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a b s t r a c t

Indium-tin oxide (ITO) 1D nanostructures with tunable morphologies i.e. nanorods, nanocombs and
nanowires are grown on c-axis (0 0 0 1) sapphire (Al2O3) substrate in oxygen deficient atmosphere
through pulsed laser deposition (PLD) technique and the effect of oxygen vacancies on optical, electrical,
magnetic and photoresponse properties is investigated using spectroscopic methods. ITO nanostructures
are found to be enriched with significant oxygen vacancy defects as evident from X-ray photoelectron
and Raman spectroscopic analysis. Photoluminescence spectra exhibited intense mid-band blue emission
at wavelength of region of 400–450 nm due to the electronic transition from conduction band maxima
(CBM) to the singly ionized oxygen-vacancy (VO

+) defect level within the band-gap. Interestingly, ITO
nanostructures exhibited significant room-temperature ferromagnetism (RTFM) and the magnetic
moment found proportional to concentration of VO

+ defects which indicates VO
+ defects are mainly respon-

sible for the observed RTFM in nanostructures. ITO nanowires being enriched with more VO
+ defects

exhibited strongest RTFM as compared to other morphologies. Current voltage (I-V) characteristics of
ITO nanostructures showed an enhancement of current under UV light as compared to dark which indi-
cates such 1D nanostructure can be used as photovoltaic material. Hence, the study shows that there is
ample opportunity to tailor the properties of ITOs through proper defect engineering’s and such photo-
sensitive ferromagnetic semiconductors might be promising for spintronic and photovoltaic applications.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

The study of defect-induced d0 ferromagnetism in various low-
dimensional (1D/2D) metal-oxide nanostructures and thin-films
has been drawn immense research attentions for novel spintronic
and opto-spintronic applications [1,2]. The discovery of room tem-
perature ferromagnetism (RTFM) in pure HfO2 thin films [3]
demonstrates an interesting physics indicating that the oxide
semiconductors can exhibit FM without the presence of any d or
f-electrons. Although, scientists have primarily attempted to pre-
pare oxide-based dilute magnetic semiconductors [4–11] by dilute
doping of transition metal ions (Co, Mn, Fe etc.) within semicon-
ducting host. However, the magnetic properties of such
transition-metal-doped O-DMSs remain quite controversial [4–11]
still to date. On the other hand, reducing size or dimension of the
material to nanosize (�10�9 m) scale, it is often advantageous to
enhance many physical properties like optical, magnetic and
electrical properties [12,13]. Such low-dimensional (1D/2D)
nanostructures in the form of nanowires, nanorods and thinfilms
are generally prone to be enriched with many surface defects,
oxygen and cation vacancies [14–16] due to their low formation
energy within nanoscale materials. The RTFM was reported in
the pristine ZnO, TiO2, In2O3 and SnO2 nanostructures and thin-
films [6–11,15–18]. The origin of FM has been attributed to the
different structural defects present in these oxide semiconductors.
Based on the ab initio calculations for HfO2 and CaO, Pemmaraju
et al. [6] and Elfimov et al. [7] indicated that the cation vacancies
can induce an almost localized magnetic moment on the oxygen
atoms neighboring the vacancy. On the other hand, oxygen vacan-
cies (VO) have also been attributed to introducing RTFM in wide-
band-gap oxide semiconductors such as ZnO, SnO2 [3,8,10,18].

Sn-doped In2O3, commonly known as indium-tin oxide (ITO) is
a promising n-type wide-bandgap (�3.5 eV) transparent metal-
oxide semiconductor having high electrical conductivity and gen-
erally finds potential technological applications in solar cells, light
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emitting diodes, liquid crystal displays, gas sensors and photo-
voltaic cells [19–21], etc. During the growth of ITO nanostructures
in variable condition, formation of different intrinsic crystal defects
such as In interstitials, oxygen vacancy (VO), and In vacancy (VIn)
can occur within ITO lattice. However, it is unlikely to have signif-
icant amount of VIn defects without proper defect engineering due
to the high formation energy of VIn. On contrary, oxygen vacancy
(VO) can stabilize easily due to it’s low formation energy specially
in oxygen-deficient atmosphere. However, still date, there are lim-
ited numbers of reports on the defect-related magnetic properties
of ITO nanostructures. Not only magnetic properties but optical
properties also found to depend strongly on inherent crystalline
defects. Peng et al. [22] have shown that the origin of photolumi-
nescence in indium oxide is due to presence of oxygen vacancies
while Kumar et al. [23] reported the indium interstitials and asso-
ciated complex defects are responsible for the photoluminescence
in In2O3. However, the formation of such defects strongly depends
on crystal growth condition and nanostructure morphology [24].
Therefore, a correlated study of magnetic, optical and electrical
properties in such 1D nanostructure of Sn-doped In2O3 would be
convenient in order to understand the physical properties in low-
dimension limit.

In this article, various ITO nanostructures in the form of nanor-
ods (NRs), nanocombs (NCs) and nanowires (NWs) have been fab-
ricated on c-axis (0 0 0 1) Al2O3 substrate in oxygen-deficient
atmosphere through pulsed lased deposition (PLD). ITO nanostruc-
tures found to exhibit significant FM and visible photolumines-
cence at RT. Evidence of oxygen vacancy formation has been
confirmed employing various spectroscopic techniques and it is
found singly charged/ionized oxygen vacancies (VO

+) are responsi-
ble for such RTFM and PL. Effect of photon illumination on
current-voltage (I-V) characteristics of ITO nanostructures are also
investigated and they exhibited excellent photoresponse in UV–
visible light. It has also been found that among the various
morphologies, 1D ITO NWs exhibited strongest RTFM, superior
photoluminescence with excellent photoresponse due to presence
of more oxygen vacancies or surface defects. Hence, the possibility
of tailoring RTFM in oxide-based semiconductors through proper
defect engineering can open new horizons in the field of
spintronics.
2. Experimental details

2.1. Synthesis and characterization of nanostructures

ITO nanostructures with tunable morphologies are fabricated
on the c-axis (0 0 0 1) sapphire (Al2O3) substrate using pulsed laser
deposition (PLD) unit with a KrF excimer laser with following spec-
ifications: (i) laser power density �1.41 J/cm2, (ii) the pulse repeti-
tion rate 5 Hz and (iii) substrate temperature 600 �C. At first, high
purity (99.998%) In2O3 and SnO2 powders mixed properly with
appropriate ratio (In:Sn = 9:1) and grinded well to prepare a uni-
form mixture. The target was prepared from the mixture in the
form of a pallet of 1 inch diameter and sintered in air at 800 �C
for 5 h. Then the target was mounted within the PLD chamber
which was evacuated down to atmospheric pressure of 2 � 10�3

Pascal. Then, pure argon (Ar) gas was pushed into the chamber
and three different ITO samples were prepared at three different
Ar pressure such as 1, 10 and 100 Pascal (Pa). The deposition pro-
cess was continued for 30 min and then the sample was annealed
for 10 min in the same atmosphere and then cooled naturally at
room temperature.

The samples are characterised by Grazing Incidence X-ray
Diffraction (GIXRD, X’Pert Pro, Panalytical) to estimate the crystal
structure, phase and lattice parameters of the ITO unit cell. Field
Emission Scanning Electron Microscopy (FESEM, FEI Helios
Nanolab-600) was used to observe the morphology and growth
of the nanostructures. The chemical composition, valence state of
the ions and presence of intrinsic defects was analyzed from X-ray
photoelectron spectroscopy (XPS, PHI 5000 Versaprobe II Scanning
XPS microprobe, ULVAC-PHI, USA) at RT with a monochromatic
Al Ka (hm = 1486.6 eV) radiation. Photoluminescence (PL) spectro-
scopic measurement was performed to observe the band to band
transition and defect level transition within the energy band-gap
of ITOs using a spectrofluorometer (Horiba Jobin Yvon, Fluorolog-3)
a Xe lamp source under the excitation wavelength of 330 nm.
Raman spectroscopy measurements were carried out using a
micro-Raman spectrometer (LABRAM HR from Horiba Jobin Yvon)
at RT. Magnetic measurements are performed by superconducting
quantum interference devices (SQUIDs). Hall measurements
performed to estimate the type of electrical conductivity and
carrier concentration of ITO nanostructures. Current-voltage
characteristics of the ITO nanostructures are measured using a
four-probe method using a constant current source and a nano-
voltmeter under both dark and ultra-violet (UV) light using an
UV lamp of 200 W power.
3. Results and discussions

3.1. Morphology and crystal structure

Field emission scanning electron microscopy (FESEM) is
employed to observe the morphology of the ITO samples and it is
seen that the presence of oxygen deficient Ar atmosphere during
the deposition process is found to have significant effect on the
growth, morphology and dimension of ITOs. Fig. 1a–c shows the
FESEM micrographs of ITOs prepared under Ar pressure of 1 Pa.
From the figure, it is evident that the ITO deposited at relatively
low Ar pressure (i.e. at 1 Pa) is found have mainly vertical rod-
like morphology with blunt-tip, called ITO nanorods (NRs). The
appearance of big ball-like structures, as can be seen from Fig. 1a,
indicates they were formed by the vapor-liquid-solid (VLS) growth
mechanism [25]. During deposition at high temperature, both In
and Sn vapour reach on substrate where they can form InASn alloy
droplet. This InASn alloy droplet can act as nuclei for VLS growth of
ITO nanorods or nanowires [26]. Frank et al. [26] showed that both
In2O3 and SnO2 can be dissolved into InASn alloy droplet and form
InASnAO (In:Sn = 9:1) ternary alloy melts. In an oxygen deficient
atmosphere at high temperature, In2O3:Sn nanocrystals will be
grown in specific direction from metallic InASnAO alloy droplets
[25], as evident as the big ball-like structures in Fig. 1a. Similar
results also reported by Chen et al. [26] in which bulk-quantity
ITO nanowires were synthesized by direct thermal evaporation in
air at 920 �C of a mixture of In and SnO powders.

When the Ar pressure is increased to 10 Pa, the entire ITO sam-
ple is found to contain only large number of distinct comb-like
nanostructures, can be called ITO nanocombs (NCs) as shown in
Fig. 1d–f. An ITO nanocomb consists of a solid nano-stem, having
average diameter �70–80 nm, and perpendicular rod-like
branches with �40–50 nm diameters coming out of the stem.
The disappearance of the spherical particles in the film indicates
a decrease in the amount of liquid material present during growth.
The nanowires and their branches are longer than the ones formed
at lower pressure, since the material that was present in the big
structures is now used to form the wires. This seems to be reason-
able if we assume that the amount of material reaching the
substrate is approximately the same for both depositions. On
further increase of Ar pressure to 100 Pa, ITO samples is found to
consist of only large number of long (about a few mm) ITO nano-
wires (NWs) as shown in Fig. 1 g–i. The diameter of the individual



Fig. 1. FESEM images of ITO Nanorods (a–c), Nanocombs (d–f) and Nanowires (g–i) prepared at Ar pressure of 1, 10 and 100 Pascal (Pa) respectively.
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nanowire is found to vary from � 30 to 80 nm along the length of
the nanowire. Careful observation shows the appearance of tiny
ball on the tip of each nanowire which again supports the vapor-
liquid-solid (VLS) growth mechanism [25,26] as stated earlier.

Fig. 2a shows the X-ray diffraction pattern of the ITO nanostruc-
tures that exhibit two major diffraction peaks from (2 2 2) and (4 0
0) plane. It indicates a cubic bixbyite crystal structure (JCPDS#17-
2195) of indium oxide. The estimated lattice parameter ‘a’ of the
cubic ITO structure is found to increase with increasing Ar pressure
which suggests an expansion of unit cell. A ratio of intensities
[I(400)/I(222))] for (4 0 0) and (2 2 2) diffraction peaks are also esti-
mated and plotted against the Ar pressure in Fig. 2b. A high ratio
is obtained for ITO NWs which was deposited at 100 Pa Ar pres-
sure, indicates that the NWs are highly orientated along [4 0 0]
direction. With the decrease of Ar pressure, the degree of orienta-
tion decreases initially for comb-like nanostructures and then
again increases little bit for the rod-like nanostructures. For the
ITO NCs, the degree of orientation along [4 0 0] direction dimin-
ishes because the individual nanorod possess many perpendicular
branches.



Fig. 2. (a) X-ray diffraction pattern of ITO nanostructures, (b) variation of lattice
parameter of cubic ITO unit cell and the ratio intensity of (4 0 0) and (2 2 2)
diffraction peak with the deposition (Ar) pressure.

Fig. 3. XPS spectra of (a) In 3d, Sn 3d (inset) and (b) O 1s core-level of the ITO
nanostructures.
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3.2. X-ray photoelectron spectroscopy studies

XPS is known to be very effective tool to study the valence state
of the ions as well as surface defects in nanostructures. Fig. 3
shows the core level XPS spectra of (a) In 3d and (b) O 1s of the
ITO nanostructures. Due to the broad and asymmetric nature of
the peak, each peak of In 3d can be fitted in two peaks with differ-
ent intensities and position. The pair of peaks located at 445.5 and
453.1 eV (with energy difference DE = 7.6 eV) correspond to In
3d5/2 and 3d3/2 orbitals for In3+ oxidation state in ITOs [27,28].
Two other pair of peaks with smaller intensities located at 444.6
eV and 452.2 eV (with DE = 7.6 eV) correspond to In 3d5/2 and
3d3/2 orbitals, respectively for the metallic In state (In0) [27]. This
suggests that within the ITO nanostructures, indium should be pre-
sent in lower oxidation state too. This result indicates that In3+ ions
surrounded by oxygen vacancies might occupy electrons from the
oxygen vacancy cavity and transform to metallic In introducing a
singly charged oxygen vacancy (V0

+) defects in ITO matrix. XPS
spectra of Sn 3d core level for ITOs (at inset of Fig. 3a) exhibits
two distinct peaks at 486.4 and 494.9 eV corresponding to Sn
3d5/2 and 3d3/2 orbitals, respectively, indicating that the dopant
Sn is in 4+ oxidation state [27]. O 1s core level spectra (Fig. 3b)
can also be deconvoluted into two peaks centred at 530.5 and
532 eV respectively. The peak with lower binding energy (i.e. at
530.5 eV) corresponds to lattice oxygen in crystalline ITO and
higher one (at 532 eV) is associated with the oxygen vacancy
defects in lattice [29,30]. It can be seen from the figure that with
the increase of Ar pressure, the gradual broadening of the spectra
towards higher energy side demonstrates the formation of more
oxygen vacancy within lattice and thus the ITO NWs (prepared at
1 mbar Ar pressure) contain more oxygen vacancy defects
compared to the other morphologies.
3.3. Photoluminescence properties

Evidence of oxygen vacancy formation is also confirmed from
the room-temperature photoluminescence spectra of ITO nanos-
tructures, as shown in Fig. 4. It is interesting to notice that the ITOs
exhibit several intense mid-band blue/blue-green emissions
(Fig. 4a) along with weak UV emission. The individual PL spectra
for NRs (Fig. 4b), NCs (Fig. 4c) and NWs (Fig. 4d) can be well fitted
into five different emission peaks located at 354 (peak 1), 387
(peak 2), 415 (peak 3), 436 (peak 4) and 500 (peak 5) nm. UV emis-
sion (peak1) of the ITOs is believed to be because of the near band
edge (NBE) radiative transitions due to the photogenerated elec-
trons [31,32]. The emission near 387 nm (peak 2) is related to
the defect-level/state introduced into the band gap of ITO because
of the Sn doping as they introduce shallow trap state [31]. Besides
this, all ITOs are found to exhibit significant blue/blue-green (400–
500 nm) regions, which are believed to be because of the various
crystalline defects, surface defects and different oxygen vacancy
defects such as VO

++ (doubly charged), VO
+ (singly charged) and VO

(neutral) [22,31,33]. The emission peak in blue region located at
415 nm (peak 3) can be ascribed to the deep level singly charged
oxygen vacancies (VO

+), also known as F+ centre defects
[22,31,34], whereas the emission band at 436 nm (peak 4) can be
due to other type of oxygen vacancies. It can be seen from Fig. 4a



Fig. 4. Photoluminescence spectra of (a) ITO nanostructures with different morphology. Individual PL spectra for ITO (b) NRs (c) NCs and (d) NWs with the corresponding
fitted peaks. (e) Variation of intensities of the two blue emission peaks (located at 415 and 436 nm) with deposition pressure. (f) Redshift of UV emission peak with deposition
pressure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that with the increase of deposition pressure, the intensity of
defect emission at blue-green region increases gradually and the
ITO NWs exhibits most intense defect emission bands compared
to the other ITO morphologies. The relative intensity of defect-
emission Peak 3 (415 nm) and Peak 4 (436 nm) for all the ITO mor-
phologies are plotted with Ar pressure and shown in Fig. 4e. The
increase of intensities of these two blue emission peaks indicates
that the concentration of VO

+ defects increases monotonically and
ITO NWs possess highest amount of VO

+ defects. Due to the loss of
an O atom from ITO lattice, the electron pair that remains trapped
in the oxygen vacancy cavity (Vo) give rise to an F centre defect
[35]. One of the electrons in F centre is likely to occupy the neigh-
boring In3+ ion (as the matrix is mostly richer with In) and gener-
ates a F+ centre defects within the band-gap of ITO. The redshift of
UV emission peak (Fig. 4f) might be due to incorporation of various
defects levels within the energy band-gap of ITO.
3.4. Raman spectroscopy studies

Raman spectroscopy is also employed to probe various bending
and stretching vibrational levels and also probe the oxygen
vacancy defects within ITO lattice. The cubic bixbyite structure of
ITO is expected to exhibit 22 Raman active and 16 infrared active
modes, however only 6 Raman active modes has been observed
in pure cubic single crystalline In2O3 and ITO nanostructures
[36]. The Raman spectra of ITO nanostructures as shown in Fig. 5
show 6 Raman modes at 103, 130, 306, 363, 499 and 612 cm�1,
which compares well with those observed in literature [36]. The
Raman mode at 130 cm�1 for ITOs is ascribed to the InAO vibra-
tions of InO6 octahedra [36]. The 306 and 499 cm�1 modes are
demonstrated as the bending and stretching vibrations of InO6

octahedra, respectively. In In2O3, 366 cm�1 peak is assigned to
the stretching vibrations of the InAOAIn in the unit cell of ITO. It



Fig. 5. Raman spectra of the ITO nanostructures with different morphologies; Inset:
Redshift of 363 cm�1 Raman active mode with change in morphology.
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is found that the vibration of InAOAIn bond is greatly affected by
the presence of V0 defects. The change in intensity and shifting of
Raman peak position is caused by such defects. Hence, the
observed red shift of mode of InAOAIn vibrations to 363 cm�1

for the ITOs can be attributed to the weaker binding forces due
to creation of oxygen vacancies. Since the most dominant part in
the Raman scattering intensity is proportional to the square of
the derivative of the polarizability to the amplitude the normal
mode, creation of oxygen vacancies are expected to change the
intensity of 363 cm�1 Raman mode. The inset of Fig. 5 shows the
fitted Gaussian plots corresponding to 363 cm�1 Raman active
mode for different nanostructure morphology and the peak posi-
tion found to be 363.5, 362.1 and 360.5 cm�1 for NRs, NCs and
NRs respectively. This redshift and increase of intensity of 363
Fig. 6. Variation of electrical resistivity, carrier concentration and
cm�1 peak demonstrates the NWs contain more oxygen vacancies
[36] compared to other morphologies.

3.5. Electrical and magnetic properties

Fig. 6 shows the variation of electrical resistivity (q), carrier
concentration (g) and carrier mobility (l) for the ITOs with depo-
sition pressure. With the increase of Ar pressure, the value of ‘q’
decreases while ‘g’ and ‘l’ increases gradually. Thus the ITO
NWs exhibits lowest value of ‘q’ (�4 � 10�4 X cm) and highest
‘g’ �6.4 � 1020 cm�3. This is because ITO NWs possess the highest
amount of Vo

+ defects, as evident from earlier studies and thus
raises n-type carrier (electron) concentration [37,38]. With the
decrease of Ar pressure, the concentration of the Vo

+ defects
decreases in the respective morphologies, thus carrier (electron)
concentration decreases, consequently an increase of resistivity.
Magnetic properties of the ITO nanostructures are measured using
SQUID magnetometer at room temperature. Interestingly, the ITO
nanostructures are found to exhibit significant room-temperature
ferromagnetism (RTFM). Fig. 7a shows the magnetization hystere-
sis (M-H) loop of the ITO nanostructures at RT. It is evident that the
ITOs exhibit ferromagnetic behavior with well-defined coercivity
(HC) and saturation magnetization (MS). The temperature-
dependent magnetization (M-T) curve in Fig. 7b shows the Curie
temperature (TC) of ITO nanostructures are well above RT. As the
deposition pressure in PLD increases, both MS and TC are found to
increase gradually. Among the different morphologies, ITO NWs
exhibits strongest ferromagnetism (FM) with MS � 23.5 emu/cm3

and TC � 468 K.
Such RTFM has also been observed in other low dimensional

oxide semiconductors, where the origin of FM was ascribed to sev-
eral point defects [15–18]. It has been found that the cation (In)
vacancy and oxygen vacancy can introduce local magnetic moment
and ferromagnetic interaction between the magnetic defects can
be mediated through the charge carriers [39,40]. However, here
we have not found any evidence of formation of In vacancy in these
ITO nanostructures. On the other hand, the observation of higher
energy peak at 532 eV in O 1s core-level XPS, blue emission in PL
mobility of the ITO nanostructures with deposition pressure.



Fig. 7. (a) Magnetic hysteresis (M-H) loop of ITO nanostructures. Inset: Correlated variation of MS and corresponding PL blue emission (located at 415 nm) intensity (IB) with
deposition pressure. (b) Temperature-dependent magnetization, M (T) of the ITO nanostructure, Inset: Change in TC with deposition pressure.
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spectra, redshift of 363 cm�1 Raman mode shows the evidence of
significant amount of VO

+ formation within the ITO nanostructures.
In addition, the inset of Fig. 7a shows a direct correlation between
MS and the corresponding PL blue emission (415 nm) intensity (IB),
which suggests that the Vo

+ defects are mainly responsible for such
robust FM. In fact, the exact mechanism of the origin of ferromag-
netism in such pure and doped oxides is not still very clear. How-
ever, several theoretical and experimental studies have shown that
positively charged monovalent oxygen vacancy (VO

+) near surface
region is magnetic whereas it may be nonmagnetic within bulk
of the oxides. Chang et al. [41] and Wang et al. [42] have shown
that a magnetic triplet state is found to be the ground state of those
defects in the vicinity of the SnO2 surface, whereas the nonmag-
netic singlet is the ground state of bulk SnO2. Here in our case
for the ITO nanostructures, compared to other ITO morphologies,
the nanowires have largest surface area, therefore containing more
surface VO

+ defects which give rise to strongest ferromagnetic
ordering. Due to the loss of an O atom from ITO lattice, the electron
pair that remains trapped in the oxygen vacancy cavity give rise to
an F center defect [35]. One of the electrons in F center is likely to
occupy the neighboring In3+ ion and thus yields In2+ center and a F+

center (V0
+ defect) in the lattice [35]. The electron associated with

such donor V0
+ defect will be confined in an hydrogenic orbit [39]

with radius, rH = e(m/m⁄)a0, where e is the high-frequency dielec-
tric constant, m is the electron mass, m⁄ is the effective mass of
the donor electrons and a0 is the Bohr radius (53 pm). The mag-
netic moment (�1 mB) of such trapped electron is localized at the
center of the orbit [39]. As the concentration of oxygen vacancy
defects increases in the specimen, more and more F+ center orbit
comes closer and finally overlap to other when the concentration
exceeds a percolation threshold which can favor a long rage ferro-
magnetic interaction [16,39]. Besides VO

+ defects, a cation vacancy
such as indium vacancy (VIn) here, can also induce significant mag-
netic moment which generally arises from the 2p orbital electrons
of oxygen atom in the vicinity of VIn [6,7,15,40]. However, due to
high formation energy, it is quite difficult to create and stabilize
significant amount of VIn defects without any proper defect-
engineering [35]. On the other hand, formation of VO

+ defects is
quite favorable especially when the ITOs are grown under an
oxygen-deficient condition like here. Hence, as the NWs contain



Fig. 8. Current voltage (I-V) characteristics for ITO (a) NWs, (b) NRs and (c) NCs under dark and UV-illumination. (d) The ratio of Ilight/Idark are estimated at a constant voltage
of 0.1 V for all the ITO nanostructures.
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highest amount VO
+ defects, it exhibits strongest FM as compared to

the other morphologies.
3.6. I-V characteristics and photoresponse properties

Finally, the current-voltage (I-V) characteristics and photore-
sponse of ITO nanostructures is also investigated using ultraviolet
(UV) light illumination. Fig. 8 shows the current-voltage (I-V) char-
acteristics under dark and UV illumination for ITO (a) NWs, (b) NCs
and (c) NRs of ITO. All the ITO nanostructures are found to exhibit
non-ohmic (I-V) behavior demonstrating the their semiconducting
nature. In addition, it is quite interesting to notice that the current
at a given voltage under UV-illumination is higher than under dark
condition. This indicates that UV-illumination generates extra
electron-hole pairs within the material which results an increase
in current. Thus, the effect of light on these nanostructures shows
that the obtained 1D ITO nanostructures can be used as effective
photovoltaic materials [43]. The ratio of Ilight/Idark are estimated
at a constant voltage of 0.1 V for all the ITO nanostructures. It
can be seen from Fig. 8d that the ratio obtained for 1D nanostruc-
tures i.e. NWs and NRs are large compared to the comb-like nanos-
tructures. This is because of large surface area of 1D NWs was
exposed to the incident light and generates more electron-hole
pair which contributes to the current. Hence, among the different
morphologies, defect-rich 1D NWs are found to most photo-
sensitive and thus can be used as promising photovoltaic material.
4. Conclusions

In conclusion, we have successfully fabricated one-dimensional
(1D) indium-tin oxide nanostructures using pulsed laser deposi-
tion technique and investigated magnetic, optical, electrical and
photoresponse properties in details. X-ray diffraction and field
emission scanning electron microscopy (FESEM) revealed ITO pos-
sesses cubic bixbyite crystal structure of indium oxide with differ-
ent nanostructure morphology like nanorods (NRs), nanocombs
(NCs) and nanowires (NWs) for Ar pressure of 1, 10 and 100 Pascal
(Pa) respectively. Evidence of oxygen-vacancy (VO) formation
within the lattice is confirmed from X-ray photoelectron, photolu-
minescence, Raman spectroscopic measurements. Photolumines-
cence spectra exhibited intense mid-band blue luminescence at
wavelength of region of 400–450 nm due to the electronic transi-
tion from conduction band maxima (CBM) to the singly ionized
oxygen-vacancy (VO

+) defect level within the band-gap. Oxygen
vacancy in the ITO lattice is found to playing a crucial role to deter-
mine the novel optical, electrical and magnetic properties. Due to
presence of highest concentration of donor-type VO

+ defects, the
ITO NWs exhibited with high carrier (electron) concentration of
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�6.4 � 1020 cm�3, low electrical resistivity. The ITO nanostructures
also exhibited VO

+-mediated high-Tc ferromagnetism and the satu-
ration magnetic moment (MS) increases with increase of VO

+ con-
centration. Current voltage (I-V) characteristics of ITO
nanostructures showed an evidence of photo-induced current
under UV illumination. Hence this study shows that such
oxygen-deficient 1D ITO nanostructures can be used as promising
materials for semiconductor spintronic, opto-electronic, and pho-
tovoltaic applications.
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