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Abstract

In this work, the un-doped, Cu-doped, and (Ni, Cu) co-doped SnO, nanoparticles (NPs) were synthesized using the sol-gel
method with a fixed concentration of copper dopant while varying the nickel concentrations. The structural, optical and
electrical properties, as well as the surface morphology, were investigated systematically by various characterization tech-
niques. The X-ray diffraction (XRD) study confirmed that the prepared samples had a tetragonal rutile crystal structure for
all single-doped/co-doped and un-doped SnO, NPs. The XRD results further confirmed that the crystalline sizes varied from
16 to 10 nm with the concentrations of the dopants. The UV-Vis diffusion reflectance spectroscopy (DRS) analysis showed
that the optical band gap was found to be decreased from 3.38 to 3.27 eV when the dopant concentrations were increased.
The energy dispersive analysis of X-ray spectra (EDX) results confirmed the presence of the expected elements in the pre-
pared samples. Three major photoluminescence (PL) emission peaks were observed in the visible region, with a small shift
toward lower wavelengths with dopant and co-dopant concentrations. Chemical bonding and the position of the O-Sn—-O
bond at 600-660 cm™~! were confirmed by the Fourier transform infrared spectroscopy (FTIR) study. The activation energies
and conduction mechanisms of the prepared samples were investigated using the Hall Effect measurement method. The I-V
studies confirmed that the prepared samples had a good ohmic contact behavior and the resistivity decreased significantly
for co-doped sample.
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1 Introduction

Transition metal oxide semiconductor nanomaterials, such
as titanium dioxide (TiO,), tin dioxide (SnO,), zinc oxide
(Zn0), copper oxide (CuO), and tungsten trioxide (WO;),
have been extensively investigated due to their potential
applications in a variety of disciplines, including cataly-
sis, spintronic devices, nanoelectronics, storage devices,
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and photonic devices [1]. For instance, SnO, is an n-type
semiconductor with a broad optical band gap and excellent
electrical, catalytic, optical, and thermal stability [1, 2]. This
semiconductor material has a tetragonal rutile crystalline
structure with band gap energy of about 3.6 eV [3]. It has
got a lot of interest because of its well-balanced chemical,
electrical, and optical properties [4]. Therefore, it has been
widely used in various applications such as photovoltaic
cells [5], optoelectronic devices [6], transparent conducting
electrodes [7, 8], gas sensors [9, 10], photocatalysis [11],
etc. The most significant step in improving the optical and
electrical properties of SnO, NPs is doping. This has the
potential to substantially alter its physiochemical properties.
Hence, the optical properties of tin dioxide will be improved.
SnO, NPs have been synthesized using a variety of tech-
niques, including hydrothermal [12, 13], sol—gel [14, 15],
co-precipitation [16, 17], microwave [18], and solid-state
reaction [10]. The sol-gel approach is a straightforward,
cost-effective, and low-temperature method for achieving
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improved homogeneity in nanoparticle preparation [19].
The properties of SnO, NPs are influenced by synthesis
parameters such as pH, duration, temperature, and reactant
concentrations [20]. These parameters indicate that SnO,
NPs have different shapes, sizes, and optical properties [21].
Various studies have been conducted using transition metals
such as iron (Fe), aluminum (Al), manganese (Mn), cobalt
(Co), Cu, Ni, Zn etc. doped into SnO, NPs to enhance their
properties [22—27]. Cu and Ni, in particular, have outstand-
ing optoelectronic and magnetic properties, so they can sig-
nificantly improve the possible applications of SnO, NPs
[28]. For instant, Divya et al. [28] used the co-precipitation
approach to make Cu and Ni-doped SnO, NPs, and the sat-
uration magnetization and electrical characteristics of the
doped samples were improved. Basyooni et al. [29] synthe-
sized a cobalt-doped SnO, thin film and discovered that the
doped samples’ gas sensing characteristics were improved.
The influence of co-doping transition metal ions on the
structural, optical, electrical, magnetic, and morphological
properties of SnO, NPs has recently been documented in
several published articles; such as Fe-Cu [30], Ni-Mn [31],
Fe-Co [32], Fe-Al [33], and F-Ni [34].

Mehraj et al. [32] have investigated the electrical and
magnetic properties of Fe and Co co-doped SnO, nanostruc-
tures synthesized by the citrate-gel method. The obtained
results show that the electrical and ferromagnetic behaviors
were increased by increasing the Co-and Fe-doping concen-
trations. Naseem Ahmad N, and Khan S. [35] have reported
on the structural, morphological, optical, photoluminescence
and electrical properties of Mn and Mn-Co-doped SnO,
NPs synthesized using the co-precipitation technique, and
the optical band gap and activation energy increase with
increasing concentration of Co. Duhan et al. have reported
ferromagnetism at room temperature in (Cr and Fe) doped
SnO, NPs prepared by the sol-gel method and discovered
that the presence of ferromagnetism in modified SnO, NPs
was primarily due to the creation of oxygen vacancies due
to ionic radii differences between the host and dopants [36].
Ramarajan et al. [37] investigated the optical and electrical
properties of Ba and Sb doped SnO, thin films prepared by
the spray pyrolysis method for the application of transpar-
ent conducting electrodes and found that optical transpar-
ency and electrical conductivity of co-doped samples were
enhanced. Despite the fact that co-doping gives a flexible
way to alter the bulk properties of SnO, to open up a new
door for various optoelectronic applications, a detailed
experimental study on the influence of (Cu,Ni) co-doped
on the structural, electrical and optical properties of SnO,
is still missing. To the best of our knowledge, no research
groups have looked into the effects of (Cu, Ni) co-doping
on the physical properties SnO,NPs by fixing the concentra-
tion of Cu dopant while varying the Ni concentrations. In
the present work, we have successfully synthesized doped/
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co-doped SnO, NPs using a cost-effective sol—gel approach.
The obtained results provide a good understanding of single-
doping and co-doping effects on the structural, optical and
electrical properties of SnO,-based nanomaterials. Moreo-
ver, the results revealed that Cu-Ni co-doping is another
approach to tune the physical properties of SnO, for various
optoelectronic applications.

2 Experimental procedure

2.1 Synthesis of un-doped, singly and co-doped
(Cu, Ni) SnO, NPs

Un-doped, 5% Cu: SnO, (singly) and (1% Ni+5% Cu):SnO,,
(3% Ni+5%Cu):Sn0,, 5% (Ni,Cu) co-doped SnO, NPs
were synthesized using the sol-gel method. Stannous chlo-
ride dihyrate (SnCl,.2H,0), copper (II) nitrate trihydrate
(Cu (NO3),.3H,0), and nickel (II) nitrate hexahydrate (Ni
(NO3),.6H,0) were employed as precursors in the synthesis
process, while aqueous NH,OH used to adjust the pH of the
solution. In a typical process, 100 mL of deionized water
was used to dissolve 0.18 Mof stannous chloride dihyrate
(SnCl,.2H,0). In a closed-necked flask, the solution was
vigorously stirred for 30 min with a magnetic stirrer. After
30 min, a certain amount of aqueous ammonia (25%) which
was dissolved in 50 ml deionized water added drop wise to
the produced solution with steady magnetic stirring until
the pH was close to nine and then stirred for 2 h at 50 °C.
After being aged for 16 h, the solution was centrifuged sev-
eral times with distilled water and ethanol to remove excess
ammonia and chloride ions. The gel was dried overnight
in an electric oven at 80 °C. After annealing the produced
samples at 600 °C for two hours, SnO, NPs were generated.
Copper (II) nitrate trihydrate and nickel nitrate hexahydrate
were added into stannous chloride dihyrate (SnCl,. 2H,0)
solutions at the same time for the manufacture of singly
doped and co-doped with fixed copper (I) nitrate trihydrate
(5wt %) and varying nickel (II) nitrate hexahdrate (X = 1wt%,
3wt%, Swt %). The rest of the procedures were usually the
same as the ones listed above. The resulting un-doped, singly
doped and co-doped samples of nanopowders were used for
further characterizations.

2.2 Characterization techniques

The structural analysis carried out by Shimadzu -7000 X- ray
diffractometer with CuKa (1=1.5406 A) radiation at room
temperature. The presence of various functional groups in
the sample was determined using FTIR spectrophotometer.
The surface morphology and elemental composition of the
sample were examined using scanning electron microscopy
(SEM) and EDAX. UV-Vis DRS was used to make optical
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measurements in the wavelength range of 200-800 nm
(Model: UV-3600 Plus). PL spectra were performed by
HORIBA FluoroMax-4 Spectrofluorometer in the excitation
wavelength of 325 nm. The sheet resistance and tempera-
ture-dependent electrical conductivity were carried out by
the four probe Hall Effect measurement method (model No.
HMS 5300) and the current—voltage characteristics of the
junctions were measured using a Keithley source meter unit
(model 2400) in the dark at room temperature.

3 Results and discussion
3.1 XRD analysis

The XRD pattern for un-doped, singly doped, and co-doped
samples is shown in Fig. la—e. All of the prominent dif-
fraction peaks in un-doped, singly doped, and co-doped
samples exhibit a well-defined tetragonal SnO, rutile struc-
ture with space group P42/mnm. They agreed exactly with
the tetragonal structure of SnO, (ICDD-PDF card number

(110) (101)
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041-144, lattice parameter a=b=4.7382, and ¢ =3.1871).
All the diffraction peaks are very sharp and strong, which
indicates the high crystalline nature of SnO, NPs. From
Fig. la—e, it was observed that there were no secondary
peaks matching the dopant elements or any other impuri-
ties. This indicates that the dopant Cu?* and Ni** ions are
properly substituted into the SnO, lattice sites through the
sol—gel synthesis method [38]. The intensity of the predomi-
nant peak was reduced in singly doped and co-doped sam-
ples compared to un-doped samples, as shown in Fig. la—e.
Therefore, doping caused a defect in the lattice sites that
hindered the crystal growth [39]. From Fig. 1f, the diffrac-
tion peak small shifts in the plane (110) are observed for sin-
gly doped and co-doped samples as compared to un-doped.
When increasing the percentage of Ni co-doping in SnO,,
the diffraction peak position moves to a higher 26 angels.
These diffraction peak shifts indicate that the doped Cu*
ions and Ni** ions are incorporated into the SnO, lattice
network [28]. Other structural parameters like lattice param-
eters and volume of unit cells are displayed in Table 1. From
Table 1, it was observed that as we move from un-doped

Intensity (arb.unit)
o

10 20 30 40 50 60 70 80

20 (degrees)

Intensity (arb.unit)

24 25 26 27 28 29 30 31
20 (degrees)

Fig. 1 The XRD patterns (a) Un-doped, b 5% Cu:SnO,, ¢ (1% Ni+5%Cu):SnO,, d (3% Ni+ 5% Cu):SnO,, e 5% (Cu,Ni):SnO,NPs. f Magnified
XRD diffraction peak shift in plane (110) of un-doped, singly and co-doped samples

Table 1 From XRD pattern of the average crystalline size, dislocation density, micro-strain, lattice parameter and volume of unit cell SnO, NPs

Concentration Average crystalline Dislocation den- Mircostrain (x 107) Calculated lattice param-  Volume of unit

size (nm) sity(x 10°(nm?)) eter value (A) cell v=a’c (A)®?
a=b c

SnO, 16 3.6573 8.1104 4.7315 3.1839 71.38

5% Cu:SnO, 15 4.3160 8.8026 4.7335 3.1836 71.44

(1% Ni+ 5% Cu):SnO, 10 8.8780 12.6982 4.7326 3.1854 71.38

(3% Ni+5% Cu):SnO, 12 6.9105 11.0838 4.6987 3.1655 70.41

5% (Ni,Cu):SnO, 11 7.0525 11.2522 47177 3.1752 70.95

JCPDS (41-1445) 4.7382 3.1871 71.55
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samples to singly doped and co-doped samples, the lattice
parameters “a” and “c” and the cell volume slightly change.
These changed lattice parameters and the cell volume due
to the smaller ionic radius of Ni** (0.69) ions and the larger
ionic radius of Cu®* (0.73) ions are easily occupied by the
Sn** (0.71) ions in the synthesized SnO, crystal lattice [30,
40-42]. The average crystallite size (D) of un-doped, singly
doped, and co-doped samples was calculated from (110) and
(101) planar orientation using the Debye Scherer relation

given in Eq. (1) [43].

_ Ki
" Bcosb 1)

Here, D is average crystallite size obtained from the
two dominant peaks, K is constant for the shape factor
equal to 0.9, and 4 is the wavelength of X-ray used (CuKa,
0.15406 nm), f is the full width at half maximum of two
dominant peaks, and @ is the angel of diffraction of two
dominant peaks. The estimated average crystalline size was
16 nm, 15 nm and 10 nm for un-doped, singly doped and
co-doped samples respectively (see Table 1). The reduction
in crystallite size with singly doped and co-doped is due to
differences in the ionic radii of the host and dopants. Fur-
thermore, the incorporation of Cu®* and Ni** ions into the
SnO, lattice site results in the suppression of nucleation and
subsequent growth of SnO, NPs due to the creation of Sn/
Cu/Ni or oxygen vacancies [44]. Doping metal, on the other
hand, causes faults like oxygen vacancies and tin interstitials.

From the XRD results, the lattice parameters was esti-
mated using Equation (2).

1 r+k P

o ta @
2 2 2
dhkl a ¢

where h, k and [ are Miller indices, d},;; is d—spacing give
by the Bragg’s law equation (nd=2d,,, sin(f,,,). n is order of
diffraction equal to one, A and 8 are wavelegth of the incdient
beam and Bragg diffraction angle. The defect quantity in the
crystal structure of SnO, NPs is measured by the dislocation
density (0).

The number of intercepted positions by the dislocation
lines per unit area in the plane perpendicular to the disloca-
tion lines (lines/m?) is also defined [45, 46]. The dislocation
density is inversely proportional to the square of the average
crystalline size by the following Eq. (3).

1

5:§

3
where, D is the average crystalline size of the SnO, NPs.
The obtained results revealed that the dislocation density is
slightly higher for co-doped one compeering to un-doped
and single-doped samples (See Table 1). This may be due to
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an increase in the occurrence of grain boundaries because of
crystalline size reduction with increasing dopant concentra-
tions. The micro-strain (g) can be calculated by the following
Eq. (4) [47].

€= s
4tan @

“

where, #is FWHM and 6 is diffraction angle. From Table 1,
the result shows that the micro-strain of the sample has
increased from 8.8026x 10~ to 12.6982x 10~ with the
reduction of the crystallite size of the SnO, NPs.

3.2 Surafce morphology analysis

The surface morphology of the prepared un-doped, singly
doped, and co-doped samples was studied using SEM. The
SEM images confirmed that all the prepared samples were
well-crystallized and also that they were uniform, spherical,
and aggregated as shown in Fig. 3a—c. Each sample's grains
are made up of large aggregates that are transformed into
fine aggregates as the dopant concentration increased. From
Fig. 3a, it is observed that un-doped samples show aggregate
forms. During the synthesis process, the aggregated shapes
exist through strong hydrogen bonding in the precipitate
[48]. The singly doped and co-doped samples show spherical
and aggregate morphological shapes. However, the co-doped
samples show relatively smooth and dense surface compared
to the undoped and singly doped samples. This suggests that
there was uniform nucleation throughout the growth of SnO,
NPs doped with Cu and Ni. This also indicates the crystal-
line quality of SnO, NPs is greatly improved by the co-dop-
ing effect. The SEM results demonstrate that the morpholo-
gies of the prepared samples were dependent on the dopant
elements, indicating that Sn** ions have been replaced with
dopant ions in the SnO, lattice. Figure 2a—c shows a parti-
cle size distribution histogram from the SEM images and
it was estimated 87. 82 nm, 86.91 nm and 83.57 nm for
un-doped, single-doped and co-doped samples respectively.
These results are very consistent with the variations of the
crystalline size calculated from XRD analysis.

3.3 EDX analysis

The EDX spectra of the prepared un-doped, singly doped,
and co-doped samples are depicted in Figs. 3d—f. EDX
analyses were carried out without the restriction of ele-
ments and confirmed the presence of the expected elements,
Sn, Cu, Ni, and O (see Fig. 3d—-f). The un-doped, singly
doped, and co-doped samples in Sn/O, Sn/O/Cu, and Sn/O/
Cu/Ni weight ratios of 81.43/18.23, 81.29/15.46/2.74, and
83.88/10.74/4.20/1.18, respectively, are shown in Fig. 3d-f.
Furthermore, EDX investigations demonstrated that the
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Fig.2 A particle size distribution histogram determined from the SEM images for (a) un-doped, b 5% Cu: SnO, NPs, ¢ 5% (Cu, Ni):SnO,NPs

dopant elements were effectively integrated into the SnO,
lattice without the creation of extra phases, which matched
our XRD results.

3.4 FIIR analysis

The FTIR spectra were studied for information about the
surface chemistry and bonding vibration of nanomaterials.
As shown in Fig. 4a—e, the FTIR spectra of un-doped, singly
doped, and co-doped samples were recorded in the range
of 400-4000 cm™!. From the Fig. 4a—e, it can be seen that
the major spectra features are almost similar for all sam-
ples except variation of the intensities of the main absorp-
tion bands and a slight absorption band shift to a higher
wave numbers. The peaks at 2958 and 3684 cm™! corre-
spond to the O—H stretching mode caused by absorbed water
molecules.

The broad region at 600-660 cm™! was attributed to
Sn—O-Sn vibrational stretching [49, 50], while the peak at
1040 cm™! corresponded to the Sn-OH stretching vibration
modes [51]. The peaks of Ni-O-Sn and Cu—O-Sn are not
seen clearly, which might be due to the low doping of Ni
and Cu in the prepared samples. From the FTIR spectra, it
was noticed a slight peak shift toward higher wave numbers
with an increasing of dopants concentrations. This peak shift
confirmed the appropriate incorporation of dopants atoms in
to the host material [52].

The peak intensity increased for singly—doped samples
compared to undoped and co-doped samples due to the for-
mation of the Cu—Sn solid solution or the stress created by
the defect phase. The presence of the SnO, stretching mode
and the absence of Ni and Cu oxide related modes further
supports the idea that Ni** and Cu®" ions are successfully
doped into the SnO, crystal structure.

3.5 UV-Vis and energy gap calculation

The reflectance spectra of the un-doped, singly doped and
co-doped samples in the wavelength range of 320 nm to
800 nm are shown in Fig. 5f. All the samples showed mini-
mum reflectance in the UV region. This could be due to
charge transfer from the valence band to the conduction band
in SnO, NPs [49]. However, the reflectance increases for all
samples in the visible region, and the un-doped samples still
have a better reflectance in this region. The optical band gap
of the synthesized samples was calculated using the Tauc
relation:

F(R).hv =A(hv - E,)" )

where F(R) is the Kubelka—Munk function which related to
the absorption coefficient and reflectance, /v is energy of the
photon E, is the optical band gap of the material; n is depend
on the nature of the transition and in the present case n was
taken 1/2 for direct allowed transition. Where, R the diffuse
reflectance and calculated using the kubelka—Munk function
F(R) using the following relation:

(1-R)?

2R ©

F(R) =

From Fig. Sa—e, it is observed that the average band gap
values were varied from 3.38 eV to 3.65 eV with dopants
concentrations. The optical band gap of un-doped samples is
reduced from 3.38 eV t0 3.26 eV (AE, ~ 0.12 V), 3.33 eV
(AE, ~ 0.05 eV) and 3.34 eV (AE, =~ 0.08 eV) for (3%
Ni+ 5% Cu):Sn0,, (1% Ni+5% Cu):Sn0O, and 5% Cu: SnO,
NPs, respectively (see Fig. Sa—d). These reduced band gaps
(red shift) come from negative and positive corrections in
the conduction and valence bands, respectively, by changing
the sp—d exchange interactions between the band electrons
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Fig.3 SEM images of (a) un-doped, b 5% Cu:SnO,, ¢ 5% (Cu, Ni):SnO,NPs, and EDX images of (d) un-doped, e 5% Cu:SnO, and f 5% (Cu,
Ni):SnO,NPs

and the localized d-electrons of the Ni** ions and Cu** ions This also happens when Cu®* and Ni** ions substitute

[53]. the Sn** ion site due to structural defects in the interstitial
of Sn** or oxygen vacancies [38]. Moreover, the reduction
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Fig.4 FTIR spectra of (a) Un-doped, b 5% Cu:SnO,, ¢ (1% Ni+5%
Cu):Sn0, d (3%Ni +5%Cu):SnO,,and e 5% (Ni, Cu): SnO,NPs

in the band gap is the creation of new energy levels between
the conduction band and the valence band due to the Ni
and Cu ions in the SnO, host [54]. Therefore, the electronic
transition happens from the filled valence band to the energy
levels of defects, rather than the conventional electronic tran-
sition from the filled valence band to the empty conduc-
tion band due to the higher number of defects in the SnO,
host site [55]. Additionally, due to the quantum confinement
effect and the size effect, the band gap can be reduced by
doping Cu and Cu/Ni co-doping into SnO, NPs [55, 56].
Furthermore, these which might be attributed to compara-
ble ionic radii between the host and dopants of Ni and Cu
ions. However, the band gap increased from 3.26 eV for
(3% Ni+5% Cu): SnO, to 3.65 eV for (5% Ni+5% Cu):
SnO, NPs. This blue shift in the band gap (E, ~ 0.39 eV) is
due to the increase in carrier density donated by interstitial
Cu/Ni ions. The increase in carrier density shifts the Fermi
level close to the conduction band, and thus the energy gap
increases (Burstein—Moss effect) [56].

3.6 Photoluminescence analysis

The PL spectra of un-doped, singly doped, and co-doped
samples at the excitation wavelength of 325 nm are shown
in Fig. 6. The exciton spectra of the un-doped, singly doped,
and co-doped samples are in the visible region. In the un-
doped samples, there is one strong emission correspond-
ing to 523 nm, along with weak bands observed at 453 nm,
476 nm, 492 nm, 494 nm, 537 nm, and 547 nm, and a broad
band at 415 nm, respectively. The strong emissions peak
of all co-doped samples at 512 nm was accompanied by a
weak band centered at 441 nm, 481 nm, 494 nm, 525 nm,
535 nm, and a broad band at 406 nm. The singly doped
shows the strong emission peaks observed at 523 nm, along

with a weak band of emissions at 453 nm, 501 nm, 537 nm,
and 547 nm, and a broad band at 417 nm. The violet emis-
sion peaks at 406 nm, 415 nm, and 417 nm correspond to
donor—acceptor recombination because the donor levels are
closest to the conduction band while the acceptor levels are
at the top of the valence band [57]. Due to the emission peak
energies of (3.05, 2.98, and 2.97 eV), are lower than the cor-
responding optical band gap energies of all the elaborated
samples. The blue emission peaks centered at 441 nm and
453 nm are due to defects which are responsible for oxygen
and tin vacancies [58-60].

The blue—green emission band at 476 nm, 492 nm,
481 nm, and 494 nm is due to surface defects in the SnO,
NPs corresponding to the transition between oxygen vacancy
and oxygen interstitial defect or lattice defects related to oxy-
gen and Sn vacancies [61, 62]. Green emission peaks were
found at 512 nm, 523 nm, 525 nm, 535 nm, 537 nm and
547 nm, which is attributed to the defect energy levels cre-
ated by oxygen vacancies, tin interstitials and impurity Cu>*
and Ni>* ions in the bandgap of SnO, NPs [63-66]. All the
samples in the visible region show different emissions due to
several intrinsic defects in SnO, NPs. The un-doped samples
exhibited a strong and higher intensity as compared to the
singly doped and co-doped samples. This is due to the weak
interaction of the Sn—O bond in comparison to the Cu—O or
Ni—O bond, and the oxygen vacancy defects are increased
[68]. Moreover, the intensity of the PL peak of co-doped
samples was increased as compared to singly doped samples.
This is due to the increase in the density of oxygen vacancies
in the band gap of co-doped SnO, NPs.

The intensity of the emission peaks of singly doped sam-
ples decreased. This indicates that the excited electrons are
trapped by the oxygen vacancies and holes by dopant Cu
ions [68]. Moreover, the excited electrons can migrate from
the valance band to the new energy levels introduced nearer
to the conduction band by cu-doping, which reduces the
PL intensity [68]. The small shift in peak position toward
shorter wavelengths (higher energy) is due to the substitu-
tion of doping ions, and it can be found in the blue shift of
the energy gap with co-doping as shown in Fig. 6a—e. The
most common defect that causes a new energy level within
the SnO, band gap is oxygen vacancies, and there are three
possible charge states: V%, V*,, and V. In the present
case, the peak at 406 nm might be due to V,° states while
the peak ranging from 453 to 547 nm is due to V,*, and
V' states. Oxygen vacancies and structural flaws, which
are induced by electron—hole recombination in the valance
band, play the most important roles in the photolumines-
cence emission spectrum.
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3.7 Electrical properties analysis

The electrical properties were carried out by the tempera-
ture-dependent electrical conductivity of un-doped, singly
doped, and co-doped samples by the four probe Hall effect
measuring method in the temperature range of 290-350 K.
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As shown in Fig. 7a—c, the increase in conductivity with
increasing temperature indicates that the thin film is semi-
conducting. The rise in conductivity of the thin films with
temperature is owing to a drop in grain boundary concen-
tration [69] and an increase in ionized defects such as oxy-
gen vacancies [70], both of which increase charge carrier
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concentration and mobility [71, 72]. The following relation-
ship can be used to analyse the conductivity using the Arrhe-
nius equation relation (7) [73].

o= aoexp(—%) (7)

where, AE is the activation energy, T is the temperature, k is
the Boltzmann constant and o, is the pre-exponential factor.
In general, temperature-dependent total conductivity (o)
of a sample consists of an electronic and ionic contribution
which is expressed as follows (8) [74].

Orot = O¢ + 0; ®)

Where o, is electronic conductivity and o; is ionic conductiv-
ity. The activation energy values for all as-deposited films
can be calculated from the slope of the arrhenius plot (Inc
versus 1000/T) in the temperature range of 290-350 K.

As shown in Fig. 8a—c, region-II has a higher activation
energy than region-I. The lower activation energy of region-I
suggests that electron conduction is occurring. The increase
in activation energy in the higher temperature region-II leads
to ionic conduction, which is the dominating electronic con-
duction process. The activation energy of undoped, singly
doped, and co-doped thin films was calculated to be between
0.34 and 0.69 eV. The activation energy increases with
increasing conductivity as temperature rises (see Fig. 8a—c);
however, the co-doped SnO, thin film has a higher activation
energy than un-doped and singly doped. This is because the
co-doped SnO, thin film had a better surafce morphology
with less surface defects.

3.7.1 I-V curve measurement
The voltage—current characteristics of un-doped, singly

doped, and co-doped samples were studied under dark con-
dition in the svoltage range of —2 V to+2 V as shown in

2.3
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Fig. 8 Plot Inc vs. 1000/T of a) un-doped,b) 5% Cu:SnO,, ¢) 5% (Cu,
Ni) co-doped SnO, thin films
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Fig. 9a—e. The prepared thin films were deposited using
simple spin coating method on glass substrates. Then the
film was dried in an oven at 80 °C for 2 h. The contact was
made over the prepared film using silver paste and again
dried in oven at 120 for 30 min. The results demonstrate a
linear I-V relationship under both reverse and forward bias,
indicating that the investigated thin films have good ohmic
contact behavior, as shown in Fig. 9 [75]. The resistivity of
the sample was calculated using (9) [76].

_ R

PETT

©))
where, p is the resistivity in (Q. cm),R is the resistance (Q),
A is the area of active layer (cm™2) and L is the length in
(cm).

The estimated resistivity values are 31.39 Q.cm, 8.69
Q.cm and 1.65 Q.cm for un-doped, single-doped and co-
doped samples respectively. From the results, it can be
clearly observed that the resistivity of the prepared materials
decreased with dopants concentrations. Moreover, the result
revealed that the co-doped material has a better conductivity
than others. This result is consistent with the previous sec-
tions findings. This enhancement of conductivity may be
due to the increase in carrier charge mobility in the doped
prepared nanomaterials [75]. As a result, the electrical prop-
erties of co-doped thin films were found to be better than that
of un-doped thin films. From the results, it is observed that
the prepared samples show ohmic nature. All the electri-
cal study results revealed that the prepared samples have an
interesting feature for various optoelectronic applications.

@ Springer

4 Conclusion

Un-doped, singly doped and co-doped of samples were suc-
cessfully synthesized using the sol-gel method. The effects
of adding Cu and Ni on the structural, optical and electrical
properties, as well as the surface morphology of SnO, NPs,
were studied thoroughly by employing various characteriza-
tion techniques. The XRD study revealed that singly doped/
co-doped and un-doped samples exhibited a tetragonal rutile
crystal structure with a preferred orientation along the (110)
plane. The lattice parameters and the micro-strain were
decreased with increasing the average crystal size. The XRD
result also shows that the diffraction peak positions were
shifted toward higher 20 angel with Ni concentrations. The
UV-Vis analyses revealed that the optical band gaps of the
prepared samples were increased with the dopant concentra-
tions. The SEM micrographs confirmed that the prepared
samples have spherical shape and agglomerated irrespactive
of the concentrations of the dopants. The four—probe Hall
Effect measurement justified the presence of two distinct
conduction mechanisms at two distinct temperature regions.
The resistivity values of the prepared thin films were
decreased from 31.39 Q.cm for un-doped to 0.43 Q.cm for
3% Ni+ 5% Cu: SnO, respectively. All the obtained results
revealed that the prepared materials are good candidates for
optoelectronic applications. Moreover, it was observed that
co-doping gives another opportunity to tune the physical
properties of SnO, NPs for various applications.
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