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Growth and luminescence of elongated In,O; micro- and nanostructures

in thermally treated InN

D. Alina Magdas,® Ana Cremades, and Javier Piqueras”
Departamento de Fisica de Materiales, Facultad de Ciencias Fisicas,

Universidad Complutense de Madrid, 28040 Madrid, Spain

(Received 27 October 2005; accepted 16 January 2006; published online 15 March 2006)

Indium oxide elongated micro- and nanostructures have been grown by thermal treatment of InN
powder. Chains of nanopyramids connected by nanowires, forming a necklace-like structure, as well
as cubes and arrow-like structures consisting of a long rod with a micron size pyramid on the top,
grow at temperatures in the range 600—700 °C in a catalyst free process. The structures have been
characterized by scanning electron microscopy and cathodoluminescence. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2185833]

Indium oxide is a wide band gap semiconductor with
applications in optoelectronics, optical transparency or gas
sensing. There is an increasing interest in the synthesis and
properties of low-dimensional structures of In,O; which
have been fabricated by different methods. Pan, Dai, and
Wang1 and Kong and Wang2 obtained In,05; nanobelts by
evaporation of powders of the oxide. In,O5 nanowires have
been grown by a thermal evaporation oxidation method with
a catalyst3 by laser ablation” or by thermal evaporation of
indium and deposition on a substrate.”” In the present work,
In,05 elongated micro- and nanostructures have been grown
by thermal treatment of compacted InN powder under argon
flow. This method has been previously reported to lead to the
growth of elongated nanostructures, of different semiconduc-
tor oxides®™"" and of CdSe'? on the surface of the sample so
that neither catalyst nor a foreign substrate is used. The ob-
tained structures have been characterized by x-ray diffraction
(XRD), scanning electron microscopy (SEM), x-ray mi-
croanalysis in SEM and cathodoluminescence (CL) in SEM.

The starting materials used were In,O; powder with
99.997% purity and InN powder with 99.9% purity. Samples
of both materials were prepared by compacting powder to
form disks of about 7 mm diameter and 2 mm thickness. The
samples were then annealed at different temperatures, as de-
scribed below, under argon flow. XRD measurements were
performed in a Philips diffractometer. Secondary electron
and CL observations were carried out in a Leica 440 SEM
and a Hitachi S2500 SEM. The CL measurements were car-
ried out at liquid nitrogen temperature with a beam energy of
15-20 kV with a Hamamatsu R928 photomultiplier and a
Hamamatsu PMA-11 charge coupled device camera.
Local x-ray microanalysis of the structures was performed in
a JEOL JXA-8900 Superprobe by energy dispersive
spectroscopy.

Annealing In,O5 disks at temperatures up to 1400 °C,
contrary to the case of SnOz,8 Ga203,9 Zn0'" or GeOz,11
does not lead to the growth of elongated nanostructures on
the disk surface. In order to grow In,O5 elongated structures,
InN was used, instead of In,03, as starting material. InN has
a low thermal stability at temperatures at least above 450 °C
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and rapid dissociation above 500 °C has been reported (see
the review of Ref. 13). Guo, Kato, and Yoshida'* investi-
gated the thermal stability of InN films and observed that the
compound decomposed to In and N, above 550 °C by de-
sorption of nitrogen. The preparation of oxide by using the
corresponding nitride as starting material has been also re-
ported in the case of TiO,, e.g., Ref. 15.

The compacted InN powder was annealed under argon
flow either with one or with two temperature step treatments.
The single step treatments were carried out at 600 or 700 °C
for 10 h. In the two step treatments an annealing at 350 °C
was followed by a second one at 600 or 650 °C. Both an-
nealings were carried out for 5 or 10 h. The furnace was not
sealed for high vacuum conditions so that a pure argon flow
was not used. After the single step treatment at 600 °C, some
necklace-like structures, formed by rows of pyramids with
sizes of about 500 nm connected by nanowires with diam-
eters of less than 100 nm, as those shown in Fig. 1(a), are
observed. The treatment at 700 °C produces dense arrays of
necklaces and, in some areas, rods with well formed pyra-
mids on the top [Fig. 1(b)], hereinafter referred to as arrows.

The images show that the structures grown at 600 °C are
a preliminary stage of growth of those observed after the
700 °C treatment. Also, the linear density and size of the
pyramidal pieces of the necklace structure appear to increase
at the high temperature, leading to the formation of the rods
and arrows. XRD of the annealed samples shows that they
are composed of In,0;.

The two step thermal treatments were found to favor the
growth of the elongated structures in large areas all over the
sample surface. The temperature of the second step and the
time of each treatment enabled the influence of the final mor-
phology of the structures. When the second step was per-
formed at 600 °C, the necklaces were distributed over the
surface. In particular, when the annealing was carried out for
5 h, the pyramids were connected by nanowires with diam-
eters in the range 80— 150 nm (Fig. 2) showing in some cases
a large separation between the single pyramids, while after a
10 h treatment a dense distribution of pyramids is obtained.

A second step annealing at 650 °C for 10 h leads to the
growth of dense arrays of well formed arrows whose rods
have lengths in the range of several tens of microns or even
over 100 um [Fig. 3(a)]. By reducing the time of the 650 °C
annealing to 5 h, either networks of rods or arrows whose

© 2006 American Institute of Physics
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FIG. 1. (a) Necklace-like structure in a sample treated at 600 °C, and (b)
arrows after treatment at 700 °C.

rods are in an intermediate stage of formation are observed.
A reduction of the time of the first step annealing at 350 °C
produces a similar structure similar but with a cube at the top
[Fig. 3(b)].

The growth of small dimension In,O5 pyramids has been
previously reported. One of the reasons for the interest in
such structures is that the sharp tips are useful for efficient
field emission'® having potential applications in displays.
Guha, Kar, and Chaudhuri'’ synthesized the pyramids by a

FIG. 2. Pyramids connected by nanowires after a two step annealing with
the second step at 600 °C for 5 h.

FIG. 3. (a) Arrows and (b) cubes after two step annealing.

physical evaporation technique on a silicon substrate. In both
works'®!” the square faces are at the bottom of the pyramids
and in contact with the substrate. The pyramids grown in the
present work appear in many cases separated from the sub-
strate, which is of potential interest, specially in the case of
the arrows, in applications in which single tip field emitters
are used. Also the cubes grown in this work appear at the top
of a long rod which differs from previously reported In,O5
nanocubes grown by a hydrothermal method.'®

Since the starting material in the growth process is InN,
compositional analysis of the arrows and other structures has
been performed, by x-ray microanalysis in SEM, in order to
determine the possible presence of nitrogen. Nitrogen was
detected in all cases in amounts ranging from about
0.4 at. % to a maximum of about 9.5 at. % with typical con-
centrations of a few atomic percent. Comparison of a high
number of local composition results reveals that the oxygen
atomic content is rather constant, in the range 60%—63%,
independent of nitrogen content, while the content of In an-
ticorrelates to that of nitrogen so that the total atomic amount
of both elements together is nearly constant in the range
37%-40%. This indicates that nitrogen incorporates in in-
dium sites, with no evidence from XRD measurements of
formation of an alloy of the type InN—In,0O5.

The luminescence from wires, necklaces or arrows ap-
pears to be rather homogeneous as observed in the CL image
of a region with arrows, shown in Fig. 4.
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FIG. 4. CL image of arrows.

Figure 5(a) shows the CL spectrum of the commercial
untreated In,O5; powder, with a broadband peaked at about
1.9 eV. A photoluminescence (PL) band at 1.9 eV, observed
at room temperature, has been reported in indium oxide
polycrystalline films."” The PL spectra of Ref. 5 consist of a
blue-green band at 2.65 eV in the case of powder and of
bands at 2.65 and 3.17 eV in the case of nanowires. The
blue-green emission has also been reported in different In,O5
nanostructures'"'®**?! while the PL band peak in the range
3.1-3.2 eV has been observed in nanowires.’ >

The CL spectra recorded in the samples treated with the
second step annealing at 650 °C are similar to that shown in
Fig. 5 [spectrum (a)], with a single broadband peak at about
1.9 eV. It appears that well formed pyramids and rods do not
influence the shape of the spectra. In the samples treated with
the second step annealing at the lower temperature of
600 °C, luminescence bands at higher energy are observed.
A Gaussian deconvolution of the CL spectrum after a second
step annealing at 600 °C for 5 h indicates the existence of
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FIG. 5. CL spectrum of untreated In,0; powder (a) and CL spectra of a
sample after two step annealing in a region with arrows (b) and from
a region with necklaces or other structures in an intermediate stage of
growth (c).
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emissions at 1.90, 2.53, 2.77, and 3.10 eV, as shown in spec-
trum (b) of Fig. 5. The spectra recorded after 10 h annealing
were found to depend on the area considered. In particular,
the presence of necklaces seems to favor the blue-green
emission at 2.5-2.6 ¢V [spectrum (c)] while in areas with
arrows the spectra are similar to that shown in spectrum (b).

It appears that the blue-green and the 3.1 eV bands are
enhanced by the presence of structures in a preliminary stage
of growth, as necklaces or arrows with not well formed rods.
The blue—ig7reen band has been attributed to oxygen
vacancies™ "'®?! and the 3.1 eV to near band edge
emission®” and to defects generated during growth.7 The CL
results indicate that the samples treated with a second step at
600 °C, contain a higher amount of defects related to oxygen
vacancies than those treated at 650 °C, which exhibit well
formed structures.

In summary, thermal treatment of compacted InN pow-
der at temperatures in the range 600—700 °C under gas flow
causes decomposition of the nitride and formation of elon-
gated In,O5 micro- and nanostructures with shapes of pyra-
mids, rows of pyramids with a necklace-like morphology,
rods and cubes. In the final stage of growth, well formed
arrow structures are observed. CL spectra of the samples
consist of a broadband centered at about 1.9 eV. In samples
with structures in an intermediate stage of growth, a band in
the blue-green range, at about 2.6 eV, and a weak emission
at about 3.1 eV are observed, which are attributed to oxygen
deficiency.
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