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ZnO NANOWIRES GROWN ON Al,0;-ZnAl,O4 NANOSTRUCTURE USING SOLID-VAPOR MECHANISM

We present Al,03-ZnAl,04-ZnO nanostructure, which could be a prominent candidate for optoelectronics, mechanical and
sensing applications. While ZnO and ZnAl,0, composites are mostly synthesized by sol-gel technique, we propose a solid-vapor
growth mechanism. To produce Al,05-ZnAl,0,4-ZnO nanostructure, we conduct ZnO:C powder heating resulting in ZnO nanowires
(NWs) growth on sapphire substrate and ZnAl,O, spinel layer at the interface. The nanostructure was examined with Scanning
Electron Microscopy (SEM) method. Focused lon Beam (FIB) technique enabled us to prepare a lamella for Transmission Electron
Microscopy (TEM) imaging. TEM examination revealed high crystallographic quality of both spinel and NW structure. Epitaxial
relationships of Al,05-ZnAl,O4 and ZnAl,04-ZnO are given.
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1. Introduction

ZnO NWs find wide interest because of their remarkable
physical properties which make them prominent candidates for
optoelectronic [1,2], nanomechanical devices [3] and sensors [4].
ZnO exhibits direct wide bandgap equal to 3.36 meV at room
temperature (RT), its electron binding energy equals 60 meV
(GaN — 25 meV, ZnSe — 26 meV), it has high radiation resist-
ances and piezoelectric properties [5,6]. On the other hand, the
ZnAl,O, spinel is a possible future air pollution remover, as it
can degrade very toxic toluene [7]. In addition, it is reported
to be a potential sensor due to the variation of luminescence
with thermal history [8]. Due to the wide optical bandgap
(E; = 3.8 €V) ZnAl,O,4 can also be used in optoelectronics.
Moreover, E. Chikoidze et. al. reported that different spinel from
the same family: ZnGa,0y is p-type widest bandgap ternary oxide
(E,=5¢€V)[9]. Such a prominent combination attracted scientists
attention and resulted in ZnO/ZnAl,0,4 nanostructures research.
Zn0/ZnAl,O4 composites are studied as promising candidates
for highly selective hydrogen gas sensing [10], long-term stable
photocatalyst [11] or rapid dye degradation environmental appli-
cations [12].

Zn0O and ZnAl,O4 composites are mostly synthesized by
sol-gel [12] method, high doping of ZnO with Al,O5 or Al and

longtime annealing [13], atomic layer deposition (ALD) tech-
nique [14] and solid-vapor or solid-solid ZnO-Al,O; reactions.
Jager et. al. [15] reported lateral growth of ZnAl,O4 phase
islands, then planar growth as a continuous layer at 700°C
using crystalline ZnO-amorphous Al,O; bilayers. In general,
the common way to obtain a spinel oxide, e. g. ZnAl,Oy, are
solid-state reactions: AO + B,0O; — AB,O, type. C. Gorla et.
al. [16] studied the ZnAl,O,4 formation process by solid reac-
tions between (11-20) ZnO and (01-12) Al,O5. H. Fan et. al.
indicated that ZnAl,O, fabrication by reaction of solid ZnO
with Al,O5 vapor is unique among other spinels (Zn,SiO4[17],
Zn,Ga0, [18]), because the growth process consists of diffusion
of both oxygen and zinc atoms. It results in unilateral transfer
of ZnO into the ZnAl,0O, layer [19]. We propose a method of
Al,05-ZnAl,04-ZnO NWs crystalline structure fabrication using
solid-vapor growth mechanism.

2. Experimental

Zinc oxide (Sigma-Aldrich ReagentPlus, powder grain
size <5 pm, 99,9%) and graphite (Supelco, powder grain size
<50 pum, 99,5%) were homogenized in a mortar in a 1:1 molar
ratio. After which, the powder was placed in a corundum cruci-
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Fig. 1. The set-up scheme: top (a), side (b) and front view (c). Sapphire substrate is placed on the crucible, the red rectangle indicates the substrate-

crucible contact region (d)

ble, covered with a sapphire substrate [11-20] and the corundum
75%-covering lid was placed on top of it. The amount of powder
was adjusted to fill ca. 90% of the space under the substrate, then
the powder was weighed. For the repeatability of the processes,
the crucible filling degree was related to the powder mass. The
system was placed in an open quartz tube in a heated tubular
furnace. The temperature of the process was equal to 975°C.
After 15 minutes of heating, the furnace was turned off. The
system cooled down to 700°C, then it was removed from the
furnace and quickly reached RT.

3. Results and discussion

ZnO NWs morphology was examined using a FEI Helios
Nanolab 600 SEM. In Fig. 2 SEM images of the as-grown

structures are presented. The ZnO NWs are densely distributed
on the substrate, which is perpendicular to scanning electron
beam (Fig. 2a) and tilted by 45° (Fig. 2b). Horizontal lines vis-
ible in Fig. 2 result from beam shifts caused by charging of the
semiconductor specimen. The ZnO NWs length is 50-70 um and
their diameters range from dozens of nm to 400 nm.

ZnO NWs were examined using a Titan 80-300 TEM
equipped with a spherical aberration image corrector. In order
to conduct a TEM examination, NWs were transferred mechani-
cally onto a 3 mm diameter TEM copper grid covered by a holey
carbon film. In Fig. 3a one can observe an almost atomically
smooth edge of the NW. In Fig. 3b, we present a tip of the NW.
Both Fig. 3aand Fig. 3b HR-TEM images show the ZnO wurtzite
structure with no visible lattice defects, despite the fact that in
the first case a thick piece of a NW is shown, and in the second
case a thin tip.




In addition to observing the NWs morphology by SEM,
the (FIB) was used to prepare a thin longitudinal section of
NWs (simultaneously, cross section of the substrate-spinel
ensemble) in order to examine the ZnAl,O,4 layer and two in-
terfaces: Al,05/ZnAl,O4 and ZnAl,O4/ZnO. Scanning Trasmis-
sion Electron Microscopy STEM image (Fig. 4) was acquired
in the Z-contrast with camera length equal to 7,3 cm using
a High-Angle Annular Dark-Field (HAADF) detector. In Fig. 4a
a piece of sapphire is visible at the bottom, ZnO at the top and
between them there is a buffer layer about 6 nm thick. The layer
was identified as ZnAl,O, spinel, the orientation of which seems
to allow for ZnO NWs vertical growth. The epitaxial relations are
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as follows: [11-20] Al,O3][[111] ZnAl1,04|][0001] ZnO. The re-
construction of the Al,03-ZnAl,04-ZnO nanostructure was pre-
pared using Crystal Maker (version 10.7.1.300) software and it
is presented in two crystallographic orientations, in which zone
axis directions are mutually rotated by 90° (Fig. 4b,c). Looking
along [11-20] direction of ZnO and [2-1-1] direction of spinel,
one can observe that the position of every zinc atom from ZnO
almost corresponds to the position of the zinc atom from spinel
on the interface (Fig. 4b, pink frame). Fig. 4c presents [1-100]
ZnO and [0-11] ZnAl,O4 view. In this projection, between every
two zinc atoms of the spinel there are three zinc atoms of the
ZnO NW in the interface (indicated with pink frame, Fig. 4c).
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Fig. 4. STEM image of Al,03-ZnAl,04-ZnO NWs structure (a), atomic reconstruction of the structure in two orientations (b,c)
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The lattice mismatch of the spinel in the [111] direction and the
ZnO in the [0001] direction was determined to be 2.09%, with
the lattice constant of the growing NW being greater.

In addition, we present a low-magnification STEM image
acquired in the Z-contrast with camera length equal to 7,3 cm
using a HAADF detector, similarly to Fig. 4a. In [-220-1] Al,O4
orientation, the spinel layer is visible out of the zone axis. Ro-
tating the specimen by 23.77° vertically and 1.92° horizontally
enabled us to observe the ZnAl,04-ZnO interface (Fig. 5a).

Two spinel growth mechanisms were considered: ZnO
NWs grow on the sapphire substrate firstly, then the spinel layer
grows as a product of solid-solid Al,0;-ZnO reaction, or the
spinel crystalizes as product of solid-vapor Al,03-ZnO reaction
firstly, then ZnO NW grows subsequently. To distinguish that,
additional lamella was prepared using FIB technique (Fig. 5b).
The specimen was cut with Ga ions from regions of the sapphire

[1120]

[1104]

[2201]

substrate where the ZnO vapors were able to be transferred and
take part in solid-vapor Al,O;3-ZnO reaction, but the ZnO NWs
could not have grown. This specific area of the substrate is
located in the region of the sapphire, where it has contact point
with the alumina crucible. This sapphire-crucible contact zone
results from fact, that the substrate rests on the shelfs cut in the
crucible walls, see Fig. 1.

We believe that the specific, threshold conditions must be
fulfilled to enable ZnO NWs growth. Sensitivity of the process
largely depends on ZnO gas partial pressure, which was ob-
served during ZnO NWs growth. Even small change of the ZnO
vapor partial pressure (caused by factors such initial mass of
the ZnO:C powder or degree of coverage) influences strongly
on density, height and width of obtained ZnO nanostructures.
Particularly, too low amount of ZnO vapor results in no ZnO
NWs crystallization. Nevertheless, due to specific design of the
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Fig. 5. STEM image presenting Al,03-ZnAl,04-ZnO NWs structure with zoomed rotated spinel-ZnO NW interface (a), STEM image of Al,O3-
ZnAl,Oy, structure originating from sapphire-crucible contact zone with no ZnO NWs (b). Low-magnification STEM image of the structure: the
spinel is visible throughout the observed sapphire region: with and without ZnO NWs on the top (c)



set-up, there is a region where the amount of ZnO gas is too low

to start ZnO N'Ws process growth (see Fig. 1). Diffusion of ZnO

vapor along the contact surface is possible because of the spinel
appearance.

As mentioned above, there are two possible ways how the
spinel theoretically could grow:

1.  The ZnO NWs crystallize on Al,O5 surface firstly, then
solid-solid reactions take place, as a result of which a layer
of spinel is formed (excluded). If this case were true, we
should be able to observe ZnO residues on the spinel on a
specimen prepared of the covered region (sapphire-crucible
contact zone).

2. The spinel grows on the surface of Al,Oj; as a result of the
reaction of the substrate with ZnO vapor, then ZnO NWs
grow on the spinel (our case). The sapphire-spinel interface
is sharper than spinel-ZnO NWs one — this fact indicates
that spinel creation took place in the sapphire: starting from
the surface and finished not perfectly regularly (the spinel
reached different depths in particular regions of the sub-
strate, see Fig. 5¢). Then, ZnO NWs started to grow on
the smooth spinel surface. In addition, low-magnification
image (Fig. 4c) presents longitudinal section of sapphire-
spinel-ZnO NWs-platinum ensemble (platinum originates
from FIB preparation). One can observe, that spinel layer is
clearly visible both under ZnO NWs and regions between
them. If the first option were true, then we should see a dif-
ference in the thickness of the spinel layer under the ZnO
NW and the area between the NWs.

We propose the solid-vapor reaction, which leads to

ZnAl,0O, spinel growth:

ZnO(g) + A1203(S) — ZnA]204(S) (1)

We assume that the reaction (1) takes place on the Al,O4
surface and the spinel product grows in the depth of the sapphire,
as Al,O5 is a reagent in the process.

4. Conclusions

We have shown a technique which enables us to produce
Al,03-ZnAl,0,4-ZnO NWs structures. We conclude that the spi-
nel layer grows due to the solid-vapor reaction on the sapphire
surface in ZnO vapors and afterwards, ZnO NW grows on the
spinel buffer. Examination of a cross sectional low magnifica-
tion TEM images of Al,0;3-ZnAl,O4-ZnO NWs ensemble shown
that the spinel is present both in case of ZnO NW on top and
without it. In addition, Al,03-ZnAl,0, structure originating
from sapphire-crucible contact zone indicates that no solid ZnO
was necessary for the spinel growth. In this specific area only
partial quantity of gaseous ZnO was diffused between crucible
and the substrate resting on it. The presented results prove the
good quality of obtained materials and [11-20] AL Os||[111]
ZnAl,04/[[0001] ZnO epitaxial relationship was found. Moreo-
ver, there is given a model of the found relationship view of the
90° rotated structure. The presented spinel layer has smooth
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interface with ZnO NW (or creates a smooth surface in areas
between NWs) and rough contact surface with Al,O;.

In contrary to our case, in C. Gorla’s et.al. examination [ 16]
reactions of the spinel growth concerned solid ZnO —solid Al,O5.
Due to the oxygen sublattice rearrangement at both reaction
fronts, there occurred various epitaxial relationships of spinel
with Al,O; and ZnO. In the H. Fan et. al. article [19], the au-
thors presented experiment of solid-vapor reaction of ZnO NWs
with alumina vapor. They did not managed to obtain ZnAl,O,
nanowires, but rippled wires of a ZnO phase.
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