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bstract: The structural, optical, single oscillator analysis, electronic polarizability, and optoelectronic 

properties of Co:ZnO thin films prepared via sol-gel spin coating are reported. X-ray diffraction analysis 

revealed a hexagonal wurtzite crystal structure, with crystallite size increasing from 15.9 (0 mol%) to 16.37 

nm at 4 mol.% then decreased to 14.86 nm at 8 mol%, attributed to lattice distortion and micro-strain. Strain energy 

density increased with Co doping, reflecting enhanced lattice distortions. UV-vis spectroscopy reveals a decrease in 

the optical band gap from 3.72 eV for 0 mol% to 2.76 eV for 8 mol%, while the refractive index increased from 

2.23 to 2.4. The oscillator energy in the single oscillator analysis through the Wemple-DiDomenico model increases 

from 4.091 eV (0 mol%) to 6.909 eV (8 mol%), the dispersive energy rises from 1.156 to 38.154 eV, and the 

oscillator strength increases from 0.36 × 10
-5

 to 29.8 × 10
-5

. Electronic polarizability also increased from 2.26 × 10
-

25
 to 2.45 × 10

-25
 cm³, thus reflecting increased polarization arising from structural and electronic changes. 

Optoelectronic properties such as the charge carrier, concentration plasma frequency, relaxation time and optical 

mobility were also maximized at 6 mol% cobalt doping and decreased at 8 mol%. On the other hand, the optical 

resistivity decreased from 9.49 × 10
-21

 to 2.29 × 10
-22

 Ωm. These findings therefore reveal that Co doping enhances 

the optical and electronic properties of ZnO thin films, hence making them suitable for optoelectronic applications, 

including sensors, solar cells, and nonlinear optical devices. 
 

Keywords: oscillator- energy, dispersive- energy, electronic polarizability, optoelectronic 
 

 

ntroduction 

Zinc oxide (ZnO) is an abundant, inexpensive, 

and environmentally friendly direct wide band 

gap (3.37 eV) II–IV compound semiconductor 

that finds extensive application in diodes [1], 

biomedical [2], gas sensors [3], optoelectronics [4], 

photocatalysis [5], piezoelectric device [6], and 

transparent conducting oxides [7]. In recent times, ZnO 

have been doped with transition metals such as cobalt 

(Co) [8], manganese (Mn) [9], iron (Fe) [10], nickel 

(Ni) [11], and others introduce new energy states within 

the ZnO band gap, leading to enhanced or novel 

functionalities suitable for various technological 

applications. However, the substitution of Zn²⁺  ions by 

Co²⁺  ions in the ZnO lattice is stable and suitable as 

the ionic radii difference of Zn
2+

 (0.74 Å) and Co
2+ 

(0.75 Å) is within the limit of Hume-Rothery rule. 

Recently Co doped ZnO thin films have been fabricated 

using sol-gel spin coating [12, 13], pulse laser 

deposition [14, 15], sputtering [16, 17], atomic layer 

deposition [19] and others. In this study, pure ZnO and 

Co-doped ZnO thin films were produced using sol-gel 

spin coating deposition technique. This method was 

chosen because of its advantages such as Simplicity and 

cost-effectiveness, good control over composition and 

doping concentration and Suitability for large-area 

coatings. 

It is observed that, the single oscillator analysis and the 

electronic polarizability of cobalt doped zinc oxide thin 

films is rarely sighted in the literature. Single oscillator 

analysis is a powerful technique for characterizing the 

optical properties of materials (Co:ZnO thin films 

inclusive). It provides valuable insights into the 

material’s electronic structure, dispersion parameters 

(oscillator energy, dispersive energy and oscillation 

strength) [20, 21, 22], and the effects of doping and 

annealing. These insights are crucial for optimizing the 

material's performance in various applications, making 

single oscillator analysis an essential tool in the study 

and development of Co:ZnO thin films. Electronic 

polarizability is a critical factor influencing the optical, 

dielectric, electrical, nonlinear optical, and magnetic 

properties of materials [23, 24, 25]. Understanding and 

controlling this property can lead to enhanced 

performance in various applications such as 

optoelectronics, spintronics, sensors, and nonlinear 

optical devices. The interplay between the polarizability 

and other material properties enables the tailoring of 

Co:ZnO thin films for specific technological 

applications. 

In this paper, we report the single oscillator analysis 

and electronic polarizability of cobalt doped zinc oxide 

thin films synthesized by sol-gel deposition technique. 

The Wemple-Didomenico (WDD) model was used to 
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determine single oscillator parameters such as oscillator 

energy, dispersive energy, oscillator strength and static 

refractive index. Furthermore, the electronic 

polarizability was evaluated using UV-Vis 

spectroscopy data. Moreover, the effect of cobalt 

concentration on the oscillator parameters and 

electronic polarizability of Co:ZnO was investigated. 

The insights provided by this study are crucial for 

optimizing the material's performance in various 

applications such as optoelectronics, spintronics, 

sensors, and nonlinear optical devices. 

 

aterials and Methods 

Synthesis of Co:ZnO thin films 

Preparation of precursor solutions 

The analytical grade reagents of zinc acetate dehydrate 

(CH3COO)2Zn.2H2O), Cobalt acetate tetra hydrate 

(C4H14CoO8), methanol (CH3OH) and triethanolamine 

(TEA) were used in the preparation of the precursor 

solutions. Firstly, 0.4 M of zinc acetate dehydrate was 

dissolved in the mixture of methanol and 

triethanolamine (TEA) solution at room temperature. 

The molar ratio of TEA to Zinc acetate dehydrates was 

kept at 1:1.  In the same way, 0.4M of dopant source, 

cobalt acetate tetra hydrate was prepared with methanol 

as solvent. The dopant concentrations were 0, 4.0, 6.0 

and 8.0 wt%. The solutions were stirred at 50
o
C for 20 

min using a water bath stirrer (WBS-6pro, Joan lab). 

The resultant solutions were aged at room temperature 

for 24 h to form gel. 

Deposition of Co: ZnO thin films 

The sol gel spin coating deposition technique was used 

in the fabrication of the Co:ZnO thin films. 

Prior to the deposition, the soda-lime glass (SLG) 

substrates were cut into 2.5 by 2.5 cm sizes. The SLG 

substrates were washed with detergent, rinsed with de-

ionized water, cleaned with ethanol and then rinsed 

again with de-ionized water. The washed SLG 

substrates were then dried in a laboratory oven (model 

TT 9053, Techmmel & Techmmel, USA) at 100
o
C for 

15 min. The ZnO and the Co:ZnO thin films were 

coated on the SLG substrates using the vacuum spin 

coater (VTC-100, Shenyang Kejing Auto-Instruments 

Co Ltd, China). The precursor solution (gel) was 

dropped on the SLG substrate and spun at 2500 rpm for 

20 seconds. After this, the film was baked in the 

laboratory oven at 180
o
C for 10 minutes and allowed to 

cool to room temperature. The coating process was 

repeated 10 times for each sample. The deposited films 

were annealed at 400
o
C for one hour in a model SXL 

muffle furnace (Gallenkomp, England). 

Characterization of the Co:ZnO thin films 

The optical and structural properties of the synthesized 

Co:ZnO thin films were measured using the JENWAY 

Spectrophotometer (Cole palmer Ltd, UK), X-ray 

Diffractometer (XRD) D8 Advanced BRUKER .The 

thickness of the film was measured by the Stylus 

profilometer VEECO Dektak150. 

 

 

esults and Discussion 

Structural properties of Co:ZnO thin films 

The X-ray diffraction (XRD) pattern of 

undoped and Co-doped ZnO thin films at different 

concentrations of cobalt ion (Fig. 1). The XRD pattern 

corresponds with diffraction standard card number 36-

1451 and revealed that, the the Co:ZnO thin films are 

polycrystalline and exhibit hexagonal wurtzite crystal 

structure [26]. Moreover, no extra peak ascribed to Co 

dopant was detected. This suggests that the films are of 

a single phase [27]. The pure ZnO thin film showed 

preferred orientation in the 1 0 1 direction and that as 

the cobalt content increased, the peak intensities were 

observed to decrease gradually. This suggest a decline 

in crystallinity  caused by incorporation of Co
2+ 

into the 

Zn
2+

 ion lattice sites of the ZnO matrix [27].  

 

 
Figure 1: X-ray diffraction pattern for Co:ZnO thin 

films 

 

 

The average crystallite size D, of the Co:ZnO films was 

calculated using the Sherrer’s formula Eq.1 [28]. 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
                                           (1) 

Where β is the full width at half maximum (FWHM) at 

Bragg’s angle θ, for the dominant peaks of (100), (002) 

and (101) planes. While λ is the wavelength of the x-

ray (λ=1.5406 Å).  The lattice parameters a and c, were 

estimated from the Eq.2 and Eq.3 [29].  

𝑎 =
𝜆

 3𝑠𝑖𝑛𝜃 (100 )
                                          (2) 

𝑐 =
𝜆

𝑠𝑖𝑛𝜃 (002 )
                                             (3) 

 

The unit cell volume Vu , the crystallite volume Vc
, 
and 

the number of unit cells in a crystallite Nu, were 

determined by using Eq.4, Eq.5, Eq.6 [26], and then 

presented in Table 1.  

       𝑉𝑢 =
 3𝑎2 𝑐

2
                                         (4) 

    𝑉𝑐 = 𝐷3                                                  (5) 

   𝑁𝑢 =
𝑉𝑐

𝑉𝑢
                                                  (6) 
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Table 1: Structural properties of cobalt doped zinc oxide thin films 

Co  Conc. 

mol% 

2θ (deg.) 
FWHM 

β(Radian) 

Lattice 

Parameters (Å) 

v 

x10-2 

(nm)3 

V  x103  

(nm)3 

Nu 

x104 

Average 

Crystallite 

Size D (nm) 

Dislocation 

density 

δ x 1013m-2 

Micro-strain 

ε x 10-3 
100 002 101 100 002 101 a c 

0 31.5 34.20 35.90 0.0088 0.0085 0.0120 3.27 5.239 4.87 4.05 8.31 15.94 4.24 7.94 
4 31.4 34.15 35.90 0.0108 0.0750 0.0102 3.29 5.247 4.91 4.39 8.94 16.37 4.02 7.83 

6 31.4 34.10 35.90 0.0110 0.0081 0.0102 3.29 5.254 4.92 3.28 6.67 14.86 4.98 8.65 

8 31.4 34.10 35.95 0.0119 0.0100 0.0090 3.29 5.254 4.92 3.40 6.92 15.04 4.62 8.50 

 

The crystallite size for the undoped ZnO is found to be 

15.94 nm, but between 4 mol% and 8 mol% of Co-

doped ZnO, the crystallite size decreased from 16.37 to 

14. 86 nm. This decrease in crystallite size can be 

attributed to increased micro-strain and lattice distortion 

caused by the incorporation of larger Co²⁺  ion (ionic 

radius ~0.75 Å) into the smaller Zn
2+ 

ion (ionic radius = 

0.74 Å) site in the ZnO lattice [30]. This can also be 

due to enhancement of nucleation sites [31], which also 

inhibits crystal growth. The variation of unit cell 

volume, crystallite volume and number of unit cells 

with cobalt concentration in Co:ZnO is presented in 

Fig. 2. It is observed that, the unit cell volume of Co-

doped ZnO thin films increases with cobalt content 

primarily due to the substitution of Zn²⁺  ions with 

larger Co²⁺  ions in the ZnO lattice. This substitution 

causes the lattice to expand slightly, resulting in an 

increased unit cell volume. Additionally, any lattice 

distortion introduced by the cobalt ions can also 

contribute to this volume expansion [32]. Also 

noteworthy is the fact that, the number of unit cell 

volumes decreased with increase in Co content. This 

can be due to increased dislocations to due to Co 

doping (as seen in Table 1). These defects can result in 

a higher packing density or increased grain boundary 

area, which in turn reduces the number of unit cells that 

can be formed within Co:ZnO lattice [32]. 

 

 
Figure 2: Variation of unit cell volume, crystallite 

volume and number of unit cells with cobalt 

concentration in Co:ZnO thin films 

 

Bond length 

The bond length refers to the distance between the 

atoms in a crystal lattice. When ZnO is doped with 

cobalt, the introduction of Co ions can alter the Zn-O 

bond length as the dopant Co ionic radius is larger 

compared to the host Zn ion. 

The bond length L of the Co:ZnO thin films is 

calculated using Eq.7 [31]. 

𝐿2 =
𝑎2

3
+  

1

2
− 𝑢 

2

𝑐2                        (7) 

Where a and c are the lattice constants and u, the 

positional parameter. The positional parameter for the 

hexagonal wurtzite structure is obtained from the 

relation Eq.8: 

𝑢 =  
𝑎2

3𝑐2 + 0.25                                 (8) 

The calculated values of the bond lengths for the pure 

ZnO and the Co-doped ZnO thin films are presented in 

Table 1). This difference can be due to the presence of 

oxygen vacancies induced by Co
2+

 due to their low 

formation energy in the ZnO lattice [33]. The variation 

of bond length and crystallite size at different Co 

doping level is presented in Fig. 3. It is observed that, 

the bond length in the Co:ZnO thin films increases with 

Co content in the ZnO  lattice. The increase in bond 

length can be ascribed to the incorporation of Co
2+

 with 

larger ionic radius into Zn
2+ 

ion site with smaller ionic 

radius. An increase in bond length typically introduces 

strain into the crystal lattice. Bond length induced strain 

can impede the growth of large crystallites, leading to 

smaller crystallite sizes [34, 35]. This is consistent with 

the crystallite size as shown in Fig. 3 where bond length 

is inversely proportional to crystallite size. 

 
Figure 3: Effect of cobalt concentration on 

crystallite size and bond length of Co:ZnO thin films 

 

 
Figure 4: Variation of total internal stress and strain 

energy density with Co concentration in Co:ZnO 

thin films 
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Strain energy density 
The strain energy density is a measure of the elastic 

energy stored per unit volume due to deformation. The 

strain energy density in Co-doped ZnO thin films is 

influenced by the strain, which arises from lattice 

mismatch or doping-induced lattice distortions. It is 

given by the Eq. 9 [36].  

  𝐸𝑑 =
1

2
𝐸𝜀2                                       (9) 

 

It is observed that, the strain energy density is directly 

proportional to the total internal stress as seen in Fig. 4. 

Optical properties 

Optical absorption and transmission of cobalt doped 

ZnO thin films 

The absorption spectrum (Fig. 5a) indicates that 

increasing cobalt concentration caused a red-shift in the 

absorption edge. Generally, for Co:ZnO thin films, 

absorption occurs in the UV-visible region, typically 

between 300 nm and 700 nm. The shift in absorption 

edge can be attributed to due to defect states and the sp-

d exchange interactions [37]. 

The transmission spectra (Fig. 5b) show a decrease in 

transmittance as Co concentration increased from 4 

mol% to 8 mol%. This is an expected behaviour, as 

transition metal doping creates additional absorption 

centers that reduce transparency of the thin films. In the 

pure ZnO thin film, the transmittance in the visible 

region typically exceeds 80% [38]. With Co doping, the 

transmission can dropped   from about 70%–50%. This 

result is consistent with reports of [39]. 

Absorption and extinction coefficients of Co:ZnO 

thin films 

The absorption coefficient (α) describes how strongly a 

material absorbs light at a specific wavelength. It is 

related to the direct or indirect band gap transitions in 

the material. The absorption coefficient is determined 

from Eq. 10 [28]. 

   𝛼 =
2.303𝐴

𝑑
                                         (10) 

Where, A is the absorbance and d, the thickness of the 

film. Fig. 5c shows the absorption coefficient of cobalt 

doped zinc oxide thin films. It is noted that, in ZnO, the 

absorption coefficient is typically in the range of 10
4
 to 

10
5
 cm

-1
 in the UV-visible region [39]. The introduction 

of Co into ZnO modifies the absorption behaviour due 

to the creation of additional defect states and possible 

band gap narrowing [37]. Higher Co concentrations 

often lead to increased absorption in the visible region 

due to d–d transitions of Co²⁺  ions [40]. 

The extinction coefficient (k) measures the material’s 

ability to absorb light and dissipate energy as heat. It is 

related to the absorption coefficient by the Eq.11 

 𝑘 =
𝛼𝜆

4𝜋
                                          (11) 

Where λ is the wavelength. Fig. 5d depicts extinction 

coefficient as a function of photon energy for the 

Co:ZnO thin films. It is observed that, a high k value in 

the UV range suggests strong electronic transitions, 

while an increased k in the visible region indicates 

additional defect states or mid-gap absorption centres 

caused by Co doping [41]. More so, in pure ZnO, k is 

generally low (< 0.1) in the visible region but increases 

at high photon energy (above 3.10 eV) due to 

fundamental absorption [39]. Co doping often leads to 

an increase in k at longer wavelengths, suggesting 

enhanced defect-related absorption.  

 

 

 

 
Figure 5: (a) Absorbance (b) Transmission (c) Absorption Coefficient and (d) Extinction coefficient of Co:ZnO thin films 
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Figure 6: (a) Real dielectric constant and (b) Imaginary dielectric constant Co:ZnO thin films 

 

 

Dielectric properties of cobalt doped zinc oxide thin 

film 

Dielectric constant is a crucial property of 

semiconductor material. There are two components of 

dielectric constants namely: the real dielectric constant 

(εr) and the imaginary dielectric constant (εi). The real 

dielectric constant measures how much a 

semiconductor will impede the speed of light without 

absorbing energy. Whereas, imaginary dielectric 

constant is a measure of how much a material absorbs 

energy from a time varying field. The dielectric 

constants are given by Eqs. 12 and 13. 

𝜀𝑟 = 𝑛2 − 𝑘2                                           (12) 

 𝜀𝑖   = 2𝑛𝑘                  (13) 

Where n and k are refractive index and extinction 

coefficient, respectively 

  

Figure 6(a-b) depict the real and imaginary dielectric 

properties of Co:ZnO thin films prepared by sol gel 

spin coating method 

The variation of real part of the real dielectric constant 

ε1 with Co doping in ZnO thin films follows distinct 

trends. At low Co concentration, a slight rise in 

dielectric constant is observed. This can be due to the 

introduction of localized states in the optical band gap, 

which enhance the Co:ZnO’s polarization ability [41].  

Higher εi values at moderate Co doping levels suggest 

improved optical performance, making Co:ZnO films 

suitable for optoelectronic applications. 

It is noticeable that, pure ZnO has lower imaginary 

dielectric constant due to fewer mid-gap states. As Co 

doping increases in ZnO thin films, the imaginary 

dielectric constant generally shows a variation which 

can be attributed to increase in optical absorption [42], 

changes in free carrier concentration [41] and localized 

defect states [43]. 

Optical band gap refractive Index and Urbach 

energy 

The Tauc's relation in Eq.14 was used to obtain the 

optical band gap energy values of the Co:ZnO thin 

films. 

 𝛼ℎ𝑣 = 𝑌 ℎ𝜈 − 𝐸𝑔 
𝑛

                              (14) 

Where, 𝛼 is the absorption coefficient, ℎ𝑣  is the 

incident photon energy, Eg  is optical band gap, Y is a 

constant and n is a factor which depends on the allowed 

electronic transition. 𝑛 =
1

2
an d 𝑛 = 2 for direct and 

indirect allowed transitions, respectively. Therefore, 

 𝛼ℎ𝑣 2 = 𝑌 ℎ𝜐 − 𝐸𝑔                         (15) 

 

To determine the optical band gap energy, the variation 

of (αh𝑣)2
 with respect to photon energy ℎ𝑣  is plotted 

for the thin films under study as shown in Fig. 7. The 

value of the band gap is obtained by extrapolating the 

linear portion of the curve from on the horizontal axis 

(ℎ𝑣 = 0). The determined values of the optical band 

gap of the Co:ZnO thin films are presented in Table 3. 

It is observed that, the optical band gap decreases with 

increasing Co concentration, from 3.72 eV at 0 mol% to 

2.76 eV at 8 mol%. This reduction suggests that cobalt 

doping introduces localized states near the conduction 

band, narrowing the band gap, which can be attributed 

to sp-d exchange interactions between the band 

electrons and the localized d-electrons of Co ions [44]. 

In terms of the optical band gap, the refractive index in 

calculated from Dimitrov and Sakka’s relation Eq.16: 

𝑛2−1

𝑛2+2
= 1 −  

𝐸𝑔

20
   (16) 

 

The calculated values of the refractive index as 

presented in Table 2, increased slightly as Co 

concentration in ZnO lattice rises, from 2.23 at 0 mol% 

to 2.47 at 8 mol%. This behaviour indicates increased 

densification and changes in the electronic 

environment, which are common in doped materials. 

 

Table 2: Optical properties of Co:ZnO thin films 

Co conc. 

mol.% 

optical bandgap 

Eg  (eV) 

Refractive  

index 𝜼 

Urbach energy 

Eu (meV) 

0 3.72 2.23 197 

4 3.12 2.37 417 

6 2.88 2.43 891 

8 2.76 2.47 822 
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Urbach energy (Eu) is the width of the tail of localized 

defect states in the band gap. These defect states trap 

the excited electrons, thereby preventing direct 

transition of electrons from valence to the conduction 

band. It is responsible for the absorption tail which 

extends into the forbidden gap. This absorption tail is 

called the Urbach tail and is related with the Urbach 

energy. The Urbach energy is calculated using Eq. 17a. 

 𝛼 = 𝛼0𝑒𝑥𝑝
ℎ𝑣

𝐸𝑢
   (17a) 

Where 𝛼 is the absorption coefficient, ℎ𝑣 is the photon 

energy, Eu the Urbach energy and 𝛼0 a constant. Eq.17a 

can be transformed into a linear equation as in Eq. 17b. 

 ln 𝛼 = ln 𝛼0 +
ℎ𝑣

𝐸𝑢
                                  (17b) 

 

The Urbach energy is obtained from the reciprocal of 

the slope of the linear fitting of the plot of ln 𝛼 vs  ℎ𝑣 

(Fig. 8 (b). The determined Urbach energy values are 

presented in Table 3. It can be seen that, the Urbach 

energy, representing the disorder in the thin films, rises 

significantly from 197 meV at 0 mol% to 891 meV at 6 

mol%, then decreases slightly to 822 meV at 8 mol%. 

This trend highlights that Co doping initially increases 

structural disorder due to ion incorporation but might 

stabilize at higher concentrations [45]. 

 

 
Figure 7: (a) Tauc’s Plots and  (b) Ln α versus  hν plots for  Co: ZnO  thin films 

 

 

Single oscillator analysis cobalt doped zinc oxide 

thin film  

The single oscillator analysis of the Co:ZnO thin films 

was carried out using the Wemple-DiDomenico (WDD) 

single oscillator model (Eq.18) to determine parameters 

such as oscillator energy, dispersive energy, oscillator 

strength and static refractive index. The WDD model 

shows refractive index as function of photon energy 

below the inter-band absorption edge [36].   

 𝑛2
 ℎ𝜈 = 1 +

𝐸𝑑𝐸0

𝐸0
2− ℎ𝑣 2                    (18)  

Where Ed is the dispersive energy, Eo is single oscillator 

energy and  𝑛ℎ𝑣  is wavelength dependent refractive 

index expressed in Eq. 19 [47, 48]. 

𝑛(𝜆) =
1+ 𝑅

1− 𝑅
                                      (19) 

 

The dispersion energy Ed, measures the average strength 

of inter band optical transitions and depends 

onmaterial's electronic structure. The oscillator energy 

(E₀) represents the average energy of optical transitions 

and is a measure of the material's electronic resonance. 

It is associated with optical direct band gap of the 

semiconductor material. 

The Ed
 
 and  Eo for the  Co:ZnO thin films were 

determined from the linear fitting of the  plots of  

 𝑛2 − 1 −1 versus  ℎ𝑣 2  of Fig. 11(a). 
𝐸0

𝐸𝑑
 is the 

intercept on the vertical axis while 
1

𝐸𝑜𝐸𝑑
 is the slope of 

the linear fitted curve.  

The static refractive index (zero frequency refractive 

index) 𝑛0  from dispersion parameters was obtained 

using Eq.20. 

 𝑛0 =  1 +
𝐸𝑑

𝐸𝑜
   (20) 

 

The optical moments provide insight into the material's 

electronic structure, revealing information about the 

density and distribution of energy states when it 

interacts with electromagnetic waves (lights).There are 

two optical moments namely first (M−1) and third (M−3) 

optical moments. The first moment indicates the 

Co:ZnO’s polarizability, providing information on  the 

ease with which  electrons in the Co:ZnO thin films can 

be displaced by an external electric field. Higher values 

of M−1 imply that the Co:ZnO can respond more 

strongly to low-energy electromagnetic fields which is 

often desirable for enhancing light absorption. 

The first and third optical moments are given by Eq.21 

and Eq.22, respectively [49]. 

 𝑀−1 =
𝐸𝑑

𝐸𝑜
2   (21) 

The third optical moment,  

      𝑀−3 =
𝐸𝑑

𝐸0
4     (22) 

Where, Ed is the dispersive energy and Eo is the 

oscillator energy 
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The oscillator strength So and the average oscillator 

wavelength  λo of the CZO  thin films were determined 

by using the Sellmeier equation (Eq.23) [28]. 

 𝑛2 − 1 −1 =
1

𝑆𝑜  𝜆0
2 −

1

𝑆𝑜𝜆2  (23) 

 

The linear fitting of the plots of   𝑛2 − 1 −1  versus 𝜆−2 

(Fig. 11b) for all the films were employed to calculate 

oscillator strength So and the average oscillator 

wavelength λo. The slope of the fitted line equals  
1

𝑆𝑜  
 

and the intercept on the vertical axis equals 
1

𝑆𝑜  𝜆0
2. 

The calculated values of the dispersion energy  𝐸𝑑  , the 

effective oscillation energy𝐸𝑜 , the static refractive 

index𝑛0, optical moments (M−1) and (M−3), oscillator 

strength and wavelength of the Co:ZnO thin films with 

different Co concentrations are reported in Table 4. 

 

 

Figure 8: (a) Wemple-Didomenico plots for CZO thin films,  (b) Sellmeier  plots for CZO thin film 

 

Table 3: Refractive index dispersive parameters of cobalt doped zinc oxide thin films 

Co Conc. 

(Mol.%) 

Optical band gap 

Eg (eV) 

Dispersive energy 

Ed (eV) 

Oscillator 

Energy 

E0 (eV) 

Static refractive  

Index no 

 

Eo/Eg 
M-1 M-3 

 

Sox 10-5 

λo 

(nm) 

0 3.72 1.156 4.091 1.133 1.10 0.283 0.211 0.36 958.66 
4 3.12 5.929 4.662 1.507 1.49 1.272 0.036 1.73 214.25 
6 2.88 9.688 5.610 1.651 1.99 1.727 0.018 3.23 135.49 
8 2.76 38.154 6.909 1.8045 2.50 2.256 0.002 29.8 38.84 

 

 

Results depict that Ed increases significantly from 

1.156 eV to 38.154 eV as the Co ion concentration rose 

from 0 to 8 mol%. This in dispersive energy suggests 

that Co ions significantly strengthen the interaction 

between light and the Co:ZnO thin film, thereby 

increasing the films’ refractive and absorptive 

capacities [50]. The observed result makes Co-doped 

ZnO thin films particularly suitable for applications 

requiring high refractivity, such as coatings, 

waveguides, and optical devices. Also, the E₀ increased 

with Co concentration, from 4.091 eV at 0 mol% to 

6.909 eV at 8 mol%. The Oscillator energy of thin film 

is empirically associated with the lowest band gap by 

the relationship, Eo=2.5 Eg [51]. The increase in E₀ 

predicts that cobalt doping shifts electronic transitions 

to higher energy levels. This is associated with the 

modification of ZnO's electronic structure due to the 

incorporation of Co ions, enables the energy required 

for inter band transitions [44]. An increase in the E₀ 

improves the Co:ZO optical energy storage and 

resonance capabilities, making it suitable in 

optoelectronic applications like filters and resonators 

that require stable, high-energy optical properties. 

Furthermore, the oscillator strength S₀, increased 

appreciably, from 0.36 × 10
-5

 at 0 mol% to 29.8 × 10
-5

 

at 8 mol%. The significant increase in the S₀ depicts 

that Co-doped ZnO thin films are highly effective in 

absorbing and emitting light, making them ideal for 

photovoltaic devices, lasers, and light-emitting diodes 

(LEDs). 

Electronic polarizability 

Electronic polarizability (αe) measures the material's 

ability to polarize under an applied electric field, which 

depends on its electronic structure.  

Electronic polarizability of the CZO can be obtained 

using the Clausius-Mosotti model of the local field 

polarization Eq. 24. 

𝛼𝑒 =
3

4𝜋𝑁𝐴
 
𝑛2−1

𝑛2+2
 𝑉𝑚                        (24) 

Where n, is the refractive index of the thin film, NA, is 

the Avogadro’s number (6.02 x 10
23

) and Vm , is the 

molecular volume obtained from 

𝑉𝑚 =
𝑀

𝜌
                                           (25) 

Where M and 𝜌 is the Molar mass and density 

respectively of bulk CZO material 
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The calculated electronic polarizability of the CZO and 

its variation owith Co concentration in ZnO lattice is 

presented in Table 4. It is noted that, αe increases 

steadily with Co concentration, from 2.26 × 10
-25

 cm³ at 

0 mol% to 2.45 × 10
-25

 cm³ at 8 mol%. 

This result revealed that, the polarizability is enhanced 

by the incorporatio of Co ions into the ZnO lattice. This 

can be attributed to creation of greater electronic cloud 

distortion under an applied electric field due to Co 

doping in ZnO matrix [44] Also, the replacement of 

Zn²⁺  with Co²⁺ , which has a different electronic 

structure, increased the dielectric polarizability of the 

ZnO lattice [49]. The increase in polarizability can be 

attributed to electronic structure modification [45], 

lattice distortion [51] and charge carrier concentration 

[49]. 

Metallization criterion and linear optical 

susceptibility 

The metallization criterion (M) is a parameter that 

evaluates the potential of a material to transition from 

an insulating to a metallic state. It provides insight into 

the electronic structure and bonding characteristics of 

the material. It is calculated based on the refractive 

index n, as shown in Eq.26 

𝑀 = 1 −  
𝑛2−1

𝑛2+2
                                (26) 

 

The calculated values of M are presented in Table 4. It 

is observed that, M decreases from 0.430 at 0 mol% Co 

to 0.370 at 8 mol% Co. This decline suggests that as 

cobalt concentration increases, the material exhibits a 

stronger tendency toward metallic behaviour. The 

decreasing M value corresponds to the narrowing of the 

optical band gap, which indicates that the energy 

required for electron excitation decreases due to the 

incorporation of Co ions which consequently created 

defect states and enhanced electron-lattice interactions 

[44]. 

Linear optical susceptibility (χ) is a quantity that 

defines the material's response to an external optical 

field. It determines material’s ability to polarize under 

light. It is determined as shown   in Eq.27 [27]. 

 𝜒 =  
𝜀−1

4𝜋
      (27) 

Where, ε is dielectric constant  

 

The calculated values of  χ as shown in Table 4 

increases from 0.316 at 0 mol% Co to 0.406 at 8 

mol% Co. The increase in the linear optical 

susceptibility depicts enhanced polarizability of the 

films under study. As Co ions are incorporated into 

the ZnO matrix, the electronic density in the material 

is enhanced. This structural modification improves the 

Co:ZnO’s nonlinear optical properties [51]. The 

increase in χ of the Co:ZnO thin films improves the 

material's optical interactions, making it suitable for 

applications in optoelectronic devices, such as 

waveguides, optical modulators, and lasers. 

 

 

Table 4: Electronic polarizability metallicity and 

optical   susceptibility of cobalt doped Zinc oxide 

Thin films 

Co conc. 

mol.% 

Metallization 

Criterion 

M 

Electronic  

Polarizability   

αe x10-25 

Optical  

dielectric 

Constant 

εopt 

Linear 

Optical  

Susceptibility 

χ 

0 0.430 2.26 3.973 0.316 

4 0.394 2.41 4.617 0.367 

6 0.380 2.46 4.905 0.390 

8 0.370 2.45 5.101 0.406 

 

 

Optoelectronic properties of co-doped ZnO thin 

films  

Density of states (DOS) 

The density of states (DOS) reflects the number of 

available electronic states per unit volume at a specific 

energy.The optoelectronic properties such as density of 

states and free charge carrier concentration (N) can be 

obtained from the Spitzer-Fan Model (SFM) as given in 

Eq.28 [28]. 

𝜀𝑟 = 𝜀∞ −
1

4𝜋2𝜖0
 
𝑒2

𝑐2  
𝑁

𝑚 ∗ 𝜆2            (28) 

where 
𝑁

𝑚 ∗ density of states), 𝜀𝑟  is  the real dielectric 

constant, 𝜀∞  high frequency dielectric constant , e is the 

electronic charge, c speed of light,  N, is charge carrier 

concentration and m
*
 is the effective mass  (m

*
= 0.18 

me) [52]. Where, me is the electron mass and 𝜖0 is the 

permittivity in free space. The density of states (
𝑁

𝑚∗) 

for all the samples of CZO thin films was determined 

from the linear fitting of the plot of 𝜀𝑟  on the vertical 

axis  and 𝜆2 on the horizontal axis (Fig. 9a) where  
1

4𝜋2𝜖0
 
𝑒2

𝑐2  
𝑁

𝑚∗  equals the slope and 𝜀∞  is  the intercept  

on the vertical axis. 

The computed values of DOS and free charge carrier 

concentration for different Co concentration in CZO 

thin films are reported in Table 6. Results indicate that 

DOS increases significantly, from 0.67 × 10³⁹ at 0 

mol% to 2.64 × 10³⁹ at 6 mol%, before dropping to 1.09 

× 10³⁹ at 8 mol%. However, at 8 mol%, the decrease in 

DOS may be due to structural disorder [44]. 

Relaxation time 

Relaxation time is a measure of the average time 

between charge carrier collisions. The relaxation time 

for the CZO thin films was determined using the Drude 

free electron which expresses the imaginary dielectric 

constant as a function of incident photon wavelength 

given in Eq.29 [53]. 

 𝜀𝑖 =
1

4𝜋3𝜖0
 
𝑒2

𝑐3  
𝑁

𝑚∗  
1

𝜏
 𝜆3                       (29) 

where the symbols have their usual meanings. The 

relaxation time is determined from the slope of the 

linear fitting of the plot of 𝜀𝑖against𝜆3 (Fig. 9b). 

 

By knowing the ratio term N/m*, the electronic charge 

e, the electric permittivity of air ϵ0 and the speed of 

light c, the relaxation time τ was calculated. The 

calculated values of the relaxation time as reported in 

Table 5 showed that, τ increased from 3.56 × 10
–4

 s to 
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9.39 × 10
–4

 s as Co doping rose from 0 to 6 mol%, and 

then declined to 2.06 × 10
–4

 s at 8 mol% Co doping. 

The increase in relaxation time between 0 to 6 mol% ls 

indicates reduced scattering and enhanced carrier 

mobility while, the decline of relaxation time at 8 mol% 

suggests that excessive Co doping introduces more 

defects and scattering centers  [45]. 
 

 
Figure 9: (a) Spitzer-Fan Plots and (b) Linear fitting of the plot of 𝜺𝒊against 𝝀𝟑 for CZO thin films 

 

 

Table 5: Optoelectronic properties of cobalt doped Zinc oxide Thin films 

Co conc. 

Mol.% 

Density of states 

N/m x 1039 
Plasma frequency 

𝝎p x1012 (Hz) 

Charge carrier  

concentration 

N x10  8 

Relaxation 

Time 

𝝉 x10-4 (s) 

Optical mobility 

μ opt x107cm2/V⋅s 

Optical resistivity 

ρ opt (Ω.m) 

0 0.67 1.93 1.70 3.56 3.12 9.49E-21 

4 2.54 7.35 6.48 9.27 8.14 2.51E-22 

6 2.64 7.64 6.73 9.39 8.25 2.29E-22 

8 1.09 3.16 2.79 2.06 1.81 6.09E-21 

 
 

Plasma frequency  
Plasma frequency corresponds to the collective 

oscillation frequency of free charge carriers in the 

material. The  plasma frequency (𝜔𝑝 ) of all free charge 

carriers involved in  the optical transitions  for the CZO  

thin films  at different Co content was calculated using 

Eq.30 [54]. 

𝜔𝑝 =
𝑒2𝑁

𝑚 ∗ 

𝜖0
   30 

where e, electronic charge, 𝜖0 is the permittivity in free 

space 8.85× 10−12  𝐹𝑚−1, and  𝑁 𝑚∗  the DOS.  

 

The result of the calculated plasma frequency for the 

various CZO thin films as presented in Table 5 

indicated that that when the Co concentration rose from 

0 ml% to 6 mol%, plasma frequency increased from 

1.93 × 10¹² Hz to 7.64 × 10¹² Hz, and  then declined to 

3.16 × 10¹² Hz at 8 mol% of Co doping. The increase in 

ωp at lower concentrations indicates a higher 

concentration of free carriers, which is ascribed to the 

level of Co doping. The drop at higher concentrations 

might be due to scattering effects or saturation of 

dopant-induced carriers [55]. Higher plasma frequency 

at moderate doping levels enhances the material's 

optical conductivity and transparency in certain spectral 

ranges, making it suitable for transparent conducting 

films and other optoelectronic applications. 

Optical mobility and resistivity 

The ease of carrier movement in an optical field is 

reflected in optical mobility. Conversely, optical 

resistivity quantifies how resistant a substance is to the 

movement of optical charge carriers. The Drude Free 

Electron Model was used to calculate the optical 

mobility ( 𝜇𝑜𝑝𝑡 ) and resistivity (ρopt) of the CZO thin 

films under investigation using Eqs 31 and 32.  

    𝜇𝑜𝑝𝑡 =
𝑒𝜏

𝑚 ∗      (31) 

𝜌𝑜𝑝𝑡 =
4𝜋

𝜏𝜔𝑝
2   (32) 

Where, e is the electronic charge, 𝜏is the relaxation time 

m
* 

is the effective mass of charge carrier and 𝜔𝑝  is   the 

plasma frequency  

 

The calculated values of optical mobility and resistivity 

of the CZO thin films at different Co concentration are 

presented in Table 5. Results pointed out that, optical 

mobility increased from 3.12 × 10⁷ cm²/V•s to 8.25 × 

10⁷ cm²/V•s as Co concentration increased from 0 to 6 

mol%, and decreased to 1.81 × 10⁷ cm²/V•s at 8 mol%. 

The rise in optical mobility at lower Co doping levels 

shows improved carrier transport, while the decrease at 

8 mol% indicates reduction in mobility likely due to 

increased scattering [44]. Moreover, Enhanced optical 

mobility at optimal doping levels improves 

optoelectronic performance, ideal for high-speed optical 

communication systems. On the other hand, optical 
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resistivity ρopt, decreases sharply, from 9.49 × 10
-21

 

Ω•m at 0 mol% to 2.29 × 10
-22

 Ω•m at 6 mol%, then 

rises to 6.09 × 10
-21

 Ω•m at 8 mol%. The decrease at 

lower doping levels corresponds to enhanced 

conductivity, while the rise at higher doping levels 

reflects increased carrier scattering and reduced charge 

transport [49]. The implication is that, low optical 

resistivity at moderate doping enhances the material's 

suitability for transparent conducting layers in displays 

and solar cells. 

 

onclusion 

Co:ZnO  thin films were successfully 

synthesized by sol gel spin coating deposition 

technique. The prepared films were characterized via 

X-ray diffraction (XRD) analysis and UV-vis 

spectroscopy to investigate the structural properties, 

single oscillator analysis, electronic polarizability, and 

optoelectronic properties of Co:ZnO thin films. XRD 

analysis revealed a hexagonal wurtzite crystal structure, 

with crystallite size increasing from 15.9 (0 mol%) to 

16.37 nm at 4 mol.% then decreased to 14.86 nm at 8 

mol%,. Strain energy density increased with Co doping, 

reflecting enhanced lattice distortions. UV-vis 

spectroscopy reveals a decrease in the optical band gap 

from 3.72 eV for 0 mol% to 2.76 eV for 8 mol%, while 

the refractive index increased from 2.23 to 2.47. The 

oscillator energy in the single oscillator analysis 

through the Wemple-DiDomenico model increases 

from 4.091 eV (0 mol%) to 6.909 eV (8 mol%), the 

dispersive energy rises from 1.156 to 38.154 eV, and 

the oscillator strength increases from 0.36 × 10
-5

 to 29.8 

× 10
-5

. Electronic polarizability also increased from 

2.26 × 10
-25

 to 2.45 × 10
-25

 cm³, thus reflecting 

increased polarization arising from structural and 

electronic changes. The metallicity criterion and linear 

optical susceptibility were also evaluated. 

Optoelectronic properties like the charge carrier 

concentration, density of state, plasma frequency, 

relaxation time and optical mobility were also 

maximized at 6 mol% cobalt doping and decreased at 8 

mol%. On the other hand, the optical resistivity 

decreased from 9.49 × 10
-21

 to 2.29 × 10
-22

 Ωm. These 

findings therefore reveal that Co doping enhances the 

optical and electronic properties of ZnO thin films, 

hence making them suitable for optoelectronic 

applications, including sensors, solar cells, and 

nonlinear optical devices. 
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