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Abstract 
Thin films of undoped and Cu doped ZnO have been synthesized on amorphous and 
conducting glass substrates using spin coating technique. The doped amount of Cu in ZnO 
was varied up to 5% in atomic percentage. Speed of spin coating system, coating time, 
initial chemical solution and annealing conditions were varied to optimize the properties of 
samples. Transmittance of samples was measured for ZnO doped with 1, 2, 3, 4 and 5% of 
Cu. Absorbance, reflectance and refractive index were derived from the measured 
transmittance. Film thickness of each film was calculated using the graphs of refractive 
index versus wavelength. Film thickness varies in a random manner depending on the 
amount of ZnO or Cu doped ZnO solutions spread on the substrate. The energy gap of each 
film was calculated using the graph of square of absorption coefficient time photon energy 

versus photon energy. The calculated energy gap values of Cu doped ZnO film samples 
decrease with the Cu concentration in ZnO. This means that the conductivity of ZnO can be 
increased by adding a trace amount of conducting material such as Cu.  
Keywords: ZnO, Cu, absorption, band gap, transmittance, refractive index 

 
1. Introduction: 
          ZnO films are prime candidates of photocells, gas sensors, electronic devices, optoelectronic 
devices, acoustic wave devices and piezoelectric devices. 
ZnO indicates transparent properties due to its high band gap of 3.2 to 3.3 eV. As a result, ZnO is used 
to absorb UV part of the solar spectrum. Most of the oxides including ZnO are used as gas sensors. The 
resistivity of undoped ZnO varies from 10-6 to 106 Ωm depending on the preparation technique. 
However, the resistivity can be decreased by doping with a conducting materials or metals. ZnO films 
have been synthesized on glass substrates using spray pyrolysis method 1, sol-gel process 2 and spin 
coating method 3. Also thin films of ZnO have been prepared using dc and rf sputtering 4 and on 
Si(111) substrates using pulsed laser deposition (PLD) 5. In addition, highly aligned ZnO films have 
been deposited 6. Stability of cobalt doped ZnO films with deposition temperature has been 
investigated 7. Transparent conductive ZnO films doped with Co and In have been fabricated on glass 
substrates at 350 oC using ultrasonic spray method 8. According to X ray diffraction (XRD) patterns, 
these films have indicated a (002) preferential direction. After doping with Co, the band energy gap of 
these films has increased from 3.25 to 3.36 eV. After doping with In, the band energy gap of these 
films has decreased from 3.25 to 3.18 eV. In and Co have been added to ZnO to enhance the 
conductive properties of ZnO 8.       
             Variation of structural and electrical properties with thickness of Ga doped ZnO films prepared 
by reactive plasma deposition has been investigated 9. Li, P and N doped ZnO thin films have been 
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grown using PLD 10. Fourier transform infrared spectrometer (FTIR) and XRD properties of Al doped 
ZnO films deposited on polycrystalline alumina substrates by ultrasonic spray pyrolysis have been 
investigated 11. Optical properties and photoconductivity of ZnO thin films grown by pulsed filtered 
cathodic arc vacuum technique have been studied 12. Structural and optical properties of ZnO thin films 
synthesized on (111) CaF2 substrates by magnetron sputtering have been investigated 13. Effect of 
substrate temperature on the crystalline properties Al doped ZnO films fabricated on glass substrates by 
RF magnetron sputtering method has been studied 14. Low temperature annealing effect on the 
structural and optical properties of ZnO films deposited by PLD has been investigated 15.   
            Previously ZnO films have been deposited using reactive dc sputtering method by us 16, 17. 
Photo-voltaic and absorption properties of ZnO thin films deposited at different sputtering and 
annealing conditions were investigated 16. Gas sensitivity of sputtered ZnO films decreases with the 
particle size 17. In addition, structural properties of spin coated iron oxide films were explained 18. In 
this report, the optical properties of spin coated ZnO films have been explained. The energy gap, 
optical absorption, and thickness have been calculated for films fabricated at different rotational speeds 
of spin coated system for different coating times and films annealed at different temperatures for 
different time periods. The energy gap, optical absorption, and thickness solely depend on the Cu 
concentrations doped in ZnO films. The spin coating method is a low cost technique compared to the 
deposition techniques required vacuum or expensive equipments.        
               In addition, ZnO indicates some magnetic properties. Theoretical studies of magnetic films 
have been carried out using Heisenberg Hamiltonian 19, 20. Thin films of magnetic films have been 
synthesized using pulsed laser deposition 21.  Low cost P-Cu2O/N-CuO junction was prepared using 
thermal evaporation method 22. Furthermore, multiwalled carbon nanotubes synthesized using chemical 
vapor deposition method was employed to detect H2 and methane gases 23.  
 
2. Experimental: 

Chemicals with purity higher than 98% were used as starting materials. Copper acetate 
dehydrate (Cu(CH3COO)2.2H2O), anhydrous ethanol and monoethanolamine (MEA), potassium 
iodide (KI), tetrapropylammonium iodide (Pr4NI) and iodine were used without grinding. Zinc acetate 
dihydrate (Zn(CH3COO)2.2H2O) was grinded before use. All the chemicals except I2 and ethanol were 
vacuum dried at 60 oC for 24 hours prior to use.  
                 ZnO solutions were prepared using zinc acetate dihydrate (Zn(CH3COO)2.2H2O), 
anhydrous ethanol and monoethanolamine (MEA) as the solute, solvent and sol stabilizer, respectively. 
Zinc acetate was first grinded and dissolved in a mixture of ethanol and monoethanolamine at room 
temperature. The molar ratio of MEA to zinc acetate was kept at 1:1. Five doped solutions were 
prepared by adding copper acetate dihydrate (Cu(CH3COO)2.2H2O) to the mixture with an atomic 
percentage of Cu varying from 1%  to 5%. The resulting solutions were stirred by a magnetic stirring 
apparatus at 70 ◦C for an hour. Finally transparent ZnO solutions were formed. In the sol, the Zn 
concentration was 0.5 mol/L. The prepared sols were aged for 24 hours at room temperature. Then the 
thin films were prepared by a spin-coating method on glass substrates which had been pre-cleaned by 
detergent, and then cleaned in methanol and acetone for 10 min each by using ultrasonic cleaner and 
then cleaned with deionized water and dried. The films samples were grown at 2000rpm for 30s. After 
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coating, the sample was first dried at 200 ◦C for 10min, and then was annealed at 500 ◦C in ambient 
atmosphere for an hour.  

     The optical measurements of the films were carried out using Shimadzu UV 1800 
spectrophotometer in the wavelength range from 190 to 900 nm at room temperature. Samples 
synthesized on amorphous insulator glass substrates were used to measure the optical properties.  

 
3. Results and Discussion: 
Experimental measurements are usually made in terms of percentage transmittance ( ), which is 

defined as, 

%100%
0

×=
I
IT                                                                                                   (1) 

where I is the light intensity after it passes through the sample and Io is the initial light intensity. 
 
All the samples given in this report were prepared at 2000 rpm in 30s and subsequently annealed at 500 
◦C in air for an hour. After optimizing synthesize conditions, above conditions were selected to prepare 
samples. Figure 1 shows the transmittance curves for undoped ZnO films (solid line) and ZnO doped 
with 3 (dashed line) and 5% (dotted line) of Cu. The atomic doping percentages of Cu are given here. 
Although all the measurements were performed for doping concentrations of 1, 2, 3, 4 and 5% of Cu, 
only the curves for 3 and 5% are shown in this manuscript. The absorption edge is observed around 380 
nm. Below the absorption edge, the transmittance increases with Cu concentration in ZnO thin film 
sample. However, just above the transmittance edge, pure ZnO film and film sample with 3% of Cu 
indicates the highest and lowest transmittance, respectively. At longer wavelengths, film sample with 
3% of Cu dominates. Because different materials are capable to absorb different wavelengths, the 
dominance of transmittance varies with the wavelength even for the same concentration of Cu.       
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Figure 1: Transmittance versus wavelength for undoped ZnO and doping concentrations of 3 and 5% of 

Cu. 
 
The relationship between absorbance ( ) and transmittance ( ) is given by, 

0
1010 log)(log

I
ITA −=−=                                                                                   (2) 

 
The curves of absorbance versus wavelength for undoped ZnO (solid line) films and ZnO doped with 3 
(dashed line) and 5% (dotted line) of Cu are given in figure 2. The absorption edge can be observed 
again around 380 nm. Below this wavelength, absorption decreases with Cu concentration of ZnO 
sample. Just above this wavelength, sample with 3% of Cu indicates the highest absorption. This 
variation is obvious, because the absorption is the opposite phenomena of transmittance. Again the 
relative variation of absorption between samples with different concentrations is due to the reason 
explained previously.  
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Figure 2: Absorbance versus wavelength for undoped ZnO sample and Cu doping concentrations of 3 

and 5%. 
 
The reflectance ( ) was calculated using the following relation 

 
5.0)(1 AeTR ×−=                                                                                                (3) 

 
where R is the reflectance, T is the transmittance and A is the absorbance. 
 
Figure 3 shows the graph between reflectance and wavelength for pure ZnO and Cu concentrations of 3 
and 5%. The curves observed in reflectance graph have some resemblances to the absorbance curves.  
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Figure 3: Reflectance versus wavelength for undoped ZnO and Cu doped samples. 

 
 
The refractive index at different wavelengths were calculated using equation, 
 









−
+

= 5.0
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1

R
Rn                                                                                                        (4) 

 
The graph between refractive index and the wavelength is given in figure 4 for pure ZnO and Cu doped 
samples. Variation of refractive index is similar to the variation of absorbance and reflectance.  
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Figure 4: Refractive index versus wavelength for undoped ZnO and Cu doped samples. 
 
The thickness of the thin film can be calculated by equation 

)( 1221

21

λλ
λλ

nn
t

−
=                                                                                                    (5) 

where λ1 and λ2 are the wavelengths at which two successive maxima or minima occur, and n1 and n2 

are the corresponding refractive indices. 
The thicknesses calculated for the films with different Cu concentrations using equation (5) and figure 
4 are given in table 1. Because the thickness of film depends on the initial amount of solution spread on 
the substrate, the thickness varies from film to film in a random manner as given in table 1.  
 

Cu λ1/nm λ2/nm n1 n2 d/nm 
0% 354.6 487.1 3.96448 1.2136 115.0925 
1% 359 899.9 3.76367 1.12466 108.2954 
2% 358.2 899.6 3.75074 1.1681 109.0202 
3% 360.6 899.4 3.50546 1.17383 118.8204 
4% 359.1 899.6 3.70123 1.16073 110.9055 
5% 358.2 899.6 3.07063 1.19296 138.0017 

 
Table 1: Film thicknesses of Cu doped ZnO films. 
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The fundamental absorption, which corresponds to electron excitation from the valence band to 
conduction band, can be used to determine the value of the optical band gap. The absorption coefficient 
α was determined using the relation 
 







×=

t
A303.2α                                                                                                     (6) 

 
α for each sample at different wavelengths was calculated using figure 2 and table 1. The relationship 
between the absorption coefficient (α) and the incident photon energy (hυ) can be written as 
 

5.0)( gEhBh −= ννα                                                                                             (7) 

 
Where,  is a constant,  is the band gap energy of the material. When  is zero, hυ =Eg from 

equation (7). Figure 5 shows the graph of ( )2 versus hυ for films with ZnO (solid line) and Cu 

concentrations of 3 (dashed line) and 5% (dotted line). The value of optical band gap was calculated by 
extrapolating the straight line portion of ( )2 versus hυ graph to hυ axis. According to above 

equation, the value of x axis at intercept of this straight line is the energy gap (Eg).  
 

 
Figure 5: Graph of (αhν)2 versus photon energy (hν). 
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Energy gaps calculated from figure 5 and equation (7) are given in table 2. Although only three curves 
are given in figure 5, the energy gaps calculated for all the concentrations are given in table 2. Band 
gap gradually decreases with the doped amount of Cu. The impurity energy levels and defects always 
contribute to the decrease of energy gap. This implies that the addition of Cu enhances the conductance 
of the sample as expected. However, this variation of energy gap (from 3.27 to 3.18 eV) is really small 
because a trace amount of Cu is added. By adding a trace amount of Cu, the conductivity of ZnO can 
be improved without altering the other properties of ZnO. Similar variation has been observed for 
indium doped ZnO films by some other researchers [8]. Electron concentration dependence of the band 
gap shift in Cu doped ZnO could be the reason for this decrease of energy gap. The increase of Urbach 
energy is the other possibility. The energy gap of our undoped ZnO film is really close to the standard 
band gap value of ZnO (3.2 to 3.3 eV). This confirms the formation of ZnO phase in thin film. Our 
synthesized films were apparently transparent. Diffraction peaks couldn’t be observed in XRD patterns 
of our film samples by persuading that particles are in nanometer range. Particles sizes less than 5nm 
can’t be detected using XRD.    

 Concentration Band gap energy(eV) 

0% 3.27 

1% 3.26 

2% 3.25 

3% 3.24 

4% 3.24 

5% 3.18 
 

Table 2: Calculated values of energy gap at different Cu concentrations. 
4. Conclusion: 
Films were prepared using a low cost spin coating technique. Below the absorption edge, the 
transmittance of samples increases with Cu concentration of ZnO thin film sample. The absorption 
edge can be observed around 380 nm. Absorbance, reflectance and refractive index decrease with Cu 
concentration of ZnO sample below this wavelength. However, a systematic variation of transmittance, 
absorbance, reflectance or refractive index with wavelength couldn’t be observed above the absorption 
edge. The thickness of the samples calculated from refractive index versus wavelength graphs varies 
from 108.3 to 138 nm depending on the amount of the solution spread on the substrate. Energy gaps of 
the samples determined from the graph of (αhν)2 versus photon energy (hν) gradually decreases with 
Cu concentration doped with ZnO. The reason for the variation of the energy gap could be the electron 
concentration dependence of the band gap shift. 
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