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Abstract

Cobalt oxide (Cos04 thin films were deposited on amorphous glass substrates by
spray pyrolysis method. The as deposited films were annealed at temperature ranging
from 300 to 500°C. The characterization of samples was carried out by X-Ray
diffraction, scanning electron microscopy, UV-VIS spectroscopy and electrical
conductivity. Results showed that all the films were polycrystalline spinel type cubic
structure. The preferred orientation of the crystallites changed from (111) for the as
deposited films to (311) after annealing treatments. The scanning electron microscopy
(SEM) images showed nanocrystalline grains size with porous structure. The optical
transmittance and the electrical conductivity increased slightly with increasing the
annealing temperature, indicating an improvement of the crystallinity of the films.
The temperature dependence of the dc conductivity gave evidence of a transport
mechanism based on the three dimensional Mott’s variable-range hopping.

1. Introduction

Cobalt oxide (Co30,4) thin films have attracted substantial research effort in recent years because their

potential application in various technological areas. They can be used as high temperature solar selective
absorbers [1], anodic electrochromic materials in smart window devices [2] and negative electrodes in lithium-
ion batteries [3]. Cobalt oxide exists in three different crystalline forms, namely CoO, Co0,03 and Cos04 [4]; but
the latter stoichiometry is reported for the electrochemical applications because of its spinel structure that
contains vacancy and its chemical stability. CosO, thin films were prepared by employing different techniques
such as RF magnetron sputtering [5], atomic layer deposition [6], chemical vapor deposition [7], sol-gel process
[8], co-precipitation method [9], pulsed laser deposition [10] chemical bath deposition [11] and spray pyrolysis
[12]. Among these deposition techniques, spray pyrolysis has several advantages: its low cost, flexibility,
convenience for large deposition area and capability for preparing nanostructure thin films. This technique has
been used successfully in our laboratory to fabricate a variety of porous materials for electrochromic devices
such as WO; [13], Fe,O;3 [14], CeO, [15] and Co30, [16]. It was shown that the porous structure is highly
desired to improve the electrochromic performances of Cos;0, thin films since it can facilitate the
intercalation/desintercallation of small ions such as H*, Li*, Na’. Thus, controlling the morphology of Co;0,
thin films is very important.

In the present work, we have studied the effect of annealing temperature on the structural,
morphological, optical and electrical properties of the Cos0, thin films elaborated by a simplified spray
pyrolysis technique using perfume atomizer. It was shown that the structural, optical and electrical properties of
Co030, films were improved by increasing the annealing temperature.
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2. Materials and methods

2.1. Preparation of the films

Cobalt oxide thin films were prepared from solution of hydrated cobalt chloride (CoCl,, 6H,0) dissolved in 50
ml of deionized water, stirred thoroughly using a magnetic stirrer for 20 min and then sprayed manually in fine
droplets using a perfume atomizer on the pre-heated glass substrate kept at different temperatures. Before the
deposition process, the glass substrates were degreased with organic solvent, rinsed with deionized water and
dried in air.

2.2. Characterization

The as deposited films were black in color and found to be uniform, pinholes free and strongly adherent to the
glass substrates. Their thickness was calculated by using gravimetric method assuming the samples were
approximately uniform as that of bulk having density of 8.6 g.cm™. The thickness of Co;0, thin films was found
to vary from 450 to 500 nm with an accuracy of 10%. The structure, crystallinity and phase of the Co3O, thin
films were determined by the X-ray diffraction (XRD) analysis, using Cu Ko radiation with 26 ranging from 15°
to 80°. The surface morphology of the films was characterized by scanning electron microscopy (SEM). In
order to determine the band gap energy of Co30, in thin film form, the optical transmission studies were carried
out in the wavelength range of 300-1500 nm, using a SHIMADZU 3101 PC UV-VIS-NIR spectrophotometer.
Measurements of electric resistivity were carried out at dark and at room temperature. The variation of electrical
resistivity with temperature was measured with the four-probe technique using keithley 2400.

3. Results and discussion
3.1. Crystal structure determination

Fig.1(a)-(d) shows the XRD patterns of CozO, thin films as deposited and annealed at different
temperatures of 300, 400 and 500°C. All the films, as deposited and annealed, show multiple diffraction peaks
at 20 = 18.9°, 31.3", 36.9°, 44.9°, 59.5" and 79.02", indicating their polycrystalline nature. The inter-planar
spacing values corresponding to the (111), (220), (311), (222), (400), (511), (440), and (622) diffraction planes
compared with the standard values of Coz0,4 [17]. A matching of the calculated dy values and the standard ones
confirms that the as deposited and annealed films are crystallized in the spinel type cubic structure of Cos0,
(Fd3m space group). Before annealing, the films have a preferential orientation along the (111) direction.
After annealing, the preferred orientation changes from (111) to (311) direction. This change of preferred
orientation of Co;0, thin films after annealing might be due to the annealing treatment process. However,
Chougule et al. [18] and Patil et al. [19] who prepared Cos0, thin films by sol-gel and by spin coating technique
respectively have found a random orientation for their films after annealing between 400 and 700°C. Moreover,
the Co30, thin films were formed in a single-phase, suggesting that Cos0, is more stable. M. Hamdani et al. [20]
have also obtained a single-phase for Cos0, films prepared by spray pyrolysis after annealing temperature,
while Avila et al. [21] have observed the appearance of some XRD peak reflections corresponding to CoO and
C0,0s,.

It is also observed in Fig.1 that the XRD peaks became sharper by increasing the temperature of
annealing treatment, which indicates that the crystallinity of the films is improved. The preferred orientation of
the Cos0, thin films is evaluated by the texture coefficient (T¢) from the X-ray data using the well-known
formula:

| (hk1)/ 1, (hkI)

izl(hkn/ o (hkD) (g

N hkl

Where Tc(hkl) the texture coefficient of the hkl planes, I(hkl) is the measured or normalized intensity, 1o the
corresponding standard intensity given in JCPDS data, and N the number of reflections. Fig.2 presents Tc(hkl)
values calculated from the above equation (1) for the reflections (111) and (311) of as deposited and annealed
C0304 thin films. It is observed that with all the annealing temperatures, the (311) diffraction peak has the
highest T¢ value. The lattice parameter ‘a’ of the unit cell is calculated from the peak positions using the
formula of cubic system:

T, (hkl) =

a
(h* +k*+1%)

d hkl —
2

JMES, 2017, 8 (2), pp. 485-493 486




The value is found to be in the range 8,087-8.099 A, which is close to the one given by JCPDS 42-1467 (a =
8.084 A) [22]. The average crystallite size (Dyq) of the Cos0, thin films is estimated from the X-ray diffraction
patterns using the Scherrer formula [23]:

A
thl =

0.9
Pri €08(6,q) 3)

Where A is the wavelength of incident radiation (A = 1.544 A ), Buq is the full-width at half maximum (FWHM)
of the preferential orientation diffraction peak and 6y is the Bragg diffraction angle. The calculated values are
reported in Table 1. As it can be seen, the crystallite size increases from 40 to 48 nm with increasing the
annealing temperature from 300 to 500°C. This indicates that the cristallinity of the Cos0, thin films is
improved by increasing annealing temperature as it is found by XRD patterns. This result is in good agreement
with that found by Chougule et al. [18] and Patil et al. [19] for annealed Co30, thin films prepared by sol-gel
and spin coating techniques, respectively.
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Figure 1: X-ray diffraction patterns of CozO, thin films: (a) as deposited, (b) annealed at 300°C, (c) annealed at
400°C, (d) annealed at 500°C.

Table 1: Average crystallite size of the Co3O, thin films annealed at different temperatures.

annealing temperature | O 300°C 400°C 500°C
Average crystallite size | 40 44 45 48
(nm)
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Figure 2: Variation of T¢(hkl) values with annealing temperature: (a) Tc(111), (b) Tc(311).

3.2. Surface morphology

The influence of annealing temperature on the surface morphology of the spray deposited Cos0, thin films is
studied by scanning electron microscopy technique. Fig. 3(a)—(d) shows the SEM images of as deposited and
annealed Co30, thin films at 300 , 400 and 500°C at low magnification (x 20.000), It is clearly seen that the
films have a heterogeneous surfaces with nanocrystalline grains and porous structure. The porous structure is
highly desired to improve the electrochromic and catalytic performances of Co30, films. This porosity may be
due to the evaporation of water molecular during the growing process and the annealing treatment.

(©) (X 20.000) I T (d) (x 20.000)
Figure 3: SEM images of Coz0, thin films (magnification 20.000x): (a) as deposited, (b) annealed at 300°C, (c)
annealed at 400°C, (d) annealed at 500°C.
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3.3. Optical properties

The optical properties such as the optical transmittance, absorption coefficient and band gap energy of Co304
thin films were determined from studying the variation of the optical transmission with wavelength () in the
range of 300 —1500 nm. Fig.4 shows plots of optical transmission of the as deposited and annealed Co30, thin
films at different temperatures: (a) as deposited, (b) annealed at 300°C, (c) annealed at 400°C, (d) annealed at
500°C. It can be seen that the optical transparency improves with the increase of annealing temperature. This
increase in transmittance can be explained by a relatively better crystallinity of the annealed films. Fig. 4 shows
also two sharp absorption edges in the visible region. This indicates that the absorption band gap transitions in
the Co30, thin films are direct. From the solid band theory, the relationship between the absorption coefficient o
and the energy of the incident light hv near the absorption edge of semiconductors is given by the Tauc’s

relation:
(ahv)=A(v-Eg)"

where A is a constant, Eg the band gap energy and n a constant equal to 0.5, 2, 1.5 and 3 for allowed direct,
allowed indirect, forbidden direct and forbidden indirect transitions, respectively. Fig. 5(a)-(d) shows the plots
of (hv)? versus (hv) for CosO, thin films as deposited (a) and after annealing treatment (b-d) at different
temperatures. Two straight line portions have been observed, indicating the existence of two direct band gap
values of Co30O4 which are in good agreement with the literature [24]. The band gap (Eg) of those films is in the
range of 1.48-1.50 eV for lower energy side region and 2.07-2.18 eV for higher energy side region, which is
consistent with the reported Cos0, band structure [25-26]. It can also be seen that the Eg value increases
slightly with increasing the annealing temperature. This suggests that the absorption edges shift to the higher
energy as a consequence of the thermal annealing. The increase in optical band gaps indicates that the
temperature affects the optical band gaps by changing the atomic distances of Co;0, thin film, which leads to a
decrease of the Urbach energy.
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Figure 4: Plots of optical transmission of the Co3;04 thin films: (a) as deposited at 350°C, (b) annealed at 300°C,
(c) annealed at 400°C, (d) annealed at 500°C.
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Figure 5: Plots of (hv)? versus (hv) for CozO, thin films: (a) as deposited, (b) annealed at 300°C, (c) annealed
at 400°C, (d) annealed at 500°C.

3.4. Electrical properties

The dark electrical conductivity at room temperature of the sprayed thin oxide Cos;0, films deposited onto non
conductive substrate is found to be 1.5 x 10 (Q*.cm™), and it increases with the increasing the annealing
temperature (300-500°C) from 1.5 x 10™ to 7.5 x 10 (Q™.cm™) as it can be shown in Fig.6. In fact, annealing
treatment provides sufficient thermal energy to the crystal which facilitates the electron delocalization through
the elimination of a large number of defects.
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Figure 6: Variation of dark electrical conductivity at room temperature of the sprayed Co;0, thin films
deposited onto non-conductive substrate versus annealing temperature.
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Figure 7: Variation of the electrical conductivity as function of temperature of Cos0, thin films, (a) as
deposited and (b) annealed at 500°C.

The four-probe technique was employed for measurement of variation of dark electrical conductivity of Coz04
thin films with annealing temperature. Fig.7 displays the variation of electrical conductivity with reciprocal
temperature (1000/T) of as deposited (a) and annealed at 500°C (b) cobalt oxide thin films. As it is shown, the
electrical conductivity increases with the increase of temperature indicating the semiconductor nature of our thin
films. We represented the variation of log o with reciprocal temperature (1000/T) and we represented also the fit

according of Arrhenius model (Equation 5).
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Figure 8: Log (o) versus 1000/T of as deposited (a) and annealed at 500°C (c) thin films. The solid lines
represent the fitting according to the Arrhenius model: (b) as deposited and (d) annealed at 500°C.

It is further observed that the conductivity ¢ cannot be fitted by the thermal excitation model given as:
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where, ¢ is the conductivity at temperature T, o, IS a constant, k is the Boltzmann constant, T is the absolute
temperature and w, is the activation energy.

We excluded the simple Arrhenius thermal excitation mechanism for the increased conductivity as temperature
increases. Then we considered the hopping conduction models to fit the observed electrical properties. As
proposed by Mott and co-workers [33, 34], a typical hopping mechanism, called variable range hopping (VRH),
which takes place at low temperatures, is generally accepted for some semiconductor materials. The relationship
between ¢ and T for the so-called (VRH) mechanism can be expressed by the following equation [33, 34]:

T D exp[_ [TT” ®)

Where T, is the VRH characteristic temperature associated with the density of localized states at the Fermi
energy N(EF). Fig. 8: depicts the VRH model for as deposited and annealed thin films from 54 K to 314 K.
Since there is a good fit as indicated by solid lines of the experimental data according to Equation (6), the
hopping conduction may be valid to explain the mechanism of carrier charge transport in Cos;0, of the present
work.
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Figure 9: Log (o) versus T ** of (a) as deposited and (c) annealed at 500°C of Cos0, thin films. The solid lines
represent the fitting according to the Mott model: (b) as deposited and (d) annealed at 500°C.

Conclusions

Nanocrystalline Cobalt oxide (Cos0,) thin films were deposited on amorphous glass substrate by spray
pyrolysis method. The as prepared films were annealed at different temperatures (300 to 500°C). The X-Ray
diffraction results showed that all the films were polycrystalline spinel type cubic structure. The preferred
orientation of the crystallites of these films changed from (111) for the as deposited films to (311) after
annealing treatments. The average crystallite size increased from 40 to 48 nm with the increasing annealing
temperature from 300 to 500-C. this indicated that the structural quality of CozO, films was improved
by increasing the annealing temperature. The scanning electron microscopy (SEM) showed heterogeneous
surfaces with grains and porous structure. The transmittance and the electrical conductivity were increased
slightly with the increase of the annealing temperature, indicating an improvement of the optical and electrical
properties of these thin films. An analysis of electrical properties, using the dc conductivity, showed that
hopping of charges carriers between localized states was the dominant conduction mechanism.
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