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Using the chemical spray pyrolysis (CSP) technique, nanostructured undoped and 
Co3O4:In thin films are deposited. The effect of indium doping content in Cobalt ranged 
from 1% to 3% on optical, structural, and topographical properties of Co3O4 
nanostructured thin films. No new peaks belonging to the In phase were seen, according to 
X-ray diffraction research, which revealed that pure and Co3O4: In thin films are 
polycrystalline in and cubic phase with (111), (311), (400), and (511) preferable 
orientation for all filmsThe Scherrer formula computation of average crystallite size shows 
that the size of Nano crystallites grows when doping is enhanced. AFM micrographs 
demonstrated how the surface shape of the films was discovered to be influenced by the 
inclusion of indium in the Co3O4 location.SEM images of Undoped Co3O4 and Co3O4:In 
films (CSP technique), showing separate semi-spherical blocks (120-200 nm) of 
nanoparticles (<30 nm). Band gap values for pure and doped were 2.52 to 2.38 eV. 
Resistance increases with increases  Indium-doping, indicating more charge carriers and 
potential surface roughness influence. Sensitivity decreases with higher Indium 
concentrations, attributing to enhanced crystallinity and nano-crystalline size.  
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1. Introduction 
 
Cobalt oxide is a significant transition oxide, with a great deal of attention in several 

sectors. It is a semiconducting material having a p-type cubic spinel structure with optical band 
gaps of 1.44–2.06 eV. Co3O4 phase was extensively studied last year due to its chemical stability 
and potential as a promising material. Co3O4 is an antiferromagnetic material with a regular spinel 
structure[1-4]. The cubic rock-salt structure is how cobalt monoxide crystallises [5-7]. Whereas 
Co3O4 crystallises in the typical spinel form [8-10], the opposite is true. In this structure, Co2+ and 
Co3+ ions are found in the interstitial tetrahedral and octahedral sites, respectively [4]. A practical 
and promising method to enhance the Co3O4 materials is doping with transparent metals like, In, 
Ga, and Al. [5]. Co3O4 thin films are made using a variety of processes RF magnetron sputtering 
[11], chemical vapor deposition [12], sol-gel procedure [13], ALD co-precipitation method [14], 
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(Atomic Layer Deposition) [15],  CBD (Chemical Bath Deposition) [16], chemical spray pyrolysis 
(CSP) [17] and PLD (Pulsed Laser Deposition) [18], The CSP technique has a privileged , 
including low cost, adaptability, simplicity of usage for large deposition regions, and the ability to 
produce nanostructured thin films. [18].  In this research, the impact of Indium content on the 
physical properties of Co3O4 films was examined. 

 
 
2. Experimental 
 

Cobalt oxide and cobalt oxide doped with nickel (Co3O4) Using glass slide substrates, thin films 
were created using CSP process. To deposit  Co3O4 thin, a 0.1 M cobalt chloride aqueous solution 
was employed as the matrix solution. To get 1% and 3% indium, 0.1 M of indium chloride 
(InCl2.6H2O) was used as the doping material. The substrate was heated up before the matrix 
solution was applied. After several tests, the following optimisation criteria were considered: A 
consistent substrate temperature of 400 oC was maintained throughout the deposition process: 30 
cm separated the nozzle from the substrate. The flow rate was 5 mL/min to prevent duplicate 
substrate cooling, and the spraying rate was 8 s, followed by 90 s. As a carrier gas, it was 
employed. The structural characteristics of thin films were measured using high-resolution X-ray 
technology operating a D8 Advance Bruker, CuKa ( 0.154056 nm). Surface topography was 
introduced using the AFM and the computerised tools Nanoscop and Dimension 3100. Surface 
morphology was examined by the Hitachi S-4300 scaning electron microscopy (SEM). We 
recorded the transmittance spectra via a double-beam UV-Vis spectrophotometer. Co3O4 gas 
sensor made with aluminum electrodes. Gas sensitivity evaluated by resistance change. Tested in 
cylindrical chamber. 

 
 
3. Results and discussions 
 
XRD patterns of entended films produced at 400°C is shown in Figure 1. The 

polycrystalline character of the produced films is confirmed by the fact that all the in-doped Co3O4 
has the same XRD peaks, such as (111), (311), (400), and (511) and that the peak location is 
identical to that of the pure Co3O4 , this behavior agree with [19-21]. As shown in Fig. 1, all films 
are orientated along the (111) plane, located at 2θ = 19.08°. The pattern in Fig. 1 clearly shows 
that indium dopant ions were substituted adequately into the host lattice. The detected peaks 
support Co3O4's spinel cubic nanostructure [22, 23]. All observed peaks lined up with the Co3O4 
standard JCPDS card No. data (42-1676). The XRD analysis further validates the generation of 
samples with lower levels of contaminants. All of the In-doped Co3O4 retains the spinel cubic 
structure. The structural characteristics of the intended films are displayed in Table 1.  

Size of the typical crystallite (D) as determined by Scherrer's formula [24, 25]:   
 

𝐷𝐷 =
0.9 𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

                                                                                    (1) 

 
where β is FWHM, and θ is Bragg angle. It is observed that the correct integration of In3+ ions into 
the Co3+ionic sites causes the predicted nanocrystallite size to grow with an increase in indium 
concentration. (311) plane is seen for the lowest Indium concentration level (0.01M), which can be 
attributed to small crystal size [26, 27], and pronounced weak crystallisation was also seen. Peak 
intensities rise with increasing doping levels, indicating enhanced crystallisation. [28-29]. The 
greater size of the In3+ ions (0.080 nm) replaced by the smaller Co3+ionic (0.074 nm) sites causes 
the peak location of the (111) plane to be somewhat displaced to a lower angle side, as shown in 
the XRD pattern, which agrees with  [30,31]. The promising 0.03M substitution of a doping 
element into the host matrix has an impact on the crystallite size. The greater value of dislocation 
density verifies the earlier discovery [32, 33] and is related to the restriction defects placed on 
crystallite formation. As the amount of indium doping was increased, the crystallite size rose as 
well. 
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The formula may be used to get the microstrain (δ) values of Co3O4 thin films. [34, 35]: 

𝜀𝜀 =
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

4
                                                                                      (2) 

 
When the microstrain was examined, the highest value for the undoped Co3O4 was around 

22.35 x104. The minimal value, achieved at a concentration of 0.03 indium doped Co3O4, was 
19.89 x 104, while the value obtained at a concentration of 0.01 indium was 20.69 104. The 
increase in strain in the film may cause a smaller average particle size, and similar effects of 
particle size reduction with strain increase have been shown [36-37]. 

The dislocation density (𝛿𝛿) is determined using the formula as the dimension of 
dislocation per unit volume associated with the density of flaws in the sample. [38, 39]: 

 
𝛿𝛿 =

1
𝐷𝐷2                                                                                       (3) 

 
Analysis of the dislocation density reveals that pure Co3O4 has a dislocation density of 

41.56 x1014. The dislocation density changes when a dopant is added. As a result, doping indium 
onto Co3O4 will undoubtedly cause the dislocation density to change. δvalue is determined to be 
20.691014 at 0.01 indium concentration. The lowest δ observed in the films is around 32.841014 
for 0.03 indium concentration, which implies a reduction in defects and an improvement in 
crystalline quality. This is consistent with previously written works [40, 41]. The (δ) changed with 
doping, as seen in Fig. 2. 
 
 

 
 

Fig. 1. XRD patterns of intended films. 
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Fig. 2. X-ray parameter of pure and Co3O4: In films. 

 
 

Table 1. Microstructural parameters of pure and Co3O4: In films. 
 

Specimen  2 θ 
)o( 

(hkl) 
Plane 

FWHM 
)o( 

g1E 
 (eV) 

g2E 
 (eV) 

D 
 (nm) 

Dislocations density 
)2) (lines/m14(× 10 

Strain 
)4-(× 10 

4O3Undoped Co 19.08 111 0.84 1.54 2.52 15.58 41.56 22.35 
: 1% In4O3Co 19.05 111 0.80 151 2.46 16.75 35.64 20.69 
: 3%  In4O3Co 19.01 111 0.75 1.47 2.38 17.44 32.84 19.89 

 
 
AFM measurements of particle size Pav are much greater than XRD measurements. The 

indium content affects the Co3O4 roughness (RMS) in thin films. Table 2 provides the films' 
average roughness (Ra) and root mean square (RMS) values. Notably, as indium doping increases, 
the roughness of film surfaces diminishes. The inclusion of indium may have raised the size of the 
crystallites, which has raised the roughness. Because of the samples' enhanced active surface area, 
as a result, super-capacitor applications find them to be appealing materials [11, 42]. The surface 
roughness of indium addition falls from 8.76 nm to 3.45 nm with higher doping of Co3O4 films at 
3%. 

 
Table 2. AFM parameters of the intended films.  

 

Samples avP 
nm 

aR 
 (nm) 

RMS 
 (nm) 

4O3Undoped Co 73.6 8.76 9.66 
: 1% In4O3Co 36.1 6.03 8.45 
: 3%  In4O3Co 27.5 3.45 2.23 
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Fig. 3. AFM information of grown films. 
 
 
Figure 4 illustrates SEM images of the Co3O4 and Co3O4:In films, fabricated through the 

chemical spray pyrolysis (CSP) technique. The SEM images provide insight into morphology and  
film structure, revealing the presence of well-defined semi-spherical comprising smaller 
nanoparticles with an average grain sixe of (38.9 , 41.5 and 55.6) nm and for udoped ,1%, and 3% 
indium respectively. Structural arrangement may impact the films' properties, suggesting potential 
applications in various fields, such as catalysis or sensing [43]. 
 
 

 
 

Fig.4 . SEM images of Co3O4 thin films with various Indium concentrations 
 (A- Undoped Co3O4, B- Co3O4:2% In, C- Co3O4: 4% In). 

 
 
First, UV-Vis spectra of the intended films were collected to get extensive information on 

the optical characteristics of films. In Fig. (5), the transmission measurement might be displayed. 
the Co3O4 and Co3O4:In optical transmission spectra's relationship to incident wavelength variation 
thin film. It is evident that for all thin films, the optical transmittance increased in the visible area 
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while decreasing in the UV region. The transmittance spectra gradually reduced due to the loading 
of indium concentration, and the band edge was changed to point toward the longer wavelength 
side. This edge band red shift indicates the band gap of Co3O4 [44, 45].  

The reported absorbance (A) and transmittance (T) are linked by [46, 47]: 
 

𝐴𝐴 = log �
1
𝑇𝑇
� = �

𝐼𝐼
𝐼𝐼𝑜𝑜
�                                                                            (4) 

 
where (I) is the transmitted light and (Io) is the incident light. The transition and absorption spectra 
of thin films of in-doped Co3O4 are shown in Fig. (6). The transition absorbance values drop with 
increasing indium inclusion. We may infer that indium doping made Co3O4 films optically denser 
since transition level measures optical density. According to several researcher in the literature 
[13, 48], The transition from valence band to the band, a sub-band made by Co3+ ions and situated 
beneath the conduction band, concurs with those of previous research papers in the literature. [49]. 
    
 

 
 

Fig. 5. T of intended films. 
 

 
 

Fig. 6. Absorbance of the intended films. 
 
 
The following expression was used to analyse the absorption coefficient (α). [50, 51]:  
 

𝛼𝛼 =
(𝑙𝑙𝑙𝑙𝑇𝑇−1)

𝑡𝑡
                                                                               (5) 
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where (t) is film thickness. Figure (6) depicts the relationship between (α) and wavelength (hv), 
the value of α  >104 cm-1. This suggests a direct transition. Fig. (7) displays the doped value of (α). 
The absorbance rises as indium doping increases. 

The materials' prohibited band gap energy (Eg) was ascertained using the Tauc relation 
[52, 53]. 

 
𝛼𝛼ℎ𝑣𝑣 = 𝐵𝐵(ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔)𝑟𝑟                                                                      (6) 

 
where, ℎ𝑣𝑣 is the photon energy, r = 2 for allowed direct transition, and B is a constant. As shown 
in Fig. (8), Eg for both undoped and In-doped films were 2.52-2.38 eV. Eg energies shift for 
undoped and In-doped Co3O4 films. According to Fig. 7, the increase in In contribution caused the 
Eg values to decline significantly. 

 
 

 
 

Fig. 7. α Vs hν of the grown films. 
 
 

 
 

Fig. 8. (𝛼𝛼ℎ𝑣𝑣)2 Vs hν of the grown films. 
 

 
Using the relation below [54], the refractive index (n) can be calculated from the 

reflectance (R) data:         
                      

                        𝑅𝑅 = (𝑛𝑛−1)2

(𝑛𝑛+1)2
                                                                                     (7) 
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Figure 8 plots n versus wavelength for pure and Co3O4: In thin films with (1 and 3) % 
doping. n could range from about 2.80 to 2.91 at 350nm in Figure 6, which gives n plot with 
wavelength. These values allow the intended films to be used as antireflecting material [15, 55]. 
Fig. (9) also shows that n decreased with increased doping concentration though nonsequentially. 
The variation of n refers to modifying the ions' polarizability and the material's local field [17]. 

The extinction coefficient (k) can be found from Eq. 8 [56.57]: 
 

𝑘𝑘 =
𝛼𝛼𝛼𝛼
4𝜋𝜋

                                                                                        (8) 

 
Fig. (10) displays the fluctuations of the (k) values. The value of (k) at 390 nm for 

undoped film is 0.53 while for doped films at the same wavelength, equal 0.47; this difference in 
(k) value becomes less at the NIR region. [58, 59]. 
 
 

 
 

Fig. 9. n of the intended films. 
 
 

 
 

Fig. 10. k of the intended films. 
 
 
Fig. (11) displays the time-dependent dynamic resistance change in response to NO2 gas 

concentration (240 ppm) at an operating temperature of 150°C. The resistance values, ranging 
from 70.8 to 76.7 kΩ·m, exhibit an upward trend with increased doping ratios. This rise in 
resistance is associated with a higher number of charge carriers, potentially influenced by surface 
roughness. The findings suggest that the doping process affects the material's electrical properties, 
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making it essential to consider charge carrier concentration and surface characteristics in gas 
sensing applications [12]. 

A film's sensitivity (S) is commonly assessed by the percentage change in resistance 
during gas exposure, calculated as the ratio of its resistance in air (Ra)to the steady-state value (Rg) 
in the presence of gas. The sensor's response or detection sensitivity can be expressed as [60, 61]: 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
∆𝑅𝑅
𝑅𝑅𝑎𝑎

= �
𝑅𝑅𝑎𝑎 − 𝑅𝑅𝑔𝑔
𝑅𝑅𝑎𝑎

� × 100%                                                          (9) 

 
Fig. (12) demonstrates the sensitivity of Co3O4 films, both pure and Indium-doped, to NO2 

exposure. Sensitivity decreases with higher Indium concentrations, declining from 58.8% to 24.4% 
(80 ppm), 63.8% to 9.8% (160 ppm), and 68.8% to 33.6% (240 ppm). The observed decrease in 
sensitivity of Co3O4 films, whether pure or Indium-doped, with higher Indium concentrations (80 
ppm, 160 ppm, and 240 ppm) can be attributed to enhanced crystallinity and/or nano-crystalline 
size. This enhancement increases the gas reaction area and maintains a homogeneous surface. 
Additionally, the heightened conductivity is a result of increased carrier concentration [62, 63]. 
The trend in Fig. (12) suggests that sensitivity rises with the increase in gas concentration from 80 
to 240 ppm. These findings emphasize the influence of dopant concentration on the gas-sensing 
properties [64]. 
 

 
 

Fig. 11. displays the time-dependent resistance change of Co3O4:In films in response to NO2 gas at an 
operating temperature of 150°C. 

 

 
 

Fig. 12. Sensitivity (S) variation in Co3O4 thin films with different Indium concentrations. 
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4. Conclusion 
 
The subject of the current investigation is the influence of indium inclusion on a few 

physical characteristics of Co3O4 nanostructure thin films generated by CSP technology. The 
analysis of the films' structural characteristics revealed that they feature crystalline nanostructures 
consistent with Co3O4 cubic structure. The improvement in peak intensities following the 
introduction of indium suggests that the films' levels of crystallisation have improved. Adding 
indium reduces the surface roughness values of the films, and the surface distribution of the films 
is essentially uniform. SEM images display Co3O4 and Co3O4:In films from CSP, showing well-
defined semi-spherical nanoparticles of size range (38.9-55.6)nm. The optical property 
experiments demonstrated the superiority of indium-doped films as absorber layers in solar cells 
and that the n inclusion lowers the absorbance values of the films. The band gap values of the 
films were found in the range of 2.52-2.38 eV. The resistance increases with higher Indium 
doping, suggesting an increase in the number of charge carriers and potential influence from 
surface roughness. Sensitivity declines with increased Indium concentrations due to enhanced 
crystallinity and nano-crystalline size. 
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