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Growth habits and defects in epitaxial ZnO nanowires grown from Au catalyst on (00.1) GaN/
sapphire substrate using the vapor-liquid-solid (VLS) technique were studied using electron
microscopy and x-ray diffraction. The results revealed presence of both horizontal (crawling-like)
and vertical nanowires having similar orientation relationship to the substrate (00.1)7,01(00.1)guN»
[11.0],,0lI[11.0]G.n- The crawling-like growth precedes the vertical growth, and the coalescence
and overgrowth of the crawling nanowires produce a highly defective layer which separates the
substrate and vertical nanorods. Transmission electron microscopy revealed a high density of planar
defects in this interfacial layer. A significant density of stacking faults residing on the (0001) planes
was also observed in the shorter vertical nanorods. The crawling nanowires are under residual
compressive strain, whereas the vertical nanorods grow strain-free. © 2005 American Institute of

Physics. [DOL: 10.1063/1.2041832]

One-dimensional semiconductor nanostructures (nano-
wires and nanorods), exhibiting photonic and electronic con-
finement in two dimensions have attracted considerable in-
terest as potential candidates for a variety of nanoscale
electronic and optoelectronic devices. Nanowires/nanorods
of ZnO are particularly promising candidates for the opto-
electronic devices since ZnO features a wide band gap
(3.37 eV), combined with the largest excitonic binding en-
ergy (60 meV) of all semiconductors, and high optical gain
(300 cm™!) which facilitates the low-threshold stimulated
emission required in lasers.'?

Recently, ZnO nanowires have been grown on sapphire
using the vapor-liquid-solid (VLS) method,’ metalorganic
vapor-phase epitaxy (MOVPE),4 and pulsed laser deposition
(PLD),” on fused silica using chemical vapor deposition
(CVD),® and on GaN substrates using MOVPE.” Growth of
ordered ZnO nanowire arrays using porous anodic alumina
templates has also been achieved.® In all cases, the crystal-
lographic c-axis of ZnO was parallel to the nanowire/
nanorod axis and perpendicular to the substrate surface.
However, most recently, a horizontal VLS growth for the
ZnO nanowires on the a-plane sapphire has also been
reportedg_with the nanowire growth direction being parallel
to the [11.0] direction of the substrate. Most studies of ZnO
nanowires focused on the demonstration of the growth tech-
niques and initial characterization of the nanowire electrical
and optoelectronic properties, whereas little structural char-
acterization of ZnO nanowires and their interfaces with a
substrate have been reported. The present contribution de-
scribes structural characterization of ZnO nanorods grown on
the (00.1) GaN/sapphire substrate from Au catalyst using the
VLS approach. The major findings of this study include (i)
hitherto unreported coexistence of both horizontal (crawling-
like) and vertical growth modes for the nanowires/nanorods
and (ii) highly defective nature of the layer of crawling nano-
wires, which develops on the GaN surface and separates the
substrate and vertical ZnO nanorods.
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ZnO nanorods for this study were grown on a commer-
cial GaN layer (5 wm thick) on the c-plane sapphire; prior to
the growth, a 7 nm layer of Au was deposited using an
e-beam evaporation on the GaN surface. ZnO was grown in
a quartz tube furnace using a mixture of ZnO and graphite
powders. Similar amounts of zinc oxide (99.999% purity)
and graphite (99.99%) were ground together (total mixture
weight of 0.1 g) and placed in a Si boat in the center of the
tube furnace. The Au-coated GaN/sapphire substrate was
placed 6 cm downstream from the boat containing the ZnO-
graphite mixture. The furnace was purged with Ar
(0.50 1/min) for 15 min before ramping the temperature to
900 °C (heating rate 109 °C/min) followed by a 20 min
dwell under Ar flow (0.5 1/min).

The cross-sectional samples for transmission electron
microscopy were prepared using both (i) focused ion beam
(FIB) FEI (Ref. 10) Dual Beam 235 system and (ii) conven-
tional sectioning and grinding, followed by ion-thinning in a
Gatan Precision Polishing System (PIPS). The samples were
examined in a JEOL 3010-UHR transmission electron micro-
scope operated at 300 kV and in Hitachi-4700 FESEM.

SEM (Fig. 1) and XRD (Fig. 2) confirmed presence of
ZnO nanorods having their [00.1] growth axis perpendicular
to the substrate surface. The nanorods, 200 nm to 500 nm
long, featured Au caps as expected for the VLS growth with
the ZnO growing from the ZnO-saturated Au-melt.'""? In
addition to vertical nanorods, the SEM images (Fig. 1) re-
vealed the nanowires crawling over the substrate surface.
The SEM images suggest that these crawling nanowires also
emerged from the ZnO-saturated Au melt and continued to
grow by pushing the Au-droplet along the GaN surface. In
the absence of Au-particles, no deposition of ZnO on the
GaN surface was detected. The crawling nanowires devel-
oped a rough discontinuous layer on the substrate surface
(Fig. 1). At certain points [e.g., indicated by the white arrows
in Fig. 1(a)], the crawling growth mode changed to the ver-
tical growth with the separation of the Au-droplet from the
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substrate surface. Formation of similar crawling nanowires
can also be seen in the SEM images reported previously for
the ZnO nanowires VLS-grown on a-plane sapphire,3 which
indicates that the crawling growth mode of ZnO nanowires is
not specific to the GaN substrate. Our preliminary results on
separate samples indicate that the crawling nanowires grow
along the (11.0) directions of GaN."

XRD scans across the 00.2, 00.4, 00.6, and 10.5 reflec-
tions of GaN and ZnO yielded sharp diffraction peaks
corresponding to the weakly compressed GaN (a=3.180 A,
¢=5.186 A) and strain-free ZnO (a=3.246 A, ¢=5.207 A).
The sharp ZnO peaks were attributed to the vertical ZnO
nanorods. Rocking curve measurements utilizing the 00.2 re-
flections of ZnO and GaN yielded a full-width-at-half-
maximum (FWHM) of 0.314° and 0.149°, respectively. Ad-
ditional broad XRD peak, observed on the low-angle side of
the relaxed ZnO 00.6 and 10.5 reflections, was attributed to
the layer of ZnO crawling nanowires. This layer appears to
be under in-plane compressive strain, as expected from both
a thermoelastic mismatch between the ZnO and GaN/
sapphire and a lattice mismatch between the ZnO and GaN.

The structural quality of the ZnO nanorods and their
interfaces with the substrate were analyzed using TEM. Elec-
tron diffraction patterns confirmed that the nanorods grow on
GaN epitaxially. Most vertical nanorods exhibited a flat top
capped with Au [Fig. 3(a)]. Occasional nanorods having a
triangular-shaped (in projection) top without Au-droplet were
also observed and attributed to the fractured remains of ini-
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FIG. 2. XRD scan across the 0006 reflections of the ZnO and GaN. The
sharp ZnO peak corresponds to the strain-free vertical nanorods. The broad
ZnO peak was attributed to a layer of crawling nanowires. This layer is
under residual compressive strain.
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FIG. 1. SEM images of the ZnO nanorods grown on the
(0001) GaN surface. (a) The sample was tilted by 25°
with respect to the incident electron beam and the de-
tector. (b) Zero sample tilt. The layer of crawling ZnO
nanowires is visible in both images. An example of the
crawling nanowire having Au-droplet at one end is en-
circled with a dashed line. Examples of vertical ZnO
nanorods at the initial stages of their growth are indi-
cated using white arrows.

tially longer nanorods; however, growth of such Au-free na-
norods from Vapor]4 cannot be ruled out. Many of the nano-
rods exhibit a hexagonlike cross section with facets
predominantly residing on the {11.0} planes, as inferred from
the TEM images of plane view cut-through-nanorods
samples; these facet planes are consistent with the previous
reports.”” Bright-field images of ZnO nanorods [Fig. 3(b)]
recorded on the FIB-thinned cross-sectional samples reveal
significant density of planar defects that extend across indi-
vidual nanorods and can be attributed to the stacking faults
defects residing on (00.1) planes. Similar densities of stack-
ing faults have been reported recently for the MBE-grown
GaN nanorods.'* The TEM images of much longer ZnO
nanorods (typically found near the edges of the sample),
which were separated from the substrate and dispersed on
lacey carbon-coated grids, are shown in Fig. 4. In contrast to
the shorter nanorods, the longer nanorods appear to be
defect-free.

Cross-sectional TEM images also show a nearly continu-
ous layer of ZnO on the GaN surface [Figs. 3(a) and 5(a)].
The layer is about 5-20 nm thick and connects individual
ZnO nanorods. The layer exhibits a rough surface and the
ridges connecting the nanorods are readily visible in the
TEM images. This interfacial layer corresponds to the layer
of crawling nanowires observed in the SEM. Diffraction
contrast [Figs. 3(a) and 5(a)] and high-resolution [Figs.
5(b)-5(d)] TEM imaging indicated that this interfacial layer
contains a high density of stacking faults on the (00.1) planes
described by the displacement vector R=1/2[20.3] in the
[11.0] projection [Figs. 5(b) and 5(c)]. Such high densities of
defects on the basal planes are consistent with the broad 00.6
diffraction peak from the layer of crawling ZnO nanowires
observed by the XRD (Fig. 2). Additionally, the ZnO layer
features a high incidence of vertical (normal to the substrate)

FIG. 3. (a) TEM cross-sectional image of the ZnO nanowires/nanorods on
the GaN substrate. A nearly continuous interfacial layer of ZnO separating
vertical ZnO nanorods and GaN substrate is indicated using white dashed
line. (b) Magnified view of the rectangular area in (a). This image of a single
nanorod reveals significant density of stacking-fault (SF) like defects which
reside on the (0001) planes.
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FIG. 4. TEM images of top portions of the longer ZnO nanorods separated
from the substrate.

interfaces separating regions which differ by the translation
R=1/2c [Fig. 5(c)]. These interfaces appeared strongly in-
clined to the image plane, which is consistent with them
being parallel to the {11.0} planes oriented at 60° with re-
spect to the image. Similar types of translational interfaces
on both (00.1) and {11.0} planes have been reported previ-
ously for the GaN.'®"7 High densities of these defects, often
observed in GaN films in the vicinity of GaN/substrate inter-
face, have been attributed to the coalescence and overgrowth
of three-dimensional islands, which differ by a translation
with respect to the reference (e.g., substrate) lattice.'” Our
observations suggest similar effects for the ZnO nanowires
crawling on the GaN surface. We conclude that the crawling
growth precedes the vertical growth and creates a highly de-
fective interfacial layer separating the vertical nanorods from
the substrate.

{b)

Stacking faults

FIG. 5. (a) TEM cross-sectional dark-field image of the interfacial ZnO
layer. The image reveals a high density of planar defects. (b)-(d) HRTEM
images of planar defects in the interfacial layer. (b), (c) Stacking-faults
residing on the (00.1) planes. The displacement vector R is indicated in (c).
(d) Planar translational interface (indicated by arrows) residing on the {11.0}
planes inclined at 60° to the image plane.
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HRTEM images of the ZnO/GaN interfaces analyzed by
fast Fourier transform filtering revealed the presence of mis-
fit dislocations. The spacing between dislocations corre-
sponding to a completely relaxed layer was estimated'® as
L=(d,+d,)*/4(d\~d,)~14.4 nm, where d;=d(10)GaN
=0.277 nm, and d,=d(170)z,0=0.281 nm. The spacing be-
tween the misfit dislocations observed experimentally varied
among different regions but typically was close to 14 nm
indicating that the epitaxial strain in ZnO is largely relaxed.
Therefore, the compressive strain in the crawling nanorods
inferred from XRD must be dominated by the thermoelastic
mismatch between the ZnO and GaN/sapphire substrate.

A recent regort on the VLS growth of aligned horizontal
ZnO nanowires  on the a-plane of sapphire indicated that the
horizontal growth mode was very sensitive to both the size
of metal catalyst particles and the interparticle spacing. In
particular, smaller particle sizes were observed to promote
horizontal growth of ZnO nanowires preferentially along the
[11.0] direction of sapphire, whereas larger particle sizes
yielded random growth directions. The exact fundamental
reasons which define the balance between the crawling and
vertical VLS growth modes of nanowires/nanorods have yet
to be established.

In summary, our results demonstrate that the uninten-
tional crawling-like VLS growth of nanowires which occurs
prior to vertical growth generates a highly defective strained
interfacial layer between the vertical nanorods and the sub-
strate. The high density of defects in this interfacial layer is
likely to affect electrical properties of the nanorods/substrate
heterostructure. Crawling-like growth appears to interfere
with the initial stages of vertical growth causing relatively
high densities of planar defects in the bottom of the vertical
nanorods.
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