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Abstract:

Nano-sized ZnO and Co doped ZnO was synthesized through the DC thermal plasma method. The
synthesized nanoparticles are characterized for their phase and morphology by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The XRD studies show the
formation of hexagonal phase pure ZnO with c-axis preferred orientation. The doping of Co ions in ZnO was
confirmed by observation of absorption band edges at in the UV-vis spectra of the samples. The pellets from this
powder have been calcined at temperatures 450°C, 550°C and 650°C for one hour. Keithley source unit was
used to study the DC characteristics of the ZnO pellets in the range from room temperature to 100°C with a step
of 25°C. From Arrhenius plot, it is found that the activation energy for electrical transport is maximum (1leV)
when calcinations are performed at the temperature 650°C. The present work is of particular significance for the
preparation of undoped and Co doped nanoparticles for studies of their electrical and optical properties with
respect to their wide range of potential applications.
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1. Introduction:

Zinc oxide (ZnO) is a wide-band gap semiconductor that is desirable for many applications, such as
piezoelectric transducers, varistors, gas sensors and transparent conducting thin films [1-3]. By reducing the size
of ZnO crystals to nanoscale dimensions or controlling the morphology of ZnO crystals to tetra pod-shaped
nanowhiskers [4], nanowires and nanorods [5] researches can tailor the properties via quantum confinement and
surface effect. To date various techniques have been used to synthesize ZnO nanoparticles including chemical or
physical methods [6]. The former are thermal hydrolysis technique [7], hydrothermal processing [8], and sol-gel
method [9-11]. The latter are spray pyrolysis [12], vapor condensation method [13] and thermo chemical
decomposition of metal organic precursors [14]. Nevertheless, the main problems of most methods have been
the poor throughput efficiency and the difficulty in size control.

In this paper, we report a rapid fabrication technique of undoped and Co doped ZnO nanopowders by
dc thermal plasma synthesis with a high production rate. By changing gas combination and the gas flow rate,
different morphology and varied growth rate of the ZnO nanopowders can be achieved. The interest in doping
ZnO is to explore the possibility of tailoring its electrical, magnetic and optical properties [15-19]. In this study,
characterization of pure and Co ZnO and activation energy of electron transport of the samples produced at
different annealing temperatures has been evaluated.

2. Experiment:

In the present study, a novel dc plasma reactor operated at 7kW and atmospheric pressure was used to
synthesize pure and Co doped ZnO nanoparticles. Commercial zinc powder with an average particle size of 10
um and containing impurities of Cr Fe and Pb less than 50 ppm were used as the raw material. The Zn powders
were fed into plasma flame through air and subsequently underwent vaporization, oxidation and quench
processes. Dop- ing cobalt into ZnO nanoparticles was achieved by introducing cobalt metal powder into the
plasma-forming. The prepared powder was collected from the Hood and chamber part. A flow rate of the
plasma was in the range of 15 I/min, an oxidation reaction took place in the flame of the plasma.

The phase identity and crystallite size of the ZnO nanoparticles were determined using an X-ray
diffractometer (XRD, Philip PW1700) operated at 40 keV and 40mA with CuK, radiation. A scanning electron
microscope (SEM) and transmission electron microscope (TEM, Jeol 2010) were used for morphological
observations of the pure and Co doped ZnO nanoparticles. The chemical composition of the nanoparticles was
analyzed by energy dispersive x-ray (EDAX) analysis. The optical properties of the samples were investigated
by measuring the UV-Vis absorbance spectra at room temperature.

Keithley 236 Source Measure Unit attached with an indigenously designed and fabricated four probe
sample holder was used to study the DC characteristics of the ZnO nanoparticles in the range RT to 100° C with
a step of 10°C. The samples were used in the form of circular pellets of diameter 0.8 cm and 0.4 cm thickness.
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3. Results and Discussion:
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Figure 1

Figure 1a, 1b and 1c shows the XRD patterns of undoped and 5, 10 at% Co doped ZnO nanoparticles
where all samples show similar diffraction peak positions. No peaks were observed as phases of Co clusters and
impurities, indicating high purity of the ZnO nanopowders obtained by dc thermal plasma synthesis. The strong
intensities relative to the background signal also indicated high crystallization quality of the ZnO nanopowders.
It can be see that all peaks in undoped and Co doped ZnO samples could be fitted with wurtzite structure (space
group P6;mc (No.186) (JCPDS No. 36-1451)) [20]. After calculation from the XRD results, the average size of
the undoped ZnO is found to be 26nm, and for 5 at% and10 at% Co doped ZnO the average size is found to be
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27 and 29nm respectively. It is seen that, compared with undoped ZnO, Cobalt doping in ZnO samples resulted
in an increase of crystalline size. The same results were also reported by Huaming Yang and Sha Nie [21].

It is seen that as the doping concentration increases the values of lattice parameters ‘a’ and ‘c
decreases compared to undoped ZnO. The difference in radii between divalent, high-spin Co in tetrahedral
coordination (0.58A) and divalent Zn in tetrahedral coordination (0.60A) is very small [22]. As a consequence,
changes in cell parameters and cell volume with cobalt substitution are also small. Interestingly, the substitution
results in a decrease in a and ¢ parameter in keeping with the smaller radius of Co?". If the Co®" ions were in an
octahedral environment in the wurtzite structure, it would have shown a significant increase in the cell
parameters since octahedral Co?" has a radius between0.65A(low spin) and 0.745A(high spin)[23].

Fig 2a, 2b&2c and 3a, 3b& 3cshows the XRD patterns of 5,10 at % Co doped ZnO pellets annealed

at 450°C, 550°C and 650° C respectively. The calculated
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Figure 3

Crystallite sizes are 24, 26 and 29nm annealed at 450°C, 550°C and 650°C respectively in the case of
undoped ZnO and for 5,10 at % Co doped ZnO was found to be 30,32,33 and 29,26,27nm respectively. It may
be seen from the pattern [Fig 2&3] that as the annealing temperature increases the amount of impurities
decreases and the material becomes purer and more crystalline.

In addition the composition analysis shows that the Co composition in ZnCoO sample is less compared
with the nominal composition. So it is not easy for Co ions to enter the ZnO crystal structure, indicating that the
ZnO growth process is in equilibrium state, to avoid inclusions of foreign phases [24]. Figure 4a, 4b and 4c
shows the EDX spectrum of undoped and 5, 10 at% cobalt doped ZnO nanopowders respectively. Table 1 gives
the ratio of Zn: Co: O elemental composition. The atomic percentages of the elements are obtained from the
spectra and the doping of cobalt is confirmed. Formations of a dominant nano needle like crystal population
have been observed from the SEM analysis of undoped and Co doped ZnO nanopowders which are shown in

figure 5a, 5b & 5c.
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Figure 4
The morphology of ZnO material in the form of pellet was also investigated. Heat treatment of the ZnO
element at different temperatures gave different morphology of material. Fig.6a-6¢ shows the morphology of 5
at % Co doped ZnO in the form of pellet annealed at 450C, 550C and 650C respectively. It is found that with
increase in temperature, material has become more porous. SEM studies show that the material has networks of
nanosheet [25].
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Figure 7 shows the UV-Vis absorption spectra of ZnO with different Co concentration. The absorption
edge takes the value at 284 nm from the absorption curve. This indicates a blue shift in the spectrum.
Kumbhakar et al., has reported that the excitonic absorption peak observed at 262 nm due to ZnO nanoparticles
lies much below the band gap wave length of bulk ZnO (388 nm), and the sharpness of the peak indicates
monodispersed nature of nanoparticles distribution. In the spectrum, the absorption peak of ZnO at 284 nm may
be due to the monodispersion of nanoparticles [26].

The absorption edge of 5at% and 10at% Co doped ZnO are 361, 351nm respectively. The position of
the absorption spectra is observed to shift towards the lower wavelength side with increasing Co doped
concentration in ZnO. This indicates that the band gap of ZnO material increases with the doping concentration
of Co? ion. The increase in the band gap or blue shift can be explained by the Burstein — Moss effect [27]. This
is the phenomenon that the Fermi level merges into the conduction band with increase of the carrier
concentration. Thus the low energy transitions are blocked. The results are in good agreement with the results
reported by K. Sakai et al. [28].
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Figure 7
Figure 8 shows the transmission electron microscopy (TEM) images of Co doped ZnO nanorods. It can
be observed from the images that the Co doped ZnO nanorods have smooth sidewalls and uniform diameters.
The average diameter and length of pure and Co doped ZnO nanorods are about 3nm and 5nm respectively. The
HRTEM investigates that the interspacing between crystal planes for both samples is 0.52nm and growth
direction is along [001], which provides explicit evidence that the synthesized samples grow along c-axis
consistent with XRD results.
Temperature dependence of conductivity foraan-Ttype semiconductor material can be expressed as,
0= Oge Q)
Where 60=2 epo(2IIm, (KT/h?)) %2 and E,=E.-E;. Here m," is the effective mass and e is the mobility of
electron. E,, E. and E; are the energy value corresponding to activation of electronic transport, bottom edge of
the conduction band and level of the donor state. T is the absolute temperature of material, e is the electronic
charge, h is Planck’s constant and k is the Boltzmann constant.
In terms of resistance Eq. (1) is given by
RzRoe Ea/KT (2)
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From the resistance temperature plot (fig 9a, 9b& 9c) in the form of In(R) versus 1/T the slope gives

the value of (Ey/k) of Eq. (2) and evaluates the activation energy of electronic transport for semi conducting
material [29-31].
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Figure 8

One of the important variables resulting from the electric properties of semiconductors is the activation
energy. This is the initial energy that the electric charges need to move inside the material. Activation energy
increases with temperature in insulators and semiconductors and decreases in metals. It is well known that
electrical conduction can take place by means of two parallel processes namely band conduction and hoping
conduction. The band conduction occurs when the carriers are excited beyond the mobility edges into non-
localized states at high temperatures. The excitations of carriers into localized states at band edges cause the
hoping conduction [32].
The resistance-temperature characteristics of undoped and 5, 10 at % Co doped ZnO nanomaterial synthesized
by dc thermal plasma method is shown in figures 9a, 9b and 9c. The activation energy values calculated from
the plot and their corresponding temperature range are tabulated in Table 2. Table 2 shows that, the activation
energy for electronic conduction of the ZnO nano-material increases with an increase in temperatures given to
the sample. This is possible due to change in surface chemical structure of oxide. The removal of defects in
crystallites correspondently with an increase in activation energy with the rise in annealing temperatures. It is
also observed that as the annealing temperature increases the resistance of the material decreases. This is
probably due to growth crystallites. At any temperature the Gibb’s free energy of a crystal is minimum when a
certain fraction of ions leaves the normal lattice.Yadav et al [25, 33] has reported that the sample annealed at
higher temperature follow conduction of proton by hopping mechanism due to inadequate number of free
hydroxyl groups on the surface having higher value of activation energy.
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Computed values of activation energies from the plots In R Vs 1000/T confirm higher values of
activation energy in case of ZnO with Co doping. The increase in activation energy gives clue regarding the
diffusion of impurities to the regular position or to the interstice [34]. The high value of the activation energy
may be associated with ionization of deep donor or acceptor levels which become more important at higher
temperature. With increasing temperature the concentration of conducting electrons increased and therefore the
role of mutual interaction between electrons and donor or acceptor centers become more important [35].

Doping on semiconductor can modify resistance. The electrical conductivity increases with the
increase in impurity concentration and temperature. The defect concentration will increase exponentially with
temperature and consequently the electrical conduction also increases. The addition of impurity further increases
the electrical conduction in the temperature region considered.

Table 1: Compositional analysis of ZnO and ZnCoO
. Experimental Results (Atomic %)
Dopant Concentration 7n Co 0
0at% 23.14 - 76.86
5at % 27.13 0.93 71.93
10 at % 28.50 2.84 68.66
Table 2: Activation Energy (Electron Conduction)
Temperature/Sample 25 50 75 100
Un doped ZnO 0.4 0.5 0.6 1.0
5 at.wt % Co doped ZnO 0.2 0.4 0.8 1.7
10 at.wt % Co doped ZnO 0.9 0.9 1.0 1.6

4. Conclusion:

Co doped and undoped ZnO nanopowders were synthesized by dc thermal plasma method. The
measurements of XRD, SEM with EDX analysis shows that as undoped ZnO samples were in a pure wurtzite
structure and in the Co doped ZnO samples Co ions had substituted Zn sites. UV-Vis spectrum revealed that the
position of the absorption spectra is observed to shift towards the lower wavelength side with increasing Co
doped concentration in ZnO. The lattice fringe spacing in the HRTEM image is 5nm which corresponds to the
hexagonal wurtzite structure of ZnO and indicates that the growth occurred along 001 direction. DC
conductivity revealed that as the annealing temperature increases the resistance of the material decreases. This is
probably due to the removal of defects in crystallites correspondently with an increase in activation energy with
rise in annealing temperature. This property of synthesized ZnO pellets can be used for moisture sensing device
applications.
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Fig. 1a. XRD pattern of undoped ZnO powder

Fig. 1b. XRD pattern of 5 at % Co doped ZnO powder

Fig. 1c. XRD pattern of 10 at % Co doped ZnO powder

Fig. 2a. XRD pattern of 5 at % Co doped ZnO pellet annealed at 450°C

Fig. 2b. XRD pattern of 5 at % Co doped ZnO pellet annealed at 550°C

Fig. 2c. XRD pattern of 5 at % Co doped ZnO pellet annealed at 650°C

Fig. 3a. XRD pattern of 10 at % Co doped ZnO pellet annealed at 450°C

Fig. 3b. XRD pattern of 10 at % Co doped ZnO pellet annealed at 550°C

Fig. 3c. XRD pattern of 10 at % Co doped ZnO pellet annealed at 650°C

Fig. 4a. EDX spectrum of undoped ZnO powder

Fig. 4b. EDX spectrum of 5 at % Co doped ZnO powder

Fig. 4c. EDX spectrum of 10 at % Co doped ZnO powder

Fig. 5a. SEM image of undoped ZnO powder

Fig. 5b. SEM image of 5 at % Co doped ZnO powder

Fig. 5c. SEM image of 10 at % Co doped ZnO powder

Fig. 6a. SEM image of 5 at % Co doped ZnO pellet annealed at 450°C

Fig. 6b. SEM image of 5 at % Co doped ZnO pellet annealed at 550°C

Fig. 6¢. SEM image of 5 at % Co doped ZnO pellet annealed at 650°C

Fig. 7. Absorption spectrum of undoped and 5, 10 at.wt % Co doped ZnO powder
Fig. 8a. TEM image of Co doped ZnO powder

Fig. 8b. HR-TEM image of Co doped ZnO powder

Fig. 9a. Activation energy of undoped ZnO annealed at 450°, 550° &650°C

Fig. 9b. Activation energy of 5 at % Co doped ZnO pellet annealed at 450°, 550° & 650°C
Fig. 9c. Activation energy of 10 at % Co doped ZnO pellet annealed at 450°, 550° & 650°C
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