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A B S T R A C T   

The different ratios of Indium-doped cadmium oxide thin films were deposited on a glass substrate by a sol-gel 
assisted spin coating technique. The structure of the films was analyzed using XRD and depicts the amorphous 
nature of the doped films. All the films are highly transparent, and the value of transparency is around 80 % in 
the visible region. The optical constants were calculated based on Kramers-Kroning relations. The optical band 
gap value decreased with doping and is in the range of 2.73 to 2.31 eV. The enhancement in the linear optical 
properties such as refractive index, absorption index, and dielectric constant was also observed with an increase 
in the doping concentration. The linear refractive index value increased with doping concentration, and it was in 
the range of 2.16 to 2.62 indicates that the present sample is useful optical window applications. The nonlinear 
optical properties such as χ(1), χ(3), and n(2) are varying in the range of 0.005 to 0.468, 3.283 × 10−142 to 
7.746 × 10−12 esu, and 7.986 × 10−13 to 1.119 × 10−10 esu, respectively. The enhancement in the optical 
properties with increasing doping concentration suggests the present films are useful for various optical device 
applications. The maximum dielectric constants are varying from 4.54 to 6.42, which indicates that the present 
samples are suitable for optoelectronic devices. Furthermore, nonlinear optical properties were analyzed and 
reported.   

1. Introduction 

The transparent conducting oxide (TCO) based thin films have been 
attracting many researchers due to its wide variety of applications in 
the field of display devices, photovoltaic, deicers [1–7]. Thin films of 
pure and meta doped zinc oxide, tin oxide, indium oxide, and cadmium 
oxide are extensively used and receive much attention due to its high 
optical transmittance and conductivity [8–10]. Amongst all the oxides, 
cadmium oxide (CdO) is an especially exciting material with high 
carrier mobility, which is the fascinating property to be used in op
toelectronic devices [11,12]. It also draws the considerable attention of 
the researchers due to large conductivity and optical transparency, 
which are the key to be used in the solar cell [13,14]. However, CdO is 

exhibit useful properties in pure form due to the defects of oxygen 
vacancies and cadmium interstitials, and it shows a high resistivity. 
From the literature, it is learned that the resistivity is decreased by 
doping the CdO matrix with metal-ions like F-, Mn-, Dy-, and Sn-  
[15–19]. 

Among different metal dopants. Indium (In-) is chosen as the dopant 
in the present paper as it has a similar radius for Cd-ions [20]. Zhu et al. 
have presented a report on the In: CdO and discussed in the enhance
ment of electrical properties and an increase in the optical band gap due 
to the Burstein-Moss effect [21]. There are different growth techniques 
available to prepare pure and In: CdO films [22–25]. Therefore, it is 
worthwhile to study the effects of doping on the structural, morpho
logical, optical, and electric properties of CdO. 
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Moreover, for the optical parameter's calculations, a smaller number 
of reports are available in the literature concerning the use of Kramers- 
Kronig relations of the optical analysis [27]. Kramers-Kronig dispersion 
relations are the most useful method for the accurate estimation of the 
optical parameters. This type of approach is not found in many reports; 
hence, it makes the present paper more informative. 

To the best of our knowledge, there are no reports available on the 
detailed calculations of linear and nonlinear optical parameters using 
Kramer's Kronig relations until now for Indium-doped CdO nanos
tructured films. Thus, it is worthwhile to investigate the linear and 
nonlinear optical properties of In-doped CdO films using Kramer's 
Kronig relations. 

2. Experimental details 

2.1. Preparation method 

The undoped and doped samples of In-doped CdO films were coated 
on highly cleaned glass substrates by a sol-gel spin coating technique. 
Cadmium acetate, indium chloride, 2-methoxy ethanol, and mono
ethanolamine were used as starting material, solvent, and stabilizer, 
respectively. Appropriate amounts of cadmium acetate were dissolved 
in 2-methoxy ethanol for one hour, and the stabilizer mono
ethanolamine (MEA) is added to the final solution after another one 
hour with continuous stirring. The solution was stirred at 60 °C/700 
rpm for two hours to obtain a homogeneous solution. The same pro
cedure is repeated for 1, 5, 10, and 15%. The dopant material is taken 
according to the percentage and converted to a weight added to the 
pure solution. To get the quality and impurity in fewer values in the as- 
deposited thin films, glass substrates were cleaned stepwise ultra
sonically in soap water, distilled water, and finally in ethanol, respec
tively. Nitrogen flow was used to remove any alcohol droplets and to 
have a highly dried and cleaned surface. After preparing solutions, the 
films were coated on glass substrates with 1500 rpm for 60 sec using the 
spin coating machine, and the same experimental conditions are re
peated to coat successive tenth layers of pure and In-doped CdO sam
ples. The temperature between the successful layers was 120 °C for 10 
minutes. The final deposited samples are subjected to the annealing 
process at 450 °C in a muffle furnace for two hours. The first annealing 
at 120 °C for the as-prepared films was done after deposition of the film 
to evaporate the organic solvents and coat successive tenth layers. The 
second annealing process was done at 450 °C to convert the multi-tenth 
layers of hydroxide forms of the layers to the oxide form. The final 
annealed stage is important to remove the residuals of the organic 
solvent and to stack the layers to form In-doped CdO nanostructured 
films. Thus, the films were deposited, and thickness was measured by 
the Alpha-Step IQ surface profile system in KKU. The thickness values of 
pure and In-doped (1, 5, 10, and 15%) CdO are 150, 153, 148, 159, 149 
nm, respectively. 

2.2. Measurements & devices 

The XRD studies of pure and In-doped CdO thin films were in
vestigated using an X-ray diffractometer (Shimadzu LabX, 6000) with 
CuKα source of wavelength =1.5406 Å) operated at 30 kV and 30 mA. 

The surface morphologies of pure and In-doped CdO films were 
studied by the Atomic force microscope (AFM) (Solver Next, Russia). 

Transmittance, reflectance, absorbance, and other optical para
meters were measured and calculated based on the data obtained by 
JASCO UV-VIS-NIR 570 spectrophotometer in the wavelength range 
300-900 nm (UV-Visible region). 

3. Results and discussions 

3.1. XRD analysis of the pure and In-doped CdO nanostructured films 

Fig. 1. showed the XRD patterns of the present samples recorded 
between 20o and 80o. From the figure, the present films are indicating 
amorphous. However, for pure CdO, the peaks are observed at 33o and 
38o, which tend to disappear by increasing the concentration of Indium- 
ions in the matrix. The observed peaks are well-matched with JCPDS- 
Card No. 05-0640 [26]. The reason for the decreasing nature of the 
peaks with increasing the doping concentration is attributed to the re
ducing crystallite size, and some deposition conditions were also in 
correlation with the data available in the literature [27]. The peaks 
concerning the presence of In2O3 are absent confirms that there are no 
secondary phases formed in the studied film. 

3.2. AFM studies of the pure and In-doped CdO nanostructured films 

It is well established that the films' optical and electrical properties 
contribute to the size of the grain. Hence, it is worthwhile to look at the 
morphology of the pure and In: CdO films. Fig. 2(a,b) shows the surface 
morphology of pure and In-doped (0, 1, 5, 10, and 15%) CdO films. It is 
found from these figures that indium changes the grain size and surface 
roughness of the films with a decrease in grain size with increasing the 
doping concentration. This decreasing trend for the In-doping is at
tributed to the grain. Ions occupy the sites of cadmium results in in
ternal stress, thereby decreasing the grain size. A similar trend of in
crease in grain size up to certain doping levels and decreasing behavior 
was observed for Y: CdO prepared by spray pyrolysis technique [14,15]. 
In the present case, the grain size and roughness values are varying 
from 316 - 95 nm to 79.57 - 38.231 nm, respectively. 

3.3. Linear and nonlinear optical properties of the pure and In-doped CdO 
nanostructured films 

For the analysis of the optical properties, the variance of transmit
tance, reflection, and absorption as a function of wavelength must be 
considered in our account. Thus, these optical parameters in the wa
velength range of 300-900 nm are plotted as a function of the wave
length. Fig. 3(a) showed the transmittance graph of pure and doped 
samples. All the films in the visible region showed a high transmittance, 
and the transmittance is about 80 %, and then it decreases with 

Fig. 1. XRD of In-CdO films deposited with different concentration of In- (0%, 
1%, 5%, 10%, and 15%). 
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increasing the doping concentration. The films which are highly 
transparent in the visible region are studied to enable solar cell appli
cations. Zheng Biju et al. has deposited the In-doped CdO prepared by 
pulse laser deposition method, and the transmittance is observed in the 
range of 75 % - 85 % [28]. The decrease in the transmittance may be 
attributed to the In-ions occupying the interstitial positions and tending 
to increase the absorption. A similar trend is observed in present sam
ples suggested that the same phenomenon of Zheng Bijuet.al is ap
plicable for our samples [28]. 

Fig. 3(b) shows the absorption spectra in the wavelength range of 
300-900 nm, and it is found that the absorbance edge increase with 
doping concentration. It showed a bump in the UV-region and flattens 
in the visible area, which making these films to have application in 
many optoelectronic devices. Similar behavior is observed in many 
oxide films like CdO, NiO, etc. and presented in several reports [28,29]. 

The reflectance is an essential property for an optoelectronic device. 
The reflectance is plotted as a function of wavelength in the range of 
300-900 nm (see Fig. 3c). From these plots, it is observed that the 

Fig. 2. 2D/AFM images of In-CdO films deposited with different concentration of In- (0%, 1%, 5%, 10%, and 15%).  
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reflectance increases with an increase in the concentration of In-doping 
into CdO. Furthermore, the transmittance observed in this case is very 
high compared to the previously recorded data on various growth 
techniques, indicating that the current samples have more optical/ 

optoelectronic applications [28]. 

3.3.1. Kramers-Kronig relations for determining both the refractive index 
and the extinction coefficient 

Due to the importance of optical applications and optical electro
nics, the optical constants are fundamental to determine by an accurate 
method. All calculated methods of optical constant based on the thin 
film thickness, and it is considered a significant issue since there is no 
particular device to measure the thickness. The Kramer-Kronig ap
proach is the best solution for the accurately optical constant calcula
tions without relying on the film thickness [29–36]. The optical con
stants, including the refractive index n and the extinction coefficient k, 
can be calculated for CdO thin films were calculated from the Kramers- 
Kronig approach as [29–36]: 
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where ω is the angular frequency, and the ϕ(ω) is the phase difference 
among the incident and the reflected radiations and was derived from 
the Fourier transform of K-K dispersion relation as [29–36]: 
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The Fourier transform of Eq. (3) is as follow [29–36]: 
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where 
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where i =2, 4, 6,…, j-1, j+1,… for odd j and i =1, 3, 5,…, j-1, j+1,… 
for even j. Thus, in Fig. 4(a,b), the calculated refractive index and the 
extinction coefficient is plotted as a function of wavelength, respec
tively. The refractive index showed a normal dispersion (i.e., decreases 
with increasing the wavelength) and anomalous dispersion (i.e., in
creases with increasing the wavelength) for the studied nano-materials. 
The maximum refractive index and their related wavelength for the 
studied materials are represented inTable 2. The maximum refractive 
index increased with increasing the In-doping ratio in the CdO matrix. 
Also, the extinction coefficient showed a maximum value in the studied 
wavelength region, as shown in Fig. 4b, and Table 2. The maximum 
extinction coefficient increased with increasing the In-doping ratio in 
the CdO matrix (see Table 2). Both n and k increase as the doping of In- 
ions into the CdO matrix increases. This may be attributed to the im
provement of the polarizability and the film density. The lower values 
of k suggested that the films are transparent, which is seen from the 
transmission data of the studied films. 

3.3.2. Linear optical properties 
The bandgap, which is necessary for many optical applications, is 

evaluated from the following relation: 

=E Q E E( ) ( )h
g (7) 

where (α= 4πk/λ) is the absorption coefficient given by edge in the 
band to band transition [37]. Here, Q is a constant; E is the energy of 
photons, Eg is the energy bandgap, and h is a constant. This h de
termines the electronic transition type, 2 for direct transition, and 1/2 
for the indirect transition. The direct bandgap as a function of photon 
energy is plotted in Fig. 5. The bandgap is found to decline from the 
figure, with an increase in the doping concentration. From this figure, 

Fig. 3. (a-c): Transmittance, Absorbance, Reflectance of In-CdO films deposited 
with different concentration of In- (0%, 1%, 5%, 10%, and 15%). 
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the bandgap is observed to decrease with increasing the doping con
centration. Besides, the bandgap values are in the range from 2.73 eV to 
2.31 eV, which is consistent with the data recorded in the literature for 
CdO films [28]. The decrease in the transmittance of the films results in 
the reduction of energy gap values and attributed to the variation of the 
thickness of the films with doping. The observed bandgap values are 
quite high from previously reported of Kramers–Kronig approach, and 
these make them useful for optoelectronic device applications. The 
comparative study of band gap values is tabulated in Table 3. 

The optical dielectric constant ε is the key property of the material, 
which gives information about the retardation of light and energy ab
sorption. The complex dielectric constant is given by ε* = εr + iεi. 
From the values of k and n, both εr (dielectric constant) and εi (dielectric 
loss) can be calculated from the following equations [38]: 

= n kr
2 2 (8)  

= nk2i (9)  

The lower value of the dielectric loss makes the tested samples 
available for optoelectronic devices. Fig. 6(a,b) showed the variation of 
dielectric constant and dielectric loss of the present films. From this 

Fig. 4. (a,b): Refractive index and extinction coefficient as a fucntion of wav
lenght of In-CdO films deposited with different concentration of In- (0%, 1%, 
5%, 10%, and 15%). 

Table 1 
The AFM parameters of In-doped CdO nanostructured thin films.     

Samples Grain size, (nm) Roughness, (nm) 
Pure CdO 316 79.5 
1 % In-doped CdO 133 42.6 
5% In-doped CdO 163 48.6 
10% In-doped CdO 113 36.5 
15% In-doped CdO 95 38.2 

Table 2 
The maximum values of the refractive index and the extinction coefficient of the prepared In-doped CdO nanostructured thin films.       

Samples Refractive index Extinction coefficient 
Wavelength, (nm) Maxium (n) Wavelength, (nm) Maximum (k) 

Pure CdO 442 2.171 359 0.727 
1% In-doped CdO 475 2.564 340 1.407 
5% In-doped CdO 490 2.526 414 1.293 
10% In-doped CdO 464 2.166 388 0.639 
15% In-doped CdO 509 2.612 423 1.362 

Fig. 5. Energy band gap analysis of In-CdO films deposited with different 
concentration of In- (0%, 1%, 5%, 10%, and 15%). 

Table 3 
The optical band gap for undoped CdO and 1%, 5%, 10%, 15% In-doped CdO 
compared with other work.     

Samples Bandgap values, (eV) References 
Pure CdO 2.73 Present work 
1 % In-doped CdO 2.61 
5% In-doped CdO 2.44 
10% In-doped CdO 2.36 
15% In-doped CdO 2.31 
Ce-doped CdO 2.1 – 4.2 eV [48] 
Al doped CdO 2.32 - 2.54 eV [49] 
N doped CdO 3.92 - 3.98 eV [50] 
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figure, with doping concentration, the dielectric constant increases, and 
the dielectric loss decreases. The observed values are comparable and 
high, with earlier studies indicating that the samples present are useful 
in many optical devices. Beside it is found that the values of the di
electric constant are in the range -0.573 – 6.424 while, the values of the 
dielectric loss are in the range -0.662 – 5.781. 

The optical conductivity of the studied thin films gives accurate 
information about the absorption processes, where their applications 
are located. Optical conductivity is calculated from the following 
equation. [39] 

= nc
4 (10) 

where α being the absorption coefficient, n being the refractive index, 
and c is the speed of light (3  × 108 m/sec). Fig. 7(a) indicates the 
optical conductivity of pure and In-doped CdO films. The increase in 
optical conductivity was found in In: CdO film with increase doping 
concentration. For all samples, it is found that σ is in the range 
-1.094 × 1014 – 1.978 × 1011. The electrical conductivity (σe) of In: 
CdO thin films is determined by the formula [40]. 

=
2

,e
op

(11) 

where λ is the wavelength, is shown in Fig. 7(b) From this figure, it is 
clear that (σe) decreases with photon energy, and it is the range 14.751 
– 89.557 for all the samples. From Fig. 7b, the electrical conductivity 
values are showing considerable variation. This suggested that In-ions 
increases the charge carriers with doping percentage, and these samples 
are useful for electro-optic applications. Both the optical and electrical 
conductivities are comparable to other metal oxide thin films [41]. 

3.3.3. Nonlinear optical properties 
The effect of light on the metal oxide thin films is essential for op

tical device applications. When the high-intensity light, like a laser, is 
allowed to fall on the film surface, a non-linear behavior is observed. 
For normal light intensity, the induced polarization (P) is directly 
proportional to the electrical field (E). The induced polarization (P) is a 
non-linear property of an electrical field (E), for laser-like light. 
Therefore, the nonlinear refractive index (n2) and third-order nonlinear 
optical susceptibilities (χ(3)) of the pure and In- doped CdO thin films 
need to be examined. In terms of nonlinear polarizability (PNL), the 
polarizability (p) is given by [42]: 

Fig. 6. (a,b): Both εr (dieletric constant) and εi (dieletric loss) as a fucntion of 
wavlenght of In-CdO films deposited with different concentration of In- (0%, 
1%, 5%, 10%, and 15%). 

Fig. 7. (a,b): Optical conductivity (σ) and electrical condcuivity (σi) as a 
fucntion of wavlenght of In-CdO films deposited with different concentration of 
In- (0%, 1%, 5%, 10%, and 15%). 
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= +p E PNL
(1) (12) 

where = +P E ENL
(2) 2 (3) 3and χ(1), χ(2) and χ(3) are the linear, second, 

and third-order nonlinear optical susceptibilities, respectively. The di
rect refractive index n (λ) can be calculated as follows [43,44]: 

= +n n n E( ) ( ) ( )o 2
2 (13)  

The parameter n (λ) is defined as: no (λ)>>n2(λ), n(λ) = no(λ) 
and (E2) is mean square values of electric field. χ(1) can be known from 
the following equation [43,44]: 

= n 1
4

,(1) 0
2

(14)  

The third-order nonlinear optical susceptibility (χ(3)) follows the 
relation [45–47]: 

= A ( ) ,(3) (1) 4 (15)  

From Eqs. (9) and (10), we get the following equation: 

= A n 1
4

,o(3)
2 4

(16) 

where A is given by 1.7 × 10−10 esu [45]. Thus, n2 can be obtained 
from the equation [45,46]: 

=n
n

12
2

(3)

0 (17)  

For the pure and In-doped CdO films, the variance of linear, third- 
order nonlinear optical susceptibilities and nonlinear refractive index as 
a function of wavelength is studied and shown in Fig. 8(a-c). With 
wavelength, these values are increased and reach a maximum value in 
the visible region and achieve a constant value at the higher wave
lengths. Moreover, these values tend to increase with the increase the 
doping concentration. The nonlinear refractive index is derived from 
third-order nonlinear optical susceptibility; it shows a similar fashion 
and is displayed in Fig. 8c. The values of χ(1) and χ(3) are from 0.005 to 
0.468, and 3.283 × 10−142 to 7.746 × 10−12 esu, respectively. The 
value of the nonlinear refractive index (n2) is varying between 
7.986 × 10−13 to 1.119 × 10−10 esu, and all the optical parameters 
were tabulated in Table 3. From this table, it is clearly understood that 
the present Indium as a dopant showed a considerable impact on the 
host CdO materials and would have a significant effect on the appli
cation of photonic devices [48]. 

4. Conclusion 

Pure and In-doped CdO films were successfully produced using a 
sol-gel assisted spin coating technique. The films of fine quality were 
obtained, and the structural, morphological properties were analyzed. 
The optical bandgap for pure and In-doped CdO samples was found to 
be in the range of 2.73 to 2.31 eV, and bandgap decrease was observed 
as a result of doping. The dielectric constant and optical conductivity 
were found to be varying with increasing the doping concentration. The 
nonlinear optical properties were studied extensively, and the values of 
linear optical susceptibility, third-order nonlinear optical susceptibility, 
and nonlinear refractive index 0.005 to 0.468, 3.283 × 10−142 to 
7.746 × 10−12 esu, and 7.986 × 10−13 to 1.119 × 10−10 esu, re
spectively are reported. From all the linear and nonlinear optical 
properties, the present In-doped CdO is showing a considerable impact 
on the host CdO material, which suggests that the fabricated films are 
suitable for optoelectronic devices and solar cells applications. 
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