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Fabrication of 1D metal oxide nanostructures of controlled morphology and defect structure is of
immense importance for their application in optoelectronics. While the morphology of these nanostruc-
tures depends primarily on growth parameters utilized in physical deposition processes, incorporation of
foreign elements or dopants not only affects their morphology, but also affects their crystallinity and
defect structure, which are the most important parameters for their device applications. Herein we report
on the growth of highly crystalline 1D In,05 nanostructures through vapor-liquid-solid process at rela-
tively low temperature, and the effect of Ga incorporation on their morphology and defect structures.
Through electron microscopy, Raman spectroscopy and cathodoluminescence spectroscopy techniques,
we demonstrate that incorporation of Ga in In,03 nanostructures not only strongly affects their morphol-
ogy, but also generates new defect levels in the band gap of In,0s, shifting the overall emission of the
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nanostructures towards visible spectral range.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Metal oxide based semiconductors such as ZnO, SnO,, In,0s,
TiO, and Ga,0s received enormous attention in recent time, espe-
cially for their applications in catalysis [ 1], fabrication of solar cells
[2], gas sensors [3], field-effect transistors [4], and photodetectors
[5]. For these applications, In,03 has been one of the most utilized
materials due to its adequate optical and electrical properties.
Being a wide-band-gap semiconductor (~3.6 eV) with high optical
transmittance [3], good electrical conductivity [6], and high chem-
ical stability [7], In,O3 is considered as a very important material
for optoelectronic applications [8], especially in nanostructure
forms. For instance, nanostructured In,03 presents intense lumi-
nescent emission in the UV-visible range [9], leading its applica-
tion in LEDs (light-emitting diodes). However, fabricating
nanostructures with specific morphologies is an important task
for manipulating their physical properties required for specific
application. In order to tune their physical properties, In,O3 nanos-
tructures have been grown with different morphologies such as
octahedral particles [10], rods [11], wires [12], and doped with dif-
ferent elements like Sn [13],Zn [14], and Ga [10,15]. Effects of mor-
phology and doping on their optical and optoelectronic properties
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have also been studied. Incorporation of foreign elements can
induce changes in microstrain, modifying crystallite size of In,03
nanostructures [10]. The microstrain in In,O3 lattice depends on
the difference between the ionic radii of In and the dopant ion.
However, it has been demonstrated that Ga incorporation in
indium oxide octahedral nanoparticles fabricated by vapor-solid
(VS) method does not affect significantly their crystallinity due to
the isovalent substitution of In®* ions by Ga3* ions [10]. When
the dopant element has different valence charge than indium, the
formation of oxygen-related defects through charge compensation
might be induced. Formation of such defects modifies the physical
properties such as electrical conductivity, which is typically related
to oxygen vacancies (Vo) in metal oxide semiconductors. It is well
known that Sn-doped indium oxide systems (also called ITO) have
enhanced electrical conductivity in comparison with pristine
indium oxide, which makes them suitable for transparent contact
applications in solar cells. However, the typical sheet resistance
of 10 Q/square is inadequate for applications in flat panel displays.
Although by increasing thickness, the sheet resistance of ITO films
can be reduced, it leads to undesirable increment in the optical
absorption of the films. Moreover, their high absorption in the near
infrared region (1.0-1.5 um) is an issue that the scientific commu-
nity has tried to solve. In order to overcome this situation, Ga- and
Zn-doped thin films have been developed, which have proved to be
good substitutes of In in transparent conducing oxide (TCO) thin
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films due to less optical absorption in the near infrared region with
electrical conductivity similar to Sn-doped systems [14,16]. On the
other hand, Zn-doped indium oxide nanostructures have been
applied in the fabrication of field-effect transistors (FETs) with con-
ductivity values similar to Sn-doped indium oxide based FETs [17].
The optical properties such as luminescence emissions of indium
oxide depend strongly on the fabrication method and the nature
of dopant element. Gao et al. [18] found that the photolumines-
cence emissions of ITO nanowires synthesized by VLS process shift
from visible (1.9 eV) to UV (~2.9 eV) region on the increase of Sn
fraction. Despite the abundance of literature reports on the effect
of dopant incorporation on their physical properties of In,03
nanostructures, there exist no clear picture due to the involvement
of a vast number of parameters, especially in the used physical
growth techniques.

In the present work, we report on the fabrication of Ga-
incorporated In,O3 nanostructures of different Ga contents by a
simple, solvent-free vapor-liquid-solid (VLS) method at relatively
low temperature. The effects of Ga incorporation on the morphol-
ogy, crystallinity, optical behavior, electronic defect structures and
photocatalytic degradation performance on methylene blue (MB)
dye of indium oxide nanostructures are discussed highlighting
their potentialities for optoelectronic applications.

2. Materials and methods

In,03 nanostructures were fabricated through VLS process, uti-
lizing a horizontal tube furnace with multiple gas supply facility.
Metallic indium droplets (~2 mm, 99.9% purity, Sigma-Aldrich),
graphite powder and metallic gallium splatter (99.99% purity,
Sigma-Aldrich) were put in a quartz crucible with a 1:0.6:X (X =
0, 0.05, 0.10 and 0.20, defined as sample GIO-0, GIO-5, GIO-10
and GIO-20, respectively) nominal weight ratio. Silicon substrates
(1.5 cm x 2.0 cm) covered with a ~15 nm thick sputtered depos-
ited Au film were set face-down over the quartz crucible, with a
distance of ~7 mm separating the precursors and the substrate.
The precursor and substrate loaded crucible was placed at the cen-
ter of the quartz tube (20 mm internal diameter) of the horizontal
furnace and heated to 900 °C at a rate of 37 °C/min, under constant
Ar (99.996% purity) + O, (99.999% purity) mixture flow (10:1 v/v,
66 sccm). Prior to heating, the growth chamber (quartz tube)
was flushed with high purity Ar for 1 h to remove residual air.
The growth process was continued for 15 min, after which, the fur-
nace was cooled down to room temperature naturally. For the
characterization of the nanostructures, obtained products were
gently scratched out from the substrate and deposited over fresh
Si substrates. Morphology and elemental composition of the as-
prepared nanostructures were analyzed in a Leica Stereoscan 440
scanning electron microscope attached with a Bruker AXS XFlash
4010 X-ray microanalysis (EDS) system. Room temperature
cathodoluminescence (CL) spectra of the samples were recorded
in a Hitachi S-2500 microscope, utilizing a Hamamatsu PMA-11
charged-coupled device (CCD). MicroRaman spectra of the nanos-
tructures were recorded in a Horiba Jobin Yvon LabRAM HR800
system at room temperature, utilizing a 632.8 nm He-Ne laser
and a thermoelectrically cooled CCD. Room temperature UV-Vis
absorption spectra of the samples were recorded on their ethanolic
colloidal dispersion (0.4 mg of nanostructures dispersed in 2.0 ml
of ethanol) using a Shimadzu UV-VIS-NIR 3100PC double-beam
spectrophotometer, utilizing pure ethanol as reference. To analyze
the structural phase of the nanostructures, X-ray diffraction (XRD)
and transmission electron microscopy (TEM) measurements were
carried out in a Panalytical XPERT-MPD diffractometer (Cu Ko, A
=1.54056 A) and a JEOL JEM 2100 microscope operating at 200
kV, respectively. The chemical states of the elements were deter-

mined from the X-ray photoelectron spectra recorded in a Thermo
Scientific X-ray photoelectron spectrometer, utilizing Al Kot X-ray
source (1486.6 eV). Binding energy of each of the elements was cal-
ibrated using C 1s energy position at 284.6 eV. Photocatalytic per-
formances of the In,05 and Ga incorporated In,O3 nanostructures
have been tested for methylene blue (MB) degradation under visi-
ble and ultraviolet irradiation following the procedure reported in
our previous work [19]. Typically, 3 mg of the nanostructures
(scratched out from Si substrate) was added into 6 ml of dye solu-
tion (10 ppm) under magnetic stirring and air flow in dark (inside a
black box). The mixture was left in dark for 60 min under stirring at
room temperature (22 °C) to reach the adsorption-desorption
equilibrium at the surface of the catalyst. The extent of dye adsorp-
tion was determined from the decrease of MB concentration in the
solution by monitoring the intensity of its principal absorption
band (664 nm) in a Shimadzu UV-VIS-NIR 3100PC spectropho-
tometer. At different intervals of time, about 2 ml of aliquot was
withdrawn from of the mixture to record its absorption spectrum.
Once the dye adsorption-desorption equilibrium is reached, the
mixture was illuminated either by a UV laser-diode array (365
nm, 10 W) or by a 10 W xenon lamp, emitting white light and
the concentration of MB in the mixture was monitored at different
intervals by recording its absorption spectra.

3. Results and discussion

SEM images of the samples (Fig. 1) and amplified images of
selected nanostructures (insets) revealed the formation of
tapered-end rod-like 1D structures of 0.7-2.0 um length and 20-
150 nm width, frequently folded to form elbow-like structures
for the sample GIO-0 (Fig. 1a). The presence of quasi-spherical cat-
alyst (Au) particles at the tips of the 1D structures confirms their
growth through VLS process. Most of the rods are tapered because
of lateral growth of indium oxide through vapor-solid (VS) process
and differences in growth time of the bottom ends with respect to
their tips [11]. Formation of larger 1D nanostructures (1-5 pm in
length and 20-200 nm width) can be observed for the sample
GIO-5 (Fig. 1b) containing a nominal 5% Ga. Some of these nanos-
tructures present secondary growths perpendicular to the main
structures, and a change in the growth direction, forming elbow-
like or kinked structures. In general, the nanostructures have
square-like cross-sections, although some of the nanostructures
have octagonal cross-sections. On the other hand, 1D structures
of 2.7-7.0 um in length and 200-500 nm width, with square and
octagonal cross-sections were formed in the sample GIO-10
(Fig. 1c). While most of the nanostructures have tapered end, struc-
tures with thinner ends tend to bend to form curved structures.
Although the nanostructures of GIO-0 and GIO-5 samples are fre-
quently branched and contain gold particles at their tips, confirm-
ing their growth through VLS process, the nanostructures of
sample GIO-10 are usually not branched or elbow-shaped. Finally,
the GIO-20 sample revealed the formation of longer nanostruc-
tures of higher aspect ratios with tens of microns in length and
45-65 nm in width, without forming tapered ends (Fig. 1d). The
sharp increase in the aspect ratio and the formation of tapering-
free ends in these nanostructures are due to the incorporation of
gallium in indium oxide nanostructures. Ga incorporation is
reported to increase the root mean square microstrain, and lattice
defects in In,05 lattice, reducing the crystallite size of In,O3 struc-
tures gradually with increasing Ga content [20]. Formation of
longer nanostructures in this sample clearly indicates an enhance-
ment in growth rate due to the incorporation of Ga in In,O3 nanos-
tructures. High growth rate of these nanostructures not only ceases
the formation of tapered ends, also leads to the formation of longer
rods.
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Fig. 1. Typical SEM images of the (a) GIO-0, (b) GIO-5, (c) GIO-10 and (d) GIO-20 samples; and (e) their typical EDS spectra. Amplified images of selected nanostructures

(insets) show the presence of Au particles at their tips and their tapered ends.

Quantitative EDS analysis (Fig. 1f and Table 1) of the samples
indicates a gradual increment of Ga content in the nanostructures
with the increase of nominal Ga%. The Ga/In atom?% ratio increased
from 0.04 to 0.08 for the sample GIO-5 to GIO-20. The oxygen atom
% in all the samples is higher than the expected stoichiometric
value (66.67 atom%), while the estimated Ga/In atom% ratios are
lower than their expected values (0.08, 0.16 and 0.32 for the
GIO-5, GIO-10 and GIO-20, respectively), probably due to the dif-
ference in the evaporation rates of In and Ga due to their different
vapor pressures (3.2 x 107> atm, and 4.6 x 10~® atm, at 900 °C,
respectively) [21].

XRD patterns of the samples (Fig. 2) revealed sharp and intense
diffraction peaks, indicating their good crystallinity. The intense
diffraction peaks appeared around 21.58, 30.70, 35.62, 41.90,
45.78, 51.14 and 60.78° could be assigned to In,03 in bcc phase
(JCPDS card # 06-0416). Two low intensity peaks appeared around
38.80 and 44.46¢ for all the samples correspond to Au in fcc phase

(JCPDS card # 04-0784), coming from the Au used as catalyst. No
diffraction peak related to Ga,Os, ternary oxide, or any other impu-

Table 1
EDS estimated elemental composition of the fabricated nanostructures.
Sample Element Atomic% Ga/ln
GIO-0 In 31.1 0.000
(0] 68.9
GIO-5 In 303 0.040
(0] 68.5
Ga 1.2
GIO-10 In 28.9 0.052
(0} 69.6
Ga 1.5
GIO-20 In 271 0.077
(0} 70.8
Ga 2.1
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Fig. 2. XRD patterns of the fabricated In,O3; nanostructures (a), and their amplified sections showing broadening and shift of the (222) (b) and (400) (c) peaks.

rity could be detected from the XRD spectra of the samples. As can
be noticed (Fig. 2), Ga incorporation makes the XRD peaks broader
and shifts to lower diffraction angles due to lattice distortion
(Fig. 2b and 2c). Since the ionic radii of Ga and In are 0.80 A and
0.62 A, respectively [22], the distortion caused by the incorporation
of Ga indicates that Ga occupies interstitial sites of the In,05 lat-
tice. However, since the differences in Ga concentration from
sample-to-sample were small (Table 1), there was no significat
change in the XRD spectra of the samples containing different Ga
contents. The lattice parameters a=b =c of the cubic structure
(oe= B =7y =90°) were calculated utilizing the equation [23]:

d=a/\/h*+ K + I (1)

where h, k, and [ are the Miller indices of the selected peak (plane),
and d is the interplanar spacing estimated using Bragg’s relation.
Estimated lattice parameters of the samples (Table 2) indicate a
gradual expansion of unit cell volume on Ga incorporation in
In,03 lattice.

Room temperature CL spectra of all the samples revealed a
broad emission in the visible range at around 1.75 eV for the pris-
tine In,Os; nanostructures, while Ga incorporation causes the
appearance of addition emission in the UV region (Fig. 3). Gaussian
deconvolution of CL spectra of the samples (Fig. 3b-d) revealed the
presence of three component bands centered at ~1.75 (orange),
2.55 (green) and 3.15 eV (violet) in all the Ga-incorporated sam-
ples.! On Ga incorporation in In,O3 nanostructures, the relative
intensity of the green band with respect to the orange band (Ig/l,)
increased. The estimated Ig/l, ratios for the GIO-5, GIO-10, and
GIO-20 samples were 0.13, 1.36 and 2.61, respectively. Although
the visible emissions in In O3 nanostructures have been frequently

! For interpretation of color in Figs. 3 and 6, the reader is referred to the web
version of this article.

Table 2
Lattice parameters and FWHM of the (222) peak, estimated from the XRD patterns of
the grown nanostructures.

Sample Angle 26 (°) Lattice parameter (A) FWHM (°)
GIO-0 30.71 10.07 0.19
GIO-5 30.61 10.10 0.25
GIO-10 30.61 10.10 0.25
GIO-20 30.59 10.11 0.26
1.75 eV (a 1.75eV (b
~ ~
= s
= &
2 2
7 7
8 5
k| 5| 255¢e 3.16 eV
2 3 4 5 2 3 4 5
Energy (eV) Energy (eV)
(c) 2.52eV (d)
~ ~
S =
< )
z =
Z g
= 1.76 eV
8 8
A= =
=
3.15¢V
2 3 4 5
Energy (eV) Energy (eV)

Fig. 3. Deconvoluted CL spectra of (a) GIO-0, (b) GIO-5, (c) GIO-10, and (d) GIO-20
samples showing the evolution of different emissions.
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(c) ~308 cm™!, showing their red-shift and broadening due to Ga incorporation.
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observed, their origin has been a subject of discussion for several
years without a convincing conclusion. Kumar et al. [24] have asso-
ciated the red-orange emission of In,03 appeared around 2.10 eV, to

the formation of interstitial In>* sites. On the other hand, several
authors have associated the green-blue emissions of indium oxide,
appearing in between 2.20 and 2.91eV, to oxygen vacancies
[10,18]. Some authors [18,25,26] proposed that the radiative recom-
bination of electrons in ionized oxygen vacancies with photo-
generated holes creates Vo-Vy, pairs in the band gap, inducing the
green emission in In,0s3, similar to ZnO [27]. On Ga incorporation
in interstitial sites of In,O3 crystal lattice, the relative intensity of
the green band increases due to the formation of oxygen-related
defects such as Vo. Incorporated Ga can form bonds with the oxygen
at the surface of the nanostructures to form GaOy complexes,
increasing the amount of Vg present in the nanostructures, enhanc-
ing the green emission. As described by Farvid et al. [28] for
v-Ga,03-rh-In,03 nanoparticles, an increment in indium content
in gallium oxide causes a narrowing of the band gap of gallium oxide
due to the incorporation of In®>* in octahedral sites of the spinel-type
crystal structure of y-Ga,0s. The substitution of Ga>* by In®* causes a
red shift of the emission band of gallium oxide nanostructures. A
similar behavior has been found for In-doped gallium oxide
micro-/nanostructures grown by thermal treatment [26]. Thus, in
the opposite situation, when Ga>* is the foreign cation and indium
oxide is the host lattice, a broadening in the band gap of indium
oxide occurs due to gallium incorporation, increasing the energy of
visible emissions, as seen in the CL spectra of the fabricated
Ga-incorporated In,03 nanostructures in the present study. The band
appeared around 3.15 eV, which did not appear in pristine In;03
nanostructures can be assigned to the formation of GaOy containing
high concentration of oxygen vacancies. As has been reported by
Al-Kuhaili et al. [29], in non-stoichiometric gallium oxide, oxygen

Table 3

Position and FHWM of the main vibrational modes of pristine and Ga-incorporated In,0s.

Absorbance

275 320 365 410 455 500
Wavelength (nm)

Fig. 5. Typical HRTEM images of a pristine In,0; nanowire and its fast Fourier
transform (inset) (a); Ga-incorporated In,Os nanostructure (sample GIO-20)
containing different types of point defects (b); UV-vis absorption spectra of the
fabricated nanostructures (c).

vacancies form a defect band just below the conduction band, reduc-
ing its bandgap. Therefore, the 3.15 eV emission band can be associ-
ated to the transition from this donor level to the valence band of
In,03. As can be noticed, the intensity of this emission increases with
the increase of Ga content in the nanostructures.

Room temperature Raman spectra were measured to analyze
the effect of Ga incorporation on the crystallinity and lattice defor-
mation of In,03 nanostructures in 100-800 cm™~! spectral range,
utilizing a 100x objective lens with a laser beam spot size ~4
um, focused on different 1D structures (Fig. 4). The vibrational
modes detected at 111 (T§"), 133 (A{Y), 153 (AP), 307 (T, @),
367 (T9), 497 (AD)) y 629 cm™' (ALY) correspond to the bec phase
of indium oxide (space group I2) [30]. The band appeared around

Position (FWHM) [cm™']

Sample Ag T, Tg Ag Ag

GIO-0 134 (3.80) 309 (11.19) 369 (15.27) 498 (9.99) 628 (27.28)
GIO-5 133 (5.59) 308 (12.42) 367 (13.30) 498 (11.67) 632 (12.41)
GIO-10 129 (3.9) 302 (12.9) 362 (14.1) 494 (23.0) 626 (23.5)
GIO-20 130 (11.44) 300 (15.54) 361 (17.82) 492 (29.23) 634 (32.59)
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Fig. 6. (a) XPS survey spectra of the pristine and Ga-incorporated In,05 (GIO-20) nanostructures; (b-d) core level In 3d, O 1s and In 4d spectra of the pristine, and (e-g) core
level In 3d, O 1s and Ga 3d spectra of the GIO-20 samples. From (d) and (g), the absence of Ga in the pristine sample and the appearance of Ga 3d peak in Ga-incorporates

sample (GIO-20) can be noticed.

133 cm™!, corresponds to the vibrations of In—O bond in the
octahedrally-coordinated InOg units [31], while the band appeared
around 307 cm™! is attributed to bending vibrations of InOg units
and 367 cm™! band is attributed to the stretching vibrations of
the In—O—In bonds. The bands appeared around 497 and 629
cm~! are the stretching vibrations of InOg units [32]. Raman spec-
tra of the Ga-incorporated samples reveal the all the vibrational
modes of the pristine sample, indicating that the main contribution
comes from the In,03 host lattice. On Ga doping, the main vibra-
tional modes, especially those at around 133 and 307 cm™',
become broader and shift to lower energy (Fig. 4b and c, Table 3.).
The shift is probably due to the reduction of In—O bond energy as
the result of Ga®>* substitution at, In>" sites, as observed by Singhal
et al. [33] in Fe-doped In,05 thin films. For the GIO-20 sample, the
vibrational modes are broader and less intense, besides the appear-
ance of additional modes around 175, 204, 420, 564, and 707 cm™".

Although the vibrational modes at 420, 564 and 701 cm™! are
rarely observed in Raman spectra of In,Os; nanostructures, they
have been associated to the bcc phase of In,03 [10,34], while the
modes at 175 and 204 cm™' have been assigned to B-Ga,Os
[26,35] and correspond to libration/translation vibrations of the
tetrahedral-octahedral structural units chains [35]. The appearance
of vibrational modes associated to gallium oxide might have been
caused by the segregation of Ga in some parts of the nanowires
forming Ga,03 or GaOy crystallites or agglomerates, similar to
the segregation of In impurities in In-doped gallium oxide
micro-/nanostructures, observed by Lopez et al. [26].

Effect of Ga incorporation on the crystallinity and defect struc-
ture of the nanostructures were studied further using transmission
electron microscopy (TEM). High-resolution TEM (HRTEM) images
of the pristine nanostructures (Fig. 5a) revealed their high crys-
talline quality, grown preferably along [400] direction, maintaining
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Fig. 7. MB absorption spectra of the (a) GIO-0 and (b) GIO-20 samples, and (c) C/Cgy Vs

irradiation time plots showing their degradation performance. The MB degradation

behavior under visible light illumination has also been included in (c) to show that there is no photo-degradation of MB in absence of catalyst.

interplanar spacing (2.54 A) close to the standard one (2.52 A).
However, on Ga incorporation (Fig. 5b), the interplanar spacing
increased, demonstrating an expansion of In,O5 lattice due to the
accumulation of Ga at interstitial spaces, in agreement with the
obtained XRD results. A rigorous inspection of HRTEM images of
Ga-incorporated nanostructures revealed the presence of gallium
oxide clusters, which supports the results obtained from their CL
and Raman studies. In the Ga-incorporated sample, apart from
the formation of gallium oxide agglomerates, which are mainly
accumulated near the surface of the nanowires due to the low
solubility of gallium oxide in indium oxide [15], several other
defects such as vacancies, and stacking faults are observed.

Room temperature absorption spectra (Fig. 5¢) of the nanos-
tructures were recorded in UV-Vis (270-700 nm) spectral range
to monitor the change in their optical properties on Ga incorpora-
tion. Absorption spectrum of the pristine sample revealed an
absorption band around 330 nm (3.75 eV), associated to the near
band edge absorption of In,05. On Ga incorporation, the absorption
peak shifted towards lower wavelength by about 4 nm, probably
due to the strain induced by Ga incorporation at interstitial sites.
The shift is almost equal for all the Ga-incorporated samples, as
there was no significant variation in Ga content in them (Table 1).
There appeared an additional weak absorption band around 281
nm (4.41 eV) for the Ga-incorporated samples. The energy position
of this absorption band is substantially higher than the reported
band gap values of In,0s3, but relatively close to the band gap
energy of Ga,03 (4.8 eV) [26]. As has been reported by Gowtham
et al. [36], the calculated band gap of GaOy clusters (0.3 <x<3)
vary from 1.55 to 2.71 eV, and from 2.53 to 4.92 eV for neutral

and positively charged clusters. Hence, the incorporation of Ga in
interstitial sites of In,03 lattice can induce the formation of gallium
oxides (GaOy) clusters at the surface of their 1D structures, which
are responsible for the absorption band at 281 nm.

To verify the presence of partially oxidized Ga in the Ga-
incorporated In,03 nanostructures, we performed XPS analysis on
the pristine GIO-0 and nominal 20% Ga-incorporates GIO-20 sam-
ples. While the XPS survey spectrum of the pristine sample
revealed the presence of In and O, the survey spectrum of the
GIO-20 samples revealed the presence of Ga, apart from In and
0. The core-level spectra of In, O, and Ga, recorded in their respec-
tive emission energy range, are presented in Fig. 6(b-g) for the
pristine and Ga-incorporated nanostructures, respectively. The
deconvoluted core-level O 1s emission of the pristine sample
(Fig. 6¢) revealed two component bands around 528.87 and
530.66 eV, corresponding to oxygen in indium oxide and adsorbed
oxygen in the nanorod surface. On the other hand, the deconvo-
luted O 1s emission of the GIO-20 sample (Fig. 6f) revealed three
components along with a small red shift of the oxide-related band
(In—0 bond in In,03), indicating a change in chemical environment
of In in the Ga-impurified nanostructures. Appearance of the
529.90 eV component clearly indicates the formation of oxide bond
with another element apart from indium.

Adeconvolution of the Ga 3d emission band of the GIO-20 sample
(Fig. 6 g) revealed three component bands appearing around 16.80,
19.29 and 21.01 eV, which correspond to the core level emissions of
In 4d, Ga 3d and O 2s bands, respectively [37]. Typically, the binding
energy of Ga 3d level is around 20.6 eV in gallium oxide, while the
binding energy for elemental Ga is around 18.5 eV. However, in



J.A. Ramos-Ramoén et al. /Applied Surface Science 439 (2018) 1010-1018 1017

the core-level spectrum of GIO-20 sample in Ga 3d region, the bind-
ing energy of Ga 3d is shifted slightly to lower energy (19.29 eV),
indicating the formation of gallium sub-oxides, such as Ga30 species
due to incomplete oxidation of gallium [38].

To study the effect of Ga incorporation and hence the formation
of additional defect levels in the band gap of In,03 nanostructures
on their photocatalytic performance, GIO-0 and GIO-20 samples
were tested for MB degradation both under ultraviolet and visible
light. While none of these samples revealed any significant response
under ultraviolet irradiation (365 nm), they manifested reasonable
photocatalytic performance under visible light (Fig. 7). The mecha-
nism of defect-induced photocatalytic degradation of organic dyes
by metal oxide nanostructures has been discussed in our earlier
works [39,19]. As can be noticed (Fig. 7), the MB degradation
efficiency of the In,O3; nanostructures increased drastically (~94%)
after Ga-incorporation. The enhanced photocatalytic activity of the
Ga-incorporated nanostructures is probably associated to the pres-
ence of defect levels in high concentration in their electronic band
gap, which act as trapping levels of photo-generated electrons, pro-
hibiting them to recombine with holes at the valence band.

4. Conclusions

In summary, we present the fabrication of Ga-incorporated 1D
In,03 nanostructures of several micrometer length and tens to
hundreds of nanometer width through VLS growth process. The
pure In,O3 nanostructures are strain relaxed, highly crystalline,
containing structural defects in lower concentrations. Ga incorpo-
ration at the interstitial sites of the In,O3; nanostructures, espe-
cially above 1.0 atom%, strongly affects their morphology,
induces a lattice expansion, and several shallow defect levels in
their optical band gap. Incorporation of Ga atoms in excess at the
interstitial sites of In,03 lattice induces the formation of GaOy
clusters, affecting the absorption and emission behavior of the host
matrix severely. Moreover, Ga incorporation at the interstitial sites
of In,03; nanostructures extends their defect-induced lumines-
cence emission towards visible spectral range, extending the
possibility of their applications in visible photocatalytic reactions
and other optoelectronic applications.
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