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ABSTRACT: Novel hierarchical ZnO—Ga,0O3 nanostructures were fabricated via a two stage growth process. Nanowires of Ga,O3
were obtained in the first stage by the vapor—liquid—solid mechanism and used as the foundation for growth of self-assembled,
ordered arrays of ZnO nanostructures during the second stage by the vapor—solid mechanism. The resulting hierarchical nanostructures
had a final morphology consisting of nanobrushes (NBs) with Ga,O; as the core and ZnO as the branches self-assembling symmetrically
in six equiangular directions around the core. Characterization of the NBs was performed by scanning and transmission electron
microscopies, energy dispersive spectroscopy, and Fourier transform infrared spectroscopy. The mechanism of formation is discussed
together with potential applications, among which is the aligned growth of vertically aligned ZnO nanorods that are touted for
optoelectronics. Advantages of this alignment method are lower temperature growth, reduced amount of thermally induced defects,

and absence of catalytic impurities.

Introduction

With an ever growing list of potential applications, there is
a greater demand for developing new methods for producing
nanostructures (NS) with diverse and tunable properties. Often
materials properties can be modified by the addition of other
materials with complementary properties to form core—shell,
hetero- and/or doped structures. These methods can tune
materials to the desired properties, as well as help to achieve
multifunctionality. Therefore, much work has recently focused
on developing approaches for synthesizing NS consisting of
different materials, including ZnO and G&0s. These semicon-
ducting oxides find many potential applications in optoelec-
tronics, near UV-lasers, photonics, and gas sensors.>? Many of
these applications depend on, and can be reinforced by, the
controlled and reproducible alignment of NS with well-defined
morphologies.? For example, needle-like ZnO NS show excel-
lent field emission characteristics®* because of the extreme
sharpness of the tips. However, creating ordered or aligned
patterns in high-density arrays is still a challenge.® Although a
variety of methods for obtaining laterally aligned NS exist,>’
techniques for the synthesis of vertically aligned NS are limited.
Currently, the most successful method for fabricating vertically
aligned parallel NSis a growth based on an epitaxial relationship
between the substrate and the NS.*3 Many of these methods
require high temperatures (>800 °C),% at which additional
thermally induced defects form in oxides with variable composi-
tion (e.g., Zn0),%° and a catalyst (e.g., VLS growth) which
might introduce undesired impurities or dopants.*® However,
methods that do not require high temperatures and catalyst
assistance need additional processing so that every single
nanorod has a contact to a conductive pathway.

Another promising method for creating ordered and/or aigned
patterns of NS is the controlled growth of hierarchical NS.
Although there is a large variety of hierarchically branched
morphologies, only those where branches self-assemble regularly
and symmetrically around the core are most promising for
controlled growth of aligned NS. Such heterostructures have
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been obtained by growth of ZnO,°~** Ga,05,** Sn0,,*® and
GaAs' nanorod branches symmetrically around the nanowire
(NW) cores composed of materials with cubic (In,0s,%
Fe,03,*° and Si'®) and/or hexagonal (wurtzite ZnO™ %) crystal
structures. If these NWs or nanorods are initially prearranged
in a given pattern, subsequently deposited branches will aso
be aligned as determined by their orientation relative to the core.
For better control of this method of creating aligned NS, one
needs to understand the general mechanism of their formation.
In this work, for the first time, we report the formation of
highly symmetrical hierarchical ZnO—Ga,O3; NS where single-
crystal ZnO branches grow not on a core with cubic or
hexagona structure as reported for other branched morphologies
but on alow-symmetry monoclinic 5-Ga,O3 core. ZnO branches
grow in six equiangular directions perpendicular to the Ga,0s
core, thus yielding the heterostructural morphology of a nano-
brush (NB). The branches are arranged regularly and parallel
to each other in each row. This regular and symmetrical self-
assembly may be used, as shown by our preliminary tests, in
the controlled growth of aligned ZnO nanorods with very sharp
tips. The main advantages of this method for obtaining aligned
ZnO NS are low growth temperature for avoiding thermally
induced defects, absence of catalytic impurities, and ZnO
nanobranch growth with one end already in contact with an
electrically conductive pathway (Ga,O; core). Additionally, we
discuss the likely formation mechanism for these NBs.

Experimental Section

Growth of the ZnO—Ga,O; heterostructures was performed in atwo-
stage process. The first stage involved the growth of Ga,O; NWSs by
the VLS method®” on a Si substrate using pure Ga as the source and
a 20 nm Au layer as the catalyst in a mixture of Ar and O,.1° The
second stage involved the growth of ZnO nano arrays on the resultant
Ga,O3 NWs obtained in the first stage. For this stage, an aumina boat,
containing Zn powder and pieces of a silicon substrate with Ga,Os
NWs from the first stage, was loaded into a horizontal quartz tube
furnace. Zn powder was placed in the hottest zone at the center of the
furnace with the Ga,O; NWs in close proximity on the downstream
side. The furnace was quickly ramped to 560 °C and held at this
temperature under constant Ar flow (1000 mL/min) for 1—2 h and then
quickly cooled. To investigate the growth mechanism, second stage
experiments were terminated at different time intervals. The resulting
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Figure 1. SEM image of Ga,Oz nanowires.

samples were analyzed and characterized by Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS) using a LEO SUPRA 55, and transmis-
sion electron microscopy (TEM) using a JEOL 2200 also with EDS
capabilities.

Results

SEM and TEM analyses showed that the NWs are straight,
single crystals largely free of any extended defects (Figure 1),
and with diameters of 50—150 nm and lengths of up to hundreds
of micrometers. Selected area diffraction (SAD) of numerous
NWs confirmed they are monoclinic 5-Ga,0O; single crystals
with a = 12.23 A, b = 3.04, ¢ = 5.80, 8 = 103.7°*® and
elongated along [010] and [100] directions (Figure 2a—d). The
number of NWs analyzed by TEM was statistically insufficient
to alow the determination of asingle preferred growth direction
or relative percentages of the two growth directions observed.
Larger Ga,0O; NWs were elongated along the [201] direction
and exhibited surfaces consisting of zigzag (010) and (200)
facets (Figure 2g). Zigzag facets were not observed for small
NWs but some manner of faceting is expected along the growth
axis consisting of planes with low surface energies. %!

The FTIR spectrum (Figure 3) of the ZnO—Ga0Oz; NBs with
short bristles (Figure 4) exhibited bands that matched the known
FTIR spectrum of Ga,0s: two strong bands at 450 and 670 cm™*
(A, modes), and four weak bands at 517, 613, 720, and 765
cm™ ! (B, modes). The positions of these weaker bands, however,
are dlightly shifted relative to pure Ga,03.%2 Thus, A, modes of
Ga,O3, which are polarized to the b-axis, a2-fold axis, dominate
the spectrum. B, modes, which are polarized perpendicular to
the b-axis, are very weak when compared to the FTIR spectrum
of bulk Ga,0; and Ga,05 nanoribbons.?? In a cylindrical NS,
in which the wavelength of the IR light is much greater than
the NS diameter, the electric field of the incident IR radiation
polarized normal to the cylinder axis is reduced in intensity,
inside the NW, by the electrostatic depolarization field.>® Light
polarized parallel to the cylinder axis, on the other hand, is
unaffected. On the basis of the above information, we conclude
that most of our cylindrically shaped NWs are elongated aong
the b-axis, or [010] direction, in agreement with our TEM
observations. Two additional bands at 418 and 578 cm™* (Figure
3) indicate the presence of ZnGa,0,** and will be further
addressed later in this paper.

The resulting NS obtained during the second growth stage
were brush-like structures exhibiting two morphologies, depend-
ing on the duration of the second growth stage. The first
morphology type was NBs with short, thick branches (“bristles’,
Figure 4) and an overall diameter of ~1 um. These NBs formed
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when the second stage lasted for 1—1.5 h. The ZnO bristles
grew in parallel arrays perpendicular to the Ga,O; core and
exhibited hexagonal ends (Figure 4b) indicating that the bristles
grew along the [0001] direction. Initialy, these bristles are rather
thick (Figure 4c), but they become more elongated and thinner
in diameter with continued growth. The overall diameter of the
fully formed 6-fold structure increases to 2.5 um (Figure 4c).

The second morphology type for these NBs has longer
branches (“needles’, Figure 5) with a tip-to-tip distance of ~8
um and was observed when the second growth stage lasted 2 h.
These ZnO needles also grow out in six equiangular directions
perpendicular to the Ga,O; core as long parallel arrays (Figure
5a,c). The length of these needles are ~3 um, and the
thicknesses are ~40—50 nm at the base, 15—17 nm in the
middle, and 10—12 nm at the tip (Figure 5b). The length of
both types of NBsis determined by the total length of the Ga,05
NW core and reaches severa hundreds of micrometers. EDS
analysis in the SEM could not detect Ga for either NBs
morphology types because of the dense ZnO nanorods arrays
surrounding the Ga,O3 cores. However, EDS analysis in the
TEM confirmed the bristles in the early phases (Figure 6a) and
later phases (Figure 7a) of growth are composed purely of Zn
and O, whereas the core consisted mostly of Ga and O with
typicaly less than 2 wt % Zn. The ZnO needles, formed during
the later phase of growth, showed no variation in the Zn:O ratio
along the length of the needle.

TEM verified that both short bristles and long needles grow
independently along the [0001] direction (Figures 6b, 7a), a
typical growth direction for rod-like ZnO structures.® Addition-
ally, SAD analysis along the long axis of the NB showed that
each ZnO bristle was oriented with the [2110] direction paralle
to the growth direction of the Ga,O; core. High resolution
imaging (Figure 7b), where the independently grown ZnO
branches have coalesced, show a ~60° twin boundary. This
observation strongly indicates the nucleation and growth of these
ZnO nanobranches were near perfectly initiated along equian-
gular (60°) directions without significant formation of extended
defects.

Though FTIR indicated the presence of ZnGa,O, in the NBs,
TEM analysis could not provide direct confirmation. Neither
HRTEM nor SAD of the first stages of growth of NB (Figure
5a,b) could identify lattice fringes or diffraction patterns
indicative of the spinel ZnGa,O,. One reason for the discrepancy
is likely that the amount of ZnGa,O, present is insufficient to
yield astrong signal for either HRTEM or SAD. However, FTIR
isaglobal, averaging approach with higher sensitivity to trace
compounds up to 1—2 wt %. Additionally, any ZnGa,O, present
will likely be confined between the interface of ZnO bristles
and the Ga,O5 core. The final NB structures are much too thick
at the base of the ZnO bristles to conduct HRTEM or even yield
SAD spot patterns, even for the Ga,O; core. However, FTIR
demonstrates sufficient penetration deep within the NBsto yield
signal from the Ga,Os core and likewise from the Ga,O;—ZnO
interface.

Discussion

On the basis of the combined SEM, TEM, EDS, and FTIR
results mentioned above, the following growth mechanism for
ZnO—Ga,03; NBs can be proposed. The nucleation of ZnO
bristles on the Ga,O5 core first occurs either by nucleating
directly on the Ga;O; core or through the formation of ZnGa,0,
(Figures 6a, 8a). It is possible that the metallic Zn reacts with
O, to form ZnO, that then reacts with Ga,O; to form a thin
layer of ZnGa,O, (spinel cubic structure). It is known that
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Figure 2. TEM images of Ga,0; NWs with SAD patterns recorded near the [001] zone axis (b,e) and on the [010] zone axis (g, inset). (8) GaO3
NW and its lattice fringes (c) grown along the [100] direction. (d) Ga,0z NW and its lattice fringes (f) grown along the [010] direction. (g) Ga,03
NW elongated along the [201] direction and exhibiting surfaces consisting of zigzag (010) and (200) facets.
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Figure 3. FTIR spectra of pure GaOz; nanowires (gray) and of
ZnO—Ga,05 NBs (black). Bands corresponding to the ZnGa,O, are
denoted.

ZnGa,O, formsin the Ga,03;—ZnO system even if only asmall
amount (~1 at %) of Gais present in ZnO? because ZnGa,0,
is thermodynamically more stable than a physical mixture of
ZnO and Gay03.26%" ZnGay0, is aso known to form a solid
solution with Ga,O; though with limited solubility®® which may
be responsible for the slight shifts of the weaker Ga,O; bands
observed in the FTIR spectrum of these NBs (Figure 3).
Additionally, several planes of ZnGa,O, and Ga,O3 exhibit an
epitaxial relationship.? It is possible that ZnGa,0, nucleates
along the Ga,0O; NW facets prior to the growth of ZnO bristles
serving as a “buffer” layer that accommodates strain between
the Ga,O3 core and the nucleating ZnO bristles. The ZnGa,O,
can act as a buffer layer for ZnO growth either by forming a
solid solution with ZnO?®*° or through an epitaxial relationship

Figure 4. Different stages of growth of Ga,O;—2Zn0O heterostructures:
(a) Additional rows of ZnO bristles forming on initially 4-fold NB. (b)
First stages of thinning of the bristle with hexagonally shaped ends.
(c) Complete 6-fold NB. (d) Intergrown bristle showing elongation and
thinning. (e) Low magnification SEM image of the ZnO—Ga,0O3; NBs
to show the abundance.

with ZnO. From a crystallographic standpoint, it can be proposed
that the 3-fold symmetry of (111) ZnGa,O, would be a good
candidate for (0001) ZnO where an approximate lattice mis-
match comparing ZnGa,0, {202} and ZnO {1010} is only 5%.
Nucleation of ZnO on cubic ZnGa,O, rather than directly on
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Figure 5. SEM micrograph of NBs with long needles. (a) Six-fold orientation of needles growing in six equiangular directions around the core. (b)
High magnification image of needles showing the size in the middle of the needle. (c) Parallel growth of needles along the length of the NB. d) Low
magnification SEM image of the ZnO—Ga,0; NBs to show the abundance.

Figure 6. Summary of TEM results for NBs with bristles at the early stages of growth. (a) Single ZnO bristle on the Ga,O; core. Inset shows a
diffraction pattern of both the ZnO bristle (rectangle) and the Ga,O; core (diamond) recorded aong the [1210] ZnO plane axis. (b) Several ZnO
bristles growing on a Ga,0O; core. (c) Lattice fringes of a ZnO bristle showing that the bristle is a single crystal growing in [0002] direction. (d)
Spacing between fringes corresponding to (0002) and (1010) planes.

Figure 7. Summary of TEM results for NBs with long bristles (needles). (a) Insets show diffraction patterns of the ZnO needles recorded along the
[2110] zone axes. (b) Lattice fringes showing intergrowth of ZnO bristles from different rows.

monoclinic Ga,0O; might explain the highly symmetric morphol- However, it is possible that ZnO nucleates directly on Gg,0s,
ogy of these NBs since ZnO is known to form similar as has been observed elsewhere at lower temepratures®
hierarchical structures on materials with cubic structures.*©~*2 Additionally, {101} and {101} Ga,Os-surfaces are orthogonal
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Figure 8. Schematic illustrating the formation of ZnO—Ga,03 NS. (a)
ZnO bristles nucleates on Ga,O3 core in [0001] direction. (b) Severa
rows of ZnO bristles form around the core to produce a 4-fold NB
with 2-fold symmetry. ZnGa,O, (marked as dark blue) and is considered
aready to be present at this stage. (c) Additional rows of bristles grow
in between previously formed four; bristles elongate forming a NB
with long needles.

to the [010] growth direction, have nearly 6-fold symmetry, and
show lattice mismatch within 6% and 17%, respectively, with
(0001) ZnO. Formation of ZnGayO, in this case might happen
at later stages of growth by the thermally induced reaction of
GaxO; core and nucleated ZnO bristles (Figure 8b). In either
scenario of ZnGa,0, formation, the ZnO bristles continue to
self-assemble (as shown in Figure 6b) before al the available
surface area of the Ga,O; core has been fully either converted
to ZnGa,O, or covered with ZnO (Figure 8a). After the Ga,0s
core is covered completely with short ZnO bristles (Figures 4,
8b), they thin and eventually become needles through a“layer-
by-layer” mechanism (Figure 8c).** Figure 4d shows that two
bristleswith needles at the early stages of growth are intergrown
suggesting that the elongation process is happening simulta-
neously with the thickening of the bristles within a single row.
Different rows are intergrown as well, indicating the thickening
of ZnO bristlesis happening in al directions (Figure 7b) creating
athick ZnO shell around the Ga,O; core. Figure 7b demonstrates
that every singleZnO bristleaongitsfull lengthismonocrystalline.

In most heterostructures, we have seen that first a single row
of bristles forms at the early stages of growth (Figure 6b). It is
possible that the next stage of growth would be a formation of
double-sided nanocombs. However, structures with this mor-
phology were not found, probably because they would constitute
an intermediate product as would 4-fold NBs analogous to
IN,Os—ZnO NS.X° Since the formation of the fifth and sixth
row of bristles occurs between the previously formed four and
yields ahighly symmetrical structure, we believe that the 4-fold
brushes are not ideally symmetrical and actually have a 2-fold
symmetry (Figure 8b). We believe that the 4-fold structures also
represent an intermediate product that will eventually convert
to a6-fold symmetry when two additional rows of bristles form
between two previously formed rows (Figures 4a, 8b,c). The
growth of the fifth and sixth rows of ZnO bristles occurs at the
same time as the elongation of the ZnO needles (Figures 4d,
8c). These combined effects produce the observed NBs with
long needles. Only 6-fold brushes are found in the second type
of growth which is evidence that thistype of structure represents
the final stage of growth. Even though the layer of GaOs
nanowires on the substrate is somewhat dense prior to ZnO
growth, ZnO appears to successfully diffuse and form bristles
on al Ga0O3; nanowires. At the same time, even though ZnO
NS can be grown directly on the Si substrate with a high yield,
we found ZnO branches grew preferentially on the Ga,03. On
substrate areas free of Ga,O; little or no ZnO NS growth was
observed. This supports the view that ZnO NS growth is
energetically more favorable on Ga,0O; than on the Si substrate,

Mazeina et al.

Figure 9. ZnO nanorod arrays grown on 3-Ga,O3; nanosheet. (a) Side
and (b) top views.

possibly enhanced by the energetically more favorable reaction
of ZnO with Ga,O; NWSs. These observations provide useful
insight for obtaining parallel arrays of ZnO nanorods grown on
pre-deposited and pre-aligned nanowires or on other NS that
can be arranged laterally using recently developed methods.>®
Since these branched heterostructures grow symmetrically
around the core, different alignments of ZnO needles are
possible, for example, simultaneously parallel and perpendicular
to the surface. This organized morphology could be useful in
applications such as surface enhanced Raman spectroscopy
(SERS), where it has been shown that the Raman signal can be
significantly enhanced in the case of crossed and closely spaced
parallel dielectric wire/Ag composites, 3233

Depending on the desired length and thickness, the growth
of ZnO bristles or needles may be controlled by the density of
the pre-deposited Ga,0; NWs and by the initial amount of Zn
powder (controlling the total Zn vapor concentration). To avoid
or minimize lateral branching of ZnO needles, one can grow
ZnO on structures with well-defined surfaces such as nanobelts,
nanoribbons, nanosheets,®* or even single crystal Ga,0s thin
films.® Our preliminary tests on Ga,Os nanosheets showed that
ZnO arrays grow vertically and arrayed parallel to each other
(Figure 9).

For this 2-stage method of aligning ZnO nanorods, a
significant advantage is the low growth temperature. Many
methods for obtaining vertically aligned and ordered patterns
of ZnO nanorods require temperatures above 800 °C.2 Our two-
stage method requires a lower temperature (560 °C) and
enhances the potential for application of these structures in
nanoscale electronic devices by permitting growth without the
accompanying formation of thermally induced extended defects.
Another important factor is that the resulting ZnO arrays are
automatically in contact with a conductive pathway (Ga,Os
core). Also, this method of aligned growth eliminates impurities
from a catalyst since the growth occurs by a self-assembly VS
mechanism. Additionally, a Ga,O3; nano core with ZnO rods
extending from the surface can exhibit even higher conductivity
than that of pure GaOs; as has been observed for other
heterostructures.® Further investigations of ZnO—Ga,0; NS
applications are underway, and a discussion of their gas sensing
properties will be reported in a future work. Since there is no
evidence that ZnGaO, is present at the outer surfaces of the
NBs (both the bristles and the outer shell of the NB core are
purely ZnO), we expect little influence from any trace amounts
of ZnGa,O,4 on the surface-dominated gas sensing properties
of these NBs.

Conclusions

Novel ZnO—Gay0;5 hierarchical heterostructures are reported
for the first time, where ZnO branches are symmetrically
oriented in parallel arrays around a monoclinic Ga,O3 core. They
were synthesized by atwo stage process. Ga,Oz nanowires were
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grown first by the VLS process, and then ZnO branches were
grown on the GaOs; NWs by the VS process, resulting in
structures having the morphology of nanobrushes (NBs).
Evidence of ZnGa,O, by FTIR analysis indicates nucleation of
ZnGa,O,4 on the Ga,O3 core that acts as a transition phase to
the eventual growth of ZnO branches. Individual ZnO bristles
grow independently along the [0001] direction with the [2110]
direction consistently paralel to the Ga,O; core growth direction.
Since the ZnO branches grow perpendicular to the core in
equiangular directions, the resulting NBs morphology exhibits
highly symmetrical morphologies. The length of the ZnO
branches and the symmetry of the NB depend on the growth
duration and initial density of Ga,0O3 nanowires. ZnO branches
grow perpendicular to the core in equiangular directions and
parallel to each other aong the core. This self-assembly process
can be used for creating arrays of ZnO on Ga&Oj; surfaces.
Compared to conventional techniques, the advantages of the
two-stage growth method in this study are that the ZnO
nanobranches grow with one end already in contact with a
conductive pathway (Ga,Os core) and that no catalyst is needed,
thus eliminating a potential source of contamination. Addition-
ally, this method produces ZnO nanorods with extremely sharp
tips which isimportant for field emission devices. Another very
important advantage is the relatively low temperature (560 °C)
at which the vertically aligned ZnO rods grow, enhancing the
possibility for fabricating ZnO-based nanoel ectronic devices by
allowing growth without the accompanying formation of
thermally induced defects.
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