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Sn-doped indium oxide micro- and nanoparticles with different Sn contents (0-15 wt% nominal) were
grown by vapor-transport method. Effects of Sn content on the morphology and defect evolution in the
crystalline particles were studied using scanning electron microscopy, micro-Raman, cathodolumines-
cence (CL), and UV-vis optical absorption spectroscopy techniques. It has been observed that Sn doping
enhances the direct band gap energy of In,O3; micro-/nanostructures, modifies their morphology and
electronic defect structures. By controlling the concentration of Sn, CL emission behavior of In,03 na-
nostructures can be controlled systematically.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Indium oxide (In,03) is a semiconducting metal oxide, which
has been actively studied due to its potential technological appli-
cations in sensors [1-3], display devices [4,5], catalysts [6,7], and
solar cells [8,9]. While In,Os itself is highly transparent in the UV-
vis spectral region due to wide band gap energy (Eg~3.6 eV) [10],
to enhance electrical conductivity, often it has been doped with
metals such as Sn [5,11], and Zn [12-14]. The high electrical con-
ductivity of these doped In,03 is associated to the high mobility of
charge carriers, principally the electrons in these n-type semi-
conductors. Due to excellent optical transparency and adequate
electrical conductivity, doped In,O5 thin films have been utilized
as efficient transparent conducting electrodes in several optoe-
lectronic devices. For example, Sn-doped indium oxide (also
known as ITO) has been widely used for optoelectronic applica-
tions, such as anode material in organic light emitting diodes
(OLEDs) [15], transparent heat mirrors for aircraft and car win-
dows [16], and photovoltaic devices [17]. On the other hand, na-
nostructures of these metal oxides have shown to be very pro-
mising for chemical sensing due to their large surface area and
presence of oxygen vacancies in high concentrations [18]. Due to
high surface-to-volume ratio, In,03 based nanomaterials are better
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suited for chemical sensing. Apart from surface area, morphology
and impurity content in these nanostructures have seen to control
their effectiveness in several applications. For example, undoped
In,03 nanostructures of pyramid shape, one dimensional nanowire
or nanorods, and nanotubes of In,03 have seen to be effective as
field emission device [19], chemical sensor [20], and toxic gas
detectors [21-23], respectively. In fact, fabrication of inorganic
nanostructures with specific morphology is required to meet dif-
ferent scientific and technological needs. Using different techni-
ques, such as spray pyrolysis [22], sputtering [15], metal-organic
chemical vapor deposition [23], vapor-liquid-solid growth [24],
hydrothermal process [25], and sol-gel [26], nanostructures of
indium oxide and indium tin oxide of different morphologies such
as nanoparticles [26], nanoellipses [27], nanowires [28,29], na-
norods [27], and nanofibers [30], have been successfully fabri-
cated. Well-shaped nanoparticles of In,Os and ITO have been
fabricated by direct heating of indium metal [31] and
indium/In,O3 mixture [32], respectively. While the low-dimen-
sional tin oxide and ITOs have been fabricated widely in thin film
form and applied successfully in sensing and optoelectronic de-
vices, in nanostructure form, they are promising for the fabrication
of devices with higher efficiency at lower costs as compared to
thin film devices [33]. However, nanostructures of indium oxide or
indium tin oxide have received less attention and need further
investigation for their technological applications.
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In the present work, we fabricated In,O3 and Sn-doped In,0s
micro- and nanoparticles through vapor-solid (VS) growth process,
to study the effect of Sn incorporation on their morphology and
optical properties. Scanning electron microscopy (SEM) and energy-
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dispersive X-ray spectroscopy (EDS) techniques were used to analyze
the morphology and composition of the nanostructures prepared
with different Sn contents (0-15 wt% nominal). UV-vis spectroscopy
and cathodoluminescence (CL) spectroscopy have been used to study
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Fig. 1. Typical SEM images of the In,O3 nanoparticles containing (a) 0.0, (b) 5.0, (¢) 10.0, and (d) 15.0 wt% (nominal) of Sn. Images taken at higher magnification are shown in

the right column beside the low magnification image of the corresponding sample.
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their optical properties and emission behaviors. Room temperature
micro-Raman spectroscopy technique was utilized to monitor the
changes occurred in In,05 lattice by Sn doping.

2. Experimental

Undoped and Sn-doped indium oxide micro- and nanoparticles
were grown by vapor-transport deposition process in a single-zone
high-temperature tube furnace, equipped with flow control system.
In metal and In-Sn alloys of different compositions were used as
precursors. In-Sn alloys of different Sn contents were prepared by
heating the mixtures of indium and tin of 100:X (X=5, 10 and 15)
weight ratios at 520 °C for 8 h in a close horizontal furnace under Ar
atmosphere. Alloys obtained by this way were mixed with graphite
powder in 4:1 weight ratio, and put into an alumina boat as source
material. The alumina boat was then placed at the center of a quartz
tube (2 cm inner diameter and 120 cm length), and inserted into the
tube furnace at room temperature. Before heating, high purity Ar gas
(99.996%) was passed through the quartz tube for about 30 min. A
quartz substrate was placed at about 15 cm downstream of the
source material. The temperature of the furnace and hence the pre-
cursor in the alumina boat was raised to 1100 °C by heating at the
rate of 30 °C/min under constant flow (220 sccm) of Ar+0, gas
mixture (10:1 v/v). At this temperature of the precursor mixture, the
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substrate temperature was about 700 °C. After maintaining the
maximum temperature at 1100 °C for 2 h, the furnace was cooled
down to room temperature. For the synthesis of undoped indium
oxide nanoparticles, a mixture of In and graphite powder (4:1 w/w)
was put into the alumina boat and the growth was performed under
the same earlier mentioned experimental conditions. The nano-/
microstructures deposited over quartz substrates were collected for
characterized using different techniques. A JEOL JSM-6610 scanning
electron microscope (SEM) with attached Oxford analytical system
was used to study the morphology and composition of the undoped
and doped nanoparticles. Room temperature Raman spectra of the
samples were recorded under 632.8 nm excitation from a He-Ne
laser in a Horiba JOBIN-YVON spectrophotometer fitted with a charge
coupled detector. For optical characterization, the absorption spectra
of the samples were recorded in the 200-800 nm spectral range
using a UV-vis spectrophotometer (SHIMADZU UV-3101PC). Cath-
odoluminescence (CL) spectra of the doped and undoped samples
were recorded in a JEOL JIB-4500 scanning electron microscope fitted
with a Gatan mono-CL4 system at room temperature and at 100 K.

3. Results and discussion

Fig. 1 shows typical SEM images of In,03 and In,03:Sn structures
grown by vapor transport process. As can be seen, Sn incorporation
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Fig. 2. Size distribution histograms and corresponding Gaussian fits for the (a) undoped, (b) 5.0, (c) 10.0, and (d) 15.0 wt% (nominal) Sn-doped In,03 nanoparticles.
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Fig. 3. Typical shapes of the vapor grown In,03 particles containing (a) 0.0, (b) 5.0, (c) 10.0, and (d) 15.0 wt% (nominal) Sn, and their corresponding schematic structures
(lower row). The surface energy of (111) planes becomes higher than the energy of (100) planes on Sn incorporation, and the morphology of particles changes from

octahedron to truncated-octahedron.

w]d [0} 1 b o)
250

Si In 0 )
200 § {In Si

Sn
150 In
100 4 In
50 In |
n In
! 1 2 2".‘ 4 4. 0. ; 1 2
d (0]

300
250
200 ‘ In
150 Sn
100 < Si

05 1 15 2 25 3 3s 4 45

Fig. 4. EDS spectra of the (a) undoped, (b) 5.0 wt %, (c) 10.0 wt%, and (d) 15.0 wt% (nominal) Sn-doped In,05 samples. The Si peak appeared from the Si substrate used to

disperse the samples for SEM/EDS analysis.

severely affects the morphology of the structures. While the un-
doped indium oxide structures were grown in well-defined octa-
hedral shape with about 1561 nm average size, on incorporating Sn,
their morphology changed from octahedral to faceted octahedral
and semispherical shapes with a gradual size reduction. The change
of average size of these micrometric and sub-micrometric struc-
tures with the increase of Sn content can be clearly perceived from
the size distribution histograms presented in Fig. 2. Sn incorpora-
tion in In,05 increases the root mean square micro strain, increasing
lattice defects and gradually reducing particle size on increasing Sn
content [26]. For Sn-doped indium oxide in its common bcc struc-
ture, the surface energy (y) relationship among the low-index
crystallographic planes should be y{111} < y{100} < y{110}[32, 34].
As the growth rates (r) normal to different crystal planes are pro-
portional to their surface energies, their ratios define the final
shape of the grown nanocrystals. While for r{100}/r{111} ~ 1.73, we

should expect a perfect octahedral shape for ITO nano-/micro-
particles, for 0.87 <r{100}/r{111} < 1.73, formation of truncated
octahedrons would be expected [32]. On incorporation of Sn in
In,05, the surface energy of its crystal planes and hence the ratio of
their growth rates changes, resulting a change in the final mor-
phology of nanocrystals. However, any change in growth conditions
such as fluctuation of growth temperature or the flow rate of carrier
gas in vapor growth process may also affect the chemical potentials
of different crystallographic planes, resulting in the change of
growth rate of different crystallographic planes [35,36]. With the
variation of Sn content, both the morphology and size of the In,05
micro-/nanostructures changed drastically (Fig. 1). The evolution of
morphology can be followed if we consider the bigger particles in
each of the samples. Fig. 3 presents the typical morphologies of the
micro-/nanostructures formed in the samples prepared with dif-
ferent Sn contents in the precursors. As can be seen, incorporation
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Table 1
EDS estimated elemental quantification of Sn-doped In,05 samples.

Sample Element At%
In,05 In 39.02
(o] 60.98
In,03:Sn 5% In 33.47
(o] 64.30
Sn 2.22
In,05:5Sn 10% In 31.24
(o] 66.42
Sn 2.35
In;03:Sn 15% In 30.10
(o] 67.40
Sn 2.50

of Sn induces facets, transforming octahedral particles to truncated
octahedral shapes. Non-uniform morphology of the micro-/nanos-
tructures (Fig. 1) revealed in the Sn-doped In,O3 samples is also
expected due to the difference between the vapor pressures of In
and Sn in the alloy precursors, which induces inhomogeneous
evaporation of the elements during heating. The vapor pressures of
In and Sn at 1100 °C are 207 mTorr and 0.95 mTorr, respectively
[37]. This might also be the reason of the lower (than the nominal
value) Sn content in Sn-doped samples estimated from their EDS
analysis (Fig. 4 and Table 1). However, the Sn incorporation in the
micro-/nanostructures is quite homogeneous. Homogeneous dis-
tribution of In, O, and Sn in Sn-doped micro-/nanostructures can be
perceived in their elemental mapped images presented in Figs. 5,
6 and 7.

As presented in Table 1, the Sn content in the samples increases
with the increase of nominal Sn content in the precursors. The In:
0O atom % ratio in the samples varied from 0.64 to 0.45, revealing
high oxygen excess in all the micro-/nanostructures due to ad-
sorption of O, in the growth process in the quartz tube [38], and
from other sources as discussed later.

Room temperature Raman spectra of the undoped and Sn-
doped indium oxide samples were recorded in the 100-800 cm !
spectral range (Fig. 8). Cubic In,03 belongs to space group IZ (T])
having 22 Raman active modes (Ag, Eg and T, symmetry) and 16
infrared active modes (T, symmetry). A few vibrations such as A,
and E, are inactive in both infrared and Raman [23,39]. The Raman
spectrum of our In,Os micro-/nanoparticles revealed 10 vibra-
tional modes, located at about 111, 118, 134, 154, 308, 368, 431, 496,
629 and 709 cm™~'. While the bands around 111, 154, 308, 368, and
629 cm~ ! have T, symmetry, the bands at 134, and 496 cm ™' have
A symmetry. The vibrational modes at 119 and 429 cm~! corre-
spond to in-plane vibrations of terminal oxygen and stretching
mode of the rhombus oxygen atoms of the In,O3 cluster [40], as
presented in Fig. 9. The vibrational mode appeared around
707 cm~! has also been observed by White et al. [41], and Kim
et al. [42] and been assigned exclusively to the cubic phase of
In,03. Raman spectra of the Sn-doped samples revealed all the
Raman bands of undoped sample (Fig. 8), indicating that the main
contribution to the vibrational modes comes from the In,O3 host
lattice [39]. However, Sn doping in In,05 affects both the intensity
and position of its vibrational modes. On Sn incorporation, most of
the major Raman bands shift towards lower energy (lower fre-
quency) side, and the intensity of most of the Raman bands (111,
118, 134, 154, 308, 368, 496 and 629 cm ') decreases. While the
intensities of the vibrational modes at 154 and 630 cm ! decrease
gradually to disappear at high Sn contents, there appeared three
additional bands at about 174, 217 and 603 cm~' for the sample
prepared with 15 wt% nominal Sn content. The band at 174 cm ™!
corresponds to Sn-0 vibrations of ITO [39], while the two bands at
217 and 603 cm~! correspond to IR-active modes of indium oxide
[43], which become Raman active due to structural changes in-
troduced by disorder and size reduction induced by Sn in-
corporation in In,O3 lattice [44]. The intensity variation and red
shift of the 134, 308 and 368 cm ™! bands can be followed clearly
from Fig. 10. The gradual decrease of intensity and increased
FWHM (full width at half maximum) of the main Raman bands
(Table 2) are the indication of lattice deformation due to Sn in-
corporation. As the ionic radius (0.69 A) of tin (Sn**) is smaller
than the ionic radius (0.80 A) of indium (In®**), incorporation of

Fig. 5. (a) SEM image of 5 wt% (nominal) Sn-doped In,03 sample, and its EDS elemental maps for (b) O-Ka, (c) In-Lo, and (d) Sn-La.
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Fig. 7. (a) SEM image of 15 wt% Sn-doped In,05; sample, and its EDS elemental maps for (b) O-Ka, (c) In-La, and (d) Sn-Le.

Sn** ions through In®>* substitution is expected to cause a red
shift of the 308 cm~! and 368 cm~! vibrational modes associated
to In-O bonds in Raman spectra, due to a decrease in bonding
energy [37]. Besides, Sn incorporation in In,Os is seen to cause
lattice distortion, increasing the FWHM of the Raman bands, af-
fecting its local periodicity. The higher oxygen content in the mi-
cro-/nanoparticles estimated from their EDS analysis is probably
due to the incorporation of 02~ ions into the lattice [26] in the
growth process. The oxygen ions will remain at the interstitial
sites of the lattice after filling up some or most of the existing
oxygen vacancies. Thus, the lattice distortion is mainly caused by
the interstitial oxygen ions as they occupy oxygen vacancy (Vo)
sites, which are generally empty in pure In,03 [45] and the content

of oxygen increases with the increase of Sn content [46]. Although,
these interstitial anions partially balance the extra charge of Sn*+
ions, they affect the inter-atomic distance, inducing distortion in
In/Sn-0 octahedron [26].

Optical absorption spectra of the doped and undoped nanos-
tructures were recorded in the UV-vis spectral region dispersing
them in ethanol. The absorption coefficient of the samples at dif-
ferent wavelengths was estimated utilizing the relation [47]:

o= 230349
Touc M

where A is the absorbance of the sample; p is its density; C is the
concentration of the sample in solution; and [ is the optical path
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Fig. 8. Raman shifts in the undoped and Sn-doped In,05 samples with different Sn
contents.
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Fig. 9. Stretching vibrations of the rhombus (left) and terminal (right) oxygen
atoms in In,05 lattice, producing 119 and 429 cm~' vibrational modes in their
Raman spectrum.

length. The optical band gap energies of the samples for direct
transition were estimated using the relation [48]:

(ahv)? = A(Eg - hu), )

where A is the constant, E; is the band gap energy and hv is the
energy of incident radiation. Fig. 11 presents the (ahv)? vs hv plots
for the In,O3 structures containing different Sn contents. The
estimated band gap energy values were 3.60, 3.67, 3.83 and
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E— In203:Sn (5%)
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——1Iny03:Sn (15%)

Intensity (a.u.)

308 328 348
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3.96 eV for the undoped, nominal 5.0%, 10.0%, and 15.0% Sn-doped
samples (Fig. 11), respectively, indicating a gradual increase with
the increase of Sn content. According to the Burstein-Moss model,
in an n-type semiconductor, the direct transitions are not the
minimal separation of valence and conduction bands. Instead, the
direct transitions are the transitions between the valence band
and E;,, where E, is the unoccupied lowest energy level at the
bottom of the conduction band, which can be expressed as [49]:

Em = (h?[82%m*)3x%n)213, 3)

where m* and n are the effective mass of the electron and the
carrier density, respectively [50]. Therefore, when the carrier
density increases, the energy needed for a direct transition
increases. However, for doping at high concentrations, this effect
could be masked due to the formation of SnO, Sn,0 and Sn 0,
complexes, which act as carrier traps instead of electron donors
[51]. The filling up of low energy states in the conduction band by
the electrons of doped atoms, and the excited electrons from the
valence band must have energy equal or higher than Ey = Eg + En
to give an electronic transition. In the present case, while the
optical band gap energy of the In,05 samples increased by 0.18 eV
on 5wt% Sn (nominal) doping, it increase by further 0.27 eV on
incorporating 15 wt% Sn (nominal). As can be seen from Table 1,
the effective increase of Sn content in the latter case is very small
compared to the former, which indicates that the incorporated Sn
does not form any secondary oxide phase such as SnO, Sn,O or
Sny05.

CL measurements were performed on undoped and Sn-doped
In,03 samples at room temperature. All the samples revealed a
broad CL emission in the visible spectral region associated to de-
fects in In,O3 and relatively weaker emission in ultraviolet region.
On Sn incorporation, while the intensity of the visible emission
decreased, both the intensity and broadness of UV emission in-
creased (Fig. 12).

In Fig. 13, room temperature (300 K) CL spectra of the samples
along with their Gaussian deconvoluted components are pre-
sented separately. The CL spectrum of the undoped sample (Fig. 13
(a)) revealed a broad emission band centered around 2.21 eV,
which on deconvolution resulted three component bands peaked
around 1.93 eV (orange band), 2.24 eV (green band) and 2.91 eV
(blue band). Although the appearance of orange band in the CL and
PL spectra of In,03 has been observed frequently [52, 53], its origin
still remained unclear. Frequently, this band has been attributed to
oxygen vacancies [54]. However, Kumar et al. [55] have associated

—1In203
—1In203:Sn (5%)
—1In203:Sn (10%)
—1In203:Sn (15%)

Intensity (a.u.)

122 126 130 134 138 142 146 150

Raman shift (cm'1)

Fig. 10. Raman bands of Sn-doped In,05 in the (a) 270-390 cm~ ! and (b) 120-150 cm ™! spectral range, showing their lower energy shifts and intensity reduction due to Sn

incorporation.
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Table 2
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Position of the principal Raman bands and their FWHM (in parenthesis) in the undoped and Sn-doped In,05 particles.

Position and FWHM (cm~!) of Raman modes

Sample Ty Ag Ty Ty Ty Ag
In,05 1121 (3.7) 134.7 (3.6) 308.5 (9.8) 369.2 (9.6) 4312 (18.2) 496.6 (12.8)
In,05:Sn (5%) 109.6 (1.8) 1325 (3.2) 305.4 (14.4) 362.6 (19.1) 429.71 (26.8) 4931 (16.0)
In,03:5n (10%) 109.9 (1.8) 1322 (3.3) 304.4 (15.2) 363.2 (19.1) 4303 (17.8) 4925 (20.6)
In,03:5n (15%) 109.6 (3.5) 1319 (4.5) 305.4 (10.4) 367.24 (16.9) 42848 (19.3) 4943 (8.8)
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Fig. 11. («hv)? vs hv plots and bandgap energy estimation of undoped and Sn-doped In,05 nanoparticles for direct transition.

this emission band to the indium interstitial In?+ sites, instead of
oxygen vacancies. The emission around 2.24 eV has been asso-
ciated to point defects generated by oxygen excess, such as in-
terstitial oxygen (O;), indium vacancies (Vi,) or antisite oxygen
(Opn) in Iny03 [29]. As can be seen from Fig. 13(b) and(c), on Sn
incorporation, there appeared two new emission bands around
2.51 eV (green-blue) and 3.32 eV (violet) in the CL spectra of In,03
samples. Appearance of these higher energy bands has been as-
sociated to the defects introduced by Sn doping in In,03 lattice
[56]. However, on increasing Sn content (Fig. 13(c)), the relative
intensity of the 2.24 eV band decreased. As has been discussed
earlier, due to the valance charge difference between Sn** and
In®* ions, 0%~ ions must incorporate into In,0s lattice to balance
the charge in the lattice of Sn-doped In,03. The excess oxygen ions
occupy Vo sites (oxygen vacancies), which are typically empty in
pure In,05 [45]. Incorporation of 0>~ ions causes the reduction of
the 2.24 eV emission band intensity and enhances the intensity of

2.51 and 3.32 eV bands. The intensity ratio of the green and blue
emissions (Ig/l;,) estimated for the In,03:Sn samples containing
nominal 0, 5, 10 and 15 wt% of Sn were 20.80, 3.19, 0.68 and 0.46,
respectively, revealing a gradual decrease on the increase of Sn
content. Such a variation of emission intensity has also been re-
ported for Sn-doped indium oxide nanowires [57], where the in-
tensity of blue emission increases on increasing Sn content. On the
other hand, a defect-related blue emission of 2.58 eV close to our
designated green-blue emission, has been observed frequently in
Sn0O, nanostructures [58], which is attributed to the formation of
surface point defects in this semiconductor by several authors
[58,59]. Generation of such point-defects in the vicinity of the Sn
impurity is probably responsible for the gradual increase of blue
emission in In,03 samples on increasing Sn content (Fig. 13).

The low temperature (100 K) CL spectra of the undoped and Sn-
doped samples (Fig. 14) reveled all the emission bands observed at
room temperature, with noticeable change in their relative
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Fig. 12. Room temperature CL spectra of undoped and Sn-doped In,O3
nanoparticles.

intensities. The change is more evident for the case of undoped
sample, where the relative intensity of the orange emission is
much higher to the intensity of green emission. In general, the
intensity ratio of the green and blue emissions (Ig/l;,) decreases

with Sn doping, as observed for the CL emissions at 300 K. How-
ever, the relative intensity of blue emission (2.91 eV) in the 100 K
CL spectrum of 5 wt% Sn doped sample is very high with respect to
all the other Sn-doped samples, which needs a further investiga-
tion to be explained.

4. Conclusions

In summary, using vapor-solid growth process, we could fab-
ricate octahedral shaped In,O3; micro-/nanostructures successfully.
Due to limited solubility of Sn in In,03, even with about 15 wt% of
Sn in the precursor, only about 0.6 at% of Sn could be incorporated
in the micro-/nanostructures. Incorporation of Sn in In O3 micro-/
nanostructures severely affects their morphology and defect dis-
tributions. Due to the difference in valence charge between Sn*™*
and In®* ions, substitution of the former by the later ions in-
corporate extra O~ ions at interstitial sites of In,O5 lattice, re-
ducing the concentration of oxygen vacancies (Vo). While Sn in-
corporation causes a gradual increase in the band gap energy of
In,03, it reduces the relative intensity of the green emission and
enhances the relative intensity of blue emission. Therefore,
through controlled Sn doping, the emission behavior of In,03
micro-/nanocrystals can be controlled.
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