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Arrays of SnO2 nanowires are fabricated by employing a wet chemical template assisted sol–gel route

using ordered nanoporous anodic aluminium oxide as the host. The origin of room temperature d0

ferromagnetism in pristine polycrystalline SnO2 nanowires is investigated by correlating photolumi-

nescence and electron paramagnetic resonance (EPR) studies. It has been found that the naturally

grown structural defects of oxygen vacancies namely singly ionised oxygen vacancy (VO
d) clusters

induce the characteristic photoluminescence and contribute in ferromagnetism of pristine SnO2

nanowires at room temperature. The presence of the VO
d structural defects in the pure SnO2 nanowires

is also assured by the EPR spectroscopy. Present study will help understand the puzzle about the

unexpected magnetic phenomenon in these undoped wide band gap oxide semiconductors.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

One dimensional (1D) wide band gap oxide semiconductor
nanostructures have attracted immense attention due to their
potential multifunctional applications in electronics, optoelectro-
nics and spintronics [1–3]. As a wide band gap oxide semicon-
ductor, SnO2 has been extensively used as a promising candidate
to fabricate field effect transistors, photovoltaic devices, optical
and sensors systems [4–7]. After the finding of the giant ferro-
magnetism (FM) in the Co-doped SnO2 film [8], the transition
metal doped SnO2 has drawn considerable research attention in
the area of diluted magnetic semiconductors (DMS) for the
probable applications in the spintronics devices. Although room
temperature (RT) FM has also been reported in thin films and
nanostructures of SnO2 doped with Co, Fe and Cr [8,9–11], the
origin of the RTFM in the DMS always remains controversial,
whether it is the intrinsic nature of the semiconductor materials
or because of the formation of the secondary phases in the form of
ferromagnetic precipitates and metal clusters [12–15]. In order
to avoid this controversy the study of the RTFM of the undoped
and nonmagnetic ion doped DMS has became very exciting from
the perspective of designing new spintronics devices capable of
functioning well above the RT. The ferromagnetic response of
the undoped and nonmagnetic element doped DMS is called ‘d0

ferromagnetism’, as the magnetism is not originated because of
the unpaired d-orbital electrons [16]. Recently, FM in the undoped
ll rights reserved.

k@gmail.com (G.G. Khan).
SnO2 nanostructures have been reported [11,17,18], although
there is report where SnO2 nanostructures exhibit diamagnetic
response also [19]. The RTFM observed in SnO2 nanoparticles and
nanowires has been demonstrated based on the exchange inter-
actions between localised electron spin moments resulting from
oxygen vacancies (VO, in the Kröger–Vink notation) on the surface
[11,17]. Zhang et al. [11] have reported that the FM in SnO2

nanowires is likely to be due to the surface VO defects. In case of
the undoped oxide semiconductors it is believed that the FM
nature is originated because of the different structural defects
[20]. For example, point defects can also generate localised
moments and mediate FM [21]. In pure oxide semiconductors
the most common structural defects are cation vacancies and VO

defects. However, the issue of the origin of RTFM in oxide
semiconductors is still not understood properly and hence more
in depth investigations are needed to be carried out in order to
explain the origin of FM and the physical mechanism behind it.

There are limited recent reports on the RTFM of the pristine
SnO2 nanostructures and still the origin of the FM is lacking
proper explanation. In this present work, we report the study of
the RTFM in the pristine SnO2 nanowires (NWs) fabricated by an
easy wet chemical template assisted route by using nanoporous
anodic aluminium oxide (AAO) as host. The high aspect ratio NWs
having large surface to volume ratios are morphologically more
advantageous than the nanoparticles in order to obtain long range
magnetic ordering. For a pummel understanding of the nature of
structural defects present in the pristine SnO2 NWs, photolumi-
nescence (PL) and electron paramagnetic resonance (EPR) spec-
troscopy studies are carried out. An interesting strong correlation
is found in the experimental results of the PL and EPR studies
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with the RTFM, which indicates that the oxygen deficiency related
structural defects are responsible for the RTFM in pristine
SnO2 NWs.
2. Experimental methods

The arrays of SnO2 NWs were synthesised by an easy template
assisted route, where the nanoporous AAO template was first
fabricated by the controlled two-stage electrochemical anodiza-
tion of aluminium foil as elaborated in our previous works
[22,23]. In brief, highly pure (99.998%) aluminium foil was
anodised in a two electrode electrochemical bath maintained at
10 1C using 3 wt% oxalic acid as the electrolyte solution and the
anodization was carried out by maintaining a constant current
density of 200 A m�2 by varying the dc anodization voltage in
between 50 and 55 V [22]. The first-stage and the second-stage
anodizations were carried out for 20 min and 2 h, respectively.
After the first stage anodization the oxide layer was removed by
controlled chemical etching and the foil was reanodised for the
second time in order to fabricate regularly ordered porous AAO
template. The as grown template was dipped inside 10 wt%
phosphoric acid solution for 30 min for the opening and rounding
of the pore mouths of the nanoporous AAO.

SnO2 NWs were fabricated within the pores of the AAO by
a wet chemical template based sol–gel method reported by
Zhu et al. [24]. A solution was prepared by adding 1.2 M urea in
a saturated 0.2 M solution of SnCl4 �5 H2O prepared in ethanol.
After the solution was transformed into a transparent sol at RT
the AAO template was immersed in the sol and left for four days.
The sol containing the template was ultrasonicated several times
in order to help the sol to reach inside the pores of the template.
After taking the template out from the solution, the sol was
removed carefully from its surface and the template was dried
under IR source for 20 min. Finally, the arrays of SnO2 NWs were
obtained by annealing the template at 450 1C in air inside a
furnace for 2 h.

Field emission scanning electron microscope (FESEM, FEI
Helios Nanolab-600) was employed to study the morphology of
the as grown SnO2 NWs by partially removing the AAO template
using 2 M NaOH solution. X-ray diffraction (XRD, X’Pert Pro,
Panalytical) was used to obtain the crystallographic information
of the template embedded SnO2 NWs. Chemical composition of
the NWs was studied by energy dispersive X-ray (EDAX) attached
with the FESEM and the inductive coupled plasma (ICP) mass
spectroscopy (Varian FT220S). PL measurement of the template
embedded NWs was carried out using a spectrofluorometer
(Horiba Jobin Yvon, Fluorolog-3) having Xe lamp source. The
EPR (Jeol JES-FA100) studies were conducted on the released SnO2

NWs. Temperature dependent magnetic measurements of the
aligned arrays of undoped SnO2 NWs were carried out using a
vibrating sample magnetometer (VSM, Lakeshore, model 7144) in
the temperature range of 80–300 K.
3. Results and discussion

3.1. Study of morphology and crystallography

The FESEM micrographs of the arrays of SnO2 NWs released
from the AAO template are shown in Fig. 1(a)–(c). It is clear from
the figure that large aspect ratio NWs is prepared in this method.
The as grown NWs of uniform diameter are evident from
Fig. 1(b) and (c). The diameter of the NWs is about 50 nm, which
is found to be very close to the diameter of the pores of the AAO
template. The XRD pattern of the as grown pristine SnO2 NWs,
shown in Fig. 1(d), clearly indicates the polycrystalline pure rutile
type crystal structure of the NWs (JCPDS card no. 41-1445). The
EDAX analysis confirms the formation of SnO2 NWs within the
template indicating the presence of Sn and O only in the NWs.
The presence of no other elements as inclusions is detected by the
EDAX study. Moreover, the chemical composition of the fabri-
cated NWs analysed by the ICP mass spectroscopy also confirms
the formation of pure SnO2 phase without the presence of any
impurity elements, especially transient metal ions in the pristine
SnO2 NWs.
3.2. Photoluminescence study

PL spectroscopy is an exciting tool to investigate the defect-
related emissions from the semiconductors. The RT PL emission
spectrum of the template embedded SnO2 NWs is recorded under
an excitation of 450 nm light from a Xe lamp is shown in Fig. 2.
The AAO template provides a broad blue emission band cantered
at 430 nm because of the oxygen vacancy related defects [22]. It is
found that the SnO2 NWs provide luminescence in the green–
yellow wavelength region cantered around 520 nm. Generally,
SnO2 nanostructures exhibit emission bands between 450 and
600 nm because of the crystalline defects induced during the
growth [25–27]. The Sn vacancies (VSn) and VO defects are the
main structural defects appeared in the SnO2 nanostructures
during their fabrication and it is believed that they generate
trapping states in the band gap leading to luminescence in the
visible wavelength region [24]. However, because of the high
formation energy of VSn it is expected that the concentration of
the VSn defects in the pristine SnO2 should be much lower than
that of the VO defects [28]. In this regard the luminescence from
SnO2 nanostructures in the visible green–yellow wavelength
region is ascribed to the VO related defects [17,19,26,27,29]. These
VO can introduce defect levels situated in the band gap and make
a contribution to the mid-gap luminescence activities. Therefore,
the green or green–yellow luminescence from the SnO2 NWs in
our experiment is believed to be originated from the trapped state
electronic transition related to the VO defects [17,19]. However,
there are three kinds of oxygen vacancy defects namely oxygen
vacancies without trapped electron or neutral oxygen vacancies
(VO

X), singly ionised oxygen vacancies (VO
d) and doubly ionised

oxygen vacancies (VO
dd). The symbols are according to the Kröger–

Vink notations. As the VO
dd defects introduce very shallow donor

state [30], it is expected that the yellow–green visible light
emission occurs due to the VO

d acceptor state. Very recently, Kar
et al. [31] have elaborately demonstrated the possible lumines-
cence mechanism of the SnO2 NWs and the studies indicate that
the VO

d defects introduces a deep level mid-gap defect state [32]
responsible for the yellow–orange luminescence from SnO2 NWs.
Correlating our experimental result with these recent reports, we
firmly believe that the characteristics visible green–yellow lumi-
nescence from the pristine SnO2 NWs found in our work is
originated from the VO

d defects, most probably situated in the
band gap at nearly 2.4 eV above the valence band.
3.3. Electron paramagnetic resonance study

The EPR spectroscopy is an efficient experimental technique to
investigate the different kinds of structural defects like VO defects
present in the materials. The as-prepared pure SnO2 NWs are
studied by EPR spectroscopy (see Fig. 3) and by calculating the g

factor (EPR parameter) it is possible to get an idea about of the
type of VO defects present using the following equation (Eq. (1)):

g ¼ hg=mBH ð1Þ



Fig. 1. FESEM micrographs of the as-prepared pure SnO2 NWs released from the AAO template at different magnifications (a)–(c). (d) XRD pattern of the pure SnO2 NWs.

Fig. 2. RT PL spectra of the AAO template and the pure SnO2 NWs embedded in

the AAO template.
Fig. 3. EPR spectrum of the as-prepared pristine SnO2 NWs released from the AAO

template.
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where, H is the magnetic field (gauss), g is the frequency (Hz),
mB is the Bohr magnetron equal to 9.274�10–21 erg/Gauss and h

is Planck’s constant, 6.626�10–27 erg-s/cycle.
From the above calculation an EPR signal of g¼1.998 appears

from the pure SnO2 NWs. Recently, Özcan et al. [33] have shown
that the Snþ4, Snþ2, VO

X and VO
dd defect states have an even

number of electrons and these are electron spin resonance
(ESR)-silent singlets. Furthermore, based on the DFT calculations
they also have demonstrated that the g factor around 2.0 can
appear because of the VO

d defects in the SnO2 and this defect is
only ESR active [33]. Popescu et al. [34] and Kar et al. [29] have
also attributed the ESR signal with the g factor around 2.0 to VO

d

defects in the undoped SnO2 nanostructures. Therefore, our EPR
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spectroscopy result with g factor close to 2.0 for the pristine SnO2

NWs suggests that this signal is originated from the VO
d defects

in the NWs, which are believed to be the recombination centres
(Fþ-type centre) for the luminescence processes [29]. Consider-
ably large concentration of the VO

d luminescent centres present in
the SnO2 NWs is attributed to the visible light emission (trap
emission) in the green–yellow region. The EPR study indicates the
presence of large concentration of VO

d defects in the pristine SnO2

NWs fabricated in this work.
3.4. Magnetic property

Fig. 4 shows the room temperature (300 K) hysteresis loops of
the as-prepared pure SnO2 NWs embedded in the AAO template.
A clear evidence for FM is observed in the as grown pristine SnO2

NWs with low saturation magnetic field (�2000 Oe). In the inset
of Fig. 4 the M–H loops of the pristine SnO2 NWs at 300 and 80 K
are shown after subtracting the background diamagnetic signal
arising from the AAO template. The RTFM has been reported
in the undoped wide band gap semiconductor thin films and
nanoparticles like ZnO, TiO2, CeO2, SnO2, In2O3 and Al2O3, where
the origin of the FM is addressed based on the oxygen vacancy
defects [17,35,36]. According to Sundaresan et al. [17] the RTFM is
a general feature for all the oxide semiconductor nanoparticles
and they assumed that this is because of exchange interactions
between localised electron spin moments of the oxygen vacancies
at the surface of the nanoparticles. For ZnO thin films and
nanostructures the Zn vacancies (VZn) have also been suggested
to have localised moment and the cation vacancy defects have
been attributed to the ferromagnetic ordering [37]. However,
studies show that among the oxygen vacancy defects, the VO

dd

centres, which are the shallow donors, form a 1s2 singlet state and
can only establish weak antiferromagnetic ordering [32]. Coey
et al. [32] has reported that the cation vacancies and the adjacent
VO
d centres (Fþ centres) or VO

d centre clusters form a triplet state
and can initiate defect related hybridisation causing charge
transfer from a donor-derived impurity state to the unoccupied
states at the Fermi energy level to establish a long-range ferro-
magnetic interaction. In our work, it is expected that the con-
centration of the cation vacancy defects (Sn vacancies, VSn) should
be low because of their high formation energy and hence their
concentration should be much below the required percolation
threshold to mediate long-range ferromagnetic ordering in pris-
tine SnO2 NWs [19]. In our experiment, we have not also traced
Fig. 4. Magnetic hysteresis loop of the as-prepared pristine SnO2 NWs measured

at 300 K. The insets show the hysteresis loops of pure SnO2 NWs at 300 and 80 K

after subtracting the background diamagnetic signal.
the presence of significant amount of Sn vacancies, hence we
believe that the VO

d centre defect clusters are responsible for
the FM ordering in pure SnO2 NWs. The presence of the high
concentration of the VO

d defects in the SnO2 NWs fabricated in this
work has already been confirmed from the earlier PL and EPR
spectroscopy studies. The high concentration of the VO

d centre
defects would possibly promote the formation of the VO

d defect
clusters (anion vacancy clusters), which can induce magnetisation
through the defect band related hybridisation at Fermi level
causing localised electron spin moments.
4. Conclusions

In summary, SnO2 NWs have been successfully fabricated by
a facile wet chemical template assisted sol–gel route. The as-
prepared pristine SnO2 NWs exhibit d0 RTFM. The intense visible
green–yellow luminescence and the g factor of 1.998 obtained
from the EPR spectroscopy measurement for the pristine SnO2

NWs suggests the presence of large concentration of VO
d defects.

Correlating the PL and EPR spectroscopy results with the RTFM it
is believed that the anion vacancy clusters (VO

d defect clusters) are
responsible for the significant boost in the ferromagnetic ordering
in the pristine SnO2 NWs. The experimental results also suggest
that the sample preparation condition should have an important
influence on the optical and magnetic properties of the NWs.
By tuning the oxygen vacancy defects in pristine SnO2 NWs it is
possible to control their magnetic and optical properties, which is
very exciting from the view point of their successful applications
in spintronic and photonic devices.
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