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ABSTRACT

To fabricate spintronics devices with easy of processing we require reliable dilute magnetic semiconductors (DMS) at room
temperature. Here we report the development of DMS material based on Indium tin oxide (ITO) with optimal tin concentration
((Ing.95SN0.05).03). The ITO and Ni-doped ITO nanoparticles were synthesized in quartz tube under reduced pressure at elevated
temperature. The stoichiometric samples were crystallined in cubic bixbyite structure with change in the unit cell volume with
Ni doping and shown average particle size of 50 nm in electron micrographs. Estimated energy band gap of Ni-doped ITO is
found to be 3.15 eV. The magnetic properties of materials revealed that optimal doping of Sn gives highest magnetization and
further increase of doping with Ni** ions in In®* sites lead to deterioration of ferromagnetism induced by Sn**. The observed
ferromagnetism is attributed to the localized ferromagnetic exchange interactions induced by spin polarized electrons trapped in
oxygen vacancies. The deterioration of ferromagnetism is attributed to excess anionic vacancies created by Ni doing and
promotion of antiferromagnetic exchange with increase of Ni®* ion concentration as evidenced from magnetic hysteresis loop at

100 K. Copyright © 2016 VBRI Press.
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Introduction

Development of best dilute magnetic semiconductor (DMS)
materials are necessary to device spintronics devices in
which both spin and charge of the electrons are exploited
[1]. Sustainable DMS materials can be developed by
doping compatible magnetic transition metal (TM) ions into
conventional semiconductors [2]. For the past one-and-half
decade many researchers developed DMS materials with
various host semiconductor oxide materials such as ZnO,
TiO,, Ce0,, In,03 and SnO, [3-9] as well as alloy type
semiconductor [10]. Semiconductor oxide based DMS
show ferromagnetism at and above room temperature
whereas the alloy based semiconductor show at low
temperature (~ 100 K). In addition, the oxide
semiconductors are cost effective and easy to synthesize
compared to their counterpart alloy based DMS. However,
the induced ferrimagnetic strength in these materials, at
room temperature, by transition metal doping is moderate
and requires further improvement for spintronics
applications. In this efforts we have developed many In,0O3
based DMS materials in the past [11-14]. To further
improve ferromagnetic strength in DMS materials based on
transparent semiconductor oxide, we have chosen Indium
tin oxide (Ing.gsSnggs5).03 as a host material for the current
study.

Indium tin oxide is a wide band gap, transparent
conductive oxide (TCO) semiconductor with body centered
cubic unit cell with lattice constant 10.11A. 1TO films are
the most widely used materials due to its relatively high
conductivity and high transmittance in the visible region of

the solar spectrum [15]. It is widely used in optoelectronics
applications such as flat-panel displays, functional glasses,
solar cells, light emitting diodes, etc., owing to their unique
property of high optical transparency and high electrical
conductivity [16-19]. Thus the development of ITO based
magnetic semiconductor will give us a new material which
has best magnetic, optical and electrical properties.
However, in the literature few reports are available on
magnetic properties of ITO films (with less Sn doping
concentration) and transition metal ion doped ITO films
prepared by various deposition techniques [20, 21]. But
very few reports are available on synthesis and magnetic
properties of undoped and transition metal doped indium-
tin-oxide nanoparticles using simple, low cost technique
solid state reaction. Hence we made an effort to study the
development of ferromagnetism in ITO and TM-doped ITO
nanoparticles. We choose Ni** as a substitution element for
In® ions. Here we report synthesis of 1TO with optimal Sn
concentration (InggesShoes),0O3 and transition metal doped
ITO nanoparticles and their crystal structural, morphology,
composition, lattice vibrational, optical and magnetic
studies at room temperature. Our studies have revealed that
(Ing.g5SNg05)203 shows highest magnetization and further
substitution of In** by Ni** lead to deterioration of
ferromagnetism due to increase anionic vacancies and
antiferromagnetic coupling induced by Ni-O interactions.

Experimental
Materials synthesis

Commercially available In,03 (99.999%), SnO, (99.99%)
and NiO (99.99%) precursor powders were procured from
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Sigma-Aldrich (India) and were used as received. The
nominal Indium tin oxide (InggsSngs),03 and Ni-dope ITO
(Ing.goSNg gsNig0s).05 powder samples were prepared by
mixing stoichiometric molar ratio of In,03, SnO, and NiO
precursors in Agate mortar and pestle. The mixture was
ground for 16 hrs to make it homogeneous fine powder.
The resultant fine powders were loaded into a one-end
closed quartz tube with 1 cm diameter and 10 cm length.
This precursor loaded quartz tube was further enclosed in a
large diameter quartz tube (reaction chamber) with 2.5 cm
diameter and 75 cm length. The outer enclosure has a
provision for evacuation to remove the gases from the
reaction chamber during the synthesis. During the synthesis
the reaction chamber was maintained at 2x10™ mbar
pressure using rotary vane pump and is placed in horizontal
tubular microprocessor controlled furnace. The furnace was
heated at low ramping to reach 800 °C and then soaked for
6 hours and was cooled back to room temperature.

Characterization methods

Crystallinity and structural properties of the as synthesized
ITO and Ni-doped ITO powders were studied by X-ray
diffraction technique (X-ray diffractometer D8 Advance,
BRUKER) using Cu-Ka radiation. The surface morphology
of the powders was studied by field emission scanning
electron microscopy (FE-SEM, Carl Zeiss, EVO MA 15)
and the composition of the samples were studied by energy
dispersive analysis of X-ray, called EDAX, (OXFORD
instrument, INCA PentaFET-X3). Chemical bonding
changes in the samples were characterized by FTIR
spectroscopy (Shimadzu). Lattice vibrational properties of
the samples were investigated by Raman scattering
spectrograph (LABRAM HR 800) recorded at an excitation
wavelength of 633 nm in back scattering mode, at room
temperature. Optical properties of nanoparticles were
studied through diffused reference spectroscopy (JASCO
V-670). Magnetic properties of the samples were studied
through  magnetic  field dependent magnetization
(hysteresis) loops upto 0.5 T field at room temperature by
calibrated vibrating sample magnetometer (Lake Shore -
7303). The magnetic hysteresis loops were measured at
low temperatures after cooling the samples to the respective
temperature under zero magnetic fields.

Results and discussion

Fig. 1 shows the X-ray diffraction profiles of ITO and Ni
doped ITO along with precursor NiO powder samples.
Both the synthesized samples show single phase cubic
structure with no segregation of secondary phases such as
SnO, or NiO. The XRD patterns conformed that the nickel
oxide phases were not observed in in these powder
samples. The XRD profiles confirm that both the NiO and
SnO, were doped into the In,O5 lattice. Three prominent
peaks were observed in the NiO XRD profile (bottom) at
diffraction angles (20) 37.1°, 43.3° and 62.8° assigned to
the (1 1 1), (2 00) and (2 2 0) crystal planes, respectively.
Among the three peaks the (2 0 0) plane peak is prominent.
The observed diffraction peaks were exactly coincided with
cubic structure of NiO (JCPDS 47-1049). No new phases
such as NiO,, Ni,Oz were observed in the XRD profile.
Thus it suggests that the dopant NiO is free from other

nickel oxide phases. The middle corresponds to indium-tin-
oxide (ITO). All the diffraction peaks were best indexed
with 2 1 1), 222, 400, 411), 332,
(431),(521),(440),(433),(611),(541),(622),
(631),(444),(543),(0640),(721),and (6 4 2) plane
reflections. All the indexed peaks exactly coincided with
the cubic structure of In,05; (JCPDS No. #06-0416).
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Fig. 1. X-ray diffraction profiles of NiO, ITO and Ni doped ITO
nanoparticles.

The similar diffraction peaks were found in Ni doped ITO
with small variation in diffraction angle [22]. No traces of
secondary phases such as SnO, metal clusters of tin, nickel
clusters, NiO and NiO, were found within the detection
limit of XRD. A small shift in diffraction angle toward the
lower angles was observed with introduction of Ni in ITO
samples. It may be due to difference in the atomic radii of
host and dopant elements. The ionic radius of indium
ion (In*%:0.94 A) is larger than that of tin (Sn**:0.83A)
and nickel (Ni*%0.83 A). This indicates that both Ni
and Sn ions were substituted into the In,O; lattice rather
than segregating as secondary phase. The crystallite size
(G) was calculated by wusing the Debye-Scherrer
formula [23],

G = kA/Bcoso (D)

where, K is crystallite geometry dependent constant and is
0.98 for spherical crystallites, A is the wavelength of Cu K,
(L = 1.5406 A), p is the full width at half maximum
(FWHM) of diffraction peak at 26 and 6 is the diffracted
angle, respectively. The estimated crystallite size using the
above formula is found to be 47 nm for both undoped and
Ni doped ITO nanoparticles. Generally, a decrease in the
lattice parameter will be observed if the ionic radius of the
dopant is smaller than the ionic radius of host element. In
the present study, though the ionic radius of Ni** (0.83 A)
is smaller than the ionic radius of In** (0.94 A) a decrease
in the lattice parameter was not observed in Ni doped ITO
samples.

Fig. 2 shows the surface morphology of the Ni doped ITO
recorded through FE-SEM.  The micrograph shows
flocculated structure with elongated geometries. All the
samples have shown contrast and it indicates that no
secondary impurity phase existence. From the figure it is
found that the average particle size of the powder was
about 50 nm which is close to the crystallite size estimated
from the X-ray diffraction profile.
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Fig. 2. FE-SEM image of Ni doped ITO nanoparticles.

This indicates that the particles have one grain and are
single crystalline nature. To confirm the presence of metal
ions as well as their distribution in the host lattice, ko
spectral imaging of sample was carried out using EDAX.
Fig. 3 shows the EDAX spectrum of Ni doped ITO
nanoparticles. The spectrum indicates the presence of
indium, nickel, tin and oxygen elements at appropriate ratio
with deficient oxygen. The estimated In, Sn, Ni and O
atomic fractions are 35.18, 6.80, 1.04 and 51.70 at%,
respectively. The data confirmed the doping of nickel into
ITO lattice. For further confirmation, XPS study was also
recorded to the ITO and Ni doped ITO nanoparticles.
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Fig. 3. EDAX spectrum of Ni doped ITO nanoparticles.

The FT-IR spectroscopic analysis was carried in order to
study the bonding changes in Ni doped In,O; samples.
Fig. 4 shows the FT-IR spectra of ITO and Ni doped ITO
nanoparticles. Many simple metal oxides with more than
one oxygen atom bound to a single metal atom usually
absorb in the region 1020 — 970 cm™ [24]. The Sn — O
stretching vibrations are found in the region 800-300 cm™
[25]. The Sn — O stretching is usually observed around 670
and 560 cm™ [26, 27]. In this present case, the Sn-O
asymmetric and symmetric stretching vibrations appeared
with very strong intensity at 617 and 520 cm™ respectively
in bulk phase whereas the same are observed at 630 and
530 cm™ respectively in ITO nanoparticles.
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Fig. 4. FT-IR spectra of ITO and Ni doped ITO nanoparticles.

When compared with bulk, all the Sn — O vibrations are
shifted towards higher energy of the spectra which is purely
due to the change of bulk Sn—O to pseudo (super atoms)
Sn—O as described by Rodumer et al. [28]. Absorption
bands arising below the wavenumber 1000 cm™ may be due
to the stretching and bending vibrations predicted by a
factor group analysis and lattice vibrations by Gerbier et al.
[29] and additional peaks obtained above the wavenumber
1000 cm™ could be due to the over tones. The cubic In,05
powder had intense bands of the In — O stretching at the
wavenumber of 440 cm™ and 557 cm™. The FT-IR spectra
of ITO and Ni doped ITO were almost similar in the
appearance, however a small shift in the metal oxide bond
peak was observed. As no new bands related to any other
impurities were found, here it is inferred that Ni is doped in
the ITO lattice.

Fig. 5 shows Raman spectra of In,Os3, SNO,, ITO and Ni
doped ITO powders measured at room temperature.
We have measured the unpolarized Raman spectra of Ni
doped ITO samples to investigate the effects of the
substitution of Sn and Ni ions in the In,O5; host lattice.
From Fig. 5 it can be seen that the characteristic Raman
peaks of In,0O3 lying at 110, 132, 154, 164, 212, 249, 307,
365, 480, 495, 631 cm™ were in good agreement with the
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results reported in the literature [30]. A small shift in
Raman peaks were observed in case of ITO nanoparticles.
They showed Raman peaks at 110,131, 172, 214, 306, 365,
494, 629 cm™.
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Fig. 5. Raman spectra of In,03, SnO,, ITO and Ni doped ITO samples.

Comparing doped samples, with pure In,O;, we can see
that the Raman spectra of these doped samples are almost
identical to that of the pure sample, indicating that the
(Sn, Ni) co-doped In,O3 nanoparticles retain good lattice
order.
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Fig. 6. The diffuse reflectance spectra of In,Os, ITO and Ni doped ITO
samples.

Fig. 6 shows the diffused reflectance spectra of the bulk
In,O3 and nanosize ITO and Ni doped ITO nanoparticles
recorded in the wavelength range from 200 nm to 2400 nm.
The recorded optical reflectance was decreased for Ni
doped ITO sample. In addition to reflectance spectra,
absorption spectra were also estimated (not shown here) for
calculating the optical band gap of the Ni doped ITO
nanoparticles. The absorption coefficient was calculated
using Kubelka-munk function [31] relation,

a = (1-R)*/2R 2)

The optical bang gap (Eg) was estimated by plotting
(ahv)® versus the photon energy (hv) and by extrapolating
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the linear region (o = 0). The optical band gap was
estimated using the Tauc relation [32],

ahv = A(Eg-hv)*? (3)

An optical band gap of 3.15 eV was observed for Ni-
doped ITO nanoparticles. The observed optical band gap is
less than that of Ni doped In,O; nanoparticles prepared by
Ram prakash [33] and more than that of optical band gap of
Iny gsNig 1505 reported by Ahmed et al. [34].

The Fig. 7 shows magnetic hysteresis loops of ITO
(Iny.95SNg05Niggs03) nanoparticles measured at room
temperature under magnetic fields up to 5000 G which
seems enough to saturate the magnetization in these
samples. The hysteresis loops were also carried out for Ni
doped In,0; and Ni doped SnO, nanoparticles at room
temperature [11, 14]. All the samples were shown
ferromagnetism at room temperature with varied degree of
magnetic strength. In addition, the precursor In,0O; and
SnO, powders shown diamagnetic nature (data is not shown
here). All the samples were synthesized from the same
precursors with same conditions. Among all the Ni doped
samples, Ni doped In,O; shows high saturation mass
magnetization than that of Ni doped SnO, whereas the Ni
doped ITO powder did not shown noticeable
ferromagnetism at room temperature. However, the Sn
doped In,03 sample shown highest saturation magnetization
0.05 emu/g.
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Fig. 7. M-H curve of ITO and Ni doped at 300 K.

All the samples were shown soft ferromagnetic nature
with coercive fields around 100 G. As the precursor In,05
and SnO, powder samples shown diamagnetic and their Ni-
doped counterparts show ferromagnetism at room
temperature, we infer that the ferromagnetism is induced by
the substitution of In®** by Ni?* ions in the In,0;. The
observed saturation magnetization of In; gsNig 0503 is close
to that of the Inyg5Nig 0503 powders prepared by solid state
reaction [20]. In addition, Sn doped In,O; (ITO) have
shown much higher M than the Ni doped In,03. Hence we
predicted that Ni doped ITO may show even higher
magnetization (M) than ITO and thus we choose to dope
optimal value of 2.5 at% of Ni into ITO. The bottom inset
of the Fig. 7 shows magnetic hysteresis loop of Ni-doped
ITO at temperature 300 and 100 K. It shows that with
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decrease of temperature the ferromagnetism deteriorated
further and become diamagnetic at 100 K. However, the
results show that substitution of In** by Ni** ions in ITO
lead to deterioration of ferromagnetism as seen in the
Fig. 7. The deterioration may be due to present of different
valency ions such as In**, Sn** and Ni** ions and
antiferromagnetic exchange coupling between them.
However, the following magnetic mechanism would be
possible in the present ITO and Ni-doped ITO samples.
Ferromagnetism may arise from magnetic exchange
interactions between neighboring cations via “spin
polarization electrons” trapped in anionic (oxygen)
vacancies, called F-centered mediated ferromagnetism [35].
Such a mechanism is widely thought to be the most relevant
to the origin of ferromagnetism in semiconductor oxide
materials as well as oxide based DMS systems [36]. Such
an intrinsic localized ferromagnetic exchange mechanism
could also be possible in our ITO and Ni-doped ITO
samples because there is no precipitation of secondary
magnetic phases in our samples which could give rise to
ferromagnetization. In addition, ferromagnetism in undoped
semiconductor oxide also arises from oxygen vacancies in
the lattice which are created during the synthesis. Such a
vacancies will trap the single free electrons as explained by
Coey et al. [35] and these trapped single electrons act as F-
centers. The oxygen vacancies are most probable in our
ITO and Ni-doped ITO samples due to synthesis of samples
under vacuum conditions. In addition, oxygen vacancies
will also arise when In** is substituted by lower valency
jons such as Ni** and Co?" in order to make charge
compensation.

In ITO sample, both the host In** and doped Sn** ions
have completely filled valency d-orbitals and hence predict
diamagnetic nature of the sample. However, it shows
ferromagnetic nature at room temperature and it may be
due to oxygen vacancies mediated d° ferromagnetism as
observed in vacuum annealed In,O; films [37]. Such an
oxygen vacancies mediated d° ferromagnetism also
observed in SnO, [38] and HfO, [39] semiconductors. The
deterioration of ferromagnetism in Ni-doped ITO may be
attributed to the excessive oxygen defects present in the
sample due to synthesis conditions as well as charge
compensation requirement, as seen in the Bragg peak shift
in Fig. 1. In addition, Ni doping may also favor
antiferromagnetic exchange as in the NiO. Thus it could
lead to deterioration of ferromagnetism and is also
evidenced from magnetic hysteresis loop at 100 K as shown
in inset of the Fig. 7.

Conclusion

Indium-tin-oxide (ITO) and Ni doped ITO nanoparticles
were synthesized using simple solid state reaction and
studied their structural, surface, chemical, optical and
magnetic properties systematically. The undoped and Ni
doped ITO nanoparticles exhibited cubic structure with
about 47 nm crystallite size. A clear hysteresis loop has
been observed for the ITO nanoparticles with
magnetization 0.05 emu/g at room temperature. The
strength of the magnetization decreased for the ITO
nanoparticles at 100 K suggesting that ITO nanoparticles
are best suited for room temperature ferromagnetism.
However, the results showed that substitution of In** by
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Ni?* ions in ITO lead to deterioration of ferromagnetism. It
suggests that impurity doped ITO nanoparticles are not
suitable for the dilute magnetic semiconductors. The origin
of room temperature ferromagnetism has been explained to
the best of our knowledge.
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