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Nickel (Ni) doped SnO, powder samples were prepared using solid-state reaction with dopant concentrations in the range of 3 at.%
to 15 at.%. The influence of Ni doping on structural, optical, and magnetic properties of the powder samples has been investigated.
All the Ni doped powder samples exhibited tetragonal structure of SnO,. A decrease in optical band gap was observed with increase
of Ni doping levels. The vibrating sample magnetometer measurements revealed that the Ni doped SnO, powder samples were

ferromagnetic at room temperature.

1. Introduction

Currently, dilute magnetic semiconductors (DMS) play an
important role in spintronic device applications by utilizing
both charge and spin degree freedom of the electrons [1]. In
DMS, a nonmagnetic semiconductor can be converted into
a magnetic semiconductor by introducing a transition metal
dopant into a host material. Since the discovery of room
temperature ferromagnetism in Mn doped ZnO and GaN
by Dietl et al. [2], more attention is being given to DMS to
achieve ferromagnetism at room temperature or above room
temperature in various oxide semiconductors such as In,O;,
Cu, 0, TiO,, and SnO,. Among these oxide semiconductors,
tin oxide (SnQO,) is the most suitable material for many
optoelectronic applications. It has a wide band gap (3.5eV)
with high optical transparency in the visible region and
high electrical conductivity which are the most essential
features for solar cells applications, gas sensors, and liquid
crystal displays [3]. A semiconductor that exhibits ferro-
magnetism along with these properties finds applications in
novel magnetic optoelectronic devices. Room temperature
ferromagnetism was reported in 3D transition metal doped
TiO, [4], ZnO [5], Cu,O [6], and In,O; [7]. Ferromagnetism
with a magnetic moment of 0.95 iz was reported in Fe doped
SnO, ceramics by Fitzgerald et al. [8]. But paramagnetic
behaviour was reported in the Fe doped SnO, by Punnoose et

al. [9]. Magnetic properties have been reported in Fe, Mn, and
Co doped SnO, by many research groups [10-12]. To the best
of the authors” knowledge, not much work has been reported
on Ni doped SnO, semiconductors till date [13]. Hence, an
attempt is made here to synthesize Ni doped SnO, powders
and to study the influence of Ni doping level on structural,
optical, and magnetic properties of these powder samples.

2. Materials and Methods

Ni doped SnO, powders at 3, 5, 7, 10, and 15at.% of Ni
were prepared by a standard solid-state reaction method.
Commercially available SnO, and NiO (M/S Sigma-Aldrich,
99.99% pure) were accurately weighed in required pro-
portions using microbalance and were mixed and ground
thoroughly using an Agate mortar and pestle to convert to
very fine powders. The grinding of the mixture was carried
out for 16h for all the Ni doped SnO, powder samples.
The ground powder samples were loaded into a small one
end closed quartz tube of diameter of 10 mm and length
of 10 cm, which was enclosed in a bigger quartz tube
of diameter of 2.5cm and length of 75cm with provision
to allow unwanted vapours to escape from the reaction
chamber, and evacuated at 2 x 107° mbar using a rotary
pump. The complete setup was placed in horizontal tubular



3000

Ni (15 at.%)
1500 k L i
0 A A A AN A
4000 - Ni (10 at.%)
2000 |
0
4000 - Ni (7 at.%)
22000 J l
g 0 A JL A Ao I A
S 4000 - Ni (5 at.%)
= 2000 l
‘B 0 JL A 1 A A A A
§ 6000 Ni (3 at%)
E 3000 4 J\ JL l
0 s L A4 A A
4000 - (110) (101) Qe 5 S o . Sn0O,
2000 - § S =8 8 g
0 L jep fgeese s 8
20000 - (003) (292) NiO
10000 - ] 0 (205)
0 7 7 7 7 7 A
20 30 40 50 60 70 80

20 (deg)
(a)

Advances in Condensed Matter Physics

6000

5000 A

]
/ !
4000 ) ,&

E r

3 / J\ 4

3 i

P 3000 - | :M\\

1k

E 2000 - "\
)

f |
|}
1000 -

20 (deg)

Ni (10 at.%)
—*— Ni (15 at.%)

—A— Ni (3 at.%)
—m— Ni (5 at.%)
—o— Ni (7 at.%)

(®)

FIGURE I: (a) X-ray diffraction patterns of Pure NiO, SnO,, and Ni doped SnO, powder samples at different Ni doping concentrations. (b)

XRD patterns of Ni doped SnO, powder samples in 26 range of 26°-27°.

microprocessor controlled furnace and fired for several hours
at different temperatures. The firing temperature and firing
periods were optimized at 800°C and 10 h through trial- and-
error procedures. X-ray diffraction (X-ray diffractometer,
D8 Advance, BRUKER) was used to establish structural
aspects. The diffused reflectance spectra were recorded using
UV-Vis-NIR Spectrophotometer (JASCO V-670). Magnetic
measurements were carried out at room temperature using
vibrating sample magnetometer (Lake Shore-7404).

3. Results and Discussion

Figure 1(a) shows the X-ray diffraction patterns of undoped
and Ni doped SnO, powder samples along with X-ray
diffraction pattern of pure NiO powder which confirm
that the nickel oxide phases were not formed in Ni doped
SnO, powder samples though the doping level of Ni was
increased from 3 at.%. to 15 at.%. All the diffracted peaks of
Ni doped SnO, powders were indexed based on the unit cell
of a tetragonal structure of SnO,. All the diffracted peaks
coincided exactly with tetragonal structure of SnO, (JCPDS
card number: 411445). As no other peaks related to either
nickel or nickel oxides were identified, it could be confirmed
that nickel was doped into the host SnO, lattice. A high
intensity was observed at a Ni doping level of 3at.%. The
intensity of the diffracted peaks and crystallite size showed
decrease with increase in Ni doping level. From Figure 1(b),
it is clear that the intensity for lower dopant level of 3 at.% is
maximum whereas the intensity for the higher dopant level
(15at.%) is minimum, which may be due to impurities that
oppose the growth of SnO,. A decrease in the intensity of
the diffracted peaks with the increase of dopant level was
also reported in sol-gel synthesized Fe doped SnO, [14].

Moreover, no significant shifts in the diffraction angle (260)
and lattice parameters were observed for the Ni doping levels.
It may be due to nearly equal ionic radii of Ni** ions (0.69 A)
and Sn** ions (0.71 A).

Figure 1(b) shows the X-ray diftraction patterns of the Ni
doped SnO, powder samples in the diffraction angles (260)
between 26° and 27°. The (11 0) orientation for all the Ni
doped SnO, powder samples was observed between 26.57°
and 26.60° of the diffraction angles (20). The crystallite size
of Ni doped SnO, powder samples for all the dopant levels
was calculated using Debye-Scherrer formula [15]:

kA
~ BcosB’

)

where k is a constant, A is the diffraction wavelength of
CuK, (A = 1.5406 A), 3 is the full width at half maximum
(FWHM), and 0 is the diffracted angle, respectively. The
crystallite size, lattice parameter, and unit cell volume showed
decrease from 8Inm to 67nm, 4.740 A to 4.736 A, and
71592 A” to 71.438 A, respectively, with the increase of Ni
doping level from 3at.% to 10at.%. The FWHM of the
Ni doped SnO, powders showed increase from 0.105 to
0.126 with the increase of Ni doping level from 3at.% to
10 at.%. The tetragonal distortion (c/a) increased from 0.672
to 0.673 with the increase of Ni doping level from 3 at.% to
15at.%. The crystallite size, lattice parameter, and unit cell
volume exhibited increase again when the Ni doping level
has increased to 15at.%. It suggests that Ni at 10 at.% is the
doping limit in SnO, lattice. All these changes indicate that
the doping of Ni took place in SnO, lattice. A summary of Ni
doping levels (at.%), full width at half maximum (FWHM), 20
(110) from XRD, grain size (L), lattice parameters, tetragonal
distortion (¢/a), and unit cell volume (V) is given in Table 1.
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TABLE 1: Summary of doping concentrations (at.%), FWHM, 20 (11 0) from XRD, grain size (L), lattice parameters, tetragonal distortion
(c/a), and unit cell volume (V) of Ni doped SnO, powder samples.

Ni (at.%) FWHM 20 L (nm) a(h) c(A) cla V (A%
3 0.105 26.57 81 4.740 3.185 0.672 71.592
5 0.112 26.59 76 4.737 3.184 0.672 71.460
7 0.118 26.57 72 4.739 3.185 0.672 71.548
10 0.126 26.59 67 4.736 3.185 0.672 71.438
15 0.115 26.60 74 4.734 3.186 0.673 71.442
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FIGURE 2: Optical absorbance spectra of Ni doped SnO, powder
samples. Inset figure shows the optical band gaps of the Ni doped
SnO, powder samples.

In order to study the influence of Ni doping levels on the
optical band gap, absorbance spectra were recorded for all
Ni doped SnO, powder samples. Figure 2 shows the optical
absorbance spectra of pure SnO, and Ni doped SnO, powder
samples at different Ni doping levels. The undoped SnO,
powder exhibited a minimum absorbance at a wavelength of
500 nm. When Ni doping level has increased the absorbance
of the samples showed an increase and touched a maximum
value at Ni doping level of 15at.%. It may be due to the
dopant impurities which could increase absorbance. Addi-
tional bands have been observed at wavelength of 721 nm for
all Ni doping concentrations. It may be due to the substitution
of Ni in SnO, lattice. The absorption coefficient («) of the
powder samples was calculated using the following relation:

o= 2.303%, @)

where “a” is the absorbance and “t” is the path length. The
optical band gap (E,) for a highly degenerate semiconducting

—o0— Ni (3 at.%)
—o— Ni (5 at.%)
—A— Ni (7 at.%)

—v— Ni (10 at.%)
Ni (15 at.%)

F1GURE 3: M-H plots of Ni doped SnO, powder samples at different
Ni dopant concentrations.

oxide can be determined from the absorption coefficient («)
and photon energy (hv) using the following relation [16]:

ahv = A(Eg - hv)l/z. (3)

The optical bang gap (E,) was calculated by plotting

(ahv)? versus the photon energy (hv) and by extrapolating
the linear region of the plots to zero absorption (« = 0).
The optical band gap of the powder samples decreased from
3.76 eV to 3.70 eV when the Ni dopant level was increased
from 3at.% to 15at.%. The optical band gap energy shows
a narrowing effect with increase in Ni dopant level. Similar
results were reported in Ni doped SnO, nanoparticles by
Ahmed etal. [17]. A decrease in optical band gap with doping
level has been explained by many groups who suggested the
alloying effect in the host compound with some impurity
phases [18].

Figure 3 shows the magnetization versus magnetic field
curves of the Ni doped SnO, powder samples at differ-
ent dopant levels. The pure SnO, powder exhibited dia-
magnetic behavior at room temperature. When Ni was
doped into SnO, lattice, a change in magnetization was
observed. The substitution of Ni ion with SnO, matrix trans-
formed it from its diamagnetic state to ferromagnetic state.
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TABLE 2: Summary of doping concentrations (at.%), saturation magnetization (M,), coercivity (H), retentivity (M, ), magnetic susceptibility
(x), and magnetic moment per Ni atom (p5/Ni) of the Ni doped SnO, powder samples.

Ni (at.%) M, (memu/g) H, (Oe) M, (memu/g) x (x107%) pp/Ni

3 0.101 68.68 0.007 6.7 3.02x107°
5 0.148 79.75 0.014 9.9 2.66 x 1072
7 0.164 82.49 0.019 10.9 2.10x 1073
10 0.573 65.75 0.052 38.2 5.15%x 107°
15 0.156 78.32 0.013 10.4 9.35x 107*

The saturation magnetization (M), retentivity, and coercivity
were also found to be increased with increase in dopant
levels. The ferromagnetic signal is progressively enhanced up
to 10 at.% of dopant. A magnetic moment of 0.101 memu/g
and coercivity of 65.8 Oe were observed in Ni doped SnO,
powder at a 3at.% of dopant level. The highest saturation
magnetic moment of 0.573 memu/g and coercive field of
65.75 Oe were observed for the powder sample 10 at.% dopant
level. It may be due to substitution of Ni** with Sn** which
favours an increase of oxygen vacancies available for electron
trapping and hence increase in saturation magnetic moment
at10 at.% of Ni doped SnO, powders. The observed saturation
magnetic moments are lower when compared with saturation
magnetic moments of Co and Fe doped SnO, by Kaur et al.
[19] and single crystal Co doped SnO, nanocrystals by Xu
et al. [20]. A ferromagnetic behavior at lower concentrations
and paramagnetic behavior at higher doping concentration
were reported in Ni doped SnO, nanocrystals by Aragon et
al. [21]. But in the present system, ferromagnetism has been
observed even at higher Ni doping levels but the saturation
magnetic moment decreased at higher dopant levels (15 at.%).
A summary of crystallite size, saturation magnetization (M),
coercivity (H), retentivity (M,), magnetic susceptibility (x),
and magnetic moment per Ni ion (up/Ni) of the Ni doped
SnO, powder samples is given in Table 2.

4. Summary and Conclusions

Nidoped SnO, powder samples were synthesized using solid-
state reaction method. The dopant levels were varied from
3at.% to 15at.%. All the Ni doped SnO, powder samples
showed tetragonal structure. No new phases of either NiO or
SnO were found even at higher dopant levels (15at.%). The
optical band gap decreased from 3.76 eV to 3.70 eV with the
increase of Ni from 3 at.% to 15at.%. The room temperature
ferromagnetism was found in all Ni doped SnO, powder
samples. The Ni doped SnO, powder samples exhibited the
highest saturation magnetic moment of 0.573 memu/g at a Ni
doping level of 10 at.%.
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