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Indium-zinc-oxide (IZO) nanobelts have been grown by a thermal evaporation-deposition method
with ZnO and In,O; powders as precursors. The nanobelts have a superlattice structure that is
explained by the formation of In-O and In/Zn-O layers, which appears to favor the formation of
nanorings. X-ray analytical methods indicate that the approximate composition of the compound is
Zn4In,0;. Cathodoluminescence of the nanobelts in scanning electron microscope shows a
dominant emission at 2.37 eV, which is suggested to be a characteristic band of the IZO structure.
© 2009 American Institute of Physics. [DOI: 10.1063/1.3176974]

In the frame of the increasing activity on nanoscale elec-
tronic and optical devices a high number of doped and un-
doped ZnO elongated nanostructures with shapes of wires,
rods, belts, or needles have been reported in the last years.
Indium is one of the dopants of interest in ZnO because it is
an efficient element to improve its optical and electronic
properties. In particular, it is recognized that In doped ZnO
films have good properties as trans;z)arent conductor. Indium
doped ZnO nanobelts,l’2 nanowires, -6 and nanospirals7 have
been grown by thermal evaporation methods. A remarkable
effect during thermal growth of In doped ZnO nanowires is
the formation of a superlattice structure.>®® The structure
consists of alternated In-O and In doped ZnO layers (or In/
Zn-O layers) perpendicular to the c-axis of the wurtzite
structure. Such indium-zinc-oxide, or I1ZO, structures have
approximate composition In,05(Zn0O),,, m integer. The com-
position of these structures is also described as ZnIn,O;, .
The formation of such compounds implies that the physical
properties of the obtained nanostructures are different from
those of In doped ZnO, with In on Zn sites without further
structural changes. In this work, In-Zn—-O microplates and
nanobelts with approximate composition In,03(Zn0O),, also
expressed as ZnyIn,0,, have been grown by an evaporation-
deposition method. The nanostructures have been character-
ized by x-ray diffraction (XRD), scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), high
resolution transmission electron microscopy (HRTEM), en-
ergy dispersive spectroscopy (EDS), and cathodolumines-
cence (CL) in SEM.

ZnO and In,O; powders with purities of 99.999% and
99.997%, respectively, were used as precursors. Mixtures of
Zn0O-In,05 powders with 0.29, 1.41, or 2.07 at. % of In
were prepared by milling the corresponding powders in a
centrifugal ball mill. The mixture was then compacted under
compressive load to form disk-shaped samples of about
7 mm diameter and 2 mm thickness. The ZnO-In,O5 samples
were then annealed under argon flow at 1350 °C for 15 h.
For XRD measurements a Philips diffractometer was used.
SEM secondary electron and CL observations were carried
out in a Leica 440, a Hitachi S2500, and a FEI Inspect SEM.
The CL measurements were carried out between room tem-
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perature and liquid nitrogen temperature and EDS mi-
croanalysis was performed in a Leica 440 SEM with a
Bruker AXS Quantax system. Transmission microscopy ob-
servations were performed with a JEOL JEM 3000F micro-
scope at 300 kV. The samples were prepared by releasing the
nanostructures from the disks by sonicating in butanol.
Drops of the solution with nanostructures were then depos-
ited onto microscope grids.

Thermal treatments of the compacted disks at 1350 °C
lead to the growth of different micro- and nanostructures
whose shapes depended on the amount of In in the precursor
mixture. In samples prepared with the lowest In content,
0.29 at. %, isolated hexagonal microplates are observed. In
samples prepared with higher In contents a distribution of
hexagonal plates and nanobelts appears on the surface. Fig-
ure 1 shows examples of both structures. Some of the belts,
as that shown in Fig. 1(b), have a ring shape. In the follow-
ing we refer only to the samples prepared with 1.41 and
2.07 at. % In, which contain representative structures. XRD
pattern of the treated sample corresponds to the hexagonal
IZO phase Zn4In207,9 and a worse matching is found with
the rhombohedral Zn;In,O¢ phase. EDS measurements per-
formed in different sites of the hexagonal plates and of the
nanobelts reveal an atomic ratio Zn:In close to 2, which sup-
ports that the composition of the structures is Zny,In,0-.

Figure 2(a) shows a TEM image of a nanobelt and Figs.
2(b) and 2(c) are HRTEM images of the regions of the nano-
belt labeled as A and B. The inset in Fig. 2(a) is the electron
diffraction pattern of the belt. In both HRTEM images a
superlattice structure is observed. As mentioned above, such
superlattices have been re:pOI*ted3’6’8 in In-Zn—-O nanowires
and consist normally of single In—O layers separated by sev-

—

FIG. 1. (a) Hexagonal plate in a sample prepared with 1.4 at. % of In in
the precursor and (b) nanobelts.

© 2009 American Institute of Physics
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FIG. 2. (a) TEM image of a nanobelt. The inset shows the electron diffrac-
tion pattern; [(b) and (c)] HRTEM images show the superlattice structure of
the regions of the nanobelt labeled A and B in (a).

eral In doped ZnO layers (or In/Zn-O layers) perpendicular
to the c-axis of the hexagonal structure. The parallel array of
the In/Zn-O slabs and the In-O layers along the [0001] axis
minimizes the lattice strain of the In-Zn-O system.10 The
stacking of the superlattices in the nanowires has been ob-
served perpendicular or parallel to the growth direction® but
in both cases the layers are stacked along the [0001] direc-
tion.

A modulated structure has also been reported for In
doped ZnO nanobelts wound to form nanorings.”’12 Quanti-
tative analysis of the nanorings showed the atomic ratio
In:Zn of about 1:15 suggesting In incorporation into the ZnO
lattice, instead of the formation of the compound ZnyIn,0,
observed in the nanobelts of this work. The formation of
nanorings by rolling up of nanobelts is explained" by a re-
duced overall dipole moment, and hence a reduction in elec-
trostatic energy, in a circular ring. A ring is formed when this
energy reduction is higher than the elastic energy increase
produced by bending of the belt. The presence of the super-
lattice appears to favor the formation of nanorings probably
by influencing this balance between electrostatic and elastic
energy. In fact, nanorings were not observed in our previous
works on growth, under the same conditions applied here, of
elongated nanostructures of ZnO undoped and doped with
different elements.'*™'

As Figs. 2(b) and 2(c) show, the angle between the su-
perlattice layers and the growth axis is not constant along the
belt, but it changes from nearly 90° to about 45°, showing
that the crystallographic growth direction of the belt gradu-
ally deviates from [0001], which is the direction perpendicu-
lar to the layers.

SEM images show that many of the nanobelts have their
origin in the hexagonal plates and other planar structures
grown on the sample surface, which that the plates contain
favorable nucleation sites for the nanobelt growth. Most of
the nanobelts start growing in the hexagonal plate surface,
which corresponds to the basal (0001) plane. This can ex-
plain that the growth direction of the nanobelts, at least in the
earliest steps of growth, is [0001]. This is different from the
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FIG. 3. [(a) and (b)] SEM images showing connections between plates and
nanobelts.

case of ZnO nanobelts where growth directions (1010) or

(1120) have been reported.2’7’11’12

Figure 3 shows examples of the connection between
plates and nanobelts. In Ref. 2, indium doped belts have been
grown by a vapor-liquid-solid process with Au as catalyst,
and the observation that some belts extend from hexagonal
plates is explained by the formation of a Au—Zn-In ternary
alloy at a face of the plate, which act as catalyst for the belt
growth. In the present work, a catalyst free growth method
has been used and the growth of nanobelts from certain sites
of the plates appears to be related to the presence of In. We
suggest that local excess or segregation of In at the surface of
the plate favors the growth of the nanobelts. A similar effect,
surface segregation of dopant, has been proposed17 to ex-
plain the growth of side ZnO nanowires from a central Sn
doped ZnO wire.

EDS mapping shows an inhomogeneous distribution of
Zn in the hexagonal plates, as is shown in Fig. 4(a). In the
lateral faces an enhanced Zn signal is observed, which is also
revealed in the Zn profile along a line crossing several steps,
while the In profile shows a rather constant distribution
[Figs. 4(b) and 4(c)]. EDS measurements on the junction of
the plate and the nanobelt shown in Fig. 3(a) shows a higher
content of In in the nanobelt, with a ratio Zn:In of 2 while in
the plate the ratio is about 2.3. The higher In content in the
nanobelt is explained by the formation of the superlattice
with composition ZnyIn,0,, which implies the ratio value
of 2.

Luminescence of In doped ZnO nanostructures has been
previously reported. Indium related redshift, of about 0.1-0.2
eV, of the near band gap photoluminescence (PL) emission
was found in nanobelts' and nanowires.” PL spectra of the
nanowires with modulated structure of Ref. 8 show the ZnO
near band gap emission at about 3.25 eV while the CL spec-
tra show also the often reported defect band, in the range
2.0-2.8 eV, of this material.
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FIG. 4. (Color online) (a) EDS Zn map of a plate. Higher Zn signal is
observed in the lateral faces. (b) Profiles of EDS Zn (solid line) and In
(dotted line) signals across the line shown in (c).

Downloaded 08 Nov 2012 to 77.236.37.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



013111-3 Aleman, Fernandez, and Piqueras
' T Terrace ~—in-Zn-O nanobelt

_ (a) , ----- Flat Surface = (b) ----- ZnO i
3 3 2
s &

2 2

7] (%]

c c

[ (7]

- b -

£ &=

- -

[&] (&

2.0 2.5 3. 3.5 2.0 2.5 3.0 3.5
Photon Energy (eV) Photon Energy (eV)

FIG. 5. (Color online) (a) CL spectra at 80 K recorded on a terrace (solid
line) and on the flat surface (dotted line) of a plate and (b) CL spectra at
80 K of a nanobelt (solid line) and of pure ZnO (dotted line).

Figure 5(a) shows the CL spectra recorded on the flat
surface and in a step, or terrace, of a hexagonal plate. The
main band is peaked at 2.37 eV, and a weaker band is ob-
served at about 1.69 eV. The ZnO near band edge emission is
very weak in the spectrum of the flat surface but is clearly
observed in the spectrum of the steps, which, as measured by
EDS, have a lower In content. Figure 5(b) shows the CL
spectrum recorded on a nanobelt, with the main emission at
2.37 eV. For comparison, a CL spectrum of pure ZnO is also
shown in Fig. 5(b). These results suggest that the 2.37 band
is characteristic of the In-Zn—O structure, the ZnO band edge
emission, which is negligible in the spectra from nanobelts
which have the superlattice structure with Zn,In,O, compo-
sition. The 2.37 eV emission is within the spectral range in
which the ZnO defect band, is observed. However, the ZnO
defect band is a very broad complex band extending in the
approximate range 2.0-2.8 eV, while the 2.37 eV band of
the In—Zn—O structures is within the range 2.3-2.5 eV with
a full width at half maximum of 0.15 eV, much narrower
than the usually reported defect band of ZnO, specially in CL
spectra of nanostructures.'*'® The 2.37 eV appears to be
characteristic of the In-Zn—O compound forming the plates
and nanobelts. There is, however, no information enabling to
associate this emission with specific electronic features of
Zn4In207.

In summary, IZO microplates and nanobelts have been
grown by a catalyst free evaporation deposition method. The

Appl. Phys. Lett. 95, 013111 (2009)

nanobelts have a superlattice structure, explained by the for-
mation of In-O and In/Zn-O layers. This superlattice struc-
ture appears to favor the formation of ring-shaped nanobelts.
XRD and EDS measurements indicate that the formed com-
pound is Zn,In,O. Nanobelts have been found to generate at
specific sites of the microplates by a mechanism suggested to
involve In segregation. CL shows a dominant emission band
peaked at 2.37 eV, which is probably characteristic of the
structure of the nanobelts.

This work was supported by MEC (Project No.
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