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Cobalt-doped SnO, nanoparticles with different cobalt concentrations have
been prepared using a polyol method, and x-ray diffraction (XRD) analysis and
Fourier-transform infrared spectroscopy applied to investigate their structure.
The XRD patterns of all the prepared nanoparticles revealed single-phase
tetragonal structure. The morphology of the nanoparticles was studied using
scanning electron microscopy. Ultraviolet—visible absorbance spectroscopy
measurements were utilized to understand the optical properties, revealing
the dependence of the bandgap on the cobalt doping concentration. Magnetic
measurements revealed that the samples exhibited room-temperature ferro-
magnetism, which should be an intrinsic characteristic. The origin of the
room-temperature ferromagnetism was investigated using vibrating-sample
magnetometry and electron spin resonance spectroscopy.
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INTRODUCTION

Tin oxide (SnOy) is an n-type, wide-bandgap
(3.6 eV) semiconductor oxide with O=Sn=0 struc-
ture. It is a very promising material because of its
optical transparency, high chemical stability, high
sensitivity to various toxic gases, and compatibility
with microfabrication processes. Its superior optical
transparency makes it suitable for an impressive
range of applications, e.g. in solar cells, as a
catalytic support material, in solid-state chemical
sensors, etc.' Simultaneously, since the prediction
of room-temperature ferromagnetism (RTFM) in
Mn-doped ZnO,*? such oxide semiconductors have
been extensively researched as possible dilute mag-
netic semiconductors. Defects play a key role in the
chemical and physical properties of semiconducting
materials. Lattice imperfections due to oxygen
vacancies and structural defects in metal oxides
can modify the bandgap, enhance the room-
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temperature ferromafnetism, and increase their
range of applications.* % In this case, oxygen vacan-
cies can be considered as a kind of self-doping which
does not change the intrinsic structure of SnO,
crystal but modifies the bandgap energy, dielectric
properties, and room-temperature ferromagnetism.
Recent reports on doping of SnO, in bulk and
nanoparticle form with magnetic transition metals
(TMs) have revealed considerable ferromagnetism
at and above room temperature. The possibility of
such room- and high-temperature ferromagnetism
in magnetic TM-doped SnO, systems has received a
lot of attention in the field of diluted magnetic
semiconductors (DMS) due to its applications in
spintronic devices.” However, the exact mechanism
inducing magnetism in doped SnO5 nanoparticles is
not yet fully understood. Various mechanisms have
been suggested to explain the ferromagnetism of
DMS, including the double-exchange interaction,
bound magnetic polarons, and vacancies in the
structure.*® Various metal ions have been used as
dogants of SnO%, including3 Fe3* %10 Ce3* 11 Mn?*, 11
Co?*,1213 Ni%* * and Cr’**.'® Such studies have
provided interesting information about the
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relationships between doping, defect-related lumi-
nescence, surface effects, changes in morphology,
particle size, and RTFM.{6
In this work, single-phase Sn;_,Co0,0, nanopar-
ticles were prepared using a polyol method, a green
nanotechnology alternative that offers the advan-
tages of simplicity, low cost, and relatively low
reaction temperature. The structural and morpho-
logical characteristics were studied using x-ray
powder diffraction (XRD) analysis, Fourier-trans-
form infrared (FTIR) spectroscopy, and scanning
electron microscopy (SEM). Ultraviolet—visible
(UV-Vis) spectroscopy measurements were utilized
to understand the optical properties and the depen-
dence of the bandgap energy on the cobalt concen-
tration. Both vibrating-sample magnetometry
(VSM) and electron spin resonance (ESR) spec-
troscopy were applied to explore the magnetic
properties of the prepared nanoparticles.

EXPERIMENTAL PROCEDURES
Materials and Methods

Nano Sn;_,Co,02 (x =0, 0.001, 0.005, 0.05, 0.1)
powders were prepared using stannic chloride
(SnCl45H50, 97.5%; Adwic Laboratory Chemicals,
Egypt), CoCly6H,0, glycerol (CsHgO3, 99.5%; Gen-
chem, China). The solutions were prepared using
deionized water (18.2 MQ) from a Millipore water
purification system. Different nanoparticle samples
were prepared using a simple green route derived
from the sol-gel method given in Ref. 17 with slight
modification. Pure SnO; was prepared by dissolving
1 mol SnCl;5H,0 in an appropriate amount of
glycerol dissolved in 20 ml dis. H,O. Co-doped
Sn;_,Co,04 (x = 0.001, 0.005, 0.05, 0.01) was pre-
pared by dissolving SnCl,-5H50 and CoCly,:6H50 in
glycerol solution. Viscous gels formed, and complete
dissolution of the added precursors was achieved by
stirring on a hot plate at 80°C. The dissolved gels
were kept on the hot plate until complete evapora-
tion of the aqueous solution and ignition of the
precursors occurred. The obtained ash was dried at
200°C for 2 h using a heating rate of 10°C/min.
Finally, the dried powders were thermally treated
at 500°C for 4 h using a heating rate of 10°C/min.

Characterization

The structure of the prepared samples was stud-
ied at room temperature using x-ray diffraction
(XRD) analysis (Philips X’Pert multipurpose diffrac-
tometer) with Cu K, radiation (with A = 1.5418 A).
The crystal structure was refined by the Rietveld
profile method using Rex software.'® Microstruc-
tural investigations of the different powders were
carried out using scanning electron microscopy
(SEM, JSM-6510 LA; JEOL, Japan) in high vacuum
using an accelerating voltage of 20 kV, working
distance of 11 mm, and magnification of x2000.
Fourier-transform infrared (FTIR) spectroscopy

(Nicolet iS10 FTIR Spectrometer; Thermo Scien-
tific) was carried out on the prepared powders using
the KBr disc technique, scanning in the region of
400 cm ™! to 1000 cm ™. Optical studies were per-
formed by ultraviolet—visible (UV-Vis) absorbance
spectroscopy (Unicam, UK), using distilled water
(18 MQ) as reference, with analysis at different
wavelengths ranging from 300 nm to 500 nm.

Magnetic measurements on the synthesized
nanoparticles were carried out using vibrating-
sample magnetometry (VSM, 9600-1 LDJ, USA)
with a maximum applied field of nearly 20 kG at
room temperature to determine the saturation
magnetization M, and coercivity H.. Electron spin
resonance (ESR) measurements were carried out at
frequency of v = 9.71 GHz using a standard X-band
Bruker EMX spectrometer.

RESULTS AND DISCUSSION
Structural Characterization and Morphology

X-ray diffraction patterns of the Sn;_,Co,O4
samples are shown in Fig. 1. All diffraction peaks
coincide with those of the tetragonal rutile SnOy
structure. No remarkable shift in the diffraction
peaks or peaks from other phases were detected,
revealing that the SnOy samples were of high
purity. Rietveld refinement using Rex software
was applied to determine the lattice parameters a
and ¢ and particle size (Table I). Both a and ¢ were
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almost constant, showing a minor dependence on
the Co content x. This behavior again suggests that
all the prepared samples comprised a single phase
with high purity. The particle sizes (D) varied for
the different Co-doped samples, ranging from 49 nm
to 64 nm.

Figure 2 shows SEM images of Sn;_,Co,0, ther-
mally treated at 500°C for 4 h. As shown in these
images, a clear variation in the morphology was
observed for the different Co-doped samples. SnOo
consisted of peels containing spherical agglomer-
ated particles under the surface. The SEM image of
Sng 999C00 00102 showed a transformation of the
peeling surface to a hierarchical monolithic struc-
ture in which spheres are embedded in three
dimensions (3D). On the other hand, the
Sng 995C0g 00502 sample was characterized by the
presence of a densified structure with round crystal
grains deposited over a very smooth thin-film-like
structure. The Sngg5C00.0502 sample consisted of
nanohierarchical layered structures. The
Sng 9Cop.102 sample consisted of flakes containing
3D spheres. Such differences in SEM images have

Table I. Lattice parameters a and ¢, c¢/a ratio, and
average particle size D (nm)

Sample a (A) c Q) cla D (nm)
0 4.74 3.19 0.67 58
0.001 4.76 3.20 0.67 64
0.005 4.76 3.20 0.67 49
0.05 4.79 3.22 0.67 55
0.1 4.78 3.21 0.67 49
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been reported before for Co- doped Sn0,." The
change in morphology with 1ncreas1ng Co content
may be caused by the change in lattice energy®’ as
well as the variation of the defect concentrations, as
mentioned below. The development from nanoflakes
to nanohierarchical to layered thin-film structure is
important, forming channels for electron transport
in the SnO, crystals.?!

To understand the structural evolution of the
prepared nanopowders FTIR spectra of Sn;_,Co,0,
powders are shown in Fig. 3. The analy51s focuses
on the region from 1000 cm ! to 400 cm ™!, Gener-
ally, the bands detected in the range from 400 cm .
to 570 cm ™! are due to Sn—-O stretching modes.??
The FTIR spectrum of SnO, showed a band at
612 cm ™!, which can be assigned to the Sn—O
fundamental vibration.'” The shoulder appearing
at 465 cm ! can be attributed to Sn—O—Sn symmet—
ric stretchmg modes. The small shoulder appearln%
at 417 cm ! is due to Sn-O stretching modes.?

The Sn0,999C00,00102 and Sno_QQCOO_OIOQ samples
were characterized by the presence of the same
fundamental bands as observed for the pure sample.
In addltlon the develoPment of small shoulders at
661 cm™ and 668 cm ™~ can be attributed to Sn—O-
Sn antisymmetric stretching modes.'® More bands
and shoulders were observed for the
Sng 995C00.00502 and Sng 95C00.0502 samples, corre-
sponding to both symmetric and antisymmetric Sn—
O-Sn modes as outlined above. The presence of
these bands and shoulders is due to structural
distortions in Snog caused by surface defects and
oxygen vacancies.” The variation of the bands and
shoulders can be related not only to the concentra-
tion of Co?* in the SnO, lattice structure but also to
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Fig. 2. SEM images of Sn,_,Co0,0, powders.
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Fig. 3. FTIR spectra of Sny_,Co,0, powders.

the variation in local defects particle size, as well as
nanoparticle morphology.?*

Ultraviolet-Visible (UV-Vis) Absorbance
Spectroscopy

UV-Vis absorption spectra as well as bandgap
energy measurements of the SnO, and Sn;_,Co0,0,
samples are shown in Fig. 4. The spectra show
sharp absorbance edges at 334 nm to 340 nm. The
sharpness of the absorption edges is an indicator of
the good crystalline nature of the prepared sam-
ples.”” The bandgap energy (E,) was evaluated
using the equation

ahp = A(hu— Eg), (1)
where o is the absorption coefficient, A is the Planck
constant, u is the incident light frequency, E, is the
bandgap energy, and A is a constant. The value of n
depends on the type of transition in the optical
semiconductor®® and takes values of 1, 3, 4, or 6 for
direct allowed, direct forbidden, indirect allowed, or
indirect forbidden transitions, respectively.

SnO, exhibits a direct but dipole-forbidden transi-
tion. However, at high temperatures, direct allowed
transitions are more favored in terms of abso 7ptlon
intensity than direct forbidden transitions.?¢?” The
bandgap energy of each sample was estimated from a
plot of (¢hw” versus photon energy (hu) by

extrapolating the linear part to zero absorption,?®

as shown in Fig. 4b and c. In this case, the E, of pure
SnO, was found to be ~ 3. 697 eV, in agreement with
values given in literature.?® Flgure 4d shows the
variation of the energy gap with the amount of Co
added. Incorporation of Co?* into the lattice structure
of SnO, caused a slight increase in the E, values
(~ 3.734 eV to 3.74 eV) with respect to the undoped
sample. The Sngg95C00.00502 sample showed the
largest blue-shift (E; ~ 3.74 eV) with respect to the
other doped samples. This increase in the blue-shift
cannot be explained on the basis of quantum confine-
ment, because the latter applies for nanopowders
with crystallite size smaller than 10 nm.

As in most oxide semiconductors, the top of the
valence bands is derived from O 2p electronic states,
while the bottom of the conduction bands is derived
from metal Sn 5s electronic states.?® The success of
doping depends on the electronegatwlty and ionic
radius of the doped and host cations.®! The elec-
tronegativity and ionic radii of Co?* are 1.88 and
72 pm, respectively, compared with 1.96 and 71 pm,
respectively, for Sn**. This good matching of the
electronegativity and ionic radius fac111tates substi-
tution during the preparation process,®' as clearly
shown by the XRD results.

The observed blue-shift in the bandgap can be
clarified by considering the changes in the defect
concentration in the doped SnO5 as follows:

The chemical environment of surrounding oxygen
anions: The formation of an oxygen vacancy
releases two electrons into the system. One of these
electrons fills the hole on a neighboring oxygen,
while the other leads to reduction of Sn** to Sn®*,
which will preferably happen at surfaces and inter-
faces. Consequently, substltutlonal doping by elec-
tron donor elements such as Co®* causes a variation
in the chemical environment of the surrounding
oxygen anions, leading to a nonstoichiometric
distribution.?®

Other donor and acceptor types: As outlined above,
SnO, is characterized by a large fundamental
bandgap of ~ 3.6 eV.2® Recent studies have shown
that the conductivity of SnO; is not only due to the
presence of defects such as oxygen vacancies (V) and
tin interstitials (Sn;)? but also the presence of donors
such as hydrogen that act as unintentional donors (H;
or Hp).?? In this case, oxygen defects may be associ-
ated with this shallow donor.>?

However, oxygen vacancies generate donors and
easily produce many electrons. On the other hand,
tin vacancies are deep acceptors and will produce a
negligible amount of holes in normal conditions.?
The possible charged states of oxygen vacancies are
V3,VJ, and Vg*.‘% Generally, oxygen vacancies
(Vo) are the most common defects in metallic oxides
and are respon51ble for the n-type conductivity in
Sn0,.2*3% This fact is due to the lower energy of
formatlon of oxygen vacancies with respect to other
defects such as tin interstitials or hydrogen
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defects.?® Figure 5a shows a schematic illustration
of the probability of formation of different donor and
acceptor defect types in SnOy, as an n-type semi-
conductor.>*~3® These probabilities are based on the
energy of formation values of these defects.?* In this
case, Sn** ions are considered as acceptors which
may interact with donor Vo defects present in SnO,

to form acceptor—donor pairs.®* These pairs create
impurity levels within the energy gap and conse-
quently decrease it.>*?

In this study, doping with Co®* led to the creation
of more V, as suggested by the VSM results. Such
an increase in Vo leads to an increase of the
bandgap energy, and a blue-shift is observed on
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the basis of the Burstein—Moss effect, which origi-
nated from the lifting of the Fermi level into the
conduction band due to an increase in the charge
carrier concentration. In undoped n-type semicon-
ductors (in this case SnQO,), the Fermi level lies
nearly at the middle of the bandgap.*° Doping with
electron donors adds free electrons to the conduction
band, which leads to an upwards shift of the Fermi
level position to become close to the conduction-
band minimum.?* Donor electrons can enter the
bottom of the conduction band.*' According to
Pauli’s principle, two electrons occupying the same
orbit should have different spins.?! Therefore, the
low-energy transition is suppressed and the band-
gap widens, leading to the blue-shift.>>*° Figure 5b
shows the blue shift of the energy gap due to the
Burstein—Moss effect, where the value of the energy
gap changes according to the concentration of
electrons and holes present in the different
samples.*!

Magnetic Characterization

Figure 6 shows the variation of the magnetization
as a function of the applied magnetic field for the
various Sn;_,Co,0, nanoparticle samples at 300 K.
The M-H curve provides information regarding
magnetic parameters such as the saturation mag-
netization (Mg) and coercivity (H.), as shown in
Fig. 7a and b. Ferromagnetic behavior was observed
at room temperature in the undoped and doped
SnO, samples. Mg varied in the range from
0.15 emu/g to 0.45 emu/g, and the coercive field
(H,) varied from 110 G to 200 G. Mg first increased
on initial doping with Co?*, then gradually
decreased. Meanwhile, H, was generally higher for
the Co%*-doped samples. The magnetic moment per
Co?* jon was calculated and is illustrated in Fig. 7c.
The maximum magnetic moment per Co®* ion was
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observed for the lowest x value, then decreased
exponentially with increasing Co?* concentration.

The origin of ferromagnetism (FM) at room
temperature in these compounds may arise from
several sources, e.g., an intrinsic property of the
doped SnO, or the formation of some nanoscale CoO
or metallic Co. However, XRD measurements
revealed no secondary phases in the prepared
samples. Meanwhile, the UV—Vis results suggested
successful entry of Co?* ions into the SnOj structure
and modification of the bandgap. Therefore, the FM
can be attributed to the intrinsic exchange interac-
tion of magnetic moments in these compounds. The
exact mechanism of intrinsic ferromagnetism in
TM-doped oxides is still under debate. Although the
concentration of magnetic cations is low, room-
temperature FM is observed in this compound,
hence direct interactions such as double-exchange
or superexchange cannot be responsible for the
ferromagnetism.*? According to the donor impurity
band exchange model, coupling between magnetic
cations, carriers, and defects can result in bound
magnetic polarons (BMPs), which may also lead to
room-temperature FM. The density of oxygen
vacancies may be increased because of disorder
within the oxygen sublattice due to thermal pro-
cessing, doping, and/or other aspects of the prepa-
ration conditions.*® A locally trapped electron in an
oxygen vacancy would have a significant effect on
the spin orientation of neighboring Co®* ions.
According to Coey’s model, the measured magneti-
zation due to the interaction between BMPs can be
described as***°

M = MoL(x) + ymH, (2)

where MyL(x) accounts for the BMP contribution,
where localized charge carriers strongly interact
with doped ions, and y,H arises due to the

05 : ,
0.4 I — SnO,
03L ~ 7 S5,666C%,0010;
= o2kl SN, 65C%% 4050,
o 02r- _ .
E s Sny.65C0,60,
iqé)/ 01 [ =7 SnyCo, 0,
é 0.0 ~
D 02
g -0.1 H Z 1
c & o =
o - - @ il
g 0.2 é s
o B ol
s 03 E = B
04 " .
-1500 -1000 -500 0 500 1000 1500
F Field (G) 1
-0.5 L L 1
-20000 -10000 0 10000
Field (G)

20000

0.45
) [«
0.40 /G/O/O—/D/D/
0.35 4
= y.
2 1 8 o x=0.001
E 03049/ o x=0.1
3 13 - - - - BMP model fitting
o 7 - - - BMP model fitting
©
E 0.20—- I
S 0154]
g i
= 0.10 —I
0.05 4
0.00 . ’ . . . r .
0 5000 10000 15000 20000

Field (G)

Fig. 6. Left panel: hysteresis loops for Sn;_,Co0,0, samples at room temperature. The inset shows the magnified hysteresis loop, revealing clear

ferromagnetic behavior. Right panel: fit according to BMP model.



4176

240
! (a)
200 o
© 160} =
T’ L o o x
120 0.20 E
© ' °
r - - - - Exponential decay of &
80 - S 0.154| magnetic moment per Co ion 1S
Q = (=x/t)
> p=Ae
I J
06 Al (c)
L =
8
. 05F T 0054
CH ?
2 o =
E 04r 00l e N
e F o 000 002 004 006 008 010 012 5
= 0.3 o Co content (x) o
- : O ~
02
| =]
01 1 L 1 L 1 L Il " 1 " 1
0.00 0.02 0.04 0.06 0.08 0.10

Co content (x)

1.8

17}
16}
15
14}
13}
12}

Yehia, Labib, and Ismail

2.8
o
g @] 24 g ()
o 20
o| € 16l o
= o
o o 1.2F
o
0.8t
051
© (9)
%
A
_ 03F %
= *
& 0.2 P
A A ®
s 0.1 s

1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10

0.00 0.02 0.04 0.06 0.08 0.10

Co content (x) Co content (x)

Fig. 7. (a) Saturation magnetization (Ms) and (b) coercivity (H,) of Sn_,C0,0, nanoparticles. (c) Magnetic moment per Co?* ion as function of
Co doping concentration. Fitting parameters: (d) effective magnetic moment x = megg, (€) paramagnetic contribution y,, (f) number of BMPs (N),

and (g) BMP contribution M,.

paramagnetic contribution, where the fraction of
doped Co?* ions which do not contribute to the BMP
interaction behave paramagnetically. The sponta-
neous moment of the system can be written as

MO :NmSa (3)

where N is the number of BMPs and mg is the
spontaneous magnetic moment of each BMP. L(x) is
the Langevin function,

L(x) = coth(x) — %, (4)
and x is defined as
_ Hmegr

where x = m is an effective spontaneous magnetic
moment per BMP, representing how quickly the
true magnetic moment aligns with a magnetic field.
At high temperatures, it can be assumed that
mg = Mmegr. As indicated in the right panel of Fig. 6b,
the measured experimental curves can be well fit
with the BMP model. The obtained fitting param-
eters mg, N, and y,, are illustrated in Fig. 7. For all
samples, the number of BMPs is on the order of
N = 10%, increasing initially with the introduction
of Co?* ions into the unit cell then decreasing
gradually; accordingly, the BMP (M,) contribution
is expected to follow the same behavior. On the
other hand, x = m¢y generally decreases on intro-
duction of Co?* ions. This behavior would be in
agreement with an exponential decrease of the

magnetic moment per Co?" ion. The paramagnetic
susceptibility is on the order of 10~° and increases
with the Co“* doping amount.

As stated above, oxygen vacancies are the most
probable source of the FM in the studied samples,
making it necessary to determine the spin nature of
the vacancies. In this regard, electron spin reso-
nance spectroscopy is a very powerful tool to
differentiate types of vacancies, viz. VO,Vg , and
V§*. Only V{§ has unpaired electrons and hence can
be detected by ESR, in contrast to the other types of
vacancy.46 The ESR spectra of the Sn;_,Co,0O4
nanoparticles are shown in Fig. 8, measured by
lock-in phase-sensitive detection with the sample
placed in a resonance cavity. The detected signal is
the field derivative of the microwave absorption
dP(H)/dH. A well-defined ESR signal which can be
described by a single-derivative Lorentzian line
profile was recorded for all samples.

According to Fig. 5a, V} is unstable and its
formation is less probable. However, ESR measure-
ments clearly suggested the presence of V. In fact,
V{§ is indeed unstable, and is thought to transfer
electrons to Sn** to reduce it to Sn®* and thereby
form the most stable V*.*” The detection of this
unstable vacancy defect is attributed to the high
resolution power of the ESR technique. The ESR
parameters, viz. the integrated intensity, linewidth
AH,,, and g-factor, are summarized in Fig. 8a, b,
and c, respectively. The integrated intensity is
mainly proportional to the number of spins partic-
ipating in the magnetic interaction. However, the
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localization and delocalization of the spins will also
affect the spin relaxation time and thereby the ESR
intensity. For less localized spins, a faster relax-
ation time is expected and a lower ESR intensity
would be observed.*® The highest integrated inten-
sity was observed for the sample with x = 0.005,
with the minimum m.y and maximum bandgap
energy, which may indicate greater localization of
spins in this sample. The g-factor can be calculated
from the resonance field as

g— hv
,uBHres’

(6)

where i is the Planck constant, ug is the Bohr
magneton, v is the applied microwave frequency
(9.71 GHz), and H,. is the resonance magnetic
field. For all the samples, the g-factor ranged from
2.008 to 2.01 (Fig. 8c). The weak dependence of both
the line width AH,, and the g-factor confirms that
the origin of the ESR signal is the same for all
samples, even the undoped SnO,, again stressing
the role of trapped vacancies in the magnetic
properties of these nanoparticles.

CONCLUSIONS

The preparation and structural and magnetic
properties of Co?*-doped SnO, nanoparticles were
studied comprehensively. X-ray diffraction analysis
confirmed the formation of single-phase tetragonal
structure in all samples. Despite the low Co?*
content, clear morphological differences were
revealed by SEM. The optical properties showed

pronounced changes with the Co?* doping amount.
UV-Vis absorbance spectroscopy suggested that
Co?* doping slightly increased the bandgap energy
of the studied samples. The bandgap energies E,
lay within the values expected for SnOs. Room-
temperature ferromagnetism was observed by
VSM. The obtained hysteresis loops were analyzed
and discussed on the basis of the bound magnetic
polaron model. For all the samples, including the
undoped SnOy, the ESR signal could be well fit
using a single Lorentzian line profile. Weak depen-
dence of the linewidth AH,, and g-factor was
observed, suggesting that the origin of the ESR
signal was the same for all samples. Among the
different types of vacancy, ESR measurements
illustrated that V| vacancies were responsible for
the detected signal.
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