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ABSTRACT Waurtzite ZnO nanowall structures have been synthesized on a (110)
Al O3 substrate by a thermal evaporation and condensation method. The nanowalls
are connected to each other and have a thickness of about 20—100 nm. An excel-
lent epitaxial relationship with the substrate has been observed by X-ray diffraction.
Edge-dislocation dipoles were observed by transmission electron microscopy. Photo-
luminescence measurements show strong UV emission at 390 nm for the white-gray
nanowalls grown at high temperature, and very weak UV emission for the reddish

nanowalls grown at low temperature.

PACS 78.55.-m; 81.05.Je; 81.10.Bk; 81.15.Ef

Nanoscaled materials have attracted
a great deal of interest. Recent ef-
forts have been shifted to the synthe-
sis, characterization and potential ap-
plications of various wide band gap
semiconductor nanowires. Many semi-
conductor nanowires and nanorods, in-
cluding Si [1,2], Ge [3], GaN [4],
GaAs [5], InAs [6], etc., have been
fabricated for various potential appli-
cations. ZnO, with a wide direct band
gap of 3.37 ¢V and a high exciton bind-
ing energy of 60 meV, which is much
higher than those of ZnS (20 meV) and
GaN (21 meV), is of much interest for
blue and ultra-violet (UV) optical de-
vices, transparent conductive films, so-
lar cells [7], sensors [8, 9], photocatal-
ysis [10], transparent field-effect tran-
sistors [11] and bulk acoustic wave de-
vices [12]. Various ZnO nanostructures,
such as nanowires [13], nanobelts [14],
tetrapods [15], nanobridges and nanon-
ails [16], and hierarchical nanostruc-
tures [17] have been synthesized. ZnO
nanostructure properties and applica-
tions [18—20] have been explored. Here
we report a new ZnO nanostructure:

nanowalls, synthesized by the vapor—
liquid—solid (VLS) method that have

for the ZnO nanowall growth. When
the substrate temperature is at about
875-950°C and the pressure at 0.5 to
1.5 Torr air, we found ZnO nanowall
structures on the sapphire substrate. The
nanowalls grown at high temperature
show a milky white-gray color, while
the structures grown at low temperature
show a reddish color.

Based on scanning electron mi-
croscopy (SEM) and X-ray diffrac-
tion (XRD) examination, not much dif-
ference has been found between the
nanowalls grown at high and low tem-
peratures. Figure 1 shows the typical
SEM image of ZnO nanowall struc-

amorphology close to the carbon nanowall tures at 950 °C. The nanowalls inter-

structures [21]. (We noticed a short re-
port of a similar structure [22] when
we were writing this paper.) These
nanowall structures are epitaxially
grown on a sapphire substrate and closely
related to each other. They can be po-
tentially used for photocatalysts, opto-
electronics and templates for forming
other nanowall structures using a coat-
ing [23] or nanoshells following the
coating with thermal evaporation and
reduction steps [24].

The ZnO nanowall is synthesized
by the same thermal evaporation and
condensation method as described in
previous reports [16, 17,25] except that
a thin layer of gold was coated on the
substrate as catalyst. No growth has
been found on the catalyst-free substrate
surface. Briefly, a mixture of ZnO and
graphite powders was used as the source
and put into the sealed end of a small
quartz tube. A (110) sapphire substrate,
coated with 1-3 nm of Au thin film, was
placed at the open end of the quartz tube
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connect with each other to form a net-
work. The pore size varies from several
hundred nanometers to 1 micron. Fig-
ure 1a shows the medium-magnification
view of small nanowalls and Fig. 1b
shows large-size nanowalls. Figure Ic
shows the SEM image of the nanowalls
with nanowires on the junctions. These
nanowires are perpendicular to the sub-
strate. Most of the nanowall flakes are
perpendicular to the substrate, although
some could form certain small an-
gles with the substrate. These nanowall
flakes do not exhibit a clearly ordered
pattern and some pieces are curved.
Nevertheless, many of the nanowall
flakes are parallel to each other and
show a quasi-hexagonal pattern and
most of the flakes form angles that
are multiples of 30°. Figure 2 shows
the XRD 2-theta diffraction pattern of
the white-gray nanowalls. Due to the
good epitaxial relation between the ¢
plane of ZnO nanowalls and the a plane
of sapphire, only the ZnO (0002) and
(0004) peaks can be seen. Figure 2b
shows the Omega scan of the (0002)
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FIGURE 1
synthesized by vapor transport and condensa-
tion method. a A medium-magnification SEM
image of the small-size nanowalls. b A medium-
magnification SEM image of the large-size
nanowalls. ¢ A medium-magnification SEM
image of the nanowalls with nanowires at the
junctions

peak of the sample. The peak splits
into two small ones. The FWHM of
the peak is 0.24 degree. The peak split
has also been found from the substrate
(with FWHM of 0.03 degree as shown
in Fig. 2¢). Therefore, the ZnO nanowall
peak split is probably due to the sub-
strate peak split. Figure 2d shows the
Phi scan of the (0112) peak of ZnO
nanowalls on sapphire. The six peaks,
with equivalent distance of 60 degrees,
demonstrate the in-plane epitaxial rela-
tion of ZnO nanowalls with the a-plane
single-crystal sapphire substrate.

Figure 3a shows the transmission
electron microscopy (TEM) image of
a ZnO nanowall flake. This nanowall
flake has a width of 330nm and a
length of 800 nm. The orientation of
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FIGURE 2 XRD spectra of the nanowalls structure. a 2-theta scan. b and ¢ Omega scan of the
nanowalls and substrate, respectively. d Phi scan of the ZnO nanowalls

the flake changes slightly from region
to region, which is possibly caused by
bending of the flake. Figure 3b shows
the associated selected-area electron-
diffraction (SAD) pattern. The appear-
ance of the extinction diffraction spots
such as (0001), (0003), etc., is caused by
double diffraction. From the SAD pat-
tern, the nanowall flake should be on
the {1120} plane, and the direction from
bottom to top of the paper is [0001]. This
result is consistent with the XRD re-
sult shown in Fig. 2a. Interestingly, the
two long edges (indicated by arrows)
of the nanowalls are on the high-index
plane inclined to the (0002) plane, and
they are composed of many steps of
small (0002) facets. Figure 3c shows
a higher-magnification phase-contrast

image clearly showing the dislocations
in the flake. Lots of the nanowall flakes
have such dislocations. Figure 3d shows
the high-resolution TEM image of the
flake. These dislocations with a length
of about 20 nm distribute periodically in
the flake. A high-resolution image such
as that shown in Fig. 3d indicates that
each dislocation line is associated with
two heavily strained areas. If one draws
a Burgers circuit to enclose each heav-
ily strained area (Fig. 3d), one can see
that each strained area is associated with
a perfect dislocation with a Burgers vec-
tor of either 1/3[2110] or 1/3[2110].
The fact that each dislocation line is
associated with two dislocations with
opposite Burgers vectors suggests that
these dislocations are actually disloca-
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structure. a A low-magnification TEM image of
a nanowall flake. b A SAD pattern. ¢ A high-
magnification phase-contrast image showing the
edge-dislocation dipoles. d A high-resolution
TEM image of the dislocation dipole

tion dipoles. The Burgers vectors of
these perfect dislocations are parallel
to the (0002) plane, which are typi-
cal mobile dislocations in a hexagonal
structure. The reason for the existence of
dislocations in the flakes is not clear.

We have also managed to grow
aligned ZnO nanowire arrays on a-
plane sapphire substrates using a similar
method. Au catalyst is also necessary
to grow the aligned nanowires with ei-
ther white-gray or reddish color, the
same as for nanowall growth. There-
fore, the growth of the nanowalls must
be based on the VLS mechanism. Dur-
ing the nucleation and growth stage, the
Au—Zn alloy on the substrate surface
could form connected ripples instead of
the separated dots that are the forma-
tion bases for the aligned arrays. The
subsequent deposition of Zn vapor and
oxidation of segregated Zn from super-
saturated Au—Zn alloy results in the
nanowall structure. Due to the epitaxy of
the nanowalls to the sapphire substrate,
the nanowalls are both in-plane and out-
of-plane aligned.

For photoluminescence (PL) meas-
urements, the samples were irradiated
with an excitation wavelength of 325 nm
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FIGURE 4 Photoluminescence spectra of the nanowalls. a Spectrum of white-gray nanowalls grown
at high temperature and b spectrum of reddish nanowalls grown at low temperature

and emission scanning was performed
in the range 340-600 nm. Figure 4
shows the room-temperature photolu-
minescence measured on as-prepared
ZnO nanowalls on a sapphire substrate.
Curve (a) is the spectrum from white-
gray nanowalls grown at higher tem-
perature, and curve (b) is that from
reddish nanowalls grown at lower tem-
perature. The strong UV emission at
390 nm for spectrum (a) is attributed to
the band-edge emission of ZnO wurtzite
structure. The green-yellow broad deep-
level emission is not as strong. Spectrum
(b) shows big broad green-yellow emis-
sions, but very weak UV emission. The
broad green-yellow emission band is at-
tributed to a defect that results in radia-
tive transitions between shallow donors
and deep acceptors [26]. Vanheusden et
al. [27] proved that the green-yellow lu-
minescence is due to the single oxygen
vacancy in ZnO and the radiative combi-
nation of a photogenerated hole with an
electron occupying the oxygen vacancy.
These results are consistent with other
reports [28]. No obvious quantum-effect
shift has been found for the spectrum
compared to the bulk, which is under-
standable because usually the struc-
ture needs to be smaller than 20 nm to
show the quantum effect. Annealing can
also change the spectrum. Annealing in
oxygen atmosphere at 600°C for 2h
suppresses the green-yellow emission
completely, and a vacuum annealing
at 400 °C suppresses both the UV and
the green-yellow emissions by a small
amount. The strong emission from the

band edge suggests the excellent crys-
talline structure of the nanowalls grown
at high temperature.

In conclusion, we have synthesized
Zn0O nanowall structures on an a-plane
sapphire substrate. The nanowall grows
epitaxially from the substrate. Growth
temperature has an effect on the nano-
walls’ color and photoluminescence
emission. Oxygen and vacuum anneal-
ing also change the PL spectra. The
same structure has not been grown on a
Si substrate under the same conditions
because the epitaxy relation is necessary
for the nanowall growth.
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