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Abstract 

 

Cu doped ZnO (𝑍𝑛𝐶𝑢𝑂) is a very important candidate for electronic applications, since it has been shown that it possesses p–

type conductivity. In order to broaden its applications, it is crucial to tune optical and electronic properties.  In this study, by doping 

𝑍𝑛𝐶𝑢𝑂 with magnesium, variation of refractive index, extinction coefficient, and band gap of thin films were investigated. Optical 

constants were evaluated using a transmittance model which is derived from Fresnel equations. Refractive indices of thin films were 

expressed as a dispersion relation in a polynomial form, while extinction coefficients were modelled as a convolution by Lorentzian 

curves. It was observed that magnesium doping decreased the refractive index and also caused a blue shift in absorption edge which 

is a clear indicator of band gap widening. 
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1. Introduction  

 

Owing to its superior physical properties such as direct 

wide band gap of 3.37eV, high transparency in wide optical 

region, radiation hardness, and tunable conductivity ZnO is 

subjected to many studies (Look, 2001; Kang and Joung, 2007; 

Sennik et al., 2015). Researchers aim to benefit from ZnO in 

numerous fields such as gas sensors, lasers, field-effect 

transistors, and solar cells (Ozgur et al., 2005; Park et al., 2012; 

Sahin et al., 2014; Tulun et al., 2016; Ning et al., 2018; Zang, 

2018). 

Physical properties of ZnO can further be improved by 

various dopant materials. For this reason, implementation of 

various different elements into ZnO structure is widely studied. 

For instance, group IIA elements and among them especially 

magnesium doping to widen the band gap (Cao et al., 2013; Kim 

et al., 2014), aluminum to increase electrical conductivity 

(Tonbul et al., 2021), and yttrium to increase hardness (Kaya et 

al., 2018). Influence of copper doping into ZnO structure is 

studied by many researchers. Mhamdi et al. (2014) showed that 

2 at. copper % doping greatly improves crystallinity of sprayed 

ZnO thin films. Suja et al. (2015) showed that copper doping 

introduces p-type conductivity to ZnO films, though this p-type 

conductivity is not stable and turns to n-type conductivity over 

time due to extrinsic defects. 

ZnO is also a very important material for its catalytic 

properties. Due to its catalytic nature, ZnO is subjected to many 

studies in life sciences such as antibacterial activity and breath 

analysis. In their study, Alev et al. (2021) showed that copper 

doping increases density of point defects in ZnO structure and 

thus greatly enhances ethanol sensing properties of ZnO based 

nanorods. On the other hand, Yalcin et al. (2020) showed that 

2% magnesium doping into ZnO structure greatly inhibits 

hemolytic activity while leading an advanced antibacterial 

property. Since antibacterial property is mainly driven by 

interaction between incoming electromagnetic wave and 

catalytic material, determination of optical constants of catalytic 

materials is crucial. 

If ZnO based materials are to be used in devices with 

heterostructures that composed of layers of different materials 
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that provides carrier or optical confinement such as LEDs and 

high electron mobility transistors (HEMTs), the most relevant 

parameters would be the band gaps of each layer and the 

valence- and conduction-band offsets between the individual 

layers (Janotti and Van de Walle, 2009). Hence, success of 

application of ZnO based materials relies on band-gap 

engineering. In light of these discussions, it is also crucial to 

investigate modulation of band-gaps of Cu doped ZnO thin films 

(ZnCuO) which can be achieved by introduction of magnesium 

into material. To the best of our knowledge, variation of these 

properties of ZnCuO films with magnesium doping has not yet 

been investigated.  

In this study effect of magnesium doping on optical 

constants (refractive index and extinction coefficient) of 

𝑍𝑛0.98−𝑥𝐶𝑢0.02𝑀𝑔𝑥𝑂 (x=0.0, 0.01, 0.02, 0.05, and 0.1) thin 

films were investigated. Optical constants were determined by 

application of Fresnel Equations to transmittance data 

numerically. Determined optical constants were then used 

determine the band gap variation of samples. 
 

2. Materials and methods  

 

The 𝑍𝑛0.98−𝑥𝐶𝑢0.02𝑀𝑔𝑥𝑂 thin films were deposited by sol-

gel dip coating method with a varying magnesium molar ratio of 

𝑥 = 0.0 (𝑍𝑛0.98𝐶𝑢0.02𝑂), 0.01, 0.02, 0.05, and 0.1. Zinc acetate 

dihydrate, magnesium acetate tetrahydrate, and copper (II) 

acetate monohydrate were used as precursors while Methanol 

was used as solvent and monoethanolamine (MEA) as sol 

stabilizer.  

All chemicals were analytical grade and used as they were 

received from supplier (Merck). 0.25M precursor solution was 

prepared in solvent and MEA was added dropwise as precursors 

dissolved. MEA/total precursor molar ratio in solution was 

arranged as 1:1. Resultant solution was stirred in ambient 

conditions overnight to age. Soda-lime glass slides (ISOLAB) 

were used as substrate.  

In order to coat the glass slides, slides were dipped into 

coating solution and withdrawn directly into vertical furnace. A 

preheat treatment was applied at 300°C for 2 minutes to remove 

organic materials, then coated substrate was cooled for 3 

minutes. This process was repeated 20 times to achieve an 

appropriate thickness of thin films.  

Film coated slides were finally annealed at 600°C to obtain 

crystalline structure. Shimadzu UV-mini 1240 spectrophoto-

meter was used to measure optical transmittance of thin films.  

 

3. Results and discussion 

 

3.1. Transmittance measurements 

 

As shown in Fig. 1 all films exhibit high transmittance in 

visible and NIR region. Besides slight fluctuation in 

transmittance due to interference caused by internal reflections, 

no other significant absorption troughs were observed. Average 

transmittance slightly decreased with low magnesium doping 

ratios of 1% and 2%, but further increase of magnesium doping 

ratio resulted with distinctive increase in blue region of 

spectrum.  

While Zn0.98Cu0.02O film exhibit a sharp optical cutting 

edge around 380 nm, cutting edge shifted towards shorter 

wavelengths with increasing magnesium doping. Detailed 

representation of this blue shift in cutting edge is shown as an 

inset in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Optical transmittance of the 𝑍𝑛0.98−𝑥𝐶𝑢0.02𝑀𝑔𝑥𝑂 thin films. 

Inset figure shows close up view of transmittance in 360-390 nm 

wavelength interval. 

 

3.2. Determination of optical constants and modeling 

transmittance of films 

 

Details of transmittance model of “Double Facet Coated 

Substrate” (DFCS) were discussed in an earlier study of our 

research group (Akcan et al., 2019). This transmittance model 

can be summarized as follows:  

Coefficients of reflection and transmission of the electric field 

(𝑟12 and 𝑡12, respectively) from one medium to another with 

complex refractive indices (𝜂1 and 𝜂2,  respectively) at a normal 

incidence is given by: 

 

𝑟12 =
𝜂1−𝜂2

𝜂1+𝜂2
 .....................................................................(1) 

 

𝑡12 =
2𝜂1

𝜂1+𝜂2
 .....................................................................(2) 

 

Here complex refractive index 𝜂 is defined as 𝜂 = 𝑛 + 𝑖𝑘, where 

𝑛 is the refractive index and 𝑘 is the extinction coefficient. 

Resultant transmitted electric field is infinite summation of 

coherent electric fields which is subjected to reflection from air-

film and film-substrate interfaces and experience wavelength 

dependent phase shift which is given by 𝜃 = 4𝜋𝜂𝑓𝑖𝑙𝑚𝑑𝑓𝑖𝑙𝑚 𝜆⁄ . 

The resultant reflection and transmission coefficients of electric 

field for air-film-substrate system (𝑟𝑎𝑓𝑠 and 𝑡𝑎𝑓𝑠, respectively) 

are given by: 

 

𝑟𝑎𝑓𝑠 =
𝑟𝑎𝑓+𝑟𝑓𝑠×𝑒𝑥𝑝(𝑖𝜃)

1+𝑟𝑎𝑓×𝑟𝑓𝑠×𝑒𝑥𝑝(𝑖𝜃)
 .................................................(3) 

 

𝑡𝑎𝑓𝑠 =
𝑡𝑎𝑓×𝑡𝑓𝑠×𝑒𝑥𝑝(𝑖𝜃 2⁄ )

1+𝑟𝑎𝑓×𝑟𝑓𝑠×𝑒𝑥𝑝(𝑖𝜃)
 .................................................(4) 

 
Using these coefficients reflectance and transmittance in air-

film-substrate direction can be calculated as: 

 
𝑅𝑎𝑓𝑠 = 𝑟𝑎𝑓𝑠 × 𝑟𝑎𝑓𝑠

∗  ..........................................................(5) 

 

𝑇𝑎𝑓𝑠 =
𝑛𝑠

𝑛𝑎
× 𝑡𝑎𝑓𝑠 × 𝑡𝑎𝑓𝑠

∗  ..................................................(6) 

 
where 𝑟𝑎𝑓𝑠

∗  and 𝑡𝑎𝑓𝑠
∗  are complex conjugates of reflection and 

transmission coefficients, respectively. Considering absorption 

loss of the substrate, which is given by 𝑈 = exp⁡(−𝛼𝑠𝑢𝑏𝑑𝑠𝑢𝑏) 
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where 𝛼𝑠𝑢𝑏 is absorption coefficient of substrate and 𝑑𝑠𝑢𝑏 is the 

substrate thickness (1.1mm), resultant transmittance DFCS 

system is given by: 

 

𝑇𝑠𝑦𝑠𝑡𝑒𝑚 =
𝑇𝑎𝑓𝑠×𝑇𝑠𝑓𝑎×𝑈

1−𝑅𝑠𝑓𝑎
2 ×𝑈2

 ....................................................(7) 

 

Various models are proposed and widely used to model 

refractive index of a material. Some of them are rather complex 

but also works well even in high absorption conditions, such as 

Adachi-Forouhi-Drude model or Tauc-Lorentz model (Ferlauto 

et al., 2002; Latzel et al., 2015). On the other hand, simpler 

models such as Cauchy’s model or Sellmeier’s model work well 

in low absorption conditions (Sun and Kwok, 1999; Ozgur et al., 

2005; Ozharar et al., 2016). Despite their limitations, all these 

models work in a large wavelength interval. In this study, 

inspired from series expansion of functions, refractive indices of 

thin films were modelled as a 6th degree polynomial. This 

method is advantageous as it is simple, possible to use in high 

absorption conditions, and more sensitive to subtle variations in 

refractive index, though it can only be used in narrow 

wavelength intervals, since interval of convergence is limited. 

Extinction coefficients were modelled as summation of 

Lorentzian curves which is given by: 

 

𝑘𝑓𝑖𝑙𝑚 =
𝐴

1+(
𝐸−𝐸𝐴
∆𝐸𝐴

)
2 +

𝐵

1+(
𝐸−𝐸𝐵
∆𝐸𝐵

)
2 +

𝐶

1+(
𝐸−𝐸𝐶
∆𝐸𝐶

)
2 ....................(8) 

 

where 𝐴, 𝐵, and 𝐶 are peak heights; 𝐸𝐴, 𝐸𝐵, and 𝐸𝐶  are peak 

centers; and ∆𝐸𝐴, ∆𝐸𝐵 , and ∆𝐸𝐶  are peak widths. 

Curve fitting was performed in 360-1100 nm wavelength 

interval, and fitting was performed by using built in functions of 

MATLAB software. Calculated refractive index of thin films is 

shown in Fig. 2 and dispersion equations of refractive index 

model is given in Table 1. The calculated refractive index values 

are in accordance with the values in the literature (Baig et al., 

2020; El Hamidi et al., 2021). As seen in the Fig. 2, refractive 

indices of films have a broad trend of decrease with increasing 

magnesium doping ratio. A similar trend was also observed by 

Yang et al. (2009) in Mg-doped ZnO thin films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Variation of refractive index of 𝑍𝑛0.98−𝑥𝐶𝑢0.02𝑀𝑔𝑥𝑂 thin films. 

 

Calculated extinction coefficients of thin films are shown 

in Fig. 3. Intense absorption due to intrinsic band - gap in UV 

range can clearly be seen. Absorption edge shifts shorter 

wavelengths with increasing magnesium doping ratio which also 

was evident in transmittance graph [inset Fig. (3a)]. All films 

exhibit very low absorption in visible and NIR region. While 

there’s no particular trend in variation of absorption in visible 

region, in NIR region absorbance was greatly increased with 1% 

doping but steadily decreased with further increase of 

magnesium doping, as shown in the inset Fig. (3b). Parameters 

of Lorentzian curves that constitute extinction coefficient are 

given in Table 2. Negative peak heights in 𝑍𝑛0.93𝐶𝑢0.02𝑀𝑔0.05𝑂 

and 𝑍𝑛0.88𝐶𝑢0.02𝑀𝑔0.10𝑂 thin films do not have a physical 

significance. Since determination of extinction coefficient by 

summation of Lorentizian curves is an emprical method, 

“negative peaks” only act as a correction factor in their 

respective regions. 

Besides refractive index and extinction coefficient, this 

model also enables determination of thickness of thin films. 

Evaluated thin film thicknesses are shared in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Extinction coefficients of 𝑍𝑛0.98−𝑥𝐶𝑢0.02𝑀𝑔𝑥𝑂 thin films. 

Close up view of extinction coefficients in 360-400 nm and 950-1100 

nm wavelength intervals were shown in inset figures (a) and (b) 

respectively. 

 

Transmittance of thin films were modelled from calculated 

refractive index and extinction coefficient. Accuracy of 

transmittance model is determined from correlation coefficient 

𝑅2. As seen in the Fig. 4, transmittance model is highly accurate 

as 𝑅2 values are very close to 1. 

 

3.3. Determination of band gap 

 

Energy gap or band gap (𝐸𝑔) of a material is the energy 

required to excite an electron from the valence band to the 

conduction band. This energy gap obeys the relation which is 

given as 

 

(𝛼ℎ𝜈)𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔) ...................................................(9) 

 

Here 𝛼 is absorption coefficient, ℎ is Planck constant, 𝜈 is 

frequency of incoming light, 𝐴 is proportionality constant, and 

𝐸𝑔 is band gap of the material. The exponent 𝑛 get its value 

according to nature of electronic transition. Since ZnO is a direct 

band gap material, 𝑛 is equal to 2. 𝐸𝑔 can be estimated from 

extrapolating linear part of ℎ𝜈 vs. (𝛼ℎ𝜈)2 graph which is also 

known as Tauc plot. Many studies evaluate 𝛼 from Beer-

Lambert law, which is given by (Scarminio et al., 1999; Za’Aba 

et al., 2014; Chen and Jaramillo, 2017). 

  

𝐼 = 𝐼0𝑒
−𝛼𝑡 ....................................................................(10) 
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Table 1 

Refractive index dispersion relations with varying Mg doping ratio. 

 

Table 2 

Lorentzian curve parameters of extinction coefficient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mg Doping Ratio (at.%) Refractive index dispersion relation (Wavelength – 𝝀 – is given in 𝝁𝒎) 

0 𝑛𝑀𝑔=0% = 70.014 ∙ 𝜆6 − 347.99 ∙ 𝜆5 + 710.5 ∙ 𝜆4 − 761.01 ∙ 𝜆3 + 449.96 ∙ 𝜆2 − 139.41 ∙ 𝜆 + 19.451 

1 𝑛𝑀𝑔=1% = 86.40 ∙ 𝜆6 − 413.39 ∙ 𝜆5 + 813.52 ∙ 𝜆4 − 842.31 ∙ 𝜆3 + 483.87 ∙ 𝜆2 − 146.58 ∙ 𝜆 + 20.04 

2 𝑛𝑀𝑔=2% = −81.16 ∙ 𝜆6 + 360.17 ∙ 𝜆5 − 644.25 ∙ 𝜆4 + 590.32 ∙ 𝜆3 − 289.08 ∙ 𝜆2 + 70.10 ∙ 𝜆 − 4.59 

5 𝑛𝑀𝑔=5% = 35.01 ∙ 𝜆6 − 181.50 ∙ 𝜆5 + 393.94 ∙ 𝜆4 − 455.86 ∙ 𝜆3 + 294.56 ∙ 𝜆2 − 100.35 ∙ 𝜆 + 15.65 

10 𝑛𝑀𝑔=10% = −1.67 ∙ 𝜆6 − 2.32 ∙ 𝜆5 + 24.79 ∙ 𝜆4 − 46.05 ∙ 𝜆3 + 37.91 ∙ 𝜆2 − 15.52 ∙ 𝜆 + 4.23 

Parameter 𝒁𝒏𝟎.𝟗𝟖𝑪𝒖𝟎.𝟎𝟐𝑶 𝒁𝒏𝟎.𝟗𝟕𝑪𝒖𝟎.𝟎𝟐𝑴𝒈𝟎.𝟎𝟏𝑶 𝒁𝒏𝟎.𝟗𝟔𝑪𝒖𝟎.𝟎𝟐𝑴𝒈𝟎.𝟎𝟐𝑶 𝒁𝒏𝟎.𝟗𝟑𝑪𝒖𝟎.𝟎𝟐𝑴𝒈𝟎.𝟎𝟓𝑶 𝒁𝒏𝟎.𝟖𝟖𝑪𝒖𝟎.𝟎𝟐𝑴𝒈𝟎.𝟏𝟎𝑶 

𝑨 0.5181 2.0138 0.3386 0.2479 0.9114 

𝑩 0.0040 0.4137 0.0012 -0.0063 -0.0047 

𝑪 0.0059 0.0095 0.0098 0.0083 0.0129 

𝑬𝑨 (eV) 3.3739 3.7479 3.3900 3.4073 3.5046 

𝑬𝑩 (eV) 3.0115 3.3874 2.5583 2.3980 2.1336 

𝑬𝑪 (eV) 1.4102 1.4146 1.4904 1.5790 1.7001 

∆𝑬𝑨 (eV) 0.0535 0.0322 0.0640 0.0597 0.0379 

∆𝑬𝑩 (eV) 0.1877 0.0571 0.1046 0.3652 0.2932 

∆𝑬𝑪 (eV) 0.4073 0.6320 0.6708 1.3946 0.4721 

a) b) 

c) d) 

e) 

Fig. 4. Comparison of transmittance model with measurement results: (a) Zn0.98Cu0.02O, (b) Zn0.97Cu0.02Mg0.01O, (c) Zn0.96Cu0.02Mg0.02O,  

(d) Zn0.92Cu0.02Mg0.05O, (e) Zn0.88Cu0.02Mg0.10O. 
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where 𝐼 is transmitted light intensity, 𝐼0 is incoming light 

intensity and 𝑡 is film thickness. In order to obtain 𝛼, considering 

𝐼/𝐼0 = 1/𝑇, equation (10) can be re-written as: 

 

𝛼 =
−1

𝑡
ln⁡ (

1

𝑇
) ...............................................................(11) 

 
Table 3 

Evaluated thicknesses of 𝑍𝑛0.98−𝑥𝐶𝑢0.02𝑀𝑔𝑥𝑂 thin films with 

transmittance model. 

 

where 𝑇 is the transmittance of the sample. To be fair, this 

approach is very simple and gives a rough idea about value of 

the band gap of sample and allows to estimate the trends about 

modifications made in samples. However, considering Beer’s 

Law only to calculate band gap leads to errors, since thin films 

have a finite thickness and light traveling through the film is 

subjected to multiple reflections and interferences. For this 

reason, the evaluated band gap value is slightly erroneous and 

the error is considerable for applications requiring band gap 

engineering. Band gap of 𝑍𝑛0.98𝐶𝑢0.02𝑂 thin film was calculated 

using this method as an example. Tauc plot of subjected sample 

can be seen in Fig. 5. Band gap of sample calculated with this 

method was 𝐸𝑔 = 3.227eV. Considering theoretical band gap of 

ZnO, this value is slightly less than expected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Tauc plot of 𝑍𝑛0.98𝐶𝑢0.02𝑂 evaluated from Beer-Lambert Law. 

 

Relation between extinction coefficient and absorption 

coefficient is given as: 

 

𝛼 =
4𝜋𝑘

𝜆
 .........................................................................(12) 

 

In order to calculate band gaps of deposited films accurately, 

absorption coefficients of thin films were calculated from 

extinction coefficients which are evaluated from transmittance 

model.  

Resultant Tauc plot of thin films is given in Fig. 6. As seen 

in the figure, magnesium doping leaded extrapolation to shift 

higher energies, which is a clear indicator of band gap widening.  

As shown in the inset figure, evaluated band gap values has 

strong correlation with the relation 𝐸𝑔 = 0.0008𝑥2 +

0.0014x + 3.3147, where 𝑥 denotes for magnesium doping 

ratio. Evaluated band gap values are listed in Table 4. 

Comparison of band gap values of 𝑍𝑛0.98𝐶𝑢0.02𝑂 determined by 

different models shows that using Beer’s law results 2.5% 

difference to the band gap calculated from transmittance model. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. 6. Tauc plot of 𝑍𝑛0.98−𝑥𝐶𝑢0.02𝑀𝑔𝑥𝑂 thin films evaluated from 

transmittance model. Inset figure shows variation of band gap with 

increasing magnesium doping ratio. 

 
Table 4 

Evaluated band gap values of 𝑍𝑛0.98−𝑥𝐶𝑢0.02𝑀𝑔𝑥𝑂 thin films with 

transmittance model. 

 
4. Conclusion 

 

In conclusion; optical constants, namely refractive index 

and extinction coefficient of 𝑍𝑛0.98−𝑥𝐶𝑢0.02𝑀𝑔𝑥𝑂 thin films 

were calculated from experimental transmittance data 

numerically with a transmittance model relying on Fresnel 

equations. Refractive index is observed to be decreasing with 

increasing magnesium doping ratio. Absorption edge of thin 

films shifted towards higher energies, which is an indicator of 

band gap widening. Band gap values are calculated from 

extinction coefficients and a considerable increase is observed 

from 3.313eV to 3.412eV for 10 at % magnesium doped films. 

This study has shown that Mg increases the band gap in 

exchange for lowering the refractive index. These results have 

great importance in development of new and improved 

antibacterial and sensing materials. 
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Mg Doping Ratio (at.%) Film Thickness (nm) 

0 302 

1 295 

2 290 

5 305 

10 320 

Mg Doping Ratio (at.%) Eg (eV) 

0 3.313 

1 3.319 

2 3.321 

5 3.342 

10 3.412 
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