


Optimization and Characterization of CuO thin films
ABSTRACT
This study is focused on the structural and optical properties of CuO thin films carried by spray pyrolysis deposition method. The deposited films were examined using X-ray diffraction, Scanning electron microscope, Atomic force microscope, Raman spectroscope and UV- spectrophotometer. The XRD pattern showed that the as-deposited CuO thin film has monoclinic and polycrystalline structure. Morphological properties SEM &AFM images exhibit that the obtained films have a good uniform distribution and high surface roughness with increasing temperature substrate. The Raman scattering exhibits three modes of peak position A1g, B1g, and B2g.It can be seen, the Raman shift increases with increasing temperature. CuO thin films have a good absorption coefficient values , the high value of the absorbance refers to the possibility of direct transitions and the material optical band gap has been determined to be between (1.45 -1.60 eV). The characterization of CuO thin films can be enhanced with increasing temperature. The optimization of the deposited films depends on fabrication conditions .     
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1. Introduction
CuO thin film recently gaining vast attention due to a good applications in optical, mechanical, and electronic fields[1]. CuO thin film is a cubic with monoclinic crystal structure which belongs p-type semiconductor as well as presence small value of gap (1.3-1.8 eV) [2]. Additionally, copper oxide thin films have a good absorption coefficient (104 cm-1) as well as high thermal conductivity. Furthermore, CuO thin film has good electrical resistance[3]. Copper oxide has secondly stable forms, such as CuO and Cu2O with various applications. Furthermore, CuO thin film is an vast studied group II-VI semiconductor , especially with optical properties due to permit  stable emission at room temperature . So, there are many applications in sensors, filters, photodiode and optoelectronic devices [4,5,6,7,8,9,10]. There are many advantages of CuO thin films include a good chemical stabilization , non-toxicity and environmental friendly . Additionally , CuO thin films were used in diifrent applications such as gas sensors [11], solar cells [12], photo-catalysis [13], hydrothermal synthesis [14],chemical agents [15], superconductivity [16]. Importantly, copper oxide thin films have characterized by many methods for example sputtering, [17], chemical spray pyrolysis [18], sol-gel [19], hydrothermal [20], chemical bath method[21], chemical vapor deposition (CVD) and PECVD[22,23].Chemical spray method is a one important technique and glamorous as well as versatile method due to low cost and easy used . Besides , chemical spray method is a widely used due to a good adherent with homogenous films surface and stoichiometric procedure. (Lamri et al.  2014) measured the conductivity by I-V measurements with D.C power supply, they indicated the surface analysis of CuO thin films is single phase with a monoclinic structure[24]. (Muhammad, 2020)prepared nano-petals with small grain size as well as a large surface area. Apart from this, it has  a monoclinic crystal structure [25]. (Aswad et al. 2021) studied the impact of the values deposition time on the structural and optical properties of copper oxide thin films , they indicated that the optical properties enhanced with deposition time [26]. (Mohammed et al.  2024) showed that the top surface plasmon peak of copper oxide nanocomposites carried out at 1.52 mA/cm2. furthermore, the plasmon peak appears at 370 nm using UV–visible analysis[27]. The aim of this study is impact of annealing temperature on the surface films (AFM &SEM), Raman analysis and optical properties of copper oxide thin films by chemical method . The performance of deposited CuO thin film can be enhanced by influence of annealing temperature. Issam et al.(2011) investigated the optical properties of CuO thin films and concluded that the energy gap was found to (1.5-1.85 eV)[28].   

Methodology:
 
  2.1. Chemicals

  Copper chloride powder (CuCl2 .2H2O) were used from "Sigma Aldrich" and ethanol solution (C2H5OH) from (Bratislava, Slovakia). The magnetic stirrer was used for a period of one hour in order to obtain a homogeneous the solution at a temperature of 85 °C.  

 2. 2. Preparation of CuO Thin Films

Chemical spray method is easy used and low cost. Basically, it is a chemical procedure, which is used the solution as spraying on the surface at the substrate at certain temperature value in order to form thin film. The setup of spray chemical method is shown in Figure1. Firstly, the aqueous solution was used at concentration of 0.1M from powder (CuCl2 .2H2O) by chemical spray method in order to form copper thin film. The glass substrates were cut off a small pieces (28x72mm3). Furthermore, the sample  was cleaned with ethanol and alcohol solution and then distilled water, all mixture were put on ultrasonic bath for 20min. The surface temperature was kept about 573K  ±10K . To determine the concentration of solution, we used  the following equation:

  
                                   (1)

 
Additionally, the spray rate of the solution was found to be five sprinkling in minute, the sprinkling time about 15 second. Furthermore, the distance between the spray   and the sample was 19cm. Furthermore, air flow was used as gas by (compressor).In the other side , the heat temperature of the sample was used at 315oC. Beside, the thickness can be calculated using the following equation. 

t=/                                                                                           ( 2 ) 

 So,   refers to before and after deposition mass values , (A) symbolizes to area equal to 1.57cm2 and (ρ) indicates to copper oxide mass density (4.75 g/cm3). To synthesize copper oxide thin films(CuO), copper chloride (CuCl2 .2H2O,99%) was immersed in aqueous solution at concentration of 0.1 M using chemical spray method. On the other hand, the hydrochloric acid (HCl) were added with 5 % of aqueous solution in order to good solubility and homogenously. Hydrochloric acid solution is regarded as catalyst agent which is allowed to maintain fixed pH buffer within (6–7). Besides, it makes to avoid the formation of dangling bonds. Firstly, the solution was mixed at 20 min using magnetic stirring. Glass substrates were cleaned by ethanol using ultrasonic bath for 15 min and then in non-ionized water. The parameters of spray method include 0.3mm diameter of nozzle , the distance between nozzle and the substrate was determined at 30cm.Apart from this, the gas flow rate of the solution was found to be 10 cm3/min. Besides, the samples were studied at various substrate temperature from (600 to 725K) . The mechanism of spray method depend on droplets inside the nozzle during the heat substrate. Finally ,  formation the thin layer at the substrate . The obtained thin film is pass through with several stage. The first one, at the low temperature where the droplet fall and diffusion at the substrate ,but in this case we cannot obtain homogenous thin films due to slow degraded of the prepared thin film. Secondly, at high temperature the solation evaporates before reaching at the substrate, in this case we cannot obtain a good adhesion. Third stage, at the optimization value of heating at near the sample and adsorbed on the surface and then we obtain good adhesion of the prepared films.
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Figure 1. Schematic of the spray pyrolysis system [29].






[bookmark: _GoBack]3. Results and Discussion

3.1 Structure properties (XRD)  

[bookmark: _Hlk199618406][bookmark: _Hlk199618541]X-ray peaks of deposited thin films were implemented using X-ray diffraction in order to determine the structural features.(Ravi dhas,2014) displayed that the all samples have cubic polycrystalline and monoclinic structure crystal structure. Figure 2 illustrates that all peaks position of x-ray patterns located at 2θ=32.5o,  38.7 o, 48.7 o, 53.4 o, 58.2 o, 61.5 o, 66.2 o, 68.0 o, 72.2 o, 75.0 o  corresponded to (110), (11-1), (111), (20-2), (020), (202), (11-3), (31-1), (113), (311), and (004) respectively (JCPDS No. 01-078-2076) [30]. Furthermore, the crystalline size (D) of CuO can be estimated by Sherrer equation [31]: 

                                                  (3)                                                        
Where indicates to full with half maximum, refers to the constant 0.9 and  equal (0.1543 nm). Besides, XRD patterns of all deposited CuO thin films have single-phase. The results indicate that the x-ray diffraction patterns of copper oxide thin films have high purity. Furthermore, no additional peaks and impurities were displayed on the XRD patterns. The intensity of copper oxide thin films increase with increasing temperature due to expanded in lattice constant with increasing temperature. Our results are good agreements with results [32].
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Figure 2. XRD patterns of deposited CuO thin films at different substrate temperatures , (1) 600 K, (2) 625 K, (3) 650 K, (4) 675 K, (5) 700 K, (6) 725 K.  





Table 1. Summarize of the x-ray diffraction parameters  



	2θ
 
	dhkl  (A°)
	Intensity(a.u)
	dhkl  (A°)
	Intensity(a.u)
	hkl

	32.49°
	2.753
	49
	2.751
	12
	(110)

	35.53°
	2.524
	100
	2.523
	100
	(1-11)

	38.74°
	2.322
	53
	2.323
	96
	(111)

	48.76°
	1.866
	24
	1.866
	25
	(202)



Many of researchers studied the structure properties in order to estimate certain   lattice parameters a,b and c of the copper oxide thin films as Figure 3a. (Diachenko et al.  2021) illustrate the values of these parameters produced by the unit cell have   differences with other parameters [33].Furthermore, (Opanasyuk et al.  2012) observed that the parameters of lattice constants can estimatedwhich was found to be 104.7°  [34]. 
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Figure 3. (a) Illustrates the lattice constant of the copper oxide thin films of different temperature: solid lines according to estimate results, also the dashed- unit cell software, (b) impact of the substrate temperature (4) , micro-strain level obtained using (1) Gauss and (3) Cauchi approximation and (2) from threefold convolution.





It can be seen, the parameter of lattice constant (a) of the deposited films rises above 625 K and also increasing with temperature at the surface  Meanwhile, the lattice constant( b) firstly reduces, but after that the deposited film at the substrate increased when the temperature was at 725 K. Additionally, the lattice constant (c) increases gradually with raising temperature. Conversely, the sample decreases at temperature 725 K. Obviously, the lattice constant a was larger value but the lattice constant c was smaller value compared to JCPDS card.  According to the data of calculation the lattice constants of thin films, (Bouazizi et al. ,2015) estimated the unit cell of the deposited films [35]. Furthermore, the parameter was found to be 71.25 to 85.72 nm. (Langford, 2000) calculated the parameters of the copper oxide thin films and they observed that the direction of the CuO thin films was [11-1] and (22-2) of the crystal structure of the monoclinic phase[36]. Figure 3b illustrates scattering domain size of summarize results using three different methods. It can be seen the good values parameters obtained from the film substrate by various approximations correlate as Figure 3b. the results indicate the obtained date from the figures were reliability using the method of threefold convolution. Initially, the particle size of the thin films CSD increases with increasing temperature substrate from 25.4 nm to 27.67nm at the temperature was found to be (600 -650 K ) and then decreased at the temperature 725 K where the grain size was found to be 21 nm. It can be observed that the impact substrate temperature on micro-strain level of copper oxide thin films was obtained using threefold convolution as Figure 2b (line 4) .(Antony, 2006) concluded the micro-strain values of the deposited films increase with raising  temperature substrate and after that reduced. They can observe that the vacuum methods can use with chalcogenides of the thin films  [37].(Karrar and Khalid,2023) Figure 4 studied the deposited films of all samples for various temperatures at deposition time 7hours, 10hours, and 27 hours. they concluded the influence of deposition time on the structural properties using X-ray diffraction (XRD) and comparing with results [38]. 
[image: ]










Figure 4. XRD patterns of copper oxide thin films prepared at various deposition times. [39]



FTIR Spectrum:
(Santra et al, 1992) explained the two broad absorption bands at rang at 603, 530 and 492 cm−1. They observed that the values of the FTIR spectrum are associated with Cu–O stretching modes [40]. The results of FTIR analysis indicate that the Cu–O bonds are presented. Eventually, the formation of CuO thin films composite was observed from FTIR analysis as the Table 2. The currently data of FTIR spectroscope are a good results compare with previous reports [ 41]
   Table 2. FTIR analysis data



	No.
	Band cm-1

	1
	484    516    660

	2
	482     530     ---

	3
	440     502     603

	4
	432       511    603
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Fig. 5. FTIR spectrum at temperature 400°C of copper oxide thin film .



(Maroof and Hayat, 2021) studied the FTIR spectrum of the CuO thin films, they concluded the peak position at 497.1 cm-1 of Cu-O bonds corresponding with symmetric stretching and the peak position at 603.33 cm-1 corresponding with Cu-O wagging This implies the presence of metal-oxide group in the sample. Furthermore, the presence of hydroxide group in the sample indicates to the vibration peak at 3517 cm-1[42]. 
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Fig. 6. FTIR spectra of copper oxide thin films (a) nano-needles of CuO thin films and (b) nanoparticles of CuO thin films 


3.2 Scanning electron microscope  (SEM)

The top-view (SEM) images of the CuO thin films fabricated by spray pyrolysis method at various temperature are presented in Figure 7. The SEM images reveal spherical morphology as clusters with some voids of CuO thin films. SEM images exhibit a major impact on the shape and the dimeter of CuO nanocomposites when the temperature is increased. It is observed that the deposited CuO thin films are good uniform. At the same time, the prepared thin films become crystallite at higher temperature. The average grain size was about 85 nm [43]. Optimization work to control the size of self-assembled CuO thin films been reported in [44] through controlling the deposition level and the temperature substrate. Here, we enhanced the copper oxide thin films configurations generated by chemical method through only optimizing the temperature.  
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Figure 7. Illustrates Scanning electron microscope (SEM) images of copper oxide thin films at various temperatures (a) 600 K, (b) 625 K, (c) 650 K, (d) 675 K, (e) 700 K, (f) 725 K.





(Qassem et al., 2010) studied the scanning electron microscopic (FESEM) of CuO thin films , they observed that the copper oxide thin films contain a mixture of atoms having spherical shape as Figure8 .They estimated the grain size of CuO thin films between 9-60 nm. This is attributed to the variable growth of a seed properties of the copper oxide thin films with a monoclinic crystal structure containing  of oxygen and copper[45]. 
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Figure 8. FE-SEM images of fresh CuO thin films





 3.3 Atomic force microscope AFM
[bookmark: _Hlk203741226]Figure 9 illustrates (AFM) images 3D topology of the prepared thin films carried out by chemical method at various temperature. The deposited films have a good uniform morphology with small grain size . Results confirm that agglomeration of CuO thin films at the surface was observed. The values of average roughness increase with increasing temperature as Table 3. The deposition of CuO thin films improve of the structural stability with increasing temperature. These results illustrate that the characterizations of the samples can be developed using controlling the temperature substrate. The results are agreement with [46,47].  
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Figure 9. Image Illustrates Atomic force microscope (AEM) images of CuO nanocomposite ,(a) 625K, (b) 675K, (c) 725K.












Table 3. Summarize of the Atomic force microscope (AFM) parameters   



	Sample
	Ra(nm)
	Rq (nm)

	625
	15.51
	18.69

	675
	27.76
	25.65

	725
	46.08
	58.12
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Figure 10. AFM results of pure CuO films.





 3.3Raman Measurements
Raman spectroscope is one of the important parameters which can be determined the crystallographic of the solid state. The results indicate that the modes of the deposited thin films represented to (ГRA = 4Au + 5Bu + Ag + 2Bg), theses modes belong to center of the Brillouin zone of the optical phonon.  The symbols Au and Bu refer to infrared modes , Г is the degree of freedom. Conversely, Ag and Bg symbolize to Raman modes. Apart from this , the peak positions of the prepared samples were observed at frequency 268, 320, and 604 cm-1 and corresponded to A1g, B1g, and B2g respectively. This is attributed to the copper oxide thin films have monoclinic structure. There are six modes divided into modes (3Au + 3Bu), a part of this represents acoustic mode of (Au + 2Bu) and other modes represent (Ag + 2Bg) refer to Raman scattering [48,49,50]. Figure 11a illustrates the vibrational  modes of deposited samples at various temperatures at the frequency between (170 to 850 cm-1). The results were a good agreement with the previously references [51,52]. Clearly, the peak positions of the frequencies corresponded to peak positions of the substrate at (430 and 505 cm-1). We can observed the peak positions of the Raman intensity depends on the crystalline size and then the shift of the peak position occur of all samples. In the other side, we can observed the presence of micro-stresses for the deposited films due to lattice defects for example oxygen vacancies and dislocations as Figure 11b[53].  
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 Figure 11. (a) Shows Raman positions of the prepared samples at various temperatures , (b)Raman shift at different temperatures, (1) 600 K, (2) 625 K, (3) 650 K, (4) 675 K, (5) 700 K, (6) 725 K.  


(Volanti et al., 2008)  Figure 12 studied the Raman spectra of the copper oxide thin films. They concluded the major modes of phonon are composed with (Ag and 2Bg) existed at 298, 314 and 610 cm–1, which are indicated to a single phase 

of copper oxide thin films with a polycrystalline crystal structure. The results are    a good with other works[54] .  
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Figure 12: Vibration modes of copper oxide thin films deposited with different  temperatures.






3.4. UV-Spectrophotometer  
The transmission and absorption spectra of CuO thin films were characterized by UV-Spectrophotometer at range (300–900 nm) as Figure 13 a. The results show that the prepared samples have a strong absorption values about 90% .Furthermore, the absorbance values decrease with rising wavelength. Besides, the maximum values of the absorption peaks were observed of the CuO thin films at  high temperature. The high value of the absorbance refers to the possibility of direct transitions[55]. Figure 13b. indicates the relationship of (αhv)2 and photon energy (hν). In order to estimate the energy gap of the prepared samples , Tauc equation was used to determine the optical band gap as the following formula:
 
α hν=B(hν-Eg)r                             (4)   
                                    
Where B indicates to the constant value, α refers to the absorbance coefficient and r indicates to the two types of transition (direct transition and indirect transition) respectively. The energy gap values reduce with increasing temperature substrate, this is attributed to the interface band transition creating localized oxygen defects and small grain size. The energy gap was found to be 1.6,1.55,1.52,1.49 and 1.45eV at temperature substrate (600,645,650,675,700 and725K) respectively. The results   are in a good similar with previously works [56,57].Thus, the absorption studies revealed that the prepared samples are more suitable for the fabrication of optoelectronic devices [58].
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  Figure 13. Image Illustrates (a) Transmittance, (b) absorbance spectra of the prepared samples at various temperatures, (1) 600 K, (2) 625 K, (3) 650 K, (4) 675 K, (5) 700 K, (6) 725 K.  
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Figure 14(a). The dependences (αhv)2-(hv) constructed for CuO thin films obtained at different temperatures, , (1) 600 K, (2) 625 K, (3) 650 K, (4) 675 K, (5) 700 K, (6) 725 K.  (b). Calculation of band gap energy variation with the substrate temperature of copper oxide thin films.



(Sengupta et al. , 2011) calculated the values of energy gap of copper oxide, they concluded the copper oxide thin film is the direct transitions and estimated the energy gap between (1.45–1.60) eV[59].The presence of defects may be caused the change of the energy gap of the thin films for example small grain size and semiconductor degeneracy [60]. In the other words, the change of the values band gap may be indicated a various deposition method at various deposition temperatures. They displayed the obtained energy gap values are similar to the values estimated for copper oxide thin films. These results are good data with other researchers [61]. Besides, the band gap energy increases when the grain size of CuO thin films decreased. The incident photon only absorbed on semiconductor material . It can be seen, the values of band gap energy of copper oxide is larger than compared with the bulk material [62,63].  They observed that the resistance of the thin films was studied by Van formula by small contact. They can be found that the value of resistance was decreased from (15 - 6.7) Ohm.cm at temperature 600 to 725 K, respectively. Furthermore, the thickness of the deposited samples was estimated   ~1000 nm .(Tauc ,1974) studied the transmittance spectra of copper oxide at various temperatures. He was confirmed that transmittance values increase with temperatures [64,65,66].  
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Figure 15: Transmittance of UV-Spectrophotometer of CuO thin films deposited at various substrate temperatures.











Conclusions
Copper oxide thin film was successfully manufactured by chemical spraying method at different temperature (600,645,650,675,700 and725K). CuO thin films were tested to reveal their structural by XRD analysis, morphological by SEM, AFM, optical by U-V -Spectrophotometer and vibrational properties by Raman spectroscopy. The impact of temperature values showed major effect on the characterization of the CuO nanocomposites. The results show of XRD analysis that the all deposited samples are polycrystalline and crystalline structure. SEM results confirm the presents of the CuO thin films with aggregation and clusters with increasing temperature substrate. AFM images show that the prepared samples have high roughness values and increase with increasing temperature. These results indicated the possibility of precisely controlling the CuO thin films morphological properties by modifying the temperature substrate. This could open the possibility of generating CuO thin films with specific morphological properties for particular required applications. Raman spectroscopy illustrated three peak positions for example (A1g, B1g, and B2g). Theses indicate that the cystography of copper oxide thin films have monoclinic structure. These results indicated the existence of micro-stresses and lattice defects of CuO thin films due to peak shifts of prepared samples. It can be seen, the maximum values of the absorption peaks were exhibited of the copper oxide thin films at a higher temperature. The energy gap values decrease with increasing temperature substrate (600,645,650,675,700 and725K) at (1.6,1.55,1.52,1.49 and 1.45eV) respectively. 
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