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ABSTRACT
Ce-doped ZnCoO (Zn0.99-xCo0.01CexO) thin films (with x = 0.00 to 0.05 in incre-
ments of 0.01) were grown using the sol–gel technique to investigate the influence 
of defects on their optical properties. By applying a Double Facet Coated Sub-
strate (DFCS) theoretical transmittance model to analyze the optical transmittance 
data, the thickness, absorption loss, extinction coefficient, and refractive index 
of the thin films were determined. The films’ thicknesses and refractive indices 
ranged from 350 to 455 nm and 1.71 to 2.02 , respectively. The optical band gap 
fluctuates as the Ce concentration increases from 0.00 to 0.05, and the extinction 
coefficient fluctuates with Ce concentration, and a maximum occurs at the 4% Ce 
concentration following the Sellmeier dispersion relation. However, the high-
est Urbach energy, 904 ± 613 meV, was observed for the 2% Ce-doped film. The 
photoluminescence (PL) spectra of Co/Ce co-doped ZnO thin films reveal the 
relative contributions of defects, namely Zni (zinc interstitials), VZₙ (zinc vacan-
cies), and Oi (oxygen interstitials). X-ray diffraction (XRD) and scanning electron 
microscopy (SEM) were employed to analyze the structural properties and surface 
morphology of the films. Additionally, energy-dispersive spectroscopy (EDS) 
was used to determine the elemental composition of the thin films. This study 
demonstrates the effective use of the DFCS model to accurately determine the 
refractive index and extinction coefficient, two critical parameters for modeling 
photolithographic processes in the semiconductor industry.

1 Introduction

ZnO and doped ZnO nanomaterials have garnered 
significant attention due to their wide range of appli-
cations in fields such as biomedicine, pharmacy, spin-
tronics, photocatalysis, semiconductor-based sensors, 
solar cells, LEDs, and photovoltaic systems [1–11]. The 
nearly universal use of ZnO can be attributed to its 

advantageous properties, including low cost, high elec-
tron mobility, thermal stability, microwave absorption 
capabilities, infrared shielding, high exciton binding 
energy, wide bandgap, chemical resistance, optical 
transparency, photocatalytic efficiency, accessibility, 
non-toxicity, and tunable bandgaps [12–14]. Despite 
these superior properties, researchers have been 
actively working to enhance the structural, electrical, 
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magnetic, and optical characteristics of ZnO by dop-
ing it with various elements, such as transition metals 
(e.g., Ni, Co, Fe, Mn) and rare earth elements (e.g., Y, 
Ce, Yb, Eu), to optimize its performance for specific 
applications [15–27]. Furthermore, ZnO nanomate-
rials—including nanoparticles, nanorods, and thin 
films—are synthesized using various physical and 
chemical methods, such as sol–gel, hydrothermal, co-
precipitation, solid-state reaction, pulsed laser depo-
sition, and DC sputtering, to further enhance their 
properties [28–34]. In both doping and the synthesis 
of ZnO nanomaterials, a key consideration is ensuring 
the material is single-phase, as well as investigating 
any defects that may arise during the process.

The ionic radius of the Co2⁺ ion is approximately 
0.074 nm, which is comparable to that of the Zn2⁺ ion. 
Its electron configuration is [Ar] 3 d⁷, and due to the 
partially filled 3 d orbitals, Co2⁺ exhibits d-d transi-
tions in complexes formed with ligands. For this rea-
son, Co2⁺ is a transition metal that has been widely 
incorporated into ZnO in various studies [32]. On the 
other hand, the ionic radius of the Ce3⁺ ion is approxi-
mately 0.102 nm (102 pm), which is larger than that of 
Zn2⁺. Its electronic configuration is [Xe] 4f1, and due 
to the involvement of f-orbitals, f-f transitions are very 
weak. As a result, the optical activity of the Ce3⁺ ion is 
lower compared to that of Co2⁺. However, the Ce3⁺ ion 
can absorb UV light, making it a prominent candidate 
for UV protection. Some of the key findings from stud-
ies on Ce3⁺ in the literature are as follows: Satpathy 
et al. [33] reference the work of Chelouche et al. [2], 
who demonstrated that Ce doping reduces the UV and 
visible (green) emission intensity of ZnO nanofibers. 
They also found that increasing the Ce doping level 
from 0.1% to 0.9% significantly suppresses the emission 
intensity of ZnO thin films. Regarding the magnetic 
properties of Ce-doped ZnO, several studies have 
reported that ferromagnetic ZnO transitions to dia-
magnetic behavior at ambient temperature.

Moreover, Xin [34] observed that a decrease in Ce 
doping concentration led to a reduction in light trans-
mittance within the wavelength range of 400 to 800 nm. 
Following Ce doping, the bandgap energy increased, 
resulting in improved optical properties suitable for 
the fabrication of ZnO heterostructured thin films. 
At room temperature, all films exhibited strong blue 
emission when excited at 375 nm, suggesting potential 
applications in optoelectronic devices. The UV–vis and 
photoluminescence (PL) spectra at ambient tempera-
ture revealed significant absorption in the near-UV 

region, indicating enhanced absorption in the 370–400 
nm range after Ce ion doping. As the Ce doping con-
centration increased, the optical transmittance of vis-
ible light decreased. Additionally, the bandgap energy 
increased with Ce doping. Notably, an intense blue 
emission with 89% color purity was observed under 
375 nm excitation.

ZnO:Ce films hold potential for applications in 
near-ultraviolet (n-UV) LED light conversion materials 
and blue light sources. Building on this approach, dop-
ing ZnO nanomaterials with Co2⁺ and Ce3⁺ ions aims to 
introduce advanced functionalities and expand their 
utility across a wide range of optoelectronic appli-
cations, including solar cells, LEDs, photodetectors, 
spintronic devices, gas sensors, photocatalysts, IR 
detection systems, and laser technologies. By experi-
mentally and theoretically optimizing the optical and 
electronic properties achieved through this doping, 
the goal was to enhance the performance of these tech-
nologies [35–37].

In this work, zinc oxide films co-doped with cobalt 
and cerium were fabricated using the sol–gel dip-
coating process. Five distinct Zn0.99-xCo0.01CexO thin 
films were produced by varying the cerium content 
from 0.01 to 0.05, and their optical transmittance was 
measured in the wavelength range of 200 to 1100 
nm. The selection of cerium doping was primarily 
influenced by the four resonant absorption peaks 
observed. To identify the optimal configuration for 
maximum performance, the optical properties of the 
thin films—such as the refractive index and extinction 
coefficient—were analyzed and evaluated for differ-
ent cerium doping ratios. For this purpose, paramet-
ric equations for the thin film’s transmittance, extinc-
tion coefficient, and refractive index were developed. 
Using the mathematical model (the DFCS transmit-
tance model) proposed in [36], we numerically com-
puted the parameters of Cauchy’s three-term disper-
sion equation and four distinct Lorentzian absorption 
profiles through the least-squares approach.

2 �Experimental

2.1 �Production of thin films

The DFCS samples were fabricated by depositing Co/
Ce-doped ZnO thin films on soda-lime glass (SLG) 
substrates using the sol–gel process to experimen-
tally validate our methodology. Zinc acetate dihydrate 
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(ZnAc) (Sigma Aldrich, 99–102%), cobalt acetate tet-
rahydrate (CoAc) (Alfa Aesar, 98–102%), and cerium 
acetate tetrahydrate (CeAc) (Sigma Aldrich, 99.9%) 
were used as starting materials, with methanol (ME) 
and monoethanolamine (MEA) serving as solvents 
and stabilizers, respectively. To maintain a 1:1:1 molar 
ratio of ZnAc:CoAc:CeAc:MEA, we dissolved ZnAc, 
CoAc, and CeAc in ME at a concentration of 0.25 M 
and then added MEA to the mixture. The final solu-
tion was continuously stirred at room temperature 
using a magnetic stirrer until a transparent solution 
was obtained. The pH of the solutions was measured 
using a standard pH meter. The viscosities of the solu-
tions were adjusted by adding ME, and the detailed 
procedures are provided in [18, 21].

To achieve high-quality thin films, it is essential to 
prepare the pristine SLG substrates as thoroughly as 
possible. First, the SLG substrates were washed with 
detergent, rinsed with purified water, and then soni-
cated for 5 min in a 20% sulfuric acid/purified water 
solution. Finally, the substrates were rinsed again 
with purified water and dried using a nitrogen flow. 
This cleaning process effectively removed all contam-
inants from the surface of the SLG substrates. After 
cleaning, the substrates were dipped into the Co/Ce 
co-doped ZnO solutions and then pulled through a 
vertical furnace at 400◦C . The thickness of the films 
was controlled by adjusting the number of dips, the 
withdrawal rate, and the solution dilution. This pro-
cess was repeated until the desired film thickness was 
achieved, ensuring a thick and uniform coating. Sub-
sequently, the glass substrates and thin films were 
annealed at 600◦C for 30 minutes to form a crystalline 
structure.

2.2 �Characterization of Co/Ce co‑doped ZnO 
thin films

The Co/Ce co-doped ZnO thin films were characterized 
using a Shimadzu UV mini 1240 UV/Vis/NIR spectro-
photometer and a scanning electron microscope (SEM) 
(JEOL, JSM-5910LV). X-ray diffraction (XRD) patterns 
were obtained using a Rigaku Multiflex diffractometer 
with Cu Kα radiation (λ = 1.5408 Å). The 2θ range of 
20° to 80° was scanned, with increments of 0.02 and a 
scanning speed of 3°/min. The Zn0.99-xCo0.01CexO (x = 
0.00–0.05) thin films, produced in polycrystalline form 
via the sol–gel technique, were further analyzed for their 

photoluminescence properties using an Agilent Cary 
Eclipse Fluorescence Spectrophotometer.

2.3 �The equations of transmittance model

The sol–gel dip-coating process produces a thin layer 
on both sides of the substrate, similar to the Lang-
muir–Blodgett and chemical bath deposition (CBD) 
techniques [36]. As a result, two symmetric thin films 
form on opposite sides of the substrate, as illustrated 
in Fig. 1b. In our earlier research, this structure was 
referred to as a “Double Facet Coated Substrate” 
(DFCS), whereas a conventional film deposited on a 
single side of the substrate was termed a “Single Facet 
Coated Substrate” (SFCS) (Fig. 1a) [36]. The presence of 
the second thin layer creates a fundamentally different 
interaction between light and the DFCS compared to the 
SFCS. Consequently, the widely used envelope method 
(Swanepoel’s method) for analyzing thin films on a sub-
strate cannot be directly applied to DFCS systems.

The electric field reflection and transmission coeffi-
cients for an air-film-substrate (afs) system are provided 
as follows, respectively, for the equation of the double-
facet-coated substrate system of transmittance in Sec. 
2.1 [36]:

where � = 4��
film

d
film

∕� is the complex phase shift at 
each round trip through the film of thickness d

film
 at 

the wavelength � , and �
film

 is the complex refractive 
index of the thin film (af: air-film, fs: film-substrate). 
However, since the intensity reflectance ( R

afs
 ) and 

transmittance ( T
afs

 ) are real quantities that can be 
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Fig. 1   a Single Facet Coated Substrate (SFCS), b Double Facet 
Coated Substrate (DFCS) [36]
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measured directly, these are the parameters most rel-
evant to experiments:

where n
a
 and n

s
 are the refractive indices of air and 

substrate, respectively, and * operator denotes the 
complex conjugate.

It is important to note that these equations assume 
a semi-infinite substrate thickness, meaning the trans-
mitted light remains confined within the substrate 
medium. For a substrate with finite thickness, the well-
known Swanepoel’s formula [36] is used to describe 
the transmittance T

afs
.

As in our previous work [36], we investigated the 
transmittance using a broadband light source with a 
short coherence length comparable to the thickness 
of the thin films. Consequently, the phase shift of 
the electric field induced by the film thickness must 
be taken into account, as the reflectance and trans-
mittance formulas for zones 1 and 3 depend on the 
coherent summation of the multiple reflected electric 
fields. However, there will be no interference between 
the various reflected electric fields, as the thickness of 
region 2 (the substrate) is significantly larger than the 
coherence length of the light source. Consequently, 
the effect of the finite substrate is determined by the 
sum of the multiple reflected intensities rather than 
the coherent summation of the electric fields. Nev-
ertheless, we account for the substrate thickness in 
our calculations because it influences the extent of 
light beam attenuation [36]. Equation (2) provides the 

(2)R
afs

= r
afs
r
∗

afs
, T

afs
=

n
a

n
s

t
afs
t
∗

afs

transmittance, T
afs

 , and the infinite coherent summa-
tion in the first phase-dependent thin film is illustrated 
in Fig. 2. As described in Sec. 2.1 [36], the total trans-
mittance of this DFCS system can be determined by 
summing these coefficients:

Given that |||U
2
R
2

sfa

|||
< 1 , the geometric series expan-

sion formula can be used to reduce the above equation 
as follows ∶

where the absorption loss isU = e
−�

sub
⋅d
sub , the absorp-

tion coefficient of the substrate is �
sub

 , �
sub

=
4�

�
k
sub

 , 
the extinction coefficient of the substrate isk

sub
 , the 

substrate thickness is d
sub

 , the reflection coefficient is 
R
sfa

 , the afs transmittance is T
afs

 , and the sfa transmit-
tance isT

sfa
.

It is important to note that when U = 1 in Eq. (4), 
corresponding to a lossless substrate, the improved 
Swanepoel’s formula, as derived in our previous work 
[12], is obtained. Similarly, the total reflectance R

system
 

of the DFCS system is provided in Sec. 2.1 [36] as:

Equation (4) was used to determine �
film

 , U  , 
and d

film
 . The refractive index of the thin film was 
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Fig. 2   The DFCS system’s 
total transmittance formula’s 
derivation [36]
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calculated using a three-term Cauchy dispersion rela-
tion, expressed as follows:

Similarly, the extinction coefficients of these films 
were determined using four distinct Lorentzian 
absorption profiles and a wavelength-independent 
term, as described below:

where the amplitudes of the Lorentzian peaks: D,E,F 
and G , the resonance wavelengths: λD, λE λF and λG, 
the absorption widths w

D
,w

E
,w

F
, and w

G
 . Here, H is 

the white loss term. The first three peaks ( D,E,F ) are 
chosen to model the three resonant low absorption 
peaks of cobalt as stated in Sect. 2.2 in [36]. The fourth 
peak ( G ) was included to explain the heavy loss at 
shorter wavelengths. Due to the negligible total loss 
within the wavelength range of interest, the Kramers-
Krönig relation between �

film
 and k

film
 was disregarded 

in this study. The refractive index of soda-lime-silica 
glass (SLSG) was provided by Rubin as [31]:

Equation (4) provides the transmittance of an 
uncoated substrate if the film thickness d

film
= 0 or 

�
film

= �
air

 . Based on our earlier computations [36], the 
absorption loss U equation is as follows:

where T
sub

 is the experimental transmittance data of 
the uncoated substrate, R

as
 is the air-substrate interface 

reflectance, and T
as

 is the air-substrate interface trans-
mittance. Figure 3 shows T

sub
 as a function of wave-

length. After calculating U, the previously mentioned 
equation U = e

−�
sub

⋅d
sub can be applied to get k

sub
 . With 

a caliper, d
sub

 was discovered to be 1240 μm. Equation 
(4) can be solved by substituting n

film
 , k

film
 , n

sub
 , and 

k
sub

 . This leaves T
system

 with 10 unknown parameters 
(6 from k
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 , 3 from n
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 , and d

film
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T
sub 3 �Results and discussion

3.1 �Analysis of structural characterization

Figure 4 shows the X-ray diffraction (XRD) scan of 
the Zn0.99-xCo0.01CexO thin film deposited on a glass 
substrate. The XRD pattern reveals a c-axis-oriented 
(002) peak at 2� = 34.50

o , confirming the formation of 
a single-phase hexagonal wurtzite structure (ICDD 
card No. 36–1451) belonging to space group P63 mc 
without any secondary phases associated with CoO 
or CeO.

Fig. 3   Uncoated SLSG substrate optical transmittance [36]

Fig. 4   Zn0.98Ce0.01Co0.01O thin film: single-phase XRD pattern
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3.2 �The features of morphology

The SEM images reveal that the Zn0.99-xCo0.01CexO 
thin film has surfaces covered with small particles, 
as shown in Fig. 5a–b. Additionally, the thin film 
was found to be free of pinholes and cracks. The 
thickness of the Zn₀.₉₈Ce₀.₀₁Co₀.₀₁O thin film, deter-
mined from the cross-sectional SEM image (Fig. 5b), 
was approximately 420 nm, with relative errors 
ranging from 4 × 10

−3 to 6 × 10
−3 . These computed 

thickness values are consistent with our experi-
mental findings. The elemental composition of the 
Zn₀.₉₈Ce₀.₀₁Co₀.₀₁O thin film was analyzed using 
energy-dispersive spectroscopy (EDS), which shows 
distinct peaks for zinc, cerium, cobalt, and oxygen 
in Fig. 5c. This confirms that the components of the 
film match the intended composition used during 
its fabrication.

3.3 �Photoluminescence (PL)

Photoluminescence (PL) spectra provide valuable 
insights into the crystalline characteristics, defect 
types, and defect densities of semiconductor mate-
rials. To investigate the effects of Ce doping on the 
crystalline properties, defect types, and defect densi-
ties of ZnO thin films, we conducted PL analysis. The 
analysis revealed two distinct emission peaks: a strong 
ultraviolet (UV) emission peak and a broad visible 
emission band. These peaks are significant as they are 
characteristic of n-type ZnO semiconductors. The visi-
ble emission band can be divided into two regions: the 
first region exhibits violet to orange emission, while 
the second region shows red emission. It is widely 
accepted that the UV emission reflects the quality and 
quantity of defects in ZnO, whereas the visible emis-
sion is associated with the presence of defects [38–40].

The UV emission is typically associated with 
the near-band-edge (NBE) transition, an optical 

Fig. 5   Zn0.98Ce0.01Co0.01O thin films a SEM image b cross section and c EDS image
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characteristic of ZnO’s wide bandgap. NBE emission 
arises from excitonic transitions between holes in the 
valence band and electrons in the conduction band 
[40]. Stronger UV emission is generally observed in 
ZnO materials with higher crystallinity and fewer 
defects. The stability of NBE emission has been con-
sistently demonstrated in previous studies [40]. An 
annealing temperature of 600 °C is considered opti-
mal, as it also promotes the formation of a high-quality 
crystal structure.

Notably, the visible emission band is divided into 
two distinct regions. The first region covers violet, 
blue, green, yellow, and orange wavelengths, while 
the second region spans red and near-infrared (NIR) 
wavelengths. These visible emissions, often referred to 
as deep-level (DL) emissions, are attributed to impu-
rities or defects in the ZnO crystal lattice, such as 
oxygen antisites (OZn), zinc interstitials (Zni), oxygen 
vacancies (Vo), and oxygen interstitials (Oi) [38–40]. 
Emission peaks have been observed in the violet, blue, 
green, yellow, red, and near-infrared regions. To bet-
ter understand the defects responsible for these emis-
sions, the PL spectra were analyzed using Gaussian 
decomposition. This method was applied to investi-
gate the structural defects in Co/Ce co-doped ZnO thin 
films.

The spectral curves were determined using the fol-
lowing model, and the decomposition was performed 
using the Fityk software:

Using Fityk software, the analysis of the photolu-
minescence (PL) spectra related to Ce content revealed 
13 main Gaussian decompositions, as shown for 
Zn0.99-xCo0.01CexO (x = 0.0–0.05) films in Fig. 6. The 
figure displays the areas and central positions of each 
peak. These peaks correspond to ultraviolet (UV), vio-
let, blue, red, and near-infrared (NIR) emissions (Peaks 
1–13). The emission regions are described as follows: 
(a) UV emissions (362–380 nm) region: these are attrib-
uted to the near-band-edge (NBE) transitions of Co/
Ce co-doped ZnO, exhibiting excitonic characteristics; 
(b) Violet emissions (308–450 nm): these result from 
electron transitions from zinc interstitials (Zni) to the 
valence band; (c) Blue emissions (450–500 nm) region: 
these are associated with zinc vacancies (VZn); (d) 
Red emissions (670–750 nm) region: these are linked 
to oxygen interstitials (Oi); (e) Near-infrared (NIR) 
emissions (750–826 nm) region: these are attributed 

(10)f (�) = ae
−(�−b)

2
∕2c

2

to secondary UV diffraction and are likely caused by 
oxygen vacancies, as reported by Arda et al. [40].

The areas of the observed peaks were calculated to 
identify the dominant defects, as a larger peak area 
indicates a higher concentration of defects [40]. The 
percentages under the Gaussian curves for each Ce 
concentration were also determined. The PL spectra 
of Co/Ce co-doped ZnO thin films provide the rela-
tive percentages of defects, emission ranges, emission 
origins, and peak positions, as summarized in Table 1.

Figure  6 illustrates the distribution of defects 
in Zn0.99-xCo0.01CexO (x = 0.0–0.05) films using pie 
charts based on the Ce doping ratio. Three emission 
regions—violet, blue, and red—were observed in 
Fig. 6, corresponding to zinc interstitials (Zni), zinc 
vacancies (VZn), and oxygen interstitials (Oi), respec-
tively. The violet region exhibited the highest emission 
intensity, suggesting a predominance of Zni defects. 
Emissions in the red region are associated with diva-
lent oxygen vacancies (Vo⁺⁺) between 620 and 670 nm 
and interstitial oxygen (Oi) between 670 and 750 nm 
[40]. However, while Oi defects varied with Ce concen-
tration, Vo⁺⁺ defects were not observed in Fig. 6.

3.4 �Fitting non‑linear curves using 
transmittance data

Since thin films exhibit significant optical loss below 
this range, we considered the wavelength range of 
200–1100 nm in our calculations. Figure 7 shows the 
transmittance values for five distinct Zn0.99-xCo0.01CexO 
thin films (x = 0.01–0.05). In the visible range of 
400–700 nm, the films demonstrated optical transpar-
ency exceeding 75% , indicating high transparency in 
this region. These exceptional transmittance properties 
make the films suitable materials for optical coatings. 
To determine the unknowns, ⇀x  , that minimize the 
resulting quantity, we developed an optimization code 
using the Nelder-Mead simplex method in MATLAB.

where T
i
 : the observed transmittance data and � : 

wavelength data.T
system

(
⇀

x , �
i

)
 was defined in Eq. (4), 

where N is the number of data points. ⇀x  comprises 10 
unknown entries, specifically 3 parameters from n

film
 , 

6 parameters from k
film

 , and d
film

 that require optimiza-
tion. Assuming a wavelength-independent refractive 

(11)min
⇀

x

N∑

i=1

T
system

(
⇀

x , �
i

)
− T

2

i
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Fig. 6   Gaussian decompositions of the PL spectra of Zn0.99-xCo0.01CexO (x = 0.0–0.05) films were performed using Fityk software, and 
the relative percentages of each point defect observed at each Ce concentration are displayed in a pie chart in the inset

Table 1   PL spectra of Co/
Ce co-doped ZnO thin films 
using Fityk software to 
determine the proportional 
proportions of defects, 
emission ranges, emission 
origins, and peak areas using 
the Gaussian distribution

Ce concentration (%)

0 1 2 3 4 5

Area under curve (%) Wavelength 
range (nm)

Emission
Range

Surface defects

65.12 66.72 70.49 62.99 73.00 45.92 380–450 Violet (Zn
i
) → (V

B
) DL

Emission5.16 0.64 0.44 0.50 1.21 4.53 450–500 Blue (v
Zn
)

29.73 32.63 29.07 36.51 25.79 49.55 670–750 Red (O
i
)
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index and loss, the initial values of these 10 parameters 
were determined for the curve-fitting problem. Fig-
ure 8 shows the curve-fitting models after the opti-
mized 10 unknowns were identified.

Figure 9a–e display the theoretical curve fits and 
experimental transmittance data plotted against wave-
length, along with their corresponding magnified 
graphs. The small peaks observed at 900 nm in all plots 
(Fig. 9a–e) are attributed to the substrate, as previously 
discussed in our earlier study [36]. Additionally, our 
model utilized the experimental data to estimate the 
substrate loss.

The curve-fitting model employed the Nelder-Mead 
simplex technique to determine the optimal values for 

the 10 unknowns, as listed in Table 2. Additionally, the 
relative error for each fitting was calculated using the 
following formula:

which is shown in Table 2.

3.5 �Extinction coefficient and dispersion 
relation

Figures 10 and 11 illustrate the extinction coefficient 
and the dispersion relation versus wavelength � (Eq. 
(6) and Eq. (7)), respectively, for each thin film. Fig-
ure 10 reveals an oscillating trend in the extinction 
coefficient ​ k

film
 as the Ce concentration increases, as 

determined by Eq. (7) using the data from Table 2. 
This trend aligns with Sellmeier’s dispersion rela-
tion, except for the 4% Ce concentration, where the 
extinction coefficient k

film
 reaches a maximum value of 

approximately 0.16. This peak correlates directly with 
enhanced radiative losses, indicating dominant scat-
tering phenomena in the medium at this concentration 
[41]. Additionally, as shown in Fig. 11, the refractive 
index values typically range from 1.71 to 2.02, which 
aligns with the findings of Karakaya and Kaba [8]. For 
a Ce concentration of 3%, higher refractive index val-
ues are observed at wavelengths 𝜆 > 850 nm.

As seen in Fig. 11, the refractive index ranges from 
1.71 to 2.02. Especially, the Zn₀.₉₅Co₀.₀₁Ce₀.₀₃O film, 
with a refractive index range of 2.01–2.02, is suitable 
for optoelectronic applications such as solar cells and 

(12)

√√√
√∑(||ExperimentalData − CurveFitting

||
||ExperimentalData

||

)2

Fig. 7   Zn0.99-xCo0.01CexO (x = 0.01–0.05) thin films: experimen-
tal transmittance vs. wavelength

Fig. 8   Zn0.99-xCo0.01CexO 
(x = 0.01–0.05) thin films: 
approximated transmittance 
vs. �
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Fig. 9   a Zn0.99-xCo0.01CexO 
thin films: x = 0.01 and its 
zoomed graphs for the theo-
retical curve fits (in red) ver-
sus � and experimental trans-
mittance measurements (in 
black). b Zn0.99-xCo0.01CexO 
thin films: x = 0.02 and its 
zoomed graphs for the theo-
retical curve fits (in red) ver-
sus � and experimental trans-
mittance measurements (in 
black). c Zn0.99-xCo0.01CexO 
thin films: x = 0.03 and its 
zoomed graphs for the theo-
retical curve fits (in red) ver-
sus � and experimental trans-
mittance measurements (in 
black). d Zn0.99-xCo0.01CexO 
thin films: x = 0.04 and its 
zoomed graphs for the theo-
retical curve fits (in red) ver-
sus � and experimental trans-
mittance measurements (in 
black). e Zn0.99-xCo0.01CexO 
thin films: x = 0.05 and 
its zoomed graphs for the 
theoretical curve fits (in red) 
versus � and experimental 
transmittance measurements 
(in black)
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LEDs. However, in the IR region, Zn₀.₉₉₋ₓCo₀.₀₁CeₓO 
(x = 0.01, 0.02, 0.04, and 0.05), with refractive index val-
ues of 1.71 to 1.81 (approximately 2.0 or lower), were 
found to be appropriate for applications in IR sensors, 
optical filters, and photodetectors.

3.6 �Band gap calculation

The optical band gap E
g
 can be found using the for-

mula between the absorption coefficient (α) and pho-
ton energy (hυ) as follows:

(13)�h� = k

(
h� − E

g

)
1∕n

where h is the Plank’s constant, υ is the frequency 
of the vibration, and k is a constant. The exponent n 
depends on the type of the transition and takes the 
value 1∕2 for the indirect transitions, while 2 for the 
direct allowed transitions [42, 43].

In Eq. (13), E
g
 and k stand for the optical band gap 

and energy-independent constants, respectively. Since 
ZnO has direct-permitted transitions and F

(
R�

)
 is pro-

portional to α, n is assumed to be 2 . Consequently, Eq. 
(13) can be changed to:

(14)F

(
R�

)
h� = k

(
h� − E

g

)
1∕2

Fig. 9   continued
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Equation (14) can be stated differently as 
(
F

(
R�

)
h�
)
2

= k
2

(
h� − E

g

)
 A linear fit was used to 

approximate the 
(
F

(
R�

)
hυ

)
2 graph’s slope. As shown 

in Table  3 and Fig.  12a–f, the bandgap energy 
reached a minimum value of 3.272 eV for a Ce con-
centration of 1% and a maximum value of 3.277 eV 
for a Ce concentration of 4%. The optical bandgap of 

the thin films exhibited fluctuations as the Ce content 
increased. This behavior can be attributed to the pos-
sible substitution of Zn ions by Ce ions in the ZnO 
lattice. The observed bandgap energies are consistent 
with the findings of Karakaya and Kaya [8].

Table 2   Zn0.99-xCo0.01CexO thin films (x = 0.01–0.05): sixteen optimized curve-fitting model parameters and the relative errors

Zn0.98Ce0.01Co0.01O Zn0.97Ce0.02Co0.01O Zn0.96Ce0.03Co0.01O Zn0.95Ce0.04Co0.01O Zn0.94Ce0.05Co0.01O

A 1.714 1.753 2.014 1.763 1.747
B − 0.138 − 0.170 − 0.240 − 0.082 − 0.084
C 0.021 0.026 0.029 0.011 0.014
D 0.003 0.003 0.001 − 0.003 0.000
E 0.001 0.002 0.028 − 0.007 − 0.005
F 0.001 0.001 0.020 0.002 0.001
G 0.038 0.030 0.059 0.154 0.049
w

D
 (�m) 0.103 0.050 0.020 0.071 0.008

w
E
 (�m) 0.027 0.089 0.273 0.182 0.180

w
F
 (�m) 0.018 0.014 −0.155 0.041 0.038

w
G
 (�m) 0.016 0.016 −0.027 0.015 0.017

�
D
 (�m) 0.508 0.520 0.656 0.532 0.579

�
E
 (�m) 0.614 0.585 0.826 0.837 0.849

�
F
(�m) 0.658 0.660 0.511 0.654 0.653

�
G
 (�m) 0.379 0.385 0.372 0.358 0.376

Film Thickness (�m) 0.432 0.439 0.453 0.360 0.388
Substrate Thickness
(�m)

1240 1240 1240 1240 1240

White loss 0.002 0.002 −0.03 0.007 0.003
Relative Error 1.169 × 10

−3
1.707 × 10

−3
1.392 × 10

−3
1.31 × 10

−3
1.270 × 10

−3

Fig. 10   Zn0.99-xCo0.01CexO 
(x = 0.00–0.05) thin films: 
extinction coefficient vs. �
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Fig. 11   Zn0.99-xCo0.01CexO (x = 0.01–0.05) thin films: refractive index vs. �



	 J Mater Sci: Mater Electron          (2025) 36:896   896  Page 14 of 19

3.7 �The calculation of urbach energy

In Fig. 13, the photon energy hv (in eV) is plotted 
against the logarithm of the absorption coefficient 
for Zn₀.₉₉₋ₓCo₀.₀₁CeₓO (x = 0.01–0.05) thin films. 
The relationship between the absorption coef-
ficient ( �  ) and photon energy ( hv ) near the band 
gap is described by Urbach’s law, which states that 
the absorption coefficient exhibits an exponential 
dependence on photon energy, as expressed by the 
following relation:

where �
0
 is a constant and E

u
 is the Urbach energy, 

which represents the impact of all potential faults and 
is a measure of structural disorder and defect density 
[39].

The following connection is used to estimate the 
Urbach energy E

u
 values near the band gap, which are 

connected to the band gap’s localized states’ width:

where α is the absorption coefficient and h� is the pho-
ton energy [16]. However, since only tabular values of 
the absorption coefficient are available, we estimated 
the first derivative of ln� with respect to the photon 
energy ( hv) using two distinct finite difference tech-
niques: the 3-point central and 5-point formulae.

These approximations provide second-order and 
fourth-order accuracy, respectively. The Urbach 
energy values E

u
 at E

g
 were evaluated by plotting the 

bandgap values as a function of Ce concentration ( x ) 
for ZnCoCeO thin films, as listed in Table 4 and shown 

(15)� = �
0
e

h�
∕
E
u

(16)E
u
=

[
d(ln �)

d(h�)

]−1

in Fig. 14. The Urbach energy values (E
u
) show a non-

monotonic dependence on Ce concentration as shown 
in Table 4, indicating complex doping-induced modi-
fications to the film’s electronic structure [44, 45]. As 
shown in Fig. 14, doping with Ce reduced the Urbach 
energy (E

u
) of Zn₀.₉₉₋ₓCo₀.₀₁CeₓO films, except for the 

2% Ce concentration. The decrease in E
u
 indicates an 

increase in structural disorder and defect density as the 
Ce concentration in Zn₀.₉₉₋ₓCo₀.₀₁CeₓO films increased. 
For the 2% Ce concentration, the highest Urbach 
energy value was approximately 1550 meV according 
to 5-point F.D.M.. In contrast, Bindu and Thomas [46] 
reported an E

u
 value of 490 meV for undoped ZnO thin 

films. This suggests that doping with Ce increases the 
Urbach energy value of Zn₀.₉₉₋ₓCo₀.₀₁CeₓO. A larger E

u
 

indicates higher structural disorder (e.g., vacancies). 
The elevated Urbach energy value can be attributed to 
the formation of additional interband states between 
the valence and conduction bands. The Urbach energy 
value becomes minimum at 0.05% Ce which could 
optimize film performance (e.g., solar cells, sensors). 
Moreover, it also reflects improved crystallinity and 
reduced defect states, implying optimal Ce doping 
enhances structural ordering. The peak value of the 
Urbach energy at 0.01% Ce aligns with expectations 
for high defect density in low-doping regimes, typical 
of sol–gel synthesis. Lower E

u
 values (e.g., 0.02–0.05% 

Ce) correlate with reduced band-tail states, beneficial 
for optoelectronic applications (e.g., higher carrier 
mobility) [44, 45].

4 �Conclusion

The c-axis-oriented (002) hexagonal wurtzite Zn₀.₉₉₋
ₓCo₀.₀₁CeₓO (x = 0.00–0.05, in increments of 0.01) thin 
films were fabricated as a single-phase material using 
the sol–gel process, and their optical properties were 
determined using the DFCS model [36]. We found that 
the film thicknesses ranged from 350 to 455 nm. The 
refractive index exhibited an increasing trend, with 
values ranging from 1.71 to 2.02.

We found that the Ce-doped Zn₀.₉₉₋ₓCo₀.₀₁CeₓO thin 
films exhibited optical bandgap energy values ranging 
from 3.272 to 3.277 eV, with the minimum occurring 
at 1% Ce concentration and the maximum at 4% Ce 
concentration. The highest Urbach energy value was 
observed at a Ce concentration of 2%.

Table 3   Fitting curve function y(hυ) = A × hυ + B , band gap 
energies Eg and variances �2 for different Ce doping ratios for the 
Zn0.99-xCo0.01CexO thin films

x A B E
g
(eV) �2

0.01 47.66 − 156.05 3.274 2.45 × 10
−3

0.02 49.60 − 162.53 3.277 2.89 × 10
−3

0.03 48.42 − 158.58 3.275 2.69 × 10
−3

0.04 47.33 − 155.04 3.276 2.27 × 10
−3

0.05 45.93 − 150.28 3.272 1.94 × 10
−3
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Fig. 12   The plots of (αhν)2 as a function of photon energy (hν) and the linear fit for the Zn0.99-xCo0.01CexO a x = 0.01, Eg = 3.272 eV, b 
x = 0.02, Eg = 3.276 eV, c x = 0.03, Eg = 3.275 eV, d x = 0.04, Eg = 3.277 eV, and e x = 0.05, Eg = 3.274 eV
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The refractive index and bandgap energy values 
obtained for Co/Ce-doped ZnO thin films highlight 
their potential for various optoelectronic applications. 
The values measured in both the visible and infrared 
(IR) regions make these films suitable for use in solar 
cells, LEDs, sensors, and photodetectors. As a result, 
they could play a critical role in enhancing the effi-
ciency of optoelectronic devices.

Fig. 13   ln� versus pho-
ton energy h� (eV) of 
Zn0.99-xCo0.01CexO (x 
= 0.01—0.05) thin films

Table 4   The Urbach energy values Eu in meV for the 
Zn0.99-xCo0.01CexO ( x=0.01–0.05) thin films computed at Eg 
using two finite difference methods (F.D.M.)

Ce concentration 3-point Central F.D.M. 
(meV)

5-point 
F.D.M. 
(meV)

0.01 1201.05 1029.47
0.02 489.64 1518.14
0.03 409.07 513.64
0.04 580.89 485.18
0.05 256.51 291.71

Fig. 14   The 3-point 
central and 5-point finite 
difference methods (FDM) 
of Zn0.99-xCo0.01CexO (x = 
0.00–0.05) thin films are 
two distinct finite difference 
approaches that estimate the 
band gap Eg as a function 
of Ce concentration ( x ) and 
Urbach energy ( Eu ) values
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