at relatively low growth temperatures
�around 500 °C�.19,20 They suggested that ZnO nanowalls
can be used in energy-storage devices, chemical and biologi-
cal sensors, and dye-sensitized solar cells because the total
surface area in nanowalls is much larger than that in thin
films. However, the density of the ZnO nanowalls in their
work is not sufficient to realize above-mentioned devices
with high efficiency. Wan et al.5 reported on RT hydrogen-
storage characteristics of ZnO nanowires, indicating that re-
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alization of high-density ZnO nanowalls is very promising
for hydrogen storage because an active surface area of
nanowall structures is much larger than that of nanowire
structures.

The MOCVD growth for ZnO nanowall networks was
carried out on Si3N4 �50 nm� /Si �100� substrates at a pres-
sure of 200 Torr for 30 min. The Si3N4 layer on Si was de-
posited by plasma-enhanced chemical vapor deposition.21

Typical flow rates of source materials for the ZnO growth,
diethylzinc �DEZn� and N2O, were 3–5 and 1250 �mol/min,
respectively.22 The MOCVD-growth temperature of 350 °C
was introduced.

Figure 1 shows field-emission scanning electron micro-
scope �FE-SEM� images of ZnO nanowall networks grown
on Si3N4 �50 nm� /Si �100� substrates at 350 °C in the
MOCVD chamber as a function of DEZn flow rates from
3 to 5 �mol/min. These images show that two-dimensional
ZnO nanowall networks were grown vertically on the sub-
strates. It should be pointed out that the average thickness of
nanowalls grown with the DEZn flow rate of 5 �mol/min is
much smaller than that in previous reports.16,17,19,20 As
shown in Figs. 1�c� and 1�f�, a large number of nanowalls
with extremely small wall thicknesses �below 10 nm� formed
networks into relatively large nanowalls �average nanowall
thickness of about 20 nm�. The size distribution of the ex-
tremely small nanowalls formed into relatively large nano-
walls is remarkably uniform over the whole substrate surface
area. The DEZn flow rate was found to cause rather drastic
changes to the morphology of the nanowall networks, which
means that the nanowall density and size are strong functions
of the DEZn flow rate, as shown in Fig. 1. The density of the
nanowalls increased, and the size of these decreased dramati-

cally by increasing the DEZn flow rate. As shown in Figs.
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1�a� and 1�d�, it is difficult to observe the extremely small
nanowalls in the sample grown with the DEZn flow rate of
3 �mol/min. This fact indicates that zinc atoms play an im-
portant role in the formation of nanowall networks with high
density. The average heights of ZnO nanowall networks are
950 nm, 1.1 �m, and 1.2 �m, respectively, as shown in the
insets of Figs. 1�d�–1�f�.

Figures 2�a� and 2�b� show the diffraction profiles of the
ZnO nanowall samples grown with the DEZn flow rate of 3
and 5 �mol/min, respectively, along the substrate normal
direction in reciprocal space measured by typical �-2� scans
�Q=4� sin�2� /2� /��. The diffraction peak of the ZnO
nanowall networks grown with the DEZn flow rate of
5 �mol/min occurs only at 2.41 Å−1 which is related with
the ZnO �0002� Bragg reflection �Fig. 2�b��, while the ZnO
nanowall networks grown with the DEZn flow rate of
3 �mol/min not only have the ZnO �0002� Bragg reflection

but also the ZnO �101̄0� and ZnO �101̄1� Bragg reflections
�Fig. 2�a��. The diffraction profile is measured in the
�2.1 Å−10l� direction in reciprocal space, keeping in-plane
momentum transfer at the reciprocal of the in-plane lattice
spacing to study the stacking order of the grown ZnO

nanowall networks.23 The cubic �111̄� and cubic �002� reflec-
tions would occur at �2.1,0 ,0.8 Å−1� and �21,0 ,1.6 Å−1�,
respectively, while the hexagonal �101̄1� reflection would
occur at �2.1,0 ,1.2 Å−1�. Therefore, we could conclude that
the crystal structure of both samples is hexagonal, as shown
in Figs. 2�c� and 2�d�.

Effects of the DEZn flow rate on the crystal quality and

FIG. 1. FE-SEM images of MOCVD-grown ZnO nanowall networks on
Si3N4/Si �100� substrates at 350 °C under different DEZn flow rates. ��a�,
�b�, and �c�� Plan-view FE-SEM images of the ZnO nanowall networks with
DEZn flow rates of 3, 4, and 5 �mol/min, respectively. ��d�, �e�, and �f��
Tilting-view FE-SEM images of �a�, �b�, and �c� samples, respectively. In-
sets show cross-sectional FE-SEM images of the ZnO nanowall networks on
Si3N4/Si �100� substrates. A scale bar in the insets indicates 500 nm.
surface morphology of ZnO thin films on Si substrates have
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been investigated in a previous research �which will be pub-
lished elsewhere�. When the DEZn flow increases, the c-axis
oriented crystallinity is improved, but the surface smooth-
ness deteriorates, which indicates that ZnO grows three di-
mensionally in a high DEZn flow rate. In the growth condi-
tion of a high DEZn flow rate, a large number of zinc
adatoms incorporate and effectively form ZnO nuclei on
Si3N4/Si �100� substrates, resulting in the formation of
nanowalls with an extremely small wall thickness and a high
density as well as a preferred c-axis crystal orientation.
Therefore, an average height of the nanowall networks in-
creases with the increment of a DEZn flow rate, as shown in
the insets of Fig. 1.

We measured the azimuth scan at the nonspecular ZnO

�101̄1� Bragg peak position to study structural correlation
between substrates and ZnO nanowall networks �not shown�.
From the experiment, it could be concluded that both
samples have no epitaxial relationship between substrates
and ZnO nanowall networks, but a preferred c-axis growth
behavior of ZnO on Si3N4/Si substrates due to the amor-
phous Si3N4 layer on Si. Although the formation mechanism
of catalyst-free MOCVD-grown nanowall networks on
Si3N4/Si substrates is not described clearly in the present
study, relaxation of the lattice mismatch strain induced by the
absence of epitaxial relation between ZnO and the Si3N4
layer may play a key role in the formation of the ZnO
nanowall networks.

The influence of the H2 treatment to optical properties of
the ZnO nanowall networks was investigated by photolumi-
nescence �PL� measurements using excitation at the 325 nm
line of a He–Cd laser as an excitation source. Figure 3 shows
PL spectra of the as-grown nanowall-network samples
�shown in Figs. 1�a� and 1�c�� and H2-treated nanowall-

FIG. 2. ��a� and �b�� Powder diffraction profiles along the substrate normal
direction in reciprocal space measured on the ZnO nanowall networks
grown with the DEZn flow rate of 3 and 5 �mol/min, respectively. ��c� and
�d�� Scattering profiles along the �2.1 Å−10l� direction from the samples of
Figs. 2�a� and 2�b�, respectively. They are sensitive to the stacking sequence
of the atomic layers of ZnO nanowall networks.
network samples. Hydrogenation �H2 flow rate: 1000 SCCM
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�standard cubic centimeter per minute�� was carried out in
the MOCVD chamber under a pressure of about 0.1 MPa
�760 Torr� for 90 min at RT. Each as-grown ZnO nanowall
sample clearly shows ultraviolet near-band-edge emission
around 3.29 eV and broad deep-level emission around
2.4 eV, while the near-band-edge emission band strongly
quenches and the deep-level emission band disappears in
both samples after hydrogenation. The intensity of near-
band-edge emission from the hydrogenated nanowall-
network sample �grown with the DEZn flow rate of
5 �mol/min� with extremely small nanowalls is very weak
�about eight times weaker than the intensity of near-band-
edge emission from the as-grown sample�, as shown in Fig.
3�b�, which might be attributed to enlarged surface areas for
favorable hydrogen incorporation.

The absorption of hydrogen on a bulk ZnO surface has
been investigated based on the applications of ZnO in hydro-
gen sensing.24,25 Hence, we believe that the major process
behind the interaction between the nanowalls and hydrogen
is the chemisorption of the dissociated hydrogen on the ZnO
nanowall surface. Of course, we should not exclude the pos-
sibility of physisorption of hydrogen into nanosized holes or
pores which might be present on the nanowall surface. Hy-
drogen is suspected of forming a shallow donor state.26,27

Thus incorporated hydrogen atoms during hydrogenation
could introduce a large number of nonradiative recombina-
tion centers, resulting in strong quenching of the near-band-
edge emission.5 Furthermore, the near-band-edge of the hy-
drogenated nanowall samples shifts toward higher energies
compared to that of the as-grown samples, which is likely
due to the Burstein-Moss effect.28,29 In addition, disappear-
ance of the deep-level emission band after hydrogenation in
accordance with the results in the previous reports might be
attributed to hydrogen passivation of point defects such as
oxygen vacancies causing deep-level emission.5,30 However,
the intensity of the near-band edge-emission from the hydro-
genated sample �shown in Fig. 3�b�� was almost recovered
by thermal annealing at 200 °C comparable to that of the
near-band-edge emission from the as-grown sample.

FIG. 3. PL spectra of ZnO nanowall networks measured at RT. �a� DEZn
flow rate of 3 �mol/min: as-grown sample and H2-treated sample. �b�
DEZn flow rate of 5 �mol/min: as-grown sample and H2-treated sample.
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In summary, catalyst-free synthesis of ZnO nanowall
networks on Si3N4 �50 nm� /Si �100� substrates at low
growth temperature of 350 °C by MOCVD without catalyst
driving was reported in this work. In the MOCVD-growth
condition with the DEZn flow rate of 5 �mol/min, a large
number of nanowalls with extremely small wall thicknesses
below 10 nm formed networks into nanowalls with a thick-
ness of about 20 nm. The nanowall density, size, and crystal
orientation are strong functions of the DEZn flow rate.
Hydrogen-storage behavior of the ZnO nanowall networks
hydrogenated at RT has been investigated by RT PL mea-
surements, indicating that ZnO nanowall networks are prom-
ising in the application of hydrogen-storage devices.

This work was partly supported by a research fund from
the Kumoh National Institute of Technology, Project No.
2005-104-107.
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