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Abstract 
In the present work, reactive sputtering technique was used to prepare layers of nitrogen-
doped titanium dioxide (TiO2) and cobalt oxide (Co3O4) thin films on indium-tin oxide 
(ITO). Both materials showed polycrystalline structures. The Co3O4 samples showed 
polygon-shaped particles with apparent aggregation, while the TiO2 samples showed 
approximately spherical particles with lower minimum size when compared to that of 
Co3O4 samples. The absorption of Co3O4 films was very sensitive to the variation of 
oxygen content in the gas mixture as the absorbance increased with increasing the 
oxygen in the gas mixture due to the increase in formation of the Co3O4 molecules. 
Energy band gap was shown dependent on the preparation conditions. 
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1. Introduction 
In the last years, smart windows have gained considerable attention by the international scientific 

community due to significant energy savings [1]. The phenomenon of color change by chromic materials 
due to external stimuli, such as electric field, pressure, light, ions, solvent, etc., is called chromism. 
Chromic materials change the optical properties like transmission, reflectance, absorption, and 
emittance due to these external stimuli [2]. Electrochromism is the phenomenon exhibited by 
electrochromic materials that change color when an electric potential is applied [3-4]. While 
Photoelectrochromism is also the phenomena of  changing color of chemical compounds induced by 
electrochemical oxidation and reduction, under the effect of a variation an electric voltage and/or  in the 
intensity of a light radiation [6]. This chromic effect can be put to practical use in the design of “Smart 
Window”, smart windows that can control the amount of light passing through it based on EC materials 
[7]. These EC materials are mainly classified into two categories: anodic and cathodic materials [8,9], 
anodic EC materials, which are coloring under ion extraction “oxidation process” and cathodic EC 
materials, which are coloring under ion insertion “reduction process” [10]. The inorganic EC materials 
have a good electrochemical reversibility, chemical stability and high coloring efficiency where organic 
EC materials display poor durability [11-13]. Titanium dioxide (TiO2) is an n-type semiconducting 
material that has superior properties such as non-toxic, high stability and strong oxidizing agent (with 
large surface area) has very high photocatalytic activity [14-16]. Due to these properties this material 
has been applied in various applications such as solar cells, sensors, environmental remediation and 
as cathodic material of electrochromic devices [17].  As titanium dioxide does not absorb visible light, 
there is several methods to overcome this problem including the doping with non-metallic elements such 
as nitrogen [18-19]. Cobalt oxide (Co3O4) is one of the most important metal oxides, p-type 
antiferromagnetic semiconductor with direct band gap between 1.48-2.19 eV [20,21]. This oxide has a 
wide range of applications due optical, magnetic, electronic, chemical, electrochemical and mechanical 
properties [22-24]. The preparation and characterization of cobalt oxides Co3O4 have been extensively 
studied due to attractive applications in solar cells, catalysis, batteries, corrosion protective coatings, 
magnetic nanostructures and magnetic storage systems, electrochromic EC devices. Co3O4 has been 
reported to be a good anodic coloration material for the EC application [25,26]. There are several 
deposition techniques to prepare oxide thin films such as sputtering, spray pyrolysis, chemical vapor 
deposition, pulsed laser deposition, electrophoretic deposition, sol-gel process, etc. [27-29]. DC reactive 
magnetron sputtering technique was employed for the preparation of the EC thin films because it 
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provides high purity, high homogeneity and good control of the structural phase of the deposited film by 
controlling the gas mixing ratio [30]. 

In this work, the layers of electrochromic and photoelectrochromic device based on N-doped TiO2 
and Co3O4 oxides are prepared by dc reactive magnetron sputtering technique. The optical and 
structural characteristics of each layers will be studied and optimized to synthesis single layer 
configuration for ECD and multi-layers configuration for PECD devices and compared coloring-
bleaching response for each configurations. 

 
2. Experimental Details 
Cobalt oxide was prepared by using dc reactive magnetron sputtering and more information about 

the preparing conditions of cobalt oxide may be obtained elsewhere [31,32]. A high-purity titanium sheet 
with 60 mm diameter and 0.5 mm thickness was mounted on the cathode and glass substrate placed 
on a heat sink was placed on the anode. The optimum preparation conditions include discharge voltage 
of 2.5 kV and discharge current of 45 mA, while the distance between the target and the substrate was 
fixed at 4 cm. N-doped TiO2 thin films were prepared using different Ar:O2:N2 gas mixing ratios 
(40:40:20, 60:30:10: 43:42:15 and 76:19:5) and deposition time of 3 hours.0 
 

3. Results and Discussion 
The crystal structure of the Co3O4 thin film prepared using Ar:O2 gas mixing ratio of 60:40 was 

investigated by an X-ray Shimadzu Diffractometer using Cu-Kα source (1.54Å). The XRD pattern shows 
the diffraction peaks which indicate that the crystalline structure of these films constitutes a single phase 
of Co3O4 with a spinel-type structure. The XRD pattern in Fig. (1) shows a major peak at about 37° 
corresponding to crystal plane of (311). This peak has the highest intensity, indicating the oriented 
growth of the sample in the (311) direction. Six peaks observed at 31.5°, 37.1°, 38.7°, 45.0°, 55.9°, 
59.6°, 65.4° and 77.7° are corresponding to (220), (311), (222), (400), (422), (511), (440) and (533) 
planes, which indicate the formation of pure Co3O4 [33]. 

Figure (2) shows the XRD pattern of N-doped TiO2 thin film prepared using Ar:O2:N2 gas  mixing ratio 
of 40:40:20 after 3 hours of deposition time with heat sink under the substrate. The diffraction peaks 
observed at 22.4°, 38.5°, 53.1°, 63.2°, 70.7°,76.3° and 77.9° are assigned to A(101), A(104), A(105), 
A(204), A(220), A(215) and A(206) planes of anatase phase, respectively. Other peaks observed at 
35.3° and 42.1° are corresponding to TiN(111) and TiN(200) according to JCPDS card no. 38-1420 [34]. 
The diffraction peaks assigned at 36.2° and 40.3° corresponding to crystal planes (101) and (111) were 
confirmed for the rutile phase according to JCPDS card no. 88-1175 [35]. No peaks belonging to other 
compounds or impurities were observed, which can be considered as an advantage of the sputtering 
technique used in this work and the fine control of gas mixing ratio. 

 

 
Fig. (1) XRD pattern of Co3O4 thin film using gas mixing ratio 60:40 

 
The nanoparticle size of the synthesized nanostructured layers were studied by field-emission 

scanning electron microscopy (FE-SEM). The image in Fig. (3a) with scale of 500 nm shows that the 
Co3O4 nanoparticles are spherical with minimum particle size of 37.32 nm, while the image in Fig. (3b) 
with the same scale shows the N-doped TiO2 nanoparticles with minimum particle size of 28.09 nm. The 
aggregated particles indicates good connectivity between these nanoparticles. The nanoparticles can 
form complex assemblies referred as aggregates, which typically consist of particles in the nanoscale 
(5-50 nm). They are held together by weak forces arising from the van der Waals force, which leads to 
an electrostatics effect through the residual charge of the structure. Ambient humidity plays an important 

(2
2

0
)

(3
1

1
)

(2
2

2
)

(4
0

0
)

(4
2

2
)

(5
1

1
)

(4
4

0
)

(5
3

3
)

0

100

200

300

400

20 30 40 50 60 70 80

In
te

n
s

it
y
 (

c
p

s
)

2θ (degree)



IRAQI JOURNAL OF MATERIALS 
Volume (4) Issue (1) January-March 2025, pp. 3-8 

 

© All Rights Reserved    ISSN (print) 2958-8960 (online) 3006-6042  Printed in IRAQ   5 

role in determining the fundamental mechanical response and dynamics of these assemblies [36]. The 
FE-SEM image indicates that the prepared nanoparticles are uniformly distributed. This type of 
morphology is beneficial to use these nanostructures for EC and PEC devices and supercapacitor 
application [37,38]. 

 

 
Fig. (2) XRD pattern of N-doped TiO2 thin film prepared using gas mixing ratio of 40:40:20 

 
Figure (4) shows the FTIR spectrum recorded in the range 400-4000 cm-1 for the Co3O4 sample 

prepared using gas mixing ratio of 60:40 after deposition time of 1 hour. Two strong peaks were 
observed, the first at 572.82 cm-1 was assigned to Co-O stretching vibration mode, in which Co3+ is 
octahedrally coordinated, and the second peak at 663.47 cm-1 was assigned to bridging vibration, in 
which Co2+ is tetrahedrally coordinated [39]. This further confirms the formation of Co3O4. The peaks 
seen at 1571.88 and 3436.91 cm-1 are ascribed to the OH stretching and bending modes, respectively, 
of water adsorbed by the Co3O4 sample. The peaks at 2408.93 and 1423.37 cm-1 are characteristic of 
asymmetric vibrations of CO2 and CO-2, respectively, which were also adsorbed from the air [40]. 
 

  
(a)     (b) 

Fig. (3) FE-SEM images of (a) Co3O4 sample prepared using 60:40 gas mixing ratio, and (b) N-
doped TiO2 sample prepared using 40:40:20 gas mixing ratio 

 
For the N-doped TiO2 sample prepared using gas mixing ratio of 40:40:20 after deposition time of 3 

hours, the peak seen at 408.91 cm-1 is assigned to Ti-O-Ti bonds in the TiO2 lattice, while the bands 
ascribed to Ti-O symmetric and asymmetric stretching vibration modes were observed around 447 and 
667 cm-1, respectively. The band at 870 cm-1 can be ascribed to the vibration of surface absorbed N-O, 
whereas the Ti-N vibration bands can be observed at around 1250 cm-1 in the range of 1080-1474 cm-1 
[41,42]. The peak at 3450 cm-1 is attributed to the stretching and bending vibration of the OH group in 
water molecules in the atmosphere [43]. 
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Fig. (4) FTIR spectra of Co3O4 sample prepared using gas mixing ratio 60:40 and N-doped TiO2 
sample prepared using gas mixing ratio 40:40:20 

 
The UV-visible absorption spectra within the spectra range of 400-700nm for the Co3O4 thin films 

prepared using different gas mixing ratios are shown in Fig. (5). The absorbance is increasing with 
increasing oxygen content in the gas mixture and this may be attributed to the formation of more Co3O4 
nanoparticles. Also, due to increasing oxygen content in the gas mixture, the measurements show very 
slight blue shift in the absorption edge towards shorter wavelengths [44]. The weak absorption band 
around 650 nm can be ascribed to the band gap energy transition p(O2-)→t2(Co2+) [45]. 
 

 
Fig. (5) Absorption spectra of Co3O4 thin films prepared by using different gas mixing ratios 

 

 
Fig. (6) Absorption spectra of N-doped TiO2 thin films prepared using different concentrations of 
nitrogen in the gas mixture 
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The absorption spectra within the spectral range of 300-700 nm for the N-doped TiO2 thin films 
prepared using different doping concentrations of nitrogen are shown in Fig. (6). It is clear that the optical 
absorption edges are shifted towards longer wavelength (red shift) by increasing the concentration of 
nitrogen, as they interstitially occupy some positions of oxygen in the TiO2 lattice [46,47]. 

The Tauc’s equation can be used to determine the energy band gap from the relationship between 
the photon energy and absorption coefficient as [48]: 

(𝛼ℎ𝜈)𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔)  (2) 

where A is a constant, Eg is the energy band gap and n is a constant, taking values of 0.5 or 2 for indirect 
and direct allowed transitions, respectively 

In accordance to the results of absorption, figure (7a) shows that the energy band gap of Co3O4 thin 
film prepared by using 60:40 gas mixing ratio and 1 hour of deposition time is 2.15 eV [49], while figure 
(7b) shows the energy band gap of N-doped TiO2 thin films prepared using different concentrations of 
nitrogen (5, 10, 15 and 20%). The energy band gap was shifted to lower energies and decreased to 
2.94 eV due to the contribution of nitrogen dopants in TiO2 nanostructures. The lowest value of Eg was 
obtained for the sample doped with the highest concentration of nitrogen (20%) as its values were 3.03, 
3.12 and 3.17 eV for concentrations of 15, 10 and 5%, respectively. 

 

  
(a)      (b) 

Fig. (7) Determination of energy band gap for (a) Co3O4 sample prepared using gas mixing ratio 
of 60:40, and (b) N-doped TiO2 samples using different concentrations of nitrogen in the gas 

mixture 
 

4. Conclusion 
In the present work, reactive sputtering technique was used to prepare layers of nitrogen-doped 

titanium dioxide (TiO2) and cobalt oxide (Co3O4) thin films on indium-tin oxide (ITO). Both materials 
showed polycrystalline structures. The Co3O4 samples showed polygon-shaped particles with apparent 
aggregation, while the TiO2 samples showed approximately spherical particles with lower minimum size 
when compared to that of Co3O4 samples. The absorption of Co3O4 films was very sensitive to the 
variation of oxygen content in the gas mixture as the absorbance increased with increasing the oxygen 
in the gas mixture due to the increase in formation of the Co3O4 molecules. Energy band gap was shown 
dependent on the preparation conditions. 
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