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Abstract: Electrical conductivity of SnO, based oxide is of great importance for their applications as transparent
conducting oxides (TCO) and gas sensors. Better understanding and control of its conductivity would enhance its
performance in existing applications and enable new ones. Sn,,Co0,0O, nanoparticles were prepared by the gel
combustion method. The structural, surface morphological studies and compositional analyses of prepared
nanoparticles were carried out using X-ray diffraction (XRD), Scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDAX). X-ray patterns show all the samples have been found to have tetragonal rutile
structure of the polycrystalline SnO, having crystallite size in the range 8.5-12nm. SEM image shows
agglomeration of nanoparticles in all the samples. The XRD, SEM, and EDAX results corroborated the successful
doping of cobalt (Co) in the SnO, matrix. The influences of Co dopant on structural and DC electrical conductivity
of SnO, were studied. The conductivity of prepared samples increases with the temperature significantly from
298K to 608K due to semiconducting behavior and also it is increases with the Co concentration due to the grain
size effect while activation energy increases with decrease of grain size.

Keywords: Tin oxide nanoparticles; Cobalt doping; Combustion synthesis; Structural properties; DC conductivity;
Activation energy.

1. INTRODUCTION

Among the metal oxides, tin dioxide (SnO,) presents special properties, such as transparency, remarkable chemical and
thermal stabilities, high transparency in the visible spectral range and low electrical resistivity [1,2] with direct
applications for photo detectors, solar cells, liquid crystal displays and transparent conducting electrodes. In addition, this
material has shown its importance as a gas and humidity sensor due to the strong conductivity changes produced by
chemisorbed gas molecules on its surface [3-5]. The coexistence of tin interstitials and oxygen vacancies in SnO,, gives
unique combination of transport and optical properties [6]. More recently, SnO, nanocrystalline material has received a
growing attention due to its excellent properties arising out of large surface-to-volume ratio, quantum confinement effect,
etc. [7-10].

Morphology, size and size distribution of SnO, nanoparticles play an important role in deciding their properties. However

one important method to modify the properties of the nanoparticles is the introduction of dopant in the parent system.
Suitable dopants are often mixed with the SnO, matrix, which modify its microstructure and defect chemistry, resulting in
a change in its electrical and optical properties. Doping the SnO, nanostructures with metals and metal oxides without
altering the optical transparency is the primary means of controlling electrical conductivity which makes it as an
important component for optoelectronic applications. The 3d transition metal ions as dopants with open d-shell electronic
configurations have various unique physical properties including magnetic ground states that make them attractive for
altering the magnetic, photoluminescence or other physical properties of their host semiconductors [11].
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Size-dependent properties are one of the essential aspects to explore the novel characteristics of the materials. In
particular, the electrical properties of nanoscaled materials have attracted much interest in recent years because of their
unique size-dependent nature. Moreover, the grain property and grain boundary effects lead to the variation of conducting
nature in materials [13, 14].

Many methods have been employed for producing SnO, nanoparticles. Among those the gel combustion method is facile
because of not requiring any complex equipment and complicated operation and very cheap. The reaction is
environmentally friendly since byproducts are CO,, N,, Cl, O, and H,0O, and it is safe and quick. In this preparation
technique we have obtained tin oxide nanoparticles with different size by varying the dopant concentration during
synthesis as nowadays applications require a high surface area and controlled defects which determine the optical and
electrical properties [14]. There are many reports [15-17] on the electrical property of transition metal doped SnO,
nanomaterial; however there are few reports available on electrical properties of Co doped SnO, and no reports on
electrical properties of Co doped SnO, nanomaterial synthesized by the gel combustion method. So there is need to
concentrate on this method of preparation of the sample and study the electrical properties because preparation method
also places a deciding role in material properties.

In the present work, we report the synthesis of pure and Co doped SnO, nanoparticles using gel combustion method. The
prepared samples were characterized to investigate their structural, morphological, electrical properties at the nanoscale as
a function of temperature and dopant concentration.

I1. EXPERIMENTAL

Sny,Co,0, (x=0, 0.01, 0.02, 0.03, 0.04) was prepared by gel combustion method. The raw materials used are Tin (II)
chloride dihydrate (SnCl,.2H,0, 99.99 + %, Merck), CoCl,.6H,0 (99.99 + %, Merck) and Nitric acid (HNOs, 70 + %,
Merck) was used as an oxidizer. These raw materials were dissolved in distilled water and mixed in an appropriate ratio to
form a tin nitrate solution. Then Citric acid, which acts as fuel (C¢HgO7, 99.5%, Merck) was added to this solution. In this
synthesis, the amount of citric acid was fixed to 1.5mol. The solution was heated with constant stirring at a temperature of
about 90°C in a beaker and then the concentration of the solution slowly become higher, eventually a polymeric precursor
was formed. Further when the temperature was raised to 300°C, the polymeric precursor went through a strong, self-
sustaining combustion reaction with evolution of large volume of gases and swelled into voluminous and foamy ashes.
The entire combustion process has been completed within a few minutes. The resulting ashes were then calcined at a
temperature of 800°C (for 1 hour) until complete decomposition of the carbonaceous residues was achieved. Then the
obtained powder was Co,Sn;,O, (x=0, 0.01, 0.02, 0.03, 0.04). The chemical reaction equation is as follows,

SNCl,.2H,0+(1-X)COCI,.6H,0+6 2HNOs+1.5CeHs0; > Sn1.C0,0, + XClo+3.1No+(6+ 3 ) H,0+9C0O,+ (-2 O,

As shown in the above equation, the gaseous products N,, H,O, CO,, and O, released during the gel combustion reaction
are dependent on the amount of HNO; added to solution during the reaction as an oxidizer [18]. The obtained SnO,
powder calcined at 800°C was made into pellets of 12 mm diameter and around 1.5 mm thickness by uniaxial pressing,
followed by cold isostatic pressing at a pressure of 20MPa. These disc shaped samples were used to measure the electric
properties.

Crystal structure of pure and Co doped SnO2 were analyzed by XRD method using Cu-Ka radiation (A=1.5418 A)
operating at 30 kV and 15 mA. The scan rate was 5°/min and the range was between 200 and 80°. The average crystallite
size was calculated by observing the X-ray line broadening using the Scherrer’s relation,

d= 0.894

£ cosé (1)
Where, d is crystallite size, A the wavelength of X-ray used and B the full width at half maximum, K=0.89 the Scherrer’s
constant, which corresponds to spherical crystallites and 0 the Bragg angle.

The surface morphology and shape of the nanoparticles of powdered samples were investigated by scanning electron
microscope (Hitachi Model: S-3200N). The elemental analyses of the powdered samples were carried out by using EDAX
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spectra. The DC conductivity o) of pure and Co doped SnO2 in the temperature range from 298K to 608K were carried
out by using Keithley source meter (Model-2400).

I11. RESULTS AND DISCUSSION

A. X-ray diffraction (XRD) measurement:
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Fig.1. X-ray powder diffraction patterns of Sn; ,Co0,0, nanocrystallites.

Fig.1 shows the X-ray powder diffraction patterns of Sn;,Co,0O, nanocrystallites. All the diffraction peaks are well
assigned to the tetragonal system of SnO, with a standard reference pattern (JCPDS # 41-1445) and on doping with
Cobalt a similar pattern was observed except that the diffraction peak shifts slightly to the higher angle in comparison to
pure SnO,. No extra diffraction peaks from Co or other impurities were detected. It is also observed that the full width at
half maxima (FWHM) of the diffraction peaks increases with increase of Co content in prepared samples. The decrease in
FWHM along with an increase in peak intensity suggests that by incorporation of dopant into the SnO, lattice results
decrease in grain size of doped tin oxide nanoparticles. The tetragonal distortion (c/a) ratio 0.671, 0.669, 0.667 and 0.678,
respectively, calculated for SnOZ(Co), SnolggCOOI()lOz(Cl), Snolgg(:Oolozoz(Cz),Sn0.g7C0010302(C3) and Sno_96C00_0402(C4)
samples and their crystallite size 12,11, 10.6, 9 and 8.1nm respectively. The decrement in the values of average crystallite
size with Co doping is because of the smaller ionic radii of Co?* (0.79A) ion than Sn** (0.83A) ion [19]. Up on doping, as
the metal oxide ions occupy the regular lattice site of SnO,, the interference takes place between Co doped metal ions and
those of SnO, lattice, due to the crystalline behavior of the doped metal oxides of SnO, nanocrystallites, the average
grains size tends to reduce than that of pure SnO, nanostructures. The XRD pattern demonstrates that the products grown
are of good crystallinity with the obtained diffraction peaks, broadened by the small nanograins. The grain sizes were
estimated from the Scherrer’s relation [20], and the values are tabulated (TABLE I). Lattice parameter values were
determined by the least square fit method. A slight variation in the unit cell parameters is observed with the increase of
dopant concentration, which indeed indicates that the doped atoms might substitute into the lattice sites of parent atoms.

B. Scanning Electron Microscope (SEM):

The scanning electron microscopy (SEM) images of the pure SnO, sample and those doped with 1%, 2%, 3% and 4%
cobalt are presented in Figs. 2(a-f) respectively. It can be clearly seen from the SEM images that pure and doped SnO,
have almost spherical shape particles. It is also observed that the porosity of the samples decrease with increase in the Co
concentration in SnO, host matrix and size distribution of nano particles is more uniform throughout the samples.
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Fig. 2. SEM images of Cy (a,b), C; (c), C, (d), Cs (e) and C, (f) samples

C. Energy Dispersive Analysis X-ray spectroscope (EDAX):
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Fig.3. EDAX spectra of C, (a), C; (b), C; () and C,(a) samples

Fig. 3 (a-d) shows the EDAX spectra, collected from the average scanned area, of un-doped C,, C;, Cs, and C, samples,
respectively. The self-generated elemental composition (wt. %) details are also presented in the Fig. 3. It is clear from the
figure that Sn, and O are only the main elemental species in pure SnO, sample while, additionally Co peaks were
observed in Co doped samples. However, C peaks, very closer to the O peaks, were also appeared in all the samples.
These C peaks were eliminated from the EDAX spectra, during the data analysis, to better examine the O peaks in the
spectra. Moreover, the weight percentage of the doped transition metal elements was found to little higher than that of
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nominal concentration, used during the calculations and sample preparation. The atomic percentages of Co as obtained
from EDAX are tabulated in TABLE I, which are very close to the starting composition.

D. DC electrical conductivity:
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Fig. 4. Variation of DC electrical conductivity of Sn;_,Co,0, with temperature

Fig.4 shows the variation of DC electrical conductivity (o) with temperature (T) for undoped and doped SnO,
nanoparticles in the temperature range of (298-608) K. It is clear from this figure that the conductivity shows the positive
temperature coefficient of conductance for all the samples. This indicates the semiconducting behaviour of Sn,,Co,0,
nanoparticles. The conductivity of the prepared nanoparticles increases with increasing temperature while it decreases
markedly as the concentration of Co increases. The increase of the resistivity with the Co concentration indicates a
decrease of the number of free charge carriers. When Co atoms are implanted into the host SnO, lattice, they either
occupy interstitial sites or they substitute Sn atoms. In the latter case the Sn atoms can easily move to interstitial sites
since the formation energy for Sn interstitial is small [21, 22]. Perfectly stoichiometric SnO, is an insulator [23] in which
four Sn valence electrons are transferred to the oxygen. In real SnO, a slight oxygen deficiency provides free charge
carriers originating from two shallow donor levels due to the oxygen vacancies. Doping with Co inserts ions into the host
lattice with a lower valence compared to Sn. This reduces the number of potential binding electrons to neighbouring
oxygen atoms. The high electronegativity of the oxygen causes a free-electron capture into the localized acceptor states.
Therefore, the conductivity decreases as a function of the Co concentration as shown in the Fig.5.
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Fig. 5. Variation of electrical conductivity of Sn,,Co,0, samples with amount of Cobalt at different temperatures

This decrease in conductivity can be understood on the basis of the fact that the conductivity generally decreases when the
carrier concentration of the heavily doped semiconductor increases [24]. In order to study the mechanisms of

conductivity, it is convenient to plot logarithm of the conductivity (Ino) as a function of 1000 Fig. 6 shows the
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relation between of Ino versus 1000for SnO, doped with different concentration of Co in the temperature range of
T

(298-608) K. It is clear from the figure that the conductivity increases with increase of temperature, such as the general
characteristics of the semiconductor with increasing temperature lead to an increase in the number of electron-hole pairs

result in an increased conductivity. On the other hand, the plot of Ino versus1000is nonlinear showing two clear
T

different regions one at relatively high-temperature (480-608) K and the other relatively at low-temperature (308~480) K.
This behaviour revealed that the conduction phenomena of the tin oxide proceed through two distinct conduction
mechanisms. The conduction mechanism of the activation energy (Eay) at the higher temperatures range (480 K —608 K)
is due to carrier excitation into the extended states beyond the mobility edge and at the lower temperatures range (308 K ~
480 K), the conduction mechanism is due to carrier excitation into localized state at the edge of the band [25]. The plots
are further analyzed to calculate the activation energies Exy and E,_ from the slopes of the straight lines in both regions
using equation [26]:

o =0, exp(- kE—fr) 2
B

Where ¢, is the pre exponential factor or temperature independent conductivity, E, activation energy, kg Boltzmann
constant, and T temperature.
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Fig.6. Ino versus 1000 plot of Sn,_,Co,0, nanoparticles
T

TABLE I. The values of particles size and EDAX data of Sn,.,Co,0, hanoparticle

Sample Co (%) | Atomic percentage obtained from EDAX Particle size in nm
Co 0 100 0.0 12
C, 1 98.94 1.06 15
C, 2 97.92 2.08 17
Cs 3 96.89 3.11 18
C, 4 95.87 4.13 19

The activation energy of the samples can be determined from the slopes of the straight lines in Fig. 6. The analysis of the
conductivity data yields the activation energies of the donor levels, which are given by an Arrhenius plot. For all doping
concentrations two activation energies can be derived as shown in the Fig. 7. In all samples a very low donor level may
be attributed to interstitial Sn [21].The roughly constant intermediate (E,y) and increasing high values (Ea ) can be
assigned to oxygen donors [27].The increase of the activation energies with the Co doping concentration results from a
considerable coulomb attraction between the electron and the ionized impurities which increase with the donor
concentration [28].
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Fig. 7. Variation of activation energies (Eaq, EaL) Of Sny.4Co,O, nanoparticles

Fig. 7 shows the effect of Co content on both activation energies E,_ and Ean for SnO, samples. It was observed that the
activation energies increase with the increase of Co concentration may be due to change in the localized states, structure,
and composition of samples as well as to the rearrangement of atoms which yields fewer defects [29].

IV. CONCLUSION

Sn,.,Co,0, nanoparticles have been successfully prepared by the gel combustion method. The XRD patterns exhibit the
tetragonal rutile structure of all the samples with no impurity phase. On Co doping, a shift in the diffraction peaks towards
the higher diffraction angle which indicates that Co ion has substituted the Sn site without changing the rutile structure.
The doping of Co in SnO, not only lowers the crystallite size but also degrades the crystallinity of the nanoparticles. The
atomic percentages of Co obtained from EDAX which are very close to the starting composition. The DC conductivity of
the Co doped SnO, samples increases with temperature and decreases with the increase of dopant concentration at
different temperatures while activation energy increases with dopant concentration. From this one can concluded that
Cobalt dopant enhances the resistivity of tin oxide nanoparticle or expected to induce a negative impact on the electrical
transport behaviour.
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