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Abstract

We report the synthesis of the In,O; nanoloquat grown at different oxygen flow rates by using the thermal evaporation method. The gold
nanoparticles were used as the catalyst and were dispersed on the silicon wafer to facilitate the growth of In,O3; nanoloquats. The nanostructures
of the In,O; nanoloquats were characterized by scanning electron microscopy, transmission electron microscopy and X-ray diffraction. The
photoluminescence (PL) study reveals that In,O; nanoloquats could emit different luminescence peaks in the range of 500-600 nm with broad
bands by adjusting different oxygen flow rates. The coverage of the wavelength tuning in the emission peaks of the In,O; nanoloquats could be
beneficial for possible applications in white light illumination through manipulating the ratio of each wavelength component.
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1. Introduction

InpO3 is an important transparent semiconductor material
with wide bandgap energy (3.6 eV), which has been applied in
optical and electric devices such as solar cells and liquid crys-
tal devices [1-3]. Previous studies focused on the preparations
and characterizations of In,Os3 films or nanostructrues [4,5],
however, the photoluminescence (PL) results of In,O3 varied
a lot obtained by different research groups in terms of optical
properties. For instance, Lee et al. obtained the PL emission of
637 nm from the In,O3 thin films synthesized by thermal oxi-
dation [4]. Liang et al. used InP as the starting material to grow
Iny O3 nanofibers using a furnace and their PL spectra exhibited
emission of 470 nm [6]. Zheng et al. observed the PL emis-
sion of 429 and 460 nm from their InO3 nanowires using a
three-probe dc method [7]. Li et al. measured PL of the In;O3
nanotubes exhibiting emission of 593 nm [8]. Most of the above
PL results come from different densities of oxygen vacancies
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[9,10]. However, few groups have developed methods to modu-
late the emissive wavelength of In, O3, Therefore, what inspires
us to delve into the origin and the modulation of the emissive
wavelength originates from that accordingly. In this paper, we
report the synthesis of InpO3 nanoparticles with a special shape
similar to the loquat using the two-zone thermal evaporation
method. The PL results exhibited different broad band emission
peaks ranging from 500 nm to 600 nm when In,O3 nanoloquats
were grown by adjusting oxygen flow rates, which could have
potential applications to white light illumination.

2. Experiment technologies
2.1. Synthesis of In;O3 nanoloquats

The synthesis procedures of InO3 nanoloquats started with
gold nanoparticles produced by the chemical reduction of gold
chloride tetrahydrate (HAuCly) with sodium citrate spread onto
the Si substrates cleaned by the 3-aminopropyl-trimethoxysilan
(APTMS) ethanol solution and water. Observed from the SEM
images, the Au nanoparticles are 10-20 nm in width and the den-
sity is around 6 x 108 cm™2. Then, the gold nanoparticles on Si
substrates were then sent to a two-zone vacuum furnace to grow
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Fig. 1. Schematic diagram of a two-zone furnace for indium oxide nanoloquats
growth.

the InpO3. The experimental setup for synthesizing indium oxide
nanoloquats is schematically depicted in Fig. 1. The starting
material, 5 g indium metal, was placed in a quartz boat located
inside a quartz tube reactor, designated as zone 1 with the temper-
ature setting as T'1. p-type silicon (1 0 0) substrates were placed
in the downstream of the tube reactor separated from the start-
ing material by 20 cm, designated as zone 2 with the temperature

setting as 72. The quartz tube was exhausted by a mechanical
pump down to around 0.1 Torr. We grew indium oxide nanolo-
quats under different oxygen flow rates from 50 to 200 sccm
for 8 h reaction time. The temperature 71 was set 900 °C for
the source zone and the temperature 72 was set 700 °C for the
reaction zone.

2.2. Apparatus

Speaking of characterization, scanning electron microscopy
(SEM, by JEOL, JSM 6500F) and high-resolution transmission
electron microscopy (HRTEM, by JEOL, JEM 2010F, operating
at 200kV) were used for investigation of the morphology and
microstructure of the as-grown samples. The compositions were
analyzed using energy dispersive spectrometry (EDS) attached
to the SEM. Selected area electronic diffraction (SAED) con-
firmed the crystal orientation of In, O3 nanocrystals. The crystal
structure analysis was performed by the XRD measurement with
Cu Ka radiation. PL spectra were measured at room temperature

Fig. 2. (a, b) Real loquats shot in Taiwan. (c)—(f) InO3 nanoloquats grown by using different oxygen flow rates of 50, 100, 150 and 200 sccm, respectively.
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with a spectrometer (TRIAX-320) excited by a 25 mW He-Cd
laser with the emission wavelength of 325 nm.

3. Results and discussion
3.1. Structure analysis of Iny O3 nanoloquats

Fig. 2(c)—(f) shows SEM images of the In,O3 nanocrystals
grown at different oxygen flow rates in the range 50, 100, 150 and
200 sccm, respectively, by using the thermal oxidation method
with the growth temperature of 700 °C. The name of In;O3
nanoloquat derives from special shapes of these nanocrystals
similar to the real loquat fruits as shown in Fig. 2(a) and (b)
[11]. The amount of nanoloquat was found to be dependent on
the oxygen flow rate. As a result, Fig. 2(c) shows fewer nanolo-
quats existed and many InyOs tips are beginning to sprout when
the oxygen flow rate was 50sccm. As the oxygen flow rate
was increased to 200 sccm, most of InpO3 nanocrystals show
well-shaped loquat as indicated in Fig. 2(f).

The HRTEM images of the nanoloquat grown with the oxy-
gen flow rate of 150 sccm at 700 °C are shown in Fig. 3(a) and (b).
It is clearly shown that the InpO3 nanoloquat was capped with a
20 nm gold nanoparticle. The presence of gold nanoparticles at
the top of the In,O3 nanoloquats provides a strong evidence for
a vapor-liquid-solid (VLS) growth mechanism. However, VLS
growth mechanism generally leads to a well directional growth
and further to form nanowire or nanorod structures [12,13],
which is different from our results. We proposed that the short

In,O3 nanowires were nucleated at the gold nanoparticles by
the VLS mechanism at first. As the growth time passed by, the
growth direction still favored to the top due to the fast reaction
provided by the catalyst. However, the over-supply of the indium
vapor interacting with oxygen atoms could further facilitate the
lateral growth, the lateral volume could increase and then turned
into the loquat shape. Fig. 3(c) and (d) shows HRTEM image of
a partial In»O3 nanoloquat and the corresponding SAED result,
which proved our InpO3 nanoloquat was a single crystal struc-
ture. The lattice plane of (4 22) with an interplanar spacing of
0.207 nm and (6 2 2) with spacing of 0.153 nm can be obtained
by the analysis of both TEM images and SAED shown in Fig. 3
corresponding to the InyO3 crystal lattice planes.

Typical XRD patterns of the In,O3 nanoloquats grown with
different oxygen flow rates are shown in Fig. 4. All the diffrac-
tion peaks could be indexed to a pure cubic phase structure with

a lattice constant of a=1.011A (JCPDS 71-2195). Both mea-
surement results show that the stronger and sharper XRD phase
peaks could be detected as the oxygen flow rates were increased.
Therefore, the crystalline quality of InO3 nanoloquats could
be improved by means of adjusting oxygen flows, which was
consistent with our SEM observations.

3.2. Optical properties of In;03 nanoloquats

The normalized PL measurement results of the In,Oj3
nanoloquats prepared by different growth conditions reveal the
quality-dependent characteristics as shown in Fig. 5. Since the

Fig. 3. (a, b) TEM images of the In,O3 a nanoloquat’s tip. (c) High-resolution TEM images of part of the InoO3 nanoloquats. (d) The corresponding selected area

electron diffraction pattern.
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Fig. 4. XRD pattern of the InpO3 nanoloquats grown at different oxygen flow
rates.
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Fig. 5. Room temperature PL spectra of the In,O3 nanoloquats grown at differ-
ent oxygen flow rates.

bandgap energy of In;O3 is around 3.6eV, we could boldly
obviate the origin of the photoluminescence as shown in Fig. 5
from the band-to-band transition. Namely, the transition could
substantially be ascribed to the carrier recombination between
the valence band and the oxygen vacancies induced donor lev-
els formed in the midst of the In,O3 bandgap [14]. However,
the different crystallization quality of the In,O3 nanoloquats
could result in different transition path of carriers due to the
different amounts of oxygen vacancies and defects generated
during the growth [5,15]. Therefore, in our case, the worse qual-
ity would lead to a shorter wavelength emission due to more
oxygen vacancies formed in the nanoloquats grown in condi-
tions of different oxygen flow rates. By adjusting these growth
conditions, we could synthesize the InO3 nanoloquats emitting
different wavelength emission to span the whole blue-orange
light region. It is worth noting that how the oxygen flow rates
influenced the optical transition route. Considering the oxygen
vacancies, once we increased the oxygen flow rate the vacancies
could be repaired and got diminished in amount accordingly.

In the theoretical view, fewer oxygen vacancies lead to fewer
electrons exists in the indium oxide compound semiconductor.
As a result, the Fermi-level descends to the lower energy side.
Then the electrons will reside in the lower oxygen vacancies
induced donor levels, accompanying the Fermi-level lowering
to obtain the narrower optical transition width. Simply put, the
more oxygen infusion, the longer wavelength emission could be
anticipated.

4. Conclusion

In conclusion, we have grown the In,O3 nanoloquat under
different oxygen flow rates and using the thermal evaporation
method. The VLS process was dominant in the growth of the
Iny O3 nanoloquats confirmed by the TEM images. The single
crystal structures of the InpO3 nanoloquats were also char-
acterized by the SEM, TEM and X-ray diffraction. The PL
measurement results showed that Inp O3 nanoloquats could emit
different broadband luminescence peaks ranging from 500 to
600 nm by adjusting oxygen flow rates. Owing to the differ-
ent amount of oxygen vacancies provided by different growth
conditions, the optical transition energy of the InpO3 nanolo-
quats becomes tunable, which could be beneficial for possible
applications in white light illumination.
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