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ABSTRACT : Systematic investigations on the synthesis and morphological variation of InZng..O
nanostructures (0 < x < 0.6) have been studied The pure ZnO tetrapod structures have four legs with a
diameter o 100 - 200 nm and length of 1 ~ 2 m, while with indium-content increasing, the significant
variations of the shape as well as the size of nanostructure were observed. At the lowest In-content
range (x < 6 %), multipod structures appeared, while it becomes an irregular multipod with a modulated
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facet structure at low In-content range (a few < x < 30 %), and finally octahedrons with a diameter of
500 nm - Iym were observed at the highest In-content (x - 60 %). The origin of the modulated facet
structure, locks like a stacked layer structure, is discussed in terms o the relaxation of strain due to
inhomogeneous distribution of In-atoms. The red-shift of UV emission peak (from 328 eV to 320 eV
with indium-content increasing 0 to 30 %), is tentatively attributed to the direct to indirect band gap

transition.

KEY WORDS : InZnO, Nanostructure, Indium composition, SEM, PL

1.Introduction

Metal-oxide nanostructure is attracting the
great interest for its potential applications to
the nano-device and nano—technology[l]. Up
to now, nanostructures of pure metal-oxides,
such as ZnO[2], CdOI3], SnO[4], and
InsOs,[5] have been successfully fabricated
by using various methods[6]-[8]. Among the
various metal oxides, ZnO is one of the
most intensively studied materials due to
the unique physical properties such as large
exciton binding energy (60 meV) and direct
wide band gap (3.4 eV at 0 K).[9] Therefore,
a lot of studies have been performed on the
growth, characterization, and device application
of ZnO. Also, to tailor the electrical
properties of ZnO for the specific applications
such as transparency-conducting film and field
emitter, several impurities such as Al, Ga, Sn,
and In are introduced[10]-[13]. Among them,
InZnO (Indium Zinc Oxide) attracts many
interests for the application to the
transparency-conducting electrode. InZnO
thin films have low resistivity, high
transmittance in the visible region, and high
quality films can be easily obtained by
using various simple methods, such as
pyrosol process, sputtering, and metal-organic
chemical vapor deposition (MOCVD)[141[15].

Particularly, InZnO thin films show similar
electrical conductivity and better transparency in
comparison to the ITO (indium-tin-oxides)
films in the visible and infrared spectral
range[16]. Therefore, a lot of reports on the
structural, electrical, and optical properties
of InZnO films are already available.” "
However, although unique physical properties
are expected from the nanostructure version
of this novel material, the synthesis and the
characterization of InZnO nanostructures
have been in the primitive stages so far.
Moreover, the metal-oxide nanostructures have
various shapes along with the growth
conditions, thus it is important to know the
variation of shape, structural and optical
properties of InZnO depending on the
In-content to utilize the specific feature of
InZnO nanostructures. In this work, InZnO
nanostructures with various In-contents were
grown by the vapor phase transportation
method. And systematic investigations on the
morphological InZn; O
nanostructures (0 < x < 0.6) have been
studied.

variation  of

2.Experimental

InZnO nanostructures were grown by
the vapor phase transportation method. To
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make the InZnO nanostructure with
different indium composition at atmospheric
pressure, the mixture of each element
(indium and Zn powder) was used as a
source material, which was placed in the
specially designed quartz tray. The tray
was positioned at the center of the
horizontal tube furnace. The growth of
InZnO nanostructures was performed at
950 °C under the nitrogen gas flow. The
variation of shape and dimension of the
InZnO nanostructures were observed by
scanning electron microscopy (SEM). The
In-content of InZnO product was measured
by auger electron spectroscopy (AES) and
transmission electron microscopy (TEM).
And the photoluminescence (PL) spectroscopy
was performed by using a He-Cd laser
(325 nm) as an excitation source, and a
monochromator with a focal length of 32
cm at room temperature.

3.Results and discussion

Fig. 1 shows the SEM images of
InZn 0 0 < x < 0.6) nanostructures.
Various morphologies from tetrapod to
octahedron were observed. Fig. 1(a) is the
pure ZnO tetrapod structure. As listed in
the table 1, the tetrapod structure shows 1
~ 2 um long hexagonal legs with a diameter
of 100 - 200 nm. However, when we mixed
indium into the source material, the shape
of the product became the multipod as
shown in the Fig. 1(b). AES investigation
shows the In-composition of the products
is ~ 6 %. Remarkable elongation of the branch
length is observed. Also, over-growth in the

Aoy 9 99

Table 1 The dimensions of In<Zn; <O
(0<x<0.6) nanostructures

Specimen| ZnO |InoeZneuO|Ino1sZnoegsO| InosZne0

Layered {Octahedral

Tetrapo| .
Shape |77 3™ Multipod | veinicea |~ Sisland

D"(ame)ter 100-200| 200-300

. 1500-2000 | 500-1000

Length - X ~
(em) 1-2 2-5 5-8 *

Fig.1 SEM images (a) pure ZnO nano

structure, (b) IngesZnossO nano

structure, (c¢) IngisZnossO nano
structure, and (d) IngsZno4O nano
structure and the inset of (d) is
the magnified image of island.

center region (marked with the arrows in
the Fig. 1 (b)), and the distortion of inter-leg
angles were found The tetrapodtype Zn0O
nanostructures are known to have an inter-leg
angle ~ 109 ° following the octa-twinning
model.[20][21]But it might be changed by
the incorporation of impurities and crystal
defects, also the formation of multipod
would be enhanced. Therefore the variation
of inter-leg angle and over-growth at the

- 95 -



InyZn; 0 =79 §A4

center region can be attributed to the
introduction of In-atoms and increase of
defect induced by In-incorporation. More
detailed discussions on the distortion of
inter-leg angle will be presented elsewhere.
Fig. 1.(c) shows a SEM image of
Inpi15ZnossO sample. It has the mutational
morphologies. The thick legs appeared to
be formed by the stacking of many
polynomial discs with the different
diameters. It may indicate that the strain
distribution in the leg would be
non-uniform in vertical direction rather
than in longitudinal direction. It was
reported that InZnO nanostructure with
relatively  high
longitudinal ~superlattice structure along
with the growth direction consisted of InO
layer and ZnO:In layers[22]. It is suggested
that the formation of modulated structure
is closely related with the minimization of
structural stress caused by the introduction
of impurity atoms. Therefore, it seems that

In-content forms a

the inhomogeneous distribution of In-atoms
is responsible for the observed mutational
morphology in the nanostructure and will
be discussed further by using the TEM
results. The IngeZnosO sample shows the
octahedral-type island structure as shown
in the fig.1(d). The inset of the fig.1(d)
shows a magnified image of a typical
island. It was reported that the InZnO thin
films, deposited onto the glass substrates
by using combinatorial techniques, show
amorphous phase when the In-content is in
between 45 ~ 80 %. Also the low In-content
films (x < 45%) have a ZnO-like structure
and the high In-content films have
InOs-like  structure[19]. Therefore, the

octahedral-shape island structure is
deduced that the crystal structure of InZnO
starts to be changed In:Os-like one. Fig. 2
shows the TEM results of InZn-xO (x =
0 %, x ~ 30 %) nanostructures. Fig. 2(a)
is the TEM image of ZnO tetrapod. Single
crystalline defect-free four branches are
observed. Also, the inset of fig. 2(a) shows
the uniform hexagonal crystal structure
aligned in c-axis direction. While, Fig. 2(b)
shows a TEM image of Ings ZnpO
nanostructure. As already shown in the
Fig. 1(c), the zigzag structure is observed
at the edge
non-uniform contrast in a TEM image is
known to be produced due to the thickness
fluctuation and spatially inhomogeneous
distribution of the atoms. In our experiment,
thickness

region. Generally, the

since the fluctuation was
observed and the growth temperature was
not high enough to grow a homogeneous
material, it is valid to think the specimen
has both effects and further investigation
is required. The inset of fig.2(b) shows the
selected area electron diffraction (SAED)
pattemn. In the SAED pattern, a series of
small diffraction spots are shown in
between two adjacent main spots, which
indicates the periodic structure. It is well
known that the period of ZnOlIn layers
between adjacent two InO layers plays an
important role to determine the conductivity
of InZnO film[17] When thecompounds
IneQs(ZnO)m  (m=integer) has a distance d
between two adjacent InO layers, a linear
relationship between d and m is valid
following the below equation.

d = 06349 + 0.2602 m (nm) (1)
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Fig. 2(a) TEM image of the ZnO
tetrapod nanostructure and the inset of

(a) is the selected area electron
diffraction (SAED) pattern from the
leg. Single crystalline hexagonal
structure is observed, (b) TEM image
of the IngsZnesO nanostructure and the
inset of (b) is the SAED pattern of
periodic structure of InZnO indicates a
superlattice-like periodic structure, (c)
and (d) are high resolution image of
the InpsZne7O nanostructure shows a
periodic structure consisted with
7ZnQO:In and InO layers.

High-resolution images of Ing3Znes0
are shown in Fig. 2(c) and (d). From those
images, the inter-plane distance between
two adjacent InO layers was measured.
The average value of d is about 2.2 nm.
Then m is calculated as ~ 6 by the equation
(1). Thus the average composition of the
nanostructure can be estimated as InpOx(ZnO)s,
which shows considerable carespondence with
the conpositions estimated from auger electron
spectroscopy( ~ 30%9. The naminal inter-planner
distance of ZnOIn is estimated to be 0.263

Aujg 9 99l

nm, however, it varies along with the
longitudinal direction, presumably due to
the inhomogeneity of indium-distribution. If
the superlattice structure is formed due to
the minimization of the structural stress,
then the stress most presumably is
introduced by the impurity atoms. It should
be pointed that there was a report, which
shows relationship between the superlattice
period and morphology of the edge[23]. The
authors argued that the superlattice period
and morphology of the edge are closely
related with the growth temperature. In
general the sample
temperature shows irregular edge structure
period. And they concluded that long time
annealing at high temperature will produce
an ordered edge structure with uniform
period. Although, more quartitative investigations
are required to get a conclusion of this

grown at low

phenomenon, note that a large structural
stress would be produced due to the
difference of the tetrahedral covalent radii
(In has 0.81, while Zn has 0.74)[22], and
the crystallographic mismatch in between
In:Osand ZnO:In. Moreover, especially when
the growth temperature is not high enough
to overcome the global minimization of the
stress, it will relax locally and form the
strongly modulated structure at the edge
area. Therefore, in our experiment, both
the relatively low growth temperature (950
°C) and high In-content are deduced for
the strongly modulated structures at the
facets. Fig. 3 shows room temperature PL
spectra of InyZni«Q nanostructures. Fig.
3(a) is a PL spectrum of ZnO tetrapod
structure. Note that only a weak green band
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Fig. 3 Room temperature PL spectra
of (a) ZnO nanostructure,
(b) InpesZnossO nanostructure,
(¢) Ingi5ZnessO nanostructure, and
(@) InosZny70 nanostructure,

emission is observed until the In-content is
as high as 30%. Usually, the tetrapod-type
Zn0O  nanostructures,  synthesized  under
various conditions, have strong green band
emission centered at 245 ~ 25 eV[24]. The
intensity of green band emission indicates
the native defect density such as oxygen
vacancy (Vo) and Zn interstitial (Iz) in
the sample. However, we could not observe
a luminescence at all from the IngeZng4O
sample, It is known that bulk InO is an
indirect material at room temperature
(direct band gap is 36 eV and indirect
band gap is 2.6 €V)[25]. Although weak PL
emission was reported from the InO
nanowires (centered at -~ 2.64 eV)[26], the
origin was attributed to the oxygen
deficiency related emission. Therefore, the

PL spectra are understood in terms of the
recombination process changes from direct
to indirect transition. Especially as In-content
increases in the nenostructures, the degradation of
crystallinity is observed in terms of the
broadening of UV emission linewidth and
increasing of the intensity ratio of UV
emission to green emission due to the

increase of crystallographic imperfections.

4. Conclusion

In this experimental, various InZnO
nanostructures were synthesized by simple
vapor phase transportation method. From
the SEM images, the InyZn;-,O (0<x<0.6)
nanostructures with different In-contents
exhibit the various shapes (tetrapod,
layered hexahedron, and octahedron). In
comparison with pure ZnO nanostructure,
the  InZnO  nanostructures show a
modulated edge structure related with the
of the structural stress
originated by introducing

minimization
indium.  As
indium-content increases, the recombination
process changed from direct-to-indirect
band gap transition.
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