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ABSTRACT

This work reports the tailoring of optical and magnetic properties in Sb-doped
SnO; nanoparticles (NPs), i.e., Sn;_,Sb,O,(x = 0.0, 0.03, 0.06, 0.09) synthesized by
gel-combustion technique. The structural properties of these nanoparticles are
investigated by the X-ray diffraction (XRD) technique. Detailed structural
analysis shows the crystallization of all these NPs in tetragonal rutile structure,
as observed in pristine SnO, without any trace of the secondary phase. Nev-
ertheless, the incorporation of Sb dopant was found to increase the lattice
constant systematically. Investigation of surface morphology by scanning elec-
tron microscopy and particle size by transmission electron microscopy also
indicates a systematic increase in the grain size and particle size with Sb doping.
Intriguingly, bandgap and room-temperature ferromagnetism (RTFM) are
found to be sensitive to particle size and oxygen vacancies. UV-visible
absorption, Fourier transform infrared, photoluminescence, and X-ray photo-
electron spectroscopic measurements are carried out to explore the underlying
physical mechanisms. Besides, the increase in RTFM and decrease in the
bandgap witnessed in Sb-doped SnO, NPs can be exploited for magneto-optic
and spintronic devices.
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nanostructured SnO, exhibits unprecedented chemi-
cal, optical, electrical, superior magnetic properties,
and excellent thermal stability, which are strongly
influenced by shape and size effects, morphologies of

1 Introduction

Nanostructured tin dioxide (SnO,) has been consid-
ered one of the most vital multifunctional materials

displaying a diverse range of applications including
in photocatalysis [1-4], gas sensors [5-9], Li-ion bat-
teries [10-14], solar cells [15-18], optoelectronic
devices [19-25], photothermal theragnosis agents
[26, 27], spintronic devices [28, 29], and so on. The

the nanostructures, intrinsic defects, and dopants
incorporation. Nonetheless, SnO, with intrinsic and
extrinsic defects introduced through dopants is
found to be crucial in enhancing the optical and
magnetic properties as well as device performance.
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The prominent intrinsic defects in SnO, nanostruc-
tures are oxygen vacancies (OVs) which form donor
states inside the SnO, band gap, influencing its
electronic structure and enhancing conductivity
[30, 31]. Furthermore, the inclusion of OVs not only
increases the absorption sites for the purpose of oxi-
dization of gases, but also facilitates the gas sensing
activity [32]. Besides, the formation of these OVs
generates in-gap defect states of SnO, thereby
reducing the band gap and extending the absorption
to visible light which has a strong impact on the
visible light photocatalytic activity, as well [33, 34],
the OVs defect induced ferromagnetic ordering at
room temperature in undoped SnO, nanostructures
[35-38]. Moreover, suitable cation doping and the
generation of intrinsic defects due to doping plays a
pivotal role in enhancing the optical, electrical, and
magnetic properties of SnOs.

In recent decades, SnO,-based nanostructures
doped with special atoms into the host SnO, have
garnered much attention for displaying enhanced
optical and electronic properties. Among various
dopants, Sb-doped SnO, has garnered much atten-
tion for its applications in gas sensors [39-41], solar
cells [42], transparent electrodes for optoelectronic
devices [43], smart windows for building energy
management systems and automobiles [44], pho-
tothermal theragnosis agents [46, 47], and so on.
Doping tin dioxide with electronic donors such as
Sb>* yields a high conductivity without significant
changes in its optical transmittance [45]. It has been
demonstrated by Ponja et al. [45] that the doping of
donors like Sb>* into SnO, generates OVs and accu-
mulates these defects at the grain boundary. Such
accumulation reduces the grain boundary barrier and
improves electrical conductivity. So, as far as the
band gap in Sb-modified SnO, is concerned, contra-
dictory reports are found on the nature of the change
in the band gap with doping of Sb. Some authors
have reported an increase in band gap both experi-
mentally [46-48], whereas some other experimental
reports reveal a reduction in the band gap with Sb
doping [49, 50]. Zhou et al. [51] demonstrate that
strain induced decreased band gap in Sb-doped SnO,
thin films. These reports suggest that dopant, particle
size, and OVs played important role in tuning the
band gap of Sb-doped SnO, nanostructures. More
recently, Lv et al. [26] have reported a photothermal
effect in Sb-doped SnO, with a conversion efficiency
of 73.6%. It was demonstrated by these authors that
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the Sb-modified SnO, is beneficial in killing cancer
cells and computed tomography (CT) imaging.

Various research groups [35, 52-59] reported the
enhacement in ferromagnetic ordering in Ni, Co, Fe,
Zn, Mn, Al-doped SnO, nanostructures due to an
increase in OVs concentrations. However, excess
doping leads to a reduction of magnetization in
doped SnO, nanostructures [35, 60]. Some reports
[60, 61] suggested structure-dependent magnetic
relationship in which lattice contraction favors the
ferromagnetic ordering, while lattice expansion
decreases the ferromagnetism in SnO, nanostructures
doped with Co and Fe. Using DFT calculations, Vil-
lamagua et al. [62] observed no magnetic moment in
Zn-doped SnO, structure. Recently, Paraguay-Del-
gado et al. [57] demonstrated the Zng, defects-in-
duced ferromagnetism in Zn-doped SnO,, where the
magnetic moment is localized at the surrounding
oxygen atom instead of OVs. SaravanaKumar et al.
[58] suggested that OVs alone cannot contribute to
FM in Mn-doped SnO,. Instead, exchange interaction
between Mn and OVs enables such FM. On the other
hand, Agrahari et al. [53] reported FM in undoped
SnO, NPs, whereas Mn doping in it degrades the FM.
The DFT calculation of Villamagua et al. [62] revealed
that Sb-doped SnO, crystals cannot acquire magnetic
moment, though the band gap width is decreased
due to dopant incorporation. While Sb and Zn
codoped SnO; crystal exhibit local magnetic moment,
the Sb impurity contributes to the magnetic moment
in the presence Zn impurity as Sb alone cannot
induce any magnetic moment in the Sb-doped SnO,
crystal [62]. These discussions indicate the inconsis-
tency in the reports regarding the origin of ferro-
magnetism in doped SnO,. Moreover, doping of Sb in
5SnO; results in a transparent conductive oxide (TCO)
which exhibits high visible transmission. In addition,
the nanoparticle of Sb-doped SnO, is suitable for Li-
ion batteries, gas sensors, transparent electrodes, and
electrochromic windows [20-24]. Though some
studies report the optical and magnetic properties in
Sb-doped SnO,, however, these reports are highly
inconsistent and contradictory. For instance, some
authors have reported an increase in the band gap,
whereas some other reports reveal a reduction in the
band gap with Sb doping. Also, the reports on the
origin of FM in Sb-doped SnO, are inconsistent. To
the best of our knowledge, there are no experimental
studies on the magnetic behavior of Sb-doped SnO,
nanostructures so far.
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This work reports the synthesis of Sb-doped SnO,
Nanoparticles and studies the structural, morpho-
logical, optical, and magnetic properties of these
samples. Since the defect plays a pivotal role in
determining physical properties such as UV-Vis, PL,
and magnetic properties, therefore, major emphasis
has been given to understanding the influence of
these defects in determining these outlined proper-
ties. Moreover, this work provides a design strategy
to manipulate bandgap and improve optical and
magnetic properties in SnO,-based systems.

1.1 Experimental

Nanoparticles of Sb-modified SnO, with general for-
mulae 5n;_,Sb,O; are prepared by the gel-combustion
method. Here, the values of x are taken to be 0.0, 0.03,
0.06, and 0.09. High purity precursors of Sn-metal
granules, SbCl;, HNO;, C¢HgO7, and NH4,OH are
taken for the synthesis of Sn; Sb,O, nanoparticles.
At first, stoichiometric amounts of Sn-granules are
dissolved in concentrated HNOj in a pyrex beaker by
constant stirring. For Sb doping, SbCl; of the desired
amount was added to the prepared solution during
constant stirring. Further, citric acid is mixed with the
above solution to further activate the reaction pro-
cess. To maintain the pH value of the solution ~ 7,
NH4OH was added dropwise. This process yields a
transparent solution of a complex containing Sn—-Sb—
O-citric acid. It is to be noted that the pH adjustment
in solution takes a vital role in the formation of the
5n—-0/5Sn-Sb-O and Citric acid complex. Moreover,
in this step, the pH value of the solution was main-
tained to greater than 6.4. The prepared complex
solution was slowly heated by maintaining a tem-
perature of ~ 80 °C. The solution thus obtained was
slowly condensed at 80-90 °C to transform the solu-
tion into a gel by eliminating leftover water. The
obtained gel was further heated, auto-combustion
started inside the gel, and gave desired powder.
Finally, the obtained powder was ground and cal-
cined at 750 °C to get the desired Sb-modified SnO,
nanoparticles.

For the confirmation of room-temperature phase
structure, XRD patterns were recorded by using
Bruker Axs D8 diffractometer with Co Ka radiation
and 20 ranging from 20 to 80° with a step size of
0.02031°. The surface morphology of Sb-doped SnO,
nanoparticles is recorded by using Sigma, Zeiss made
scanning electron microscope (SEM) by depositing
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Au coating at the sample surface. The EDS spectra of
the synthesized nanoparticles were done by using
Oxford Instruments (UK) X-ray detector attached to
SEM. The particle size of the Sb-doped SnO,
nanoparticles was studied by using a Phillips Tecnai-
12 transmission electron microscope (TEM). The
Carry 5000 (Agilent Technology, USA) UV-VIS
spectrometer was used to record the absorption
spectra of the samples. For the study of PL (photo-
luminescence) properties, Horiba scientific fluoro-
max-4 was used. For the identification of chemical
states and possible composition, XPS (X-ray photo-
electron spectroscopy) spectra are recorded at room
temperature using PHI 5000 Versa Prob II. FTIR
spectra are recorded in a range of 500-4000 cm ™'
using Perkin Elmer, Spectrum BX. Magnetic hys-
teresis loops are recorded by using PPMS-VSM
(Quantum Design, USA) with maximum applied
magnetic field of ~ 10 kOe.

2 Results and discussion
2.1 Structural characterization

Figure 1a elucidates the room-temperature XRD
patterns (open circles) of Sb-doped SnO, samples.
The peaks and the intensity distribution of peaks
resemble that of SnO, (JCPDS#41-1445). Secondary or
impurity peaks are not observed from the XRD pat-
terns indicating the formation of an Sb-doped sample
in the desired phase. A systematic shifting of the
peaks toward the lower Bragg angle is witnessed
with Sb doping in pristine SnO,, as shown in Fig. 1b.
The general shifting of the XRD peaks toward the
lower 20 value is indicative of the expansion of the
unit cell which can be explained as follows. The Sn**
ion in its 6-coordinated octahedral site has an ionic
radius of 0.69 A. Upon substitution of Sb ions at the
Sn** site will generate two possibilities owing to the
multivalent states of Sb ions, i.e.,, Sb>" and Sb°". If
Sb>* ions with ionic radii of 0.76 A occupy the 6-co-
ordinates Sn*" sites, then it will tend to expand the
unit cell. However, if Sb°" ions with ionic radii of
0.6 A occupy the 6-coordinates Sn*" sites, then this
will lead to the contraction of the unit cell. Our XPS
measurements (discussed later) confirm the presence
of both these Sb>* and Sb* ions in the doped sample.
Thus, it can be presumed that though both the Sb>*
and Sb°" ions are simultaneously present in the
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Fig. 1 (a) Rietveld refined room-temperature XRD patterns of Sb-
doped SnO, samples. (b) The magnified view of (1 1 0) Bragg
peak. (c) Unit cell of SnO, obtained through Rietveld refinement.

doped samples, quantitatively the Sb°* ions are out-
numbered by Sb>* ions. Therefore, the effect of Sb>*
ions dominates and thereby leading to a net expan-

sion of the unit cell.
For the precise estimation of lattice parameters,
and crystallite size, Rietveld refinement of room-
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(d) Variation of lattice parameters a and c¢ with Sb doping
concentration. (e) The change in lattice volume

temperature XRD patterns was carried out using
Fullprof software. The parameters such as atomic
position, site occupancy factor, and lattice parameters
are taken into consideration. The background func-
tion is defined by 12 coefficient Fourier cosine series,
and pseudo-Voigt function is used to acquire peak
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broadening parameters U, V, and W. Nevertheless,
the instrumental contribution to the pattern has been
corrected by using an instrumental resolution file. For
pristine and Sb-doped samples, the Rietveld refine-
ment was carried out in the rutile phase with space
group P42/mnm. The refined lattice parameters and
crystallite size are presented in Table 1. Figure 1c
shows polyhedra of SnO, generated from the Riet-
veld refinement. Figure 1d, e illustrates the variation
of lattice parameters and volume as a function of Sb
concentration. It is observed that the lattice parame-
ters and volume increase with an increase in the Sb
content. Also, from Table 1, a systematic increase in
crystallite size is observed with an increase in Sb
content. A systematic increase in the crystallite size
infers a direct dependency on the dopant concentra-
tion. Similar dopant concentration-dependent crys-
tallite size variation has been observed for Sb-doped
SnO, thin film [63].

2.2 Morphological studies
2.2.1 SEM imaging

Figure 2 illustrates the room-temperature SEM
micrographs of Sb-doped SnO, NPs. All the samples
exhibit a dense packing with roughly spherical
shaped grains and without any pores. It is further
observed that the grain size increases with an
increase in the doping concentration. The average
grain size obtained is 45 nm, 58 nm, 69 nm, and
85 nm for undoped, 3%, 6%, and 9% Sb-doped sam-
ples, respectively. Grain size may consist of more
number of nanoparticles/crystallites. The adopted

Page 5 of 14 80

methodology of sample preparation for SEM imaging
is that the samples are coated with gold prior to the
observation of images to avoid the charging effect.
Thus, there is the possibility of agglomeration of
nanoparticles, and the average grain sizes observed
in SEM are larger than the average crystallite sizes
observed in XRD (listed in Table 1) in our samples as
are mostly expected. The EDX spectrum (not shown)
of undoped NPs reveals Sn and O elements, and
doped samples show Sn, O, and Sb elements, indi-
cating that no other contamination element was
introduced during the sample preparation.

2.2.2 TEM imaging

The coating is avoided for TEM sample preparations,
and the sample is well dispersed in DI water by
ultrasonication and then drop casting on TEM grid,
thus the agglomeration issue can be eliminated.
Furthermore, TEM is preferred to analyze the size of
nanoparticles of our samples owing to its higher
resolution and to obtain microstructural information
such as d-spacing and crystallinity. Figure 3 eluci-
dates TEM micrographs of pristine and Sb-modified
5nO, samples. From the micrographs, it is evident
that both pristine SnO, and doped NPs are found to
exhibit almost round-shaped morphologies. The
average particle sizes, as presented in Table 1, sys-
tematically increase for doped samples which are
consistent with the XRD and SEM results. Figure 3b—
d shows the TEM images of 3%, 6%, and 9% Sb-
doped NPs. It is important to note that the
nanoparticle morphology is not affected by the Sb
doping only except for a change in increase in the

Table 1 Details of lattice parameters (a, ¢), particle sizes and band gaps (calculated from absorption spectra) of undoped and Sb-doped

SHOZ NPs

Sb content in Lattice parameters (A) Unit cell volume Crystallite size Particle size (nm) from Bandgap

Sb:Sn0, (A% (nm) TEM (eV)

a c axaxc

0% 4.7386 3.1874 71.573 9.7 9.88 + 0.05 3.41
2 ()

3% 4.7393 3.1869 71.579 11.2 12.63 £ 0.03 3.38
3) (M

6% 4.7395 3.1873 71.597 13.5 14.75 £ 0.06 3.33
“ @

9% 4.7445 3.1940 71.897 15.1 17.72 £ 0.02 3.25
2 G3)
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Fig. 2 SEM images of the
morphology of SnO,samples:
(a) undoped, (b) 3%Sb,

(c) 6%Sband (d) 9% Sb

200 nm
==

particle size. This suggests the successful incorpora-
tion of Sb into SnO, matrix and thus nullifies the
possibility of any secondary or impurity phase. Fig-
ure 3 inset shows the selected area electron diffrac-
tion (SAED) pattern of corresponding undoped NPs
indicating the polycrystalline nature of pristine and
Sb-doped SnO, samples. Further, for reference, the
diffraction rings are indexed as per the tetragonal
rutile phase of SnO, (110), (101), (200), (211), and
(301), as shown in Fig. 3b (inset). These SAED pat-
terns also dictate that Sb is well incorporated into the
SnO, crystal lattice. The high-resolution TEM
(HRTEM) of the undoped sample is shown in Fig. 3b.
The d-spacing of 0.332 nm corresponds to the (110)
crystal plane of SnO,, and the clear lattice fringe
dictates that the as-grown NPs are highly crystalline.
Figure 3e shows the lattice fringe of 6% doped NPs
with d-spacing 0.334 nm corresponding to the (110)
plane. The increase in d-spacing for the doped sam-
ple may be attributed to the incorporation of Sb
atoms (larger ionic radii Sb>" ions) into the SnO,
crystal lattice.

2.3 XPS studies

To explore the possible involvement of surface
defects and understand the chemical environment in

@ Springer

| J Mater Sci: Mater Electron (2023) 34:80

Sb-doped SnO, NPs, XPS has been used. The initial
wide range XPS survey spectra (not shown) revealed
no contamination and impurities other than dopant
Sb in the as-grown undoped and Sb-doped SnO,
NPs, respectively. Figure 4a—d illustrates the O 1s
spectra of the pristine-doped SnO, samples. The
broadened O 1 s spectra at the higher binding energy
side indicate the possible involvement of different
oxygen species. To further shed light on the chemical
states of oxygen in Sb-modified SnO,, the asymmetric
O 1s peaks are deconvoluted. The deconvolution
indicates the involvement of three peaks around
530.5, 531.5, and 532.3 eV. These peaks are due to the
presence of lattice oxygen, Oxygen vacancies, and
chemisorbed oxygen [56]. The asymmetric nature
relatively increases with increasing dopants concen-
tration. It can be noticed that the peak area of OVs
significantly increases with increasing Sb doping,
suggesting the systematic increase of OVs concen-
trations in SnO, with Sb doping concentrations. From
enclosed the peaks, the concentration of oxygen
vacancies is calculated to be 6.04%, 11.2%, 16.23%,
and 22.8%, respectively. Figure 4e illustrates the Sn
3d spectra of pristine and Sb-doped SnO, samples.
From these spectra, the presence of peaks at 486.6 and
495.05 eV confirms the Sn with 3ds,, and 3ds,; states
indicating the 4 + oxidation state of Sn in the
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Fig. 3 TEM image ofSnO, samples doped with (a) 0%, (c) 3%Sb,
(d) 6%Sb and (f) 9% Sb. The inset in each case shows the
corresponding SAED pattern

synthesized samples. Upon increase in Sb doping
concentration, a systematic shift of these peaks
toward the lower binding energy side supports the
successful incorporation of Sb into SnO, lattice and
formation of OVs around Sn. Guan et al. [31] reported
a similar low binding energy shift for N-doped SnO,
NPs and suggested that the shift is due to the for-
mation of OVs. Figure 4f shows the Sb 3d core level
spectra of the doped samples. The Sb 3d spectrum
consists of two characteristic peaks for 3ds,; and 3d;,
5, located at 530.5 and 539.90 eV, respectively,
because of spin—orbit interactions [69]. The asym-
metric nature of Sb 3d peaks suggests the presence of
more than one oxidation state of Sb in the samples.
Because of the overlapping of O 1s and Sb 3ds,»
peaks, it is tough to analyze the accurate chemical
state of antimony by fitting the Sb 3ds5,, peak. Thus,
in order to investigate the oxidation state of Sb in the
samples, the Sb 3ds;,, peaks of 6% and 9% doped
samples were fitted into the two peaks (shown in
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Fig. 5a, b) centered at 539.89 and 541.21 eV corre-
sponding to chemical states of Sb>* and Sb°T,
respectively [70]. From Fig. 5, it is noticed that almost
all the Sb ions (about 92% in 6%Sb and 87% in 9%Sb-
doped samples) are in the oxidation state + 3, which
leads to a lattice expansion due to its much larger size
compared with Sn**of the host lattice.

2.4 Optical absorption and PL studies

The particle sizes, OVs, and dopant may play
important role in the optical properties of the syn-
thesized pristine and doped SnO, NPs. Figure 6a
shows the optical absorption spectra of Sb-modified
SnO, NPs. A slight red-shift in the absorption edge
has been noticed with Sb doping. This red-shift can
be attributed to the OVs and/or size effect due to the
incorporation of Sb dopant. For the estimation of the
band gap, (ohv)? is plotted against hv. This plot is
known as Tauc plot and is shown in Fig. 6b. The
band gap is calculated from the linear fits to the linear
portion of the Tauc plot. The extrapolated lines fitted
to the respective linear portions are shown in Fig. 6b.
A systematic reduction in the band gap is noticed an
increase in the Sb doping. The calculated band gaps
are 3.41, 3.38, 3.33, and 3.25 eV for the pristine, 3%,
6%, and 9% doped samples, respectively. The
decrease in the band gap can be correlated to the
increase in crystallite size/grain size/ particle size
with Sb doping, as is evident from XRD/SEM/TEM
studies [64]. Besides, the OVs can also contribute to
the band gap. In fact, the increase in oxygen vacancy
may lead to decrease in the band gap [34]. Thus, the
net reduction in band gap in Sb-doped SnO, can be
ascribed to both the increase in NP sizes and OVs.
Nevertheless, both XPS and PL (discussed later)
studies confirm the presence of OVs in the pristine
and doped samples. A similar reduction in the band
gap has also been demonstrated by Yang et al. [34].
Note that the OVs concentrations increase (confirmed
by XPS and PL studies) and the band gaps of doped
samples decrease systematically with the increase in
doping concentration. Generally, when a metal oxide
is doped with impurities, its band gap reduces due to
the introduction of either donor or acceptor levels
into the original band gap [65]. Accordingly, the
observed narrowing of the band gap in the doped
samples may also be assigned to the doping of Sb
within the SnO, host.
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Fig. 4 XPS spectra: O 1 s core level spectra of (a) undoped, components; (e) Sn 3d core level spectra of undoped and Sb-doped
(b) 3%Sb, (c) 6%Sb, and (d) 9%Sb-doped samples. The peaks are SnO, NPs and (f) Sb3d spectra of doped samples
deconvoluted into three peaks showing the presence of three
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Fig. 5 Deconvolution of Sb 3d;/, peak of XPS spectra of (a) 6%
and (b) 9%Sb-doped samples, showing the presence of both Sb>*
and Sb>" oxidation states in Sb-doped SnO, NPs

Photoluminescence is an essential tool to explore
defects and trap states associated with NP systems.
Figure 7a elucidates the PL spectra of Sb-modified
SnO; NPs, recorded at room temperature. The inset
in Fig. 8a shows the PL spectrum of undoped SnO,
NPs. Preliminary inspection of the PL spectra reveals
an evolution of emission peaks with Sb doping, and
all the doped samples are found to be significantly
different from that of the undoped sample. However,
all the spectra are found to be broadened indicating
the possibility of more than one emission peaks. To
explore the contributing emission peaks, the PL
spectra are deconvoluted using Gaussian peaks, as
shown in Fig. 7b, c. Pristine SnOsinvolves three
emission peaks centered on 367 nm, 436 nm, and
467 nm. Since the effective band gap of SnO, is
3.41 eV, therefore the first emission peak, i.e., 367 nm
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Fig. 6 UV-Vis absorption spectra: (a) undoped, 3%Sb, 6%Sb and
9%Sb-doped SnO, NPs; (b) («hv)*vshy plot

(3.38 eV) can be attributed to the NBE (near band
edge emission) [66]. Peaks 436 nm (2.84 eV) and
467 nm (2.65 eV) can be correlated to the blue emis-
sion and transition between defect states oxygen
vacancy (V,) and singly ionized oxygen vacancy (V.)
[67]. In contrast to the pristine SnO,, the Sb-doped
SnOsinvolves five emission peaks. The additional two
peaks at 398 (3.12 eV) nm and 485 (2.56 eV) nm may
be ascribed to the electron transition associated with
the defect levels formed due to doping of Sb>* (donor
state) and Sb>" (acceptor state), respectively [68]. It is
worthwhile to note that Sb can have the ability to
generate shallow donor or shallow acceptor states or
both depending on its oxidation states. The Sb>* is
considered a shallow donor when it replaces Sn*",
whereas Sb>* considered as shallow acceptor when it
replaces Sn**. Interestingly, XPS studies confirm the
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NPs; (d) Schematic diagram illustrating the physical origin of UV
and visible PL emissions

presence of both Sb°" and Sb>" states. Besides an
unprecedented increase in PL intensities of 436 nm
and 467 nm peak suggests a drastic increase in OVs
concentration. Furthermore, a schematic band dia-
gram is shown in Fig. 7 to explain the contributions
of trap states to the PL spectrum. In general, the loss
of O-atom from SnO; lattice generates V, along with
an electron pair. The trapping of the electron at the V,
can produce V. Moreover, these V, and V! form
shallow and deep trap donor levels, respectively,
within the band gap of SnO, and are associated with
PL emission processes. The visible (blue) PL emission
at 436 nm (2.84 eV) and 467 nm (2.65 eV) can be
attributed to electron transition from V, and V.
defect states to valence band, respectively. Emission
peaks 398 (3.12 eV) and 485 (2.56 eV) reflect electron
transition from the donor level formed by Sb>* to the
valence band and donor level formed by V, to the
acceptor level formed by Sb”™.
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2.5 FTIR studies

Figure 8 elucidates the FTIR spectra of pristine and
Sb-doped SnO, nanoparticles. In general, the vibra-
tional spectroscopic technique such as FTIR is
employed to explore the impact of defects such as
OVs/dopants on the vibrational modes in nanopar-
ticles. The vibration mode at 605 cm ™" is assigned to
Sn-O stretching vibration of SnO, [71]. This peak
position is slightly shifted to lower wave number
with the increase in Sb doping. This type of shifting is
attributed to the change in the bond length due to the
replacement of heavier atoms such as Sb at relatively
less heavy Sn atom site. This further confirms the
successful substitution of Sn by Sb atoms in SnO,
crystal lattice. The peaks appeared at 1521 cm ™' and
2332 cm™! are related to the O-H bending and
stretching vibrations due to the absorbed water on
the surface when exposed to atmosphere [72]. The
peak at 3745 cm™' is assigned to the stretching
vibrations of O-H [72]. An additional peak observed
at 2361 cm ™ 'in undoped sample may be assigned to
atmospheric CO, molecules [72]. No other vibration
except the characteristic modes of Sn—O proving the
samples are free from impurities.

2.6 Magnetic studies and origin
of ferromagnetism

Figure 9a illustrates the ferromagnetic hysteresis
behavior of Sb-modified SnO, samples, recorded at
room temperature. All samples exhibit non-saturating
hysteresis loops. For pristine SnO,, the maximum
magnetization observed is 0.18 memu/g. Interestingly,
with the increase in Sb doping, the maximum value of
magnetization systematically increases. For 3%, 6%,
and 9% Sb-doped SnO, samples, the maximum values
of the magnetization observed are 0.19, 0.26, and 0.33
memu/g, respectively. A magnified view close to the
origin is presented in the inset of Fig. 9a which shows
the non-zero coercivity in all the samples.

Though many authors have reported the existence
of ferromagnetic like behavior in SnO,, however, the
physical origin of this behavior is still unclear. Some
authors have suggested that the non-saturating
magnetization in SnO, is due to the paramagnetic
contribution of conduction electrons [73, 74]. Some
authors suggested the contributions of oxygen and/
or tin vacancies toward the observed magnetic
moment [35-38, 52, 53]. Rahman et al. [52] suggested
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that Sn vacancy favors ferromagnetic ordering in
undoped SnO,, while several other reports [35-38, 53]
strongly supported the V,-induced FM in SnO,
nanostructures. The first-principles calculations of
Kilig¢ and Zunger [54] suggest that Sn vacancies have
high formation energy and hence they are unlikely to
be formed in SnO,. Several OVs-related features such
as narrowing of the optical band gap, visible PL
emissions, and asymmetry of O 1S XPS in undoped
and Sb-doped samples provide strong evidence that
the observed FM in our undoped and doped SnO,
NPs is induced by OVs defects. We observed strong
visible PL intensities in doped samples compared to
undoped sample which reveals the presence of more
concentration of OVs in doped samples. From our

@ Springer
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XPS results, it is observed that more concentration of
surface OVs is associated with the doped samples. In
this study, a coherence between increase in OVs
concentration and magnetization is observed with Sb
doping is witnessed. The one-to-one correlation
between concentration of OVs and magnetic moment
suggest that surface OVs are mainly responsible for
the ferromagnetic ordering in our samples. The exact
linear relationship between surface OVs and mag-
netic moments is not observed in our samples
(Fig. 9b). However, the relationship between surface
OVs and magnetic moments for doped samples is
almost linear. Besides, the V, related defect environ-
ment with their proper distribution, the charge
redistribution among the vacancies and/or dopants,
and orbital overlapping/exchange interaction also
play decisive role in bringing out magnetic behavior.

3 Summary

In summary, nanoparticles of Sb-modified SnO, are
synthesized by a gel-combustion technique. Structural
investigations reveal the crystallization of all the
samples in tetragonal rutile phase. The SEM and TEM
investigations explore an increase in grain size and
particle size with the incorporation of Sb into SnO, host
matrix. The investigation of band gap properties by
UV-Vis spectroscopy suggests a decrease in the band
gap. XPS investigations reveal the formation of doped
Sb in both 54 and 3 4+ oxidation states and an
increase in the oxygen vacancy concentration with
increase in Sb doping. The studies of magnetic hys-
teresis loop unfold a coherent increase in the maxi-
mum magnetization with Sb doping. The reduction in
band gap and increase in the magnetic moment wit-
nessed in the present work are attributed to the
increase in particle size and oxygen vacancy concen-
tration. The Sb modified with superior physical prop-
erties than its pristine counterpart can be exploited for
spintronic applications and can stimulate the research
community to explore new SnO,-based nanoparticles
with elemental doping.
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