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Abstract  

      In this work, carbon-doped copper oxide thin films were deposited by the 

reactive DC sputtering method for use as selective absorbents. The properties of the 

DC discharge plasma were studied, using the emission spectrum, in the presence of 

pure argon and by mixing it with oxygen once and carbon dioxide again to know the 

effect of adding these gases on the properties of the resulting plasma used in the 

deposition of films. The structural properties of the deposited thin films prepared 

with different flow ratio of carbon dioxide gas were studied using x-ray diffraction. 

To examine the selective absorber coatings, the reflectance within the UV-Vis 

spectrum was measured to calculate the percentage of energy absorbed by solar 

radiation using numerical integration. The reflectance was also measured in the 

range from 2.5 to 25 μm to calculate the thermal emission of the solar heater within 

a temperature of 373 K. Measurements showed good efficiency as a selective 

absorption layer. The best absorptance of the solar spectrum (α) was 0.8750, and the 

lowest emittance (ε) in the infrared region was 0.254 at 25% percentage of carbon 

dioxide in the reactive gas of the sputtering system. So, this ratio has the highest 

efficiency as a selective absorber. 
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  الخلاصة 
الترذيذ بالتيار  ترسيب أغذية رقيقة مؼ أكديد الشحاس السذؽب بالكربؽن بؽاسطة طريقةتػ في هذا العسل       
التفاعمية لاستخدامها كسسترات انتقائية. تست دراسة خؽاص بلازما التفريغ السدتسر باستخدام طيف  رالسدتس

ة أخرى لسعرفة تأثير الانبعاث بؽجؽد الأرجؽن الشقي ثػ مزجها مع الأكدجيؼ مرة ومع ثاني أكديد الكربؽن مر 
إضافة هذه الغازات عمى خؽاص البلازما الشاتجة السدتخدمة في ترسيب الأغذية. تست دراسة الخؽاص 
التركيبية للأغذية الرقيقة السحزرة بشدب تدفق مختمفة لغاز ثاني أكديد الكربؽن. لفحص الطلاءات الساصة 

لحداب الشدبة السئؽية لمطاقة التي  مرئي -بشفدجيالفؽق  الطيفضسؼ  الانتقائية ، تػ قياس الانعكاسية
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 52إلى  5.2يسترها الإشعاع الذسدي باستخدام التكامل العددي. تػ قياس الانعكاس أيزًا في السدى مؼ 
كمفؼ. أظهرت القياسات كفاءة  373ميكرومتر لحداب الانبعاث الحراري لمدخان الذسدي في درجة حرارة 

 (ε) ، وأقل انبعاثية 0.7720 ت( كانαلمطيف الذسدي )ية . أفزل امتراصجيدة كطبقة امتراص انتقائية
٪ مؼ الغاز الستفاعل في 52عشد ندبة ثاني أكديد الكربؽن  0.520 تفي مشطقة الأشعة تحت الحسراء كان

 مشعؽمة الترذيذ. لذلغ ، هذه الشدبة لها أعمى كفاءة كسستص انتقائي.
 

1. Introduction  

      Because of the global importance of energy and the necessity to reduce pollution and 

greenhouse gases  problems, the need for new alternatives of renewable energies has emerged, 

including the use of solar energy [1]. The exploitation of solar energy through direct heat 

absorption by solar collectors is one of the simple and highly efficient methods [2]. Selective 

absorber coatings have a high absorption of solar radiation in the UV-Visible spectrum as 

well as low emittance at the operating temperature, which is usually in the infrared region [3]. 

Despite the high absorbance of solar black coatings, it cannot be considered a selective 

surface due to its high infrared emissivity [4]. To obtain good selective surfaces, a mixture of 

different materials is used such as grafting metal oxides with carbon[5].  

The selective absorber efficiency is determined by its total absorbance of solar energy by a 

layer on a metal panel. It is usually calculated using the reflectivity curve and the standard 

solar spectrum at sea level from calculating the ratio between the entire absorbed energy to 

the total falling energy, which is calculated from the area under the solar radiation curve. 

While the emittance at the infrared region is calculated using Kirchhoff's laws [6], using the 

reflectance spectrum within the blackbody emission range of the proposed operating 

temperature of the solar absorber [7]. 

Plasma sputtering using DC discharge is one of the thin film deposition methods that 

produces thin films with uniform coating and with high-quality specifications. It is important 

to study the plasma parameters to control the sputtering process and to know their effect on 

the properties of the deposited films. Plasma emission spectrometry is one of the methods 

used to study plasma properties. Plasma emission spectrum consists of several spectral lines 

describing electronic transitions in an atom or ion [8]. The intensity of the spectral lines varies 

depending on the plasma temperature, the quantitative transition probability and the statistical 

weight of the excited plane, as in the Boltzmann distribution equation [9]:  

    
 

    
          

        ⁄                                          (1) 

Where:    represents the upper-level statistical weight,    is the upper-level energy,     

represents the transition probability and Te is the plasma temperature represented by the 

electron temperature, which can be calculated using Boltzmann relationship [10]: 
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Where λji is the wavelength generated by the transition from the j level to the i lower level. 

Whereas, the electron density can be calculated, using the Stark expansion relationship [11] 

     
    *

  

         
+                                                (3) 

Where: Δλ is the width of the spectral line at the mid-intensity, and    is the electron effect 

parameter, which can be found from the standard tables, and Nr is the reference electron 

density equal to 10
16

 cm
-3

 for atoms and 10
17

 cm
-3

 for ions. 

In this research, the effect of mixing ratios of carbon dioxide and oxygen with argon, as a 

mixture of reacting gases in a DC discharge sputtering system, on the properties of the 

deposited films was studied. In addition, the properties of the carbon-doped copper oxide 

deposited films, such as the structural properties, was studied. The effect of the gas mixing 
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ratio, which changes the percentage of doping with carbon, on the efficiency of films 

deposited on a copper substrate as selective absorbers was also studied. 

 

2. Experimental 

A copper target, of a purity greater than 99 %, was used to prepare the DC discharge target. 

The reactive gases Ar, O2, and CO2 were to flow in the discharge chamber with three different 

ratios of Ar:O2:CO2: (70:10:20,  65:10:25, and 60:10:30) percentage., The deposition 

parameters were 1300 V sputtering voltage,25 mA current, 8×10
-2

 mbar pressure, and 3.6 cm  

inter-electrode distance. 

Glass and copper substrates were used with an area of 2×2.5 cm
2
. The copper substrates were 

polished by three stages, finally cleaned with ethanol in ultrasonic water bath for 10 minutes 

and dried with an air blower.  

Plasma characteristics were studied using plasma emission spectroscopy. The emission, 

produced by the reactive DC discharge using different gasses (Ar, Ar: O2 =70:30, and Ar: 

CO2 =70:30), was transferred, by optical fibre, to a spectrometer to be analysed. The 

spectrometer was connected with a computer to record the data, which were then used to 

study the effect of the gas mixture on the properties of DC discharge plasma. 

The deposited thin films prepared at different mixing ratios of the different CO2 ratios ,as the 

reactive gas, with oxygen and argon were examined by the XRD measurements. To examine 

the selective absorber efficiency, the reflectance patterns of the prepared thin films were 

registered with a reflection spectroscope  (Avantes DH-S-BAL-2048 UV-Vis), within the 

range of 200 to 1100 nm. The thin films were also examined using Fourier transform infrared 

spectroscopy with a reflection mode (FTIR Bruker ALPHA II Spectrophotometer) at the 

range of 2.5 to 25 μm.  

3. Results and Discussions 

3.1 Plasma Characterization 

Figure1 shows the spectroscopic emission patterns of the plasma produced by DC sputtering 

in Ar gas at 2×10
-1

 mbar pressure using copper target which were compared with the standard 

lines for (Ar I, Ar II, and Cu I) [12]. There are many atomic and ionic argon lines, in addition 

to weak lines for Cu from the sputtered atoms, which has low concentration compared with 

argon atoms. The peaks intensities of Ar I atomic lines are much higher than those the ArII 

ionic lines (ArII) indicating the partial ionization of argon gas.  

Figure 2 shows the spectroscopic emission patterns of the plasma produced by DC sputtering 

at mixed gasses of Ar and CO2 gas at 2×10
-1

 mbar pressure using copper target compared with 

the standard lines. There are many atomic and ionic argon lines, in addition to weak lines for 

Cu. A small peak appeared at 777.6 nm corresponding to OI [13]. Additional broad peaks 

appeared at 389.3 and 426 nm corresponding to molecular bands for CO and CO2, 

respectively. These peaks are from the difference in electronic and vibrational energy levels 

of the two molecules.  
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Figure 1- Emission spectrum for DC sputtering in Ar gas using copper target. 

 

 
Figure 2-Emission spectrum for DC sputtering in Ar mixed with CO2 gas using copper target.  
 

Figure 3 shows the spectroscopic emission patterns of the plasma produced by DC sputtering 

in mixed gasses of Ar and O2 gas at 2×10
-1

 mbar pressure using copper target. The same 
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atomic and ionic argon lines and small intensities Cu line were noticed. The evidence peak 

appeared at 777.6 nm corresponding to O I for oxygen gas.   

 
Figure 3-Emission spectrum for DC sputtering in Ar mixed with O2 gas using copper target. 
 

Figure 4 shows the peak profile for the Ar line at 763.51 nm for the emission from DC 

sputtering in the three different gasses (Ar, Ar+CO2, and Ar+O2). The full width at half 

maximum was found by Lorentzian fitting which was used to calculate electron density for 

the different samples using the previously calculated standard broadening for this line [14].  

 
Figure 4-Lines profile and their Lorentzian fitting for ArI line at 763.5 nm from DC 

sputtering in different gas mixtures. 
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Electron temperatures ( Te) were calculated from the slope of the relation between 

  (
      

       
) versus upper energy level, using Boltzmann plot method[15], as shown in Figure 

5, for the atomic lines of argon emission lines from DC sputtering in the different gasses 

mixtures. 

 
Figure 5-Boltzmann plots using ArI lines produced by DC sputtering in Ar, Ar+CO2, and 

Ar+O2 mixed gasses. 

 

Table 1 shows the calculated parameters of the plasma produced by DC sputtering in the 

different gasses. The plasma temperature (Te) decreases by adding carbon dioxide gas to 

argon with the ratio of 30%, and decreases further by adding oxygen at the same ratio. This 

decrease in temperature occurs because not all the energy supplied to the gas mixture, which 

contains molecular gases, goes to the electrons. Part of the energy is in the form of vibrational 

energy or rotational energy of these molecules. On the other hand, the electron density 

changed slightly. 

Table 1-plasma parameters calculated from spectroscopy lines for DC sputtering in different 

gasses. 
Sample Te (eV) FWHM (nm) ne×10

17 
(cm

-3
) fp(Hz) ×10

12
 λD×10

-6
(cm) 

Ar 0.920 1.120 7.568 7.812 0.819 

Ar+CO2 0.815 1.100 7.432 7.742 0.778 

Ar+O2 0.350 1.150 7.770 7.916 0.498 
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3.2 Thin films Characterization 

The prepared thin films were uniformly deposited and had very high adhesion , it was difficult 

to remove by scratching, which makes them resistant to environmental conditions. The 

colours of the prepared films varied from brown to dark brown with the increasing percentage 

of carbon in the sample. 

Figure 6 displays the X-ray diffraction patterns of the C- doped CuO thin films deposited on 

glass substrates by the DC sputtering using the different mix ratios of gasses (20%, 25% and 

30% CO2). Poly-crystalline structure of monoclinic copper oxide structure appeared in all 

samples (standard card No. 96-101-1195) with peaks located at 32.5626°, 35.3531°, and 

38.4624° compared with the lattice planes of (110), (11-1), and  (111), respectively. 

Additional peak appeared with  25% CO2 gas located at 26.66° corresponding to (002) 

direction of hexagonal graphite structure, matched with standard card No. 96-901-2231. The 

intensity of this peak increased with increasing the CO2 gas flow to 30% indicating the 

increase of the carbon content in the sample [16]. 

 
Figure 6-X-ray diffraction patterns for CuO:C thin film deposited on glass substrate by DC 

sputtering at different CO2 mixing ratios of (A) 20%, (B) 25 and, (C) 30% with the Ar and O2 

gasses. 

 

Table 2 shows the diffraction angles, inter-planer spacing (dhkl) calculated using Bragg’s law, 

full width at half maxima (FWHM), crystalline size (C.S.), and corresponding Miller indices 

for the XRD peaks in the three samples. There is a slight change in the diffraction angles due 

to lattice stresses arising because of crystal defects due to doping. The table also shows that 

the crystal size values of copper oxide did not change much, while the crystalline size of 

carbon increased significantly when the percentage of carbon dioxide increased from 25 to 

30%. 
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Table 2- XRD parameters for CuO: C thin film deposited on glass substrates prepared by DC 

sputtering using different CO2 mixing ratios. 
CO2% 2θ (Deg.) FWHM (Deg.) dhkl(Å) C.S (nm) hkl Phase 

 
32.5626 1.1161 2.7476 7.4 (110) Mono.CuO 

20 35.3531 1.0364 2.5369 8.0 (11-1) Mono.CuO 

 
38.4624 1.3553 2.3386 6.2 (111) Mono.CuO 

 
26.6629 0.5581 3.3406 14.6 (002) Graphite 

 
32.4032 0.7175 2.7608 11.5 (110) Mono.CuO 

25 35.2733 1.1162 2.5424 7.5 (11-1) Mono.CuO 

 
38.3827 1.1959 2.3433 7.0 (111) Mono.CuO 

 
26.6629 0.7176 3.3406 11.4 (002) Graphite 

30 35.4328 1.0364 2.5313 8.1 (11-1) Mono.CuO 

 
39.0205 0.9568 2.3065 8.8 (111) Mono.CuO 

 

Figure 7 shows the X-ray diffraction patterns of C-doped CuO thin films deposited on a 

copper substrate using a gaseous mixture containing 25% carbon dioxide. From the figure, it 

is noticed that the peaks of copper substrate overshadowed the figure, so it was difficult to 

notice the peaks belonging to the deposited films. To focus on the copper oxide peaks, the 

figure was scaled up as shown in the inset figure, which shows small peaks belonging to the 

copper oxide. Therefore, the analysis was sufficient for the films deposited on glass. 

 
Figure 7-XRD parameters for CuO: C thin film deposited on Cu substrate prepared by DC 

sputtering. 

 

3.3 Selective Absorber Examination 

The comparison between the standard solar irradiance curve (AM 1.5 Standard Spectrum) and 

the absorbed energy for the Cu substrate coated with C: CuO thin films prepared by DC 

sputtering are shown in Fig. 8. The area under the two curves was calculated numerically to 

calculate the total absorbance at the UV visible range, which is equal to the ratio between the 

two areas. The increase in the carbon content in the thin-film sample causes the two curves to 

be very close to each other, meaning that most of the solar radiation is absorbed by the sample 

[17]. 
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Figure 8-Comparison between solar irradiance curve and (1-R)×solar irradiance for copper 

substrate coated with CuO thin films prepared by DC sputtering at different CO2 mixing 

ratios. 

 

Figure 9 displays the black-body radiation curves at the operating temperature of the solar 

absorbers, proposed at 373 K, and the emission curves measured from the reflectance curve of 

the copper substrate coated by C: CuO thin-film prepared by DC sputtering using the three 

gas mixtures. The area under the two curves was numerically calculated to calculate the total 

emittance relative to the black body radiation in the infrared range. The area under the 

emittance curve was less than that of the sample deposited with reactive gas containing 25% 

carbon dioxide ratio. 
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Figure 9- Comparison between black body radiation curve at 373 K and  (1-R)× black body 

radiation for copper substrate coated with CuO thin films prepared by DC sputtering at 

different CO2 mixing ratios.  

 

Table 3 shows the UV-Visible absorptance and IR-emittance (at 373 K) for the copper 

substrates coated by Cu thin films prepared by DC sputtering using the three mixing ratios of 

the reactive gasses. It appears that the absorptance improved to 0.875 and the emittance 

reduced to 0.254 at 25 % CO2 ratio of the reactive gasses. This result agrees with previous 

studies using different techniques [18]. 

 

Table 3-UV-absorptance and IR-emittance for the Cu substrate coated by CuO using different 

CO2 mixing ratios 
CO2% α ε 

20 0.7873 0.276 

25 0.8750 0.254 

30 0.8106 0.259 

4. Conclusion 

A new selective absorber C-doped CuO coating of high quality was fabricated using reactive 

DC sputtering using a gas mixture of Ar, O2, and CO2 at different ratios. The properties of the 

deposited thin films were tuned by varying the gas mixing ratios. Increasing the CO2 ratio 

from 20 to 30%  caused the increase of the carbon content of the deposited films; also the 
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crystalline size of carbon increased. Although the plasma density and plasma temperature 

were reduced by adding the reacting gases, due to the loss of plasma energy by secondary 

reactions, which in turn affects the sputtering efficiency, but adding limited proportions of the 

reacting gasses was effective in depositing films with good specifications, as its increase 

above a specific limit reduces the deposition efficiency. The best gas ratio, which produced 

the best sample as a selective absorber, was the 25% CO2 reaction gas. 
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