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A B S T R A C T

The sol-gel method was used to grow Cd-doped ZnO (Zn1-xCdxO) (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04,
and 0.05) thin films to analyze the optical properties. A Double Facet Coated Substrate (DFCS)
theoretical transmittance model was used to analyze the optical transmittance data and to
determine the thickness, absorption loss, extinction coefficient, and refractive index of the thin
films. The thicknesses and the refractive indices of the films varied in the range of 240–260 nm
and 1.54 to 1.63, respectively. The extinction coefficient follows the dispersion relation of Sell-
meier and increases with the Cd concentration while the optical band gap declines as Cd increases
from 0.0 to 0.05. On the other hand, 5% of doped Cd films have the highest Urbach energy 85�15
meV. For the structural analysis and determination of surface morphology, we used X-ray
diffraction and a scanning electron microscope. For the elemental compositions of the thin films,
electron dispersive spectroscopy was used. The study demonstrates the successful application of
the DFCS model for accurate determination of refractive index and extinction coefficient which are
two essential parameters in the modeling of photolithographic processes in the semiconductor
industry.
1. Introduction

Optical thin films have been playing an important role in solar cells, medical devices, the auto industry, semiconductors, opto-
electronics, biomaterials, data storage, photolithographic semiconductor, and environmental equipment [1–10]. To produce thin films
for a specific application, coarseness, thickness, and homogeneity need to be controlled. Various physical and chemical methods can be
used to fabricate thin films [11–22]. The sol-gel dip-coating method does not require sophisticated equipment and can be used under
non-vacuum/ambient conditions; it is a highly accurate and very convenient method to arrange doping ratios easily. Besides, the good
examples of thin films fabricated by the sol-gel technique are in industrial implementations that require big surface areas [3,4,6,8,10,11,
15,20,22].

In the last 20 years, researchers have studied the extent to which the optical, electrical, and magnetic properties of zinc oxide are
modified when it is doped with B, Cd, Co, Cu, Er, Eu, Mg, Mn, Na, Ni, and Tb [2–4,7,11–14,17–33]. The challenging question is how to
determine which element(s) has to be doped into ZnO to decrease the effect of impurities on optical properties, eliminate organic
pollutants, improve photocatalytic activity, be useful as buffer layers in solar cells and separate the pollutants from the water. Among all
these elements, Cd gives the smallest band gap value in ZnO films. Besides, the electrical conductivity of films can be enhanced by
adding Cd into ZnO.

In their review paper, Rajput and Purohit [11] prepared CdO–ZnO thin films with different methods such as sol-gel, sputtering, and
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spray pyrolysis techniques on the glass substrate and found that to synthesize CdO–ZnO thin films the sol-gel technique was the best in
terms of cost, controllable thickness, desired deposition rate, the semiconducting nature, and polycrystalline nature. They also showed
that as Cd concentration increased, the band gap decreased in ZnO films. Yakuphanoglu et al. [22] also used the sol-gel technique and
showed that adding Cd into the ZnO film improved the electrical conductivity of the films. In 2019, Kati [3] prepared CdZnO films by
using the sol-gel method at different ratios of dopants (CdO:ZnO ¼ 5:5, CdO:ZnO ¼ 6:4, and CdO:ZnO ¼ 8:2) coated on a glass surface
and found that the obtained optical band gap Eg values were 2.5 eV, 2.49 eV, and 2.4 eV for the produced CdZnO thin films, respectively.
Ilican et al. [9] also deposited CdZnO films by the sol-gel technique onto glass substrates and they observed an important variation in
optical properties with increasing Cd concentration. On the other hand, Tarwal et al. [18] used a cheap spray pyrolysis method to study
the gas sensing properties of the Cd–ZnO films and they obtained that the cadmium dopant played an important role in fine-tuning the
physicochemical and gas sensitivity properties of the ZnO thin films.

The main aim of this study is to determine the optical characteristics such as the thickness, the refractive index, the absorption loss,
the extinction coefficient, the Urbach energy, and the band gap energy of Zn1-xCdxO (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) thin
films developed by the sol-gel technique considering their optical transmittance data. We use the mathematical model (the Double Facet
Coated Substrate (DFCS) transmittance model) proposed by our previous work [20] to calculate the parameters of the Cauchy’s
dispersion equation of three-terms and two different Lorentzian absorption profiles including the amplitudes of the Lorentzian peaks,
the resonance wavelengths, and the corresponding absorption widths.

To attain these results, the equations derived by our previous work [20] were used, and then the experimental transmittance data
were fitted numerically to the theoretical model. To obtain the optical band gap numerically from the Tauc plot, the linear regression
model was applied to the experimental data and the statistical analysis tools were provided such as the total sum of square (SST), the
root-mean-square error (RMSE), the coefficient of determination (R2), the correlation coefficient, and the p-value for F-statistic of the
linear fit versus constant model.

2. Experimental

2.1. Production of thin films

To validate our approach experimentally, the sol-gel technique was used to produce the DFCS samples by covering a soda-lime glass
substrate (SLG) with Cd-doped ZnO thin films. We used Zinc acetate dihydrate (ZnAc) and Cadmium acetate tetrahydrate (CdAc) as the
originator materials and used methanol (ME) and monoethanolamine (MEA) as thinners and equalizers. We dissolved ZnAc and CdAc in
ME with a concentration of 0.25 M and added MEA to the solution as ZnAc and CdAc: MEA ratio is preserved at one-to-one. To achieve a
transparent solution, we mixed the ultimate solution continuously with a magnetic stirrer at RT. The standard pH meter was used to
measure the pH of the solutions. By adding ME, we controlled the viscidness of the solutions, see the details in Refs. [7,12,21].

To attain excellent thin films, it is crucial to obtain the spotless SLG extremely well. First, we washed SLG with detergent, rinsed it
with purified water, sonicated it with 20% sulfuric acid/purified water solution for 5 min, and rinsed it with purified water again. We
dried the cleaned substrates under nitrogen flow. All of the contaminants were successfully removed by the cleaning treatment from the
surface of the SLG substrate. We dipped the cleaned glass substrates into the Cd-doped ZnO solutions and then we pulled through the
vertical furnace at 400 �C. The dilution of the solution withdrawal speed, the number of dipping, and the withdrawal speed controlled
the film thickness on the substrate. For the desired thickness, the process was repeated to achieve a dense and uniform film. Then, at 600
�C, to form a crystal structure, we heated the thin films/glass substrates for 30 min.
2.2. Characterization of Cd-doped ZnO thin films

The obtained Cd-doped ZnO thin films were characterized using Shimadzu UV mini 1240 UV/Vis/NIR spectrophotometer, Scanning
Electron Microscope (SEM) (JEOL, JSM-5910LV). XRD patterns were obtained utilizing the Rigaku Multiflex diffractometer using Cu Kα
radiation (λ¼ 1.5408 Å). As polycrystalline form, the sol-gel technique was used to fabricate Zn1-xCdxO (x¼ 0.00, 0.01, 0.02, 0.03, 0.04,
and 0.05) thin films.

3. Results and discussion

3.1. The equations of transmittance model

The sol-gel dip-coating method, just like Langmuir-Blodgett and chemical bath deposition (CBD) methods, results in a thin film on
both sides of the substrate material [20, and the references therein]. Consequently, there are going to be two symmetric thin films on
both sides of the substrate as shown in Fig. 1b. In our early study, we named this structure as “Double Facet Coated Substrate” (DFCS),
whereas a standard film coated on the substrate was named as “Single Facet Coated Substrate” (SFCS) (Fig. 1a) [20]. The interaction
between the light and the DFCS is fundamentally different from the interaction between the light and the SFCS because of the second
thin film. Thus, to analyze and characterize the thin films on a substrate, the widely used envelopemethod (Swanepoel’s method) cannot
be applied to DFCS systems.

The electric field reflection and transmission coefficients for an air-film-substrate (afs) system are respectively given for the equation
of the double-facet-coated substrate system of transmittance in Sec.2.1 [20] as:
2



Fig. 1. (a) Single facet coated substrate (SFCS), (b) double facet coated substrate (DFCS) [20].
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rafs ¼ raf þ rfsexpðiθÞ
1þ raf rfsexpðiθÞ and tafs ¼ taf tfs expðiθ=2Þ

1þ raf rfs expðiθÞ (1)
where θ ¼ 4πηfilmdfilm=λ is the complex phase shift at each round trip through the film of thickness dfilm at the wavelength λ, and ηfilm is the
complex refractive index of the thin film (af: air-film, fs: film-substrate). However, the experimentally more relevant parameters are the
intensity reflectance and transmittance, since they are real numbers and can be measured directly as:

Rafs ¼ rafsr*afs and Tafs ¼ na
ns
tafst*afs (2)

where na and ns are the refractive indices of air and substrate, respectively, and * operator denotes the complex conjugate. Note that
these equations assume that the substrate thickness is semi-infinite, and the transmitted light is still inside the substrate medium. If a
substrate of finite thickness is considered, then the transmittance formula for Tafs transforms into the well-known Swanepoel’s formula
[20, and the references therein].

As we did in our previous work [20}, we again used a broadband light source having a short coherence length comparable with the
thickness of the thin films to measure the transmittance. Therefore, for regions 1 and 3, the acquired phase shift of the electric field due
to the film thickness should be considered in the reflectance and transmittance formulae, since these depend on the coherent summation
of the multiple reflected electric fields.

However, the thickness of region 2 (i.e. the substrate) is much longer compared to the coherence length of the light source, hence
there will not be any interference among the multiple reflected electric fields (i.e. the acquired phase shift through the substrate is
irrelevant to the total transmittance). So, the effect of the finite substrate is involved as the summation of the multiple reflected in-
tensities instead of the electric fields. However, the substrate thickness is still taken into consideration in our calculations since it de-
termines the amount of loss the light beam experiences [20].

As shown in Fig. 2, there is an infinite coherent summation inside the first thin film that is phase-dependent, and the transmittance,
Tafs, was given in Eq. (2).

The total transmittance of this DFCS system Tsystem can be calculated by the summation of all these coefficients as stated in Sec. 2.1
Fig. 2. The derivation of the total transmittance formula of the DFCS system [20].
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[20]:

Tsystem ¼ TafsUTsfa

�
1þU2R2

sfa þU4R4
sfa þU6R6

sfa þ…

�
(3)

Using the geometric series expansion formula, provided that
���U2R2

sfa

��� < 1, the above equation is simplified as:

Tsystem ¼ TafsTsfaU
1� R2

sfaU2
(4)

where the absorption loss isU ¼ e�αsub � dsub , the absorption coefficient of the substrate is αsub, αsub ¼ 4π
λ ksub, the extinction coefficient of the

substrate is ksub, and the substrate thickness is dsub, the reflection coefficient is Rsfa, the air-film-substrate (afs) transmittance is Tafs; the
substrate-film-air (sfa) transmittance is Tsfa. The reader should note that when U ¼ 1 in Equation (4), i.e. a lossless substrate, then the
improved Swanepoel’s formula is obtained which was reported in our earlier work [16]. Similarly, the total reflectance of the DFCS
system Rsystem was also given in Sec.2.1 [20] as

Rsystem ¼Rafs þ TafsTsfaRsfaU
1� R2

sfaU2
(5)

To determine ηfilm, U, and dfilm, Equation (4) was used. The dispersion relation of Cauchy of three-term was used to determine the
refractive index of the thin film as follows:

nfilm ¼Aþ B
λ2

þ C
λ4

(6)

Similarly, a wavelength-independent term and two different Lorentzian absorption profiles were used to determine the extinction
coefficients of these films as follows:

kfilm ¼ D

1þ
�
λ�λD
wD

�2 þ
E

1þ
�
λ�λE
wE

�2 (7)

where D and E are the amplitudes of the Lorentzian peaks, λD and λE are the resonance wavelengths, wD and wE are the absorption
widths. The first peak (D) explains the absorption near the UV band, while the second peak (E) is included to explain the absorption of
near-infrared wavelengths. In this analysis, the Kramers-Kr€onig relation between ηfilm and kfilm was ignored due to the low value of the
overall loss at the wavelength range of interest. Rubin introduced the refractive index of the soda-lime-silica glass (SLSG) as [34]:

nsub ¼ 1:513� 3:169 x 10�3λ2 þ 3:962 x 10�3

λ2
(8)

If the film thickness dfilm ¼ 0 or ηfilm ¼ ηair , then Equation (4) gives the transmittance of an uncoated substrate. According to our
previous calculations [20], the equation of absorption loss U is given as:

U¼
� T2

as þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T4
as þ 4 R2

as T
2
sub

q
2 R2

as Tsub
(9)
Fig. 3. Optical transmittance of uncoated SLSG substrate [20].
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where Tas is the transmittance of the air-substrate interface, Tsub is the experimental transmittance data of the uncoated substrate, and
Ras is the reflectance of the air-substrate interface. Fig. 3 illustrates Tsub vs the wavelength. Once U is calculated, now, to obtain ksub the
previously stated equationU ¼ e�αsub � dsub can be used. Using a caliper dsub was found as 1240 μm. If nfilm, kfilm, nsub, and ksub are substituted
into Equation (4), then Tsystem contains 10 unknown parameters (6 parameters from kfilm, 3 from nfilm, and dfilm).

3.2. Structural characterization analysis

Fig. 4 exhibits the X-ray scan of the Zn0.95Cd0.05O thin film on a glass substrate. There is a c-axis oriented (002) peak at 2θ¼ 34.50� of
ZnO thin film which indicates a single phase and has a hexagonal wurtzite structure without any Cd-related phase from the XRD pattern.

3.3. The morphology characteristics

As illustrated in Fig. 5a–d and 6a - c, the SEM pictures suggest that Zn1-xCdxO (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) thin film
Fig. 4. Zn0.95Cd0.05O thin film: XRD pattern with a single phase.

Fig. 5. SEM micrographs of thin films a) Zn0.99Cd0.01O, b) Zn0.98Cd0.02O, c) Zn0.97Cd0.03O, and d) Zn0.96Cd0.04O.
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exhibits similar surfaces covered with tiny pieces. Moreover, all thin films were observed as a crack-free and pinhole-free structure. The
thin film thicknesses were measured using SEM to compare our calculated thickness values which are agreed with our results in the
range of approximately 250 nm with the relative errors in the range of 0.048–0.068 as illustrated in Fig. 6a (the cross-sectional view of
Zn0.95Cd0.05O thin film). The EDS was used to check the elemental composition of the Zn0.95Cd0.05O thin film showing the peaks of zinc,
cadmium, and oxygen in Fig. 6d. This showed that the contents of our film compositions were the same as those in the fabrication of thin
films.

3.4. Calculation of optical band gap energy values for each thin film

The optical band gap energy Eg was calculated by using the relative absorption coefficients and the details of the derivation of the
optical band gap Eg can be found in Ref. [32]. By using a linear fitting yðhυÞ ¼ a1 � hυþ a2 of the absorption edge in the least-squares

framework, the slope of the graph of ðFðRαÞ hυÞ2 was approximated between 375 and 400 nm, i.e. the following error formula was
minimized for a1 and a2;

EðA;BÞ¼
XN
i¼1

�
a1 � ðhυÞi þ a2 � Fi

�2 (10)

whereN is the number of data points and Fi ¼ ðFðRαÞ ðhυÞiÞ2. Table 1 illustrates a1 ; a2; Eg , and relative error values. Eg is observed in the
range of 3.23–3.28 eV which is near the value that Yakuphanoglu et al. found [22].
Fig. 6. Zn0.95Cd0.05O thin film: a) cross-section, b) and c) SEM images, and d) EDS image.

Table 1
Optimized line-fitting parameters a1 ; a2; and corresponding band gap energies, and relative errors for different Cd doping ratios.

Cd (%) a1 a2 Band gap (eV) Relative Error

0 15.34 �50.30 3.28 0.009
1 13.14 �42.94 3.27 0.013
2 12.76 �41.46 3.25 0.010
3 13.72 �44.63 3.25 0.003
4 13.09 �42.43 3.24 0.003
5 12.97 �41.92 3.23 0.008
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For 5% Cd concentration, the band gap energy reached a minimum value of 3.14 eV and it reached a maximum value of 3.28 eV for
0% Cd concentration as illustrated in Table 1 and Fig. 7a-f. The optical band gap of thin films was reduced as Cd concentration increased.
This might be because of the replacement of Zn ions with the Cd ions in the ZnO lattice site. The observed band gap energies are in good
agreement with the findings of Tarwal et al. [18].

3.5. Statistical analysis of the linear regression to find the band gap energy

We used the built-in fitlm function of MATLAB to measure the accuracy of our linear regression model as illustrated in Fig. 7a–f and
provided the necessary statistics to show how well the model estimates match with the observed responses. We present the statistical
analysis tools such as the root mean square error (RMSEÞ, the coefficient of determination ðR2Þ, the sum of squared total (SSTÞ, the
correlation coefficient, the p-value for F-statistic of the linear fit versus constant model in Table 3. However, looking only at the R2 values
and the correlation coefficient might be misleading since one has to consider the F-statistic that compares our linear regression model
against the constant model. The p-value of the model is an indicator of the F-statistic. One can see that the p -values were in the order of
10�5 or smaller as illustrated in Table 2. In all the cases, our model provided a good fit for our data.
Fig. 7. a ZnO thin film: the linear fit (in black) and ðFðRαÞhνÞ2 (in blue) (arbitrary unit) vs. photon energy (hν); the optical band gap Eg ¼ 3.28 eV. b.
Zn0.99Cd0.01O thin film: the linear fit (in black) and ðFðRαÞhνÞ2 (in blue) (arbitrary unit) vs. photon energy (hν); the optical band gaps Eg ¼ 3.27 eV. c.
Zn0.98Cd0.02O thin film: the linear fit (in black) and ðFðRαÞhνÞ2 (in blue) (arbitrary unit) vs. photon energy (hν); the optical band gaps Eg ¼ 3.25 eV. d.
Zn0.97Cd0.03O thin film: the linear fit (in black) and ðFðRαÞhνÞ2 (in blue) (arbitrary unit) vs. photon energy (hν); the optical band gaps Eg ¼ 3.25 eV. e.
Zn0.96Cd0.04O thin film: the linear fit (in black) and ðFðRαÞhνÞ2 (in blue) (arbitrary unit) vs. photon energy (hν); the optical band gaps Eg ¼ 3.24 eV. f.
Zn0.95Cd0.05O thin film: the linear fit (in black) and ðFðRαÞhνÞ2 (in blue) (arbitrary unit) vs. photon energy (hν); the optical band gaps Eg ¼ 3.23 eV. .
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Table 2
The coefficient of determination (R2), the root mean squared error (RMSE), the sum of squared total (SST), the correlation coefficient, and p-value for
F-statistic vs. constant model for different Cd doping ratios.

Cd (%) R2 RMSE SST Corr. coef. -value

0 0.9989 0.0084 0.1874 0.9994 0.000016
1 0.9963 0.0130 0.1379 0.9982 0.000094
2 0.9985 0.0091 0.2211 0.9992 0.000001
3 0.9998 0.0031 0.1465 0.9999 0.000001
4 0.9998 0.0032 0.1321 0.9999 0.000001
5 0.9984 0.0082 0.1284 0.9992 0.000027

E. Ozugurlu Micro and Nanostructures 163 (2022) 107114
3.6. The Urbach energy

The Urbach law is stated by the following relation between the Urbach energy Eu and the absorption coefficient α:

α¼ α0e
hν=Eu (11)

where hν the photon energy and α0 is a constant [35]. The Urbach energy Eu values can be evaluated by using the following relation
[36], and the references therein]:

αEu ¼
�
dðln αÞ
dðhνÞ

	�1

(12)

Fig. 8 displays ln α versus the photon energy eV (hν) for Zn1-xCdxO films. To approximate dðln αÞ
dðhνÞ , we used two finite difference

methods (FDMs), namely, 3-point central and 5-point formulas, which are the second and fourth-order accurate approximations,
respectively, see the details in Ref. [37]. The application of these FDMs is also listed in Refs. [38,39]. Fig. 9 displays the Urbach energy
values Eu and band gap values Eg versus Cd concentration (x) of Zn1-xCdxO thin films, listed in Table 3. For undoped ZnO films, Ilican
et al. [9] found out that the Urbach energy value Eu was 81 meV. Table 3 illustrates that the Urbach energy value of ZnO thin films
increases as cadmium increases. The structural disorder in the Zn1-xCdxO films increased as the concentration of Cd increased because of
the increase in Eu.

3.7. Non-linear curve-fitting approach for transmittance data

Since thin films have a huge optical loss below 450 nm, our simulations considered the wavelength range of 450–1100 nm. Fig. 10
exhibits the transmittance data for six different Zn1-xCdxO (x¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) thin films. The absorption edge of
the films exhibited redshifting when we increased the amount of Cd concentration in the ZnO. All films showed the c-axis preferential
orientation. Moreover, the optical transparency with visible transmittance >75% was observed in the visible region of 400–600 nm,
which shows that the films are transparent in the range of 400–600 nm. It is known that the properties of high transmittance make the
films good materials for optical coatings. Moreover, the transmittance decreased as the Cd concentration increased, which indicates that
the decrease in the Eg values is due to Cd doping as discussed in Section 3.4. These values are in good agreement with the findings of
Fig. 8. lnα versus photon energy hν (eV) of Zn1-xCdxO thin films.
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Fig. 9. Band gap Eg and Urbach energy (Eu) values of Zn1-xCdxO thin films vs. Cd concentration (x).

Table 3
The Urbach energy Eu values in meV using FDMs at or near Eg for the Zn1-xCdxO thin films.

% Cd conc. 3-point Central FDM 5-point FDM

0 71.03 73.39
1 75.26 81.16
2 86.62 83.00
3 84.69 84.52
4 90.71 89.89
5 101.06 99.23

The highest value of Urbach energy was obtained for 5% Cd.

Fig. 10. Zn1-xCdxO (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) thin films: experimental transmittance vs. wavelength.
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Shohany and Zak [40]. MATLAB was used for the optimization code based on the Nelder-Mead simplex algorithm, i.e. to find the

unknowns x⇀ that minimize the following quantity:

min x⇀
XN
i¼1

Tsystemðx⇀; λiÞ � Ti
2 (13)

where Ti is the transmittance data given input as the observed transmittance data and wavelength data λ. Here, N is the number of data

points, Tsystemðx⇀; λiÞ was defined in Equation (4), and x⇀ consists of 10 unknown entries, namely, 3 parameters from nfilm, 6 parameters
from kfilm and dfilm that need to be optimized. By assuming a wavelength-independent refractive index and loss, the initial values of these
9



Fig. 11. Zn1-xCdxO (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) thin films: theoretical transmittance vs. wavelength.

E. Ozugurlu Micro and Nanostructures 163 (2022) 107114
10 parameters for the curve-fitting problem were determined. Once the optimized 10 unknowns were determined, the curve-fitting
models were illustrated in Fig. 11.

We do this by using MATLAB built-in function lsqcurvefit e.g.
fun ¼ @(x,xdata) (Ttafs(xdata,x,etaa, substrate,sthickness).*
(Ttsfa(xdata,x,etaa, substrate,sthickness) …
.*Uglassloss(xdata, substrate))) …
./(1-Rrafs(xdata,x,etaa, substrate,sthickness).* …

(Rrsfa(xdata,x,etaa, substrate,sthickness) …
.*(Uglassloss(xdata, substrate)).^2));
X¼ lsqcurvefit (fun, X0, xdata, ydata, LB, UB) which starts at X0 and finds coefficients X to best fit the nonlinear functions in fun to

the data ydata (in the least-squares sense). fun accepts inputs X and xdata and returns a vector of function values F, where F is the same
size as ydata, evaluated at X and xdata. Here, LB and UB are the lower and upper bounds, respectively for X.

X¼ lsqcurvefit (fun, X0, xdata, ydata, LB, UB) defines a set of lower and upper bounds on the design variables, X, so that the solution
is in the range LB�X � UB.

The experimental transmittance data and the theoretical curve fittings were plotted versus the wavelength with their zoomed graphs
in Fig. 12 a-c. As mentioned earlier in our previous work [20], there were small peaks at 950 nm on all plots in Fig. 12 a-c, the substrate
was the reason for this. Besides, our model used the experimental data to derive the substrate loss.

The optimum values of 10 unknowns were obtained by the curve-fitting model using the Nelder-Mead simplex algorithm as listed in
Table 4. Moreover, the following formula

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
jExperimental Data� Curve Fittingj
jExperimental Dataj

�2
s

(14)

was used for the relative error of each fitting and illustrated in Table 4.
3.8. Dispersion relation and extinction coefficient

Fig. 13 exhibits the dispersion relation (Equation (6)) for each thin film. Fig. 13 indicates that the range of average refractive index
values is between 1.508 and 1.785. These values are in good agreement with the findings of Ziabari et al. [23]. After the wavelength λ >
650 nm, the high refractive index values appear for 10% Cd concentration. Besides, Fig. 14 illustrates an increasing trend of the
extinction coefficient kfilm given by Equation (7) for each film using the values from Table 4 as Cd concentration increases and this is also
confirmed by Sellmeier’s dispersion relation [10].

4. Conclusion

The sol-gel technique was used to fabricate c-axis oriented (002) hexagonal wurtzite Zn1-xCdxO (x¼ 0.00, 0.01, 0.02, 0.03, 0.04, and
0.05) thin films with a single-phase, and DFCS model was used to determine their optical properties [20]. We found that the thicknesses
of the films were in the range of 240–260 nm which were close to the actual value of 250 nm. The refractive index was in the range of
1.54–1.63 and had a pattern of a decreasing function approaching 1.5. The optical band gap energy values of the Cd-doped ZnO thin
10
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Fig. 12. a. Zn1-xCdxO thin films: Top: x ¼ 0.0, Bottom: x ¼ 0.01 for experimental transmittance data (in black), and the theoretical curve fittings (in
red) vs. wavelength (on the left column), and the zoomed one on the right column. b. Zn1-xCdxO thin films: Top: x ¼ 0.02, Bottom: x ¼ 0.03 for
experimental transmittance data (in black), and the theoretical curve fittings (in red) vs. wavelength (on the left column), and the zoomed one on the
right column. c. Zn1-xCdxO thin films: Top: x ¼ 0.04, Bottom: x ¼ 0.05 for experimental transmittance data (in black), and the theoretical curve
fittings (in red) vs. wavelength (on the left column), and the zoomed one on the right column. .

Table 4
Zn1-xCdxO thin films (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05): optimized curve-fitting model parameters and the relative errors.

x 0.00 0.01 0.02 0.03 0.04 0.05

A 1.51 1.50 1.46 1.43 1.47 1.53
B 0.08 0.07 0.10 0.10 0.08 0.05
C �0.01 0.00 �0.01 �0.01 �0.01 0.00
D 0.33 0.31 0.50 0.28 0.31 0.23
E 0.10 0.10 0.04 0.13 0.09 0.14
wDðμmÞ 0.39 0.38 0.38 0.37 0.38 0.39
wEðμmÞ 0.01 0.01 0.01 0.01 0.01 0.01
λDðμmÞ 0.03 0.04 0.07 0.18 0.06 0.07
λEðμmÞ 1.75 1.75 1.75 1.75 1.75 1.75
F.T. ðμmÞ 0.24 0.25 0.25 0.26 0.26 0.25
S.T. ðμmÞ 1240 1240 1240 1240 1240 1240
Rel. Error 0.0024 0.0021 0.0035 0.0016 0.0030 0.0027

where F.T., S.T., and Rel. Error stand for film and substrate thicknesses, and relative error, respectively.

Fig. 13. Zn1-xCdxO (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) thin films: refractive index vs. wavelength.

Fig. 14. Zn1-xCdxO (x ¼ 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) thin films: extinction coefficient vs. wavelength.
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films were observed in the range of 3.23–3.28 eV where the minimum occurred at 5% Cd concentration with a value of 3.23 eV and the
maximum occurred at 0% Cd concentration with a value of 3.28 eV. Statistical analysis showed that our linear regression model for
obtaining the band gap was very good, where the p -values were in the order of 10�5 or smaller. The highest value of Urbach energy was
found for 5% Cd concentration. These low optical band gap thin films may be useful for optoelectronic applications. Besides, the
refractive index and extinction coefficient play important roles in the modeling of photolithographic processes in the semiconductor
industry.
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