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Room-temperature ferromagnetic and photoluminescence properties
of indium—tin-oxide nanoparticles synthesized by solid-state reaction
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Abstract. In the present study, indium-tin-oxide (ITO) nanoparticles were synthesized using solid-state reaction
and studied for their structural, vibrational and magnetic properties. The ITO nanoparticles were prepared under
reduced pressure, which can increase the oxygen vacancies in the samples. The X-ray diffraction studies confirmed
singe-phase cubic bixbyite structure of ITO with average crystallite size of 47 nm. The lattice vibrational studies (FT-
IR and Raman spectroscopy) at room temperature indicated that Sn ions were occupied in In, O3 lattice and gives
corresponding active vibrational modes in the respective spectra. The magnetic studies at room temperature reveal
the ferromagnetic nature of ITO and the strength of magnetization is superior to those of InO3 and SnO,. However,
the magnetic studies at 100 K revealed reduced ferromagnetism, which could be attributed to reduced itinerary
electrons at low temperature. Blue and blue-green emissions were found from the ITO nanoparticles, which could

be due to vacancies or surface defects present in the system.
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1. Introduction

Development of good dilute magnetic semiconductors (DMSs)
is necessary to prepare spintronic devices in which both spin
and charge of the electrons are exploited [1]. The DMS
materials can be developed by doping compatible transition
metal (TM) ions into a conventional semiconductor [2]. In
the past one and half decades many researchers developed
DMS materials with various host semiconductors such as
titanium dioxide, copper oxide, indium oxide, tin oxide, etc.
[3-9]. The oxide-based DMS exhibited ferromagnetism at
room temperature, whereas the alloy-based DMS exhibited
ferromagnetism at lower temperatures. In addition, oxide-
based DMSs are easy to synthesize compared with their
counterpart alloy-based DMSs. Further, the former mate-
rials are cost-effective than the latter materials. However,
the oxygen-induced ferromagnetism is feeble than that of
transition-element-doped oxide DMS. Many semiconduc-
tors such as ZnO, SnO,, In, O3, TiO,, etc. were studied to
develop good oxide-based DMS materials and it was realized
that the induced ferromagnetism in these materials at room
temperature by TM doping is moderate and requires fur-
ther improvement for spintronic applications. However, it is
known that the ferromagnetic property of the semiconducting
material depends upon deposition conditions such as method
of preparation, oxygen deficiencies, vacuum or Ar ambience,
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thickness, etc. If the films are prepared in oxygen-deficient
environment, more magnetic moment will be observed.
However, when the same films are annealed in air at higher
temperatures, the magnetic moment will be decreased, indi-
cating that the observed ferromagnetism is due to oxygen
vacancies. Moreover, the oxide semiconductor exhibiting
diamagnetism in bulk form became ferromagnetic in thin
film form. Hence it is necessary to observe the ferromag-
netism in bulk form and the change in its magnetic moment
in thin film form. A few reports suggested that defects will
also play an important role in magnetic properties of the host
materials. Motivated by these contradictory results, in the
present study we have synthesized indium-tin-oxide (ITO)
nanoparticles and studied systematically to find the origin for
the observed ferromagnetism.

We decided on feasibility of development of ITO-based
DMS materials since ITO is a wide-band-gap material and
its other properties are well understood in the literature [10].
Indium oxide (In,O3) has found many applications such as
in solar cells, flat panel displays and touch screens due to its
high optical transparency and high electrical conductivity. In
order to integrate the optical, electrical and magnetic proper-
ties in the spintronic devices, the materials suitable for such
devices should have high tunability of charge carriers, high
carrier mobility, high optical transparency, high abundance
of elements and low impact on the environment. In, O3 is one
of the most promising candidates for such tasks. When In, O3
is doped with a small quantity of tin (Sn), a so-called ITO is


http://crossmark.crossref.org/dialog/?doi=10.1007/s12034-016-1352-2&domain=pdf

S HARINATH BABU et al

formed. The high conductivity of ITO is attributed to the high
carrier concentration, which is caused by incorporation of Sn
ions into In; O3 host lattice and creation of off-stoichiometry.
It has a cubic bixbyite structure with the lattice parameter
a = 10.118 A. ITO is an n-type transparent conducting oxide
(TCO), which is widely used in the manufacture of transpar-
ent electrodes, photoelectronic devices, photosensors, liquid
crystal displays, electrochromic windows, solar panels and
transparent coatings for solar-energy heat mirrors [11-13].
Here we report on magnetic properties of ITO nanoparticles
at room temperature and at 100 K.

2. Experimental

In; 9Sng ;O3 powder samples were prepared from commer-
cially available high-purity In,O3 and SnO, both from
Sigma-Aldrich, 99.999% precursors. The precursors were
mixed in metal ion stoichiometric ratios and ground for 12h
to make very fine powder mixture. The mixture was placed
into suitable quartz test tubes (10 mm) whose interior was
enclosed in another quartz tube with evacuation and heating
provision. These enclosed samples were evacuated to opti-
mal pressure (2 x 10~%) mbar by a rotary vane pump, heated
at the rate of 5°C min~! and soaked at 800°C for 8 h.

X-ray diffraction (XRD; X-ray diffractometer, D§ Advance,
BRUKER) patterns were used to study the structural aspects.
The microstructure and chemical composition analysis of the
samples were carried out by field emission scanning elec-
tron microscopy (FE-SEM) with energy dispersive analysis
of X-ray spectroscopy (EDAX; Oxford Instruments, INCA
PentaFET-x3). The valence states of the elements were stud-
ied by X-ray photoelectron spectroscopy, XPS (K-Alpha,
Thermoelectron). The photoluminescence spectrum of the
sample was recorded using a spectrophotometer (Scinco Flu-

300 nm. The magnetic properties of the samples were studied
through magnetic-field-dependent magnetization loops (hys-
teresis loops) up to 0.6 T field at room temperature (300 K)
and at low temperature (100 K) using a calibrated vibrating
sample magnetometer (VSM, Lake Shore 7303).

3. Results and discussion

The XRD profiles of SnO; and In,O3 powders were also
studied but are not shown here. Figure 1 shows the XRD pro-
file of the precursors as well as synthesized ITO powders.
The diffraction peaks in SnO, profile could be assigned to
different Bragg’s planes as follows: 26.62° (1 1 0), 33.89°
(101),37.98°(200),39.09° (111),42.65° (21 0),51.80°
(211),54.79° (220),57.85° (00 2), 61.92° (3 10), 64.75°
(112),65.98°(301),71.39°(202)and 78.73° (32 1) accor-
ding to tetragonal structure of SnO, [JCPDS No. 411445]. The
peaks at different angles in ITO profile could be assigned to
different Bragg’s planes as follows: (2 1 1), (22 2), (4 00),
411),332),431),(521),440),433),0611),
(541),(0622),(631),(444),(543),(640)and (72 1)
according to the cubic structure of In,O3 (JCPDS No. #06-
0416) and no other crystal planes were found in the synthe-
sized ITO powders. However, the intensity of the diffraction
peaks decreases and diffraction peaks shifted towards higher
angles when Sn was doped into In,O3 lattice. This is clearly
shown in the inset of figure 1. The estimated lattice constant
of In,O53 is 10.112 A and it is reduced to 10.08 A in ITO fine
powders. A lattice constant of 10.112 A was also observed
in bulk ITO by Xia et al [14]. This may be attributed to the
fineness of our samples.

The crystallite size (G) was calculated using the Debye—
Scherrer formula [15]
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Figure 1.

X-ray diffraction profile of ITO nanoparticles.



Indium—tin-oxide nanoparticles by solid-state reaction

where k is a particle-geometry-dependent constant (for
spherical shape k ~ 1), A is the wavelength used (A =
1.5406 A), B is the full-width at half-maximum (FWHM) and
0 is the diffracted angle. The estimated average crystallite
size is found to be 47 nm. In order to confirm the nanocrys-
tallinity of the ITO powders, room-temperature FE-SEM
micrographs of ITO powders are shown.

Figure 2 shows a FE-SEM micrograph of the ITO fine
powders. The micrograph shows well-defined particles with
varied geometries formed by flocculation and aggregation.
A few particles show elongated geometry with aspect ratio
>1.5. The average particle size estimated from the micro-
graph is 65nm, which is higher than the crystallite size

EHT =16.00 kV

Signal A= InLens
Mag = 300.00kx

WD= 45mm

Reference mag = Out Dev.

Width = 1.000 ym

estimated from XRD profile. Hence we infer that the particles
are multi-grained.

Figure 3 shows representative EDAX spectrum of ITO
fine powder collected by EDAX attachment in the FE-SEM
instrument. The EDAX spectrum shows all the constituent
elements in ITO fine powder and is close to the targeted
metal composition. However, oxygen content is less than the
target value.

To elucidate the valence state of the In, Sn and O ele-
ments in ITO fine powders, XPS analysis was carried out
and the results are shown in figure 4. The In3d peaks were
observed at binding energies of 444.14 and 451.62 eV, which
represent the valence state of indium in In** states. No peak
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Figure 2. FE-SEM image of ITO nanoparticles.
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Figure 3. EDAX spectrum of ITO nanoparticles.
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Figure 4. Survey scans of XPS spectra of ITO nanoparticles. The inset of the figure shows the XPS

fine spectra of indium and tin elements.

related to metal indium In® with binding energy 443.6 eV was
observed. The binding energies of Sn3d were found at 486.15
and 494.58 eV. The position of the Sn3d peaks fitted well
with the reported binding energy of SnO, (486.4eV) [16,17].
The Ols binding energy peak was observed at 531.67 eV. The
Ols peak coincides well with the expected binding energy of
In,O3 and SnO; (530.5 and 530.6eV). Similar results were
also observed in ITO thin films by Majumdar ez al [18]. From
the survey scan it was found that no other metallic impu-
rities, especially ferromagnetic, were found in ITO within
the detection limit of XPS instrument. It suggests that the
observed room-temperature ferromagnetism in ITO powders
is due to its intrinsic nature rather than any metal clusters.
FT-IR spectroscopic analysis was carried out in order to
observe the bonding in ITO fine powders. Figure 5 shows
the FT-IR spectrum of the ITO powders between 4000 and
400cm~!. The bands observed in the wavenumber range
of 430-620cm™! are related to the vibration of antisym-
metric O—Sn—O bridge functional groups of SnO,. The In—
O stretching in cubic In,O3 nanopowder had intense bands
at 440 and 557cm~! as reported by Ayeshamariam et al
[19]. The In,O; powder exhibited intense peaks at 538 and
565 cm™~'. The absorption bands arising below the wavenum-
ber 1000cm™" in metal oxides are attributed to the inter-
atomic vibrations and additional peaks obtained above the
wavenumber 1000 cm™! could be due to the overtones. The
FT-IR spectra exhibit the characteristic signatures of SnO,
of the Sn—O bond with absorption peaks between 430 and

620cm™~', whereas the cubic In,Os powder had intense
bands of the In—O stretching at the wavenumber of 440 and
557cm™!.

Raman spectroscopy is a commonly used technique to
study doping effects in doped semiconductor nanocrystals
as shifts in lattice Raman vibrational energies occur with
increasing dopant concentration. Figure 6 shows the Raman
spectra of SnO,, In,O3 and ITO powders. As a proof of
cation substitution, we measured the unpolarized Raman
spectra of ITO nanoparticles to investigate the effects of the
substitution of Sn ions in the In, O3 host lattice. In the Raman
spectra, the pure SnO, spectrum showed the SnO, vibra-
tions at 568 and 630 cm™', which can be attributed to the
Alg mode. Similar Raman peaks were observed in nanocrys-
talline SnO, powder with average grain size of about 4 nm
prepared by Shek et al [20] via sol-gel method and Kaur
et al [21] in ITO nanoparticles. Raman-active peaks at 125,
475, 631 and 773 cm™!, corresponding to the Blg, Eg, Alg
and B2g vibration modes, respectively, were observed, and
are in good agreement with those for the rutile bulk SnO,
observed by Mcguire et al [22]. Alg and B2g modes are due
to the expanding and contracting vibration of Sn—O bonds,
respectively [23]. From the figure it can be seen that the
characteristic Raman peaks of In,O3 lying at 110, 132, 154,
164, 212, 249, 307, 365, 480, 495 and 631 cm™! are in good
agreement with the results reported by Dussan et al [24]. The
observed Raman bands around 306, 365, 494 and 628 cm™!
are assigned to phonons associated with the bce-structured
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Figure 5. FT-IR spectrum of ITO nanoparticles.
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Figure 6. Raman spectra of InyO3 and ITO nanoparticles.

indium oxide. Similar Raman peaks were also observed
in ITO fine powders. But a blue-shift in Raman peaks
was observed. It may be due to substitution of Sn into
In,O; lattice. The density of oxygen vacancies increases
with increase of dopant concentration. Similar results were
also observed in Co-doped TiO, nanoparticles reported by
Santara et al [25].

Figure 7 shows the magnetic hysteresis loop of ITO pow-
ders at room temperature after subtracting the diamagnetic
or paramagnetic background. The ITO powders exhibited the
saturation magnetic moment, coercivity and retentivity of
0.05emug™', 683G and 0.02emu g, respectively, at room

temperature. Since there are no other ferromagnetic impuri-
ties in the sample, these observations suggest that the origin
of magnetism in these samples must be due to the oxygen
vacancies that are created during synthesis under reduced
pressure. The experimental results further suggest that the
ferromagnetism is an intrinsic property of ITO and does
not arise from any metallic impurities in ITO. Our sample
was prepared in vacuum, and hence we can expect oxygen
vacancies. Figure 7 shows the magnetic hysteresis curves
of ITO powders at 300 and 100K. It seems that the ferro-
magnetism is favourable in ITO at room temperature rather
than 100 K. The origin of room-temperature ferromagnetism
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Figure 7. Magnetic hysteresis loops (M—H) of ITO nanoparticles at 300 and 100 K. The
top and bottom insets of the figure shows the diamagnetic nature of, respectively, bulk In,O3

and SnO;.

in oxide semiconductor was explained by carrier-mediated
ferromagnetism [26,27] and bound magnetic polaron model
[28,29]. The doped In,O3 and SnO, nanoparticles exhibited
diamagnetic nature, whereas 10-at%-Sn-doped In,O3 exhib-
ited a clear ferromagnetic hysteresis loop. Hence it may be
considered that carrier-mediated ferromagnetism may be one
possible origin for the observed room-temperature ferromag-
netism. The observed saturation magnetic moment and coer-
civity are better than those of the other TM-doped In,Os.
However, the undoped In,O; and SnO, samples exhibited
diamagnetic behaviour as shown, respectively, in figure 7 top
and bottom insets, and converted to ferromagnetic behaviour
by Sn doping into the In,O3 lattice without any magnetic
impurities. Hence it is believed that the observed room-
temperature ferromagnetism in ITO was intrinsic rather than
any magnetic-impurity-induced one.

Photoluminescence (PL) property of ITO is also very
important as it finds applications in the field of lasers, light-
emitting diodes, optical sensors, etc. The PL spectra for
the ITO nanoparticles were recorded to study the nature of
defects present within the ITO lattice. The photolumines-
cence property of ITO nanostructures was studied by a few
research groups, who suggested that the emission mechanism
in these nanostructures might be due to bound and free elec-
tron exciton emission along with oxygen vacancy/oxygen—
indium vacancy pairs [30,31]. Recently Kundu and Biswas
[32] studied the photoluminescence properties of ITO thin
films and reported that the reason for the emissions is
bound excitons, which were trapped in the defect centres
of ITO. Figure 8 shows the PL spectrum of ITO nanoparti-
cles. These nanoparticles exhibited both UV and blue—green
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Figure 8. Photoluminescence spectrum of ITO nanoparticles.

emissions. Two broad emission peaks at 330 and 460 nm
were found from ITO nanoparticles. The emission peaks
in ultraviolet region around 330 nm, which is very close to
that of band gap of In,Os, is believed to be due to the
near-band-edge (NBE) radiative transitions related to the
photogenerated electrons [33,34]. From the PL spectrum it
is clear that the ITO exhibited much stronger ultraviolet
emission peaks at 330 and 466 nm. Here it is expected that
the samples prepared in oxygen-deficient environment will
have more surface defects and can emit strong UV emis-
sion bands in ITO. From figure 3 (FE-SEM image), it can be
seen that the particles have large surface area, which contains
more defects such as vacancies, or surface defects, which can
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form different defect levels within the ITO, and hence the
transition of electrons can give defect emissions at blue and
blue—green regimes. Hence here it is believed that the emis-
sion bands at blue and blue—green (330-580nm) regions are
due to various crystalline defects such as surface defects and
oxygen vacancies [35,36].

4. Conclusions

The ITO nanoparticles were prepared by solid-state reaction
and studied for their structural, chemical, surface, magnetic
and PL properties. The tin (Sn) doping into In,Os lattice
leads to decrease in crystallite size and lattice parameter.
These results were supported by the X-ray diffraction pattern
along with FE-SEM micrographs. Raman studies indicated
the presence of structural disorder and oxygen vacancies
present in the system. The ITO nanoparticles exhibited room-
temperature ferromagnetism, and it was found that this was
intrinsic in nature rather than due to any external impuri-
ties. Blue and blue—green emission was found from the ITO
nanoparticles, which could be due to vacancies or surface
defects present in the systems.
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