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ABSTRACT

In this study, pure and Co doped tin oxide (SnO,) nanoparticles were synthesized by sol-gel method and the
effect of Co doping on the structural and dielectric properties were studied. The prepared samples were
characterized by X-ray diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS) analysis and N,
adsorption/desorption analysis. The XRD patterns of all the samples are identified as tetragonal rutile type
Sn0O, phase. The variation of dielectric constant, dielectric loss and AC conductivity of pure and Co doped SnO,
nanoparticles are studied by varying the frequency of the applied AC signal. The AC conductivity of pure SnO,
increases with increase in frequency but the presence of cobalt ions significantly reduced the conductivity which
decreases with increase in dopant concentration.
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I. INTRODUCTION

Tin oxide is regarded as one of the most promising semiconductors because of its unique optical, electronic and
catalytic properties. They have found diverse applications in gas sensors, optoelectronic devices, solar cells,
lithium-ion batteries, photocatalysis, and dye-sensitized solar cells [1-6]. Tin Oxide which is a wide band gap
semiconductor with a band gap of 3.6 eV in its stoichiometric form shows insulating behavior, as perfectly
stoichiometric samples are highly resistive. However nonstoichiometry, in particular oxygen vacancies makes it
conducting [7-8].

In this article, pure and Co doped SnO, nanoparticles have been prepared through sol-gel method and the
variation of dielectric constant, dielectric loss and AC conductivity of pure and Co doped SnO, nanoparticles are
studied by varying the frequency of the applied AC signal.

Il. EXPERIMENTAL
Pure and Co doped tin oxide (SnO,) nanoparticles have been prepared by sol-gel method with different
concentrations of cobalt (0.75 at%, 3 at% and 4 at%). In a typical synthesis, 5.8 g of tin (IV) chloride was
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issolved in 100 ml ultra pure water and stirred for half an hour. To this solution 3.2 M ammonia solution was
added drop wise under a controlled feed rate of 0.5 ml per min with constant stirring until pH 2 was reached.
The sol was then kept at room temperature for 1 day to complete the ageing process. The resultant gel was
washed several times with ethanol and double distilled water and dried in an oven at 80 'C for 24 h. After
grinding, the synthesized powder was calcined at 400 ‘C for 2 h. Co doped SnO, nanopowders were prepared in
a similar manner, by the addition of calculated amount of Co(Cl),.6H,0 into SnCl,.5H,0 solution.
The dielectric measurements were carried out at room temperature over a frequency range of 42 Hz to 5 MHz
using an impedance analyzer (HOIKI LCR Hi-Tester 3532-50) by applying an AC signal across the sample cell
with a blocking electrode (silver) in a dielectric cell connected to the computer controlled impedance analyzer
(LCR meter). The real part of the complex dielectric function was determined using the equation,

£ = (Cd)/(g0A) (1)
where C is the capacitance, d is the thickness, g, is the permittivity of free space and A is the area of cross-
section of the cylindrical pellet.

The AC conductivity (o,) of the samples were determined using the equation,
Oac= EoE Otan & 2

where o is the angular frequency and tan § is the dielectric loss tangent.

I11. RESULTS AND DISCUSSIONS

3.1. X-ray Diffraction (XRD) Analysis

The X-ray diffraction patterns of the synthesized samples were recorded with Bruker Advance diffractometer
using CuKa (A = 1.5406 A) radiation in 2 @ ranging from 20" to 80°. The XRD patterns of pure (T0), 0.75 at%
Co doped (CT1), 3 at% Co doped (CT2) and 4 at% Co doped (CT3) tin oxide nanoparticles. calcined at 400 'C
are shown in fig.1 All the diffraction peaks can be indexed to the tetragonal rutile type SnO, phase and the Co
doping does not change the tetragonal structure of SnO,. The results are in good agreement with the standard
JCPDS (Card No. 41-1445) data. Further, no characteristic peaks of impurities such as cobalt oxides or other tin
oxides were observed in the XRD pattern showing the single phase sample formation. The average crystallite

size (d) of the sample was estimated using Scherrer’s equation [9]:

3
d=0.91/ fpcosé )

where A is the wavelength of the X-ray used , @ is the Bragg’s angle and /3 is the full width at half maximum
(FWHM) of the peak.
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Fig. 1 XRD patterns of pure and Co doped SnO, nanopatrticles.

The average crystallite size of the samples are given in Table 1. As compared to pure SnO, broadening of
diffraction peaks and degradation of crystallinity can be observed with increase in cobalt content, which implies
the reduction in crystallite size which is due to the distortion in the host SnO, lattice by Co*" doping that
decrease the nucleation and subsequent growth rate of SnO, nanoparticles [10-14]. The lattice parameters of
pure and Co doped SnO, nanoparticles are shown in Table 1. The increase in lattice parameters with increase in
cobalt concentration shows that Co ions systematically substituted Sn ions in the samples as the ionic radius of
Co* (r=0.75 A) is larger than that of Sn*" (r = 0.69 A) [15-16].

Table 1 Comparison of particle size, lattice parameters and specific surface area of pure and Co doped SnO,

nanoparticles.

Specific
Samples  Size from Lattice Lattice surface
Scherrer parameter  parameter area
equation a (nm) ¢ (nm) (Sger)
(nm) (m?/g)
TO 6.97 £ 0.62 4.7403 3.1993 67
CT1 5.77+0.18 4.7591 3.1996 97
CT2 5.13+0.34 4.7821 3.2126 100
CT3 493+0.23 4.7821 3.2254 130

3.2 X-ray Photoelectron Spectroscopy (XPS) analysis

To investigate the oxidation state and chemical composition of doped samples, X-ray Photoelectron
Spectroscopy (XPS) measurements was carried out using a Kratos ESCA model AXIS 165 X-ray Photoelectron
Spectrometer equipped with a Al Ko source (1486.6 V). The XPS 3d Sn spectrum is presented in figure 2 (a)
which shows two characteristic peak of Sn 3dsz, and Sn 3ds/, centered at 487.3 eV and 495.7 eV, respectively,
with spin orbit splitting (SOS) value 8.4 eV which match with standard values of Sn** [17-18].
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Fig. 2 XPS spectra of sample CT3: (a) Sn 3d spectrum (b) Co 2p spectrum

Figure 2 (b) shows the core-level Co 2p XPS spectrum of sample CT3 in which four broad peaks are observed
in the Co 2p region. The binding energy (BE) positions of Co 2ps, and 2py, is located at 780.7 and 796.2 eV,
respectively. The energy difference between Co 2ps, and Co 2py,, is 15.5eV which confirms that Co is in +2
oxidation state as the standard spin orbit splitting value for Co®* is 15.5 eV. The spectrum also exhibits two
shake-up satellite peaks on higher binding energy side, represented as S; and S,, centered at 786.9 and 802.3 eV
and these satellite structure on high binding energy side of Co 2p3, and Co 2py, is a typical characteristic of
high-spin Co?* [19-21]. Thus above findings demonstrate that Co ions is successfully incorporated as Co* in the

host matrix.

3.3. Brunauer-Emmett-Teller (BET) analysis

The specific surface area of undoped and doped samples was determined from the adsorption isotherm of
nitrogen at 77K on the basis of the Brunauer-Emmett-Teller (BET) method using a micrometrics Gemini 2375,
after degassing the samples at 200°C for 2 hours. Fig. 3 shows the N, adsorption/desorption isotherms of pure
and Co doped SnO, nanoparticles. They exhibit type 1V isotherms with a H2 type hysteresis loop observed in
the relative pressure (p/po) range of 0.45-0.95, revealing the characteristic of mesoporous materials. The specific
surface areas of the prepared samples were calculated using the BET method and are given in Table 1 and it was

found that the specific surface area increases with increase in Co content.
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Fig. 3 Nitrogen adsorption/desorption isotherms of pure and Co doped SnO, nanoparticles.

3.4. Dielectric constant

Figure 4 shows the variation of real part of dielectric constant with frequency for pure and Co®* doped SnO,
nanoparticles at room temperature.
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Fig. 4 Variation of real part of dielectric constant with frequency of pure and Co*" doped SnO,
nanopatrticles.

It is observed that the dielectric constant decreases with increase in frequency of the applied AC signal and with

increase in doping concentrations of the cobalt ions. The observed dielectric behavior can be explained on the

basis of Maxwell-Wagner interfacial model [22]. At lower frequencies, the higher value of dielectric constant is

due to the simultaneous presence of space charge, dipolar, ionic and electronic polarizations. The frequency
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independent behavior observed in all the samples at higher frequency is due to the fact that beyond a certain
frequency of external field the hopping between different metal ions (Sn*, Sn*2, Co*2, Co*™®) cannot follow the
changes in the applied field causing a decrease in polarization and hence of the dielectric constant. Also the
decrease in the value of dielectric constant with increase in Co dopant may be due to the small dielectric
polarizability of cobalt ions (1.66 A®) as compared to tin ions (2.84 A3). As a result, more tin ions will be
substituted by cobalt ions and thereby decreases the dielectric polarization, which in turn decreases the dielectric
constant [23-24].

3.5 Dielectricloss
Dielectric loss (tan ) or loss tangent represents the energy dissipation in the dielectric system. Fig 5. shows the
variation in dielectric loss with frequency for pure and various concentrations of cobalt doped SnO,

nanoparticles at room temperature.
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Fig. 5 Variation of dielectric loss with frequency of pure and Co?* doped SnO, nanoparticles.

At lower frequencies the value of tan & is large while it becomes lower at higher frequencies which is due to the
dominant effect of the polarization by migrating charges at low frequency. In the case of doped samples the loss
spectra were characterized by peaks at lower frequencies, represents the relaxation peaks which can occur when
jumping (hopping) frequency of localized electric charge carrier becomes approximately equal to that of the
externally applied ac electric field. This can be attributed to the difference in the environment surrounding
various ions in a condensed material and moreover, the interactions between ions and thermal fluctuations of the
lattice are not identical everywhere all time [25]. The dielectric loss decreases with increase in the frequency
and becomes low at high frequency region, which shows the capability of these materials to be used in high

frequency device applications.
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3.6 AC conductivity

Figure 6 shows the variation of Ac conductivity (ca;) as a function of frequency for pure and various
concentrations of Co®* ions doped SnO, nanoparticles at room temperature.
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Fig. 6 Variation of ac conductivity with frequency of pure and Co?* doped SnO, nanoparticles.

It is observed that conductivity increases as the frequency of the applied AC field increases and in all the
samples AC conductivity is constant upto100 kHz and thereafter increases steeply, which is a characteristic
feature of disordered materials. Also, at higher frequencies, the conductivity value decreases with increasing the
concentration of cobalt ions. This is due to the fact that with increase in dopants concentration, particle size
decreases and correspondingly the surface to volume ratio increases and large surface scattering occurs which
results in a reduction in electronic conductivity.

At higher frequencies, the high conductivity could be attributed to short range intrawell hopping of charge
carriers between the localized states occurred in a disordered manner. However, the Ac conductivity of SnO,
was reduced by cobalt doping because the effective number of charge carriers involved in the doping

mechanism was decreased and hence the conductivity was found to decrease.

IV. CONCLUSIONS

Pure and Co doped tin oxide nanoparticles were successfully synthesized by sol-gel method. The XRD study
reveals that the prepared samples exhibit the rutile type tetragonal structure. The specific surface area
determined from BET method was found to increase with increase in Co content. The XPS results revealed the
incorporation of Co in Sno, lattice as Co®* without forming any detectable impurity phase or Co clusters. At
higher frequencies, materials showed low dielectric constant but high conductivity which makes them suitable

for various dielectric applications.
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