
Atmospheric Plasma Jet-Assisted Synthesis of CuO 

Nanofluids: Insights into Structural and Optical Properties 

Ghada Sabah Mahdi1,a), Aseel Mustafa abdul Majeed1,b), Randa Kamel Husain1,c) 

1Department of Physics, College of Science, Mustansiriyah University, Baghdad, Iraq. 

 
a) ghada1997@uomustansiriyah.edu.iq 

b) Corresponding Author: aseelalaziz@uomustansiriyah.edu.iq 

c) dr.randa.kamel@uomustansiriyah.edu.iq 

Abstract. This study presents the fabrication of CuO nanoparticles through the use of atmospheric plasma jet technology. The 

prepared synthesized CuO nanoparticles were analyzed by multiple characterization analyzations, like X-ray diffraction (XRD), 

scanning electron microscopy, energy-dispersive X-ray spectroscopy (EDS) moreover UV-Vis spectroscopy. XRD results showed 

the absence of additional peaks associated with secondary phases, confirming the high purity of the CuO nanoparticles. Besides, 

the CuO NPs synthesized with high purity that assured by EDX analysis. SEM analysis was used to examine the surface 

morphology, revealing a high degree of nanoparticle agglomeration. The energy bandgap was 4 eV for CuO Nanoparticles. The 

current–voltage analysis indicated that the solar cell achieved a power conversion efficiency of 0.031%, with a fill factor of 18.46%. 

Keywords: Plasma jets, CuO nanoparticles, Structural and Optical properties, solar cell 

INTRODUCTION 

Metal oxide semiconductors have a significant attention in optical applications as a reason of their ease of 

use, easy synthesis, safety, and acceptable cost. Copper oxide (of chemical formula CuO) is a p-type semiconductor 

with has band gap in range 1.3 – 1.5 eV. [1-2], which enables copper oxide to absorb light in a wide range of spectra, 

especially in the visible light range. Nano-copper oxide (CuO) has optical and absorption properties that make it an 

important material in optical and electronic applications. It has a high absorption coefficient in the visible and 

ultraviolet light ranges, making it suitable for solar applications [3]. Due to its high light absorption, which makes it 

effective in converting light into heat energy. Copper oxide nanomaterials possess unique optical properties due to 

their nanoscale size, exhibiting optical behavior that differs from conventional materials. They feature strong light 

absorption in the visible region and a narrow bandgap, making them effective in applications such as solar cells [4-7], 

optical sensing [8], and photocatalysis [9]. They also exhibit color variations depending on particle size and their 

surrounding environment due to quantum effects. 

 

The preparation methods of nanocrystalline copper oxide significantly influence its structural properties, such 

as crystal size, shape, and particle size distribution, which directly impact its optical properties [10-11]. For example, 

preparation by microwave irradiation precipitation can produce smaller giving higher effectivity in antimicrobials 

[12], it is highly effective in bactericidal activities and has great inhibition potential [13].  Copper oxide (CuO) 

nanoparticles were prepared using various methods, including spray decomposition [14], electrochemical techniques 

[15], hydrothermal treatment [16], and wet chemical methods [17]. The study demonstrated that optical properties, 

such as the energy band gap, depend on the preparation method. For example, CuO nanoparticles prepared by 

sonochemical methods [18], the distribution of CuO NPs is obtained in the range between 35 - 125 nm and a big direct 

energy band gap (3.85 eV). On the other hand, the preparation conditions controlled the properties of the created 

nanoparticles [19]; the particle sizes increased according to the precursor concentration. In the co-precipitation 

preparation of CuO method, it revealed the effect of sodium hydroxide concentration on structural properties; particle 

size, degree of crystal distortion, and optical gap which lies in range 1.47 and 1.39 eV.[20]. Recently, CuO 

nanoparticles were introduced by non-thermal plasma technique [21]. Plasma lay out notable features in contrast with 

other nanoparticle preparation technologies, due to easy operation and maintain, fast - time processing time, and zero 

- waste or hazardous compounds [22]. Therefore, understanding the relationship between the synthetic method and 

optical properties is important for improving material performance in optical and photonic applications. This research 

aims to prepare copper oxide nanoparticles using plasm-assistant method. Studying the influence of the preparation 



method on the structural characteristics of the synthesized particles and their relationship with the optical properties 

to achieve optimal conditions for fabricating the solar cell heterojunction. 

 

METHODS AND MATERIALS 

Nanoparticles of Copper oxide were prepared by plasma - jet system, (see Figure 1). The setup utilized a 

high-voltage DC power supply (20 kV) and employed a stainless-steel tube as the cathode. A (0.98 g) weight of 

hydrated copper nitrate salt [Cu(NO₃)₂·3H₂O] salt is dissolved in deionized water under magnetic stirring to obtain0.2 

M solution. High-purity argon gas (99.99%) was employed as the discharge medium, and its flow rate was maintained 

at 2 L/min using a flowmeter for precise control. The plasma jet extended through the air, with the nozzle positioned 

about 2 cm above the salt solution’s surface. The salt solution remains in presence of plasma processing for a duration 

of 5 minutes. A noticeable color change at the beginning of the process suggested the formation of CuO nanomaterials. 

UV-Vis absorption spectra of the samples, ranging from 200 to 900 nm, were recorded using a Metertech dual-beam 

UV-Vis-NIR spectrometer. The synthesized CuO nanoparticles were analyzed by many techniques like XDR, EDS 

and SEM. The copper oxide nanoparticle solution was drop-cast onto a silicon substrate and then dried in an electric 

convection oven at 250 °C. One side of the silicon slide was polished, cleaned with distilled water, and thoroughly 

dried before being placed in the oven. The drop-casting process involved applying seven drops at three-minute 

intervals. These nanoparticles are intended for future use in solar cell applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.1: Plasma jet system 

RESULTS AND DISCUSSION 

XRD analyses 

X-ray diffraction (XRD) analysis confirmed the crystalline structural nature and its phase purity of CuO 

nanoparticles synthesized using the plasma jet (APJ) method. As reported in previous studies, the XRD pattern of 

CuO nanoparticles was obtained over a 2θ range of 15° to 85°, as illustrated in the figure (2). The diffraction peaks 

observed at 35.64° and 38.84° are characteristic of CuO and correspond to the (11−1) and (111) crystallographic 

planes, respectively. The Debye-Scherrer equation was adopted to calculate the crystallite size of the CuO 

nanoparticles, as given in Equation (1) [23,24]. 

 𝐷(𝐴𝑜) =  
𝐾𝜆

𝛽 𝐶𝑜𝑠 𝜃
  (1) 

In this equation, D remarked to the crystallite size, k is Scherrer’s constant (typically valued at 0.9), while, 

the wavelength of X-ray wavelength is represented by λ denotes the (1.540 Å), the symbol of β stands for the full 

width at half maximum (FWHM) of the diffraction peaks measured at the Bragg angle θ. The Copper oxide 

nanoparticles were formed in a crystallite, its an average size was 14nm. 



 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2: XRD pattern for CuO NP synthesis by plasma jet 

SEM analysis 

Scanning electron microscopy was used for inspect the surface morphology of CuO nanoparticles produced 

via the plasma jet method. The SEM images revealed that the synthesized particles exhibited nanoscale features and 

morphology, with noticeable agglomeration, indicating that full dispersion of the nanoparticles was not attained. The 

shapes of the CuO NPs synthesized by plasma jets had the appearance of a spindle shape like, as shown in Fig. 3. The 

appearance of larger grains and nanoparticle aggregation is likely due to the high surface area and elevated surface 

energy characteristic of the CuO nanoparticles [25]. As a reason of their high surface area-to-volume ratio, the 

nanoparticles tended to stick together or form agglomerates as a result of attractive physical interactions [26]. 

 

 
Fig. 3: SEM images of CuO NPs synthesized by by  plasma jet 

 

 
Fig. 4: EDX spectra of the CuO nanoparticles synthesized the plasma jet technique 

To identify the chemical composition of the fabricated specimen, the energy-dispersive X-ray (EDX) 

technique was conducted. Fig.4 illustrates the EDX spectrum, confirming the existence of copper (Cu) and oxygen 
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(O) elements within the CuO nanoparticles. EDX analysis confirmed that the CuO nanoparticles were compositionally 

pure, with no detectable traces of foreign elements or impurities. The achieved production of CuO nanoparticles using 

a plasma jet method was supported with EDX spectral analysis, which aligned with the findings obtained from XRD 

measurements [27]. 

Optical properties 

CuO nanoparticles were produced using the Atmospheric Plasma Jet technique, and their optical 

characteristics were examined through UV-Vis spectroscopy. The results showed a decline in absorption as the 

wavelength increased. This reduction in absorption could be due to factors such as internal electric fields within the 

crystal structure and possible lattice deformations. It was noted that the absorption edge of the CuO nanoparticles 

shifted toward shorter wavelengths in comparison to bulk CuO. This blue shift is likely a result of enhanced quantum 

confinement reactions due to the reduced particle size of the CuO nanoparticles. The band gap was calculated directly 

from the cut-off wavelength using Planck’s law, as illustrated in the equation below [28,29]. 

𝐸𝑔 =
ℎ𝑐

𝜆𝑐𝑢𝑡
=

1240

𝜆𝑐𝑢𝑡
  (2) 

In this context, Eg represents the optical energy gap, h (6.626 × 10⁻³⁴ J·s) is Planck’s constant, c (3 × 10⁸ m/s) 

is the speed of light, and λcut is the cut-off wavelength associated with the optical band gap. The value of λ cut was 

obtained graphically by extrapolating the linear section of the absorption spectra.” UV-Vis absorption curve of CuO 

NPs as a function of wavelength are shown in Fig. 5. The optical absorption spectra curve shows a shift towards the 

blue region of the absorption, which can be assigned to the decrease in particle size [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: CuO nanoparticles optical absorption spectra 

 

“Using the absorbance spectra, the absorption coefficient of CuO nanoparticles was estimated through a 

graphical approach based on Tauc’s relation for direct electronic transitions, as illustrated in the corresponding 

equation (3) [27]. 

(𝛼ℎ𝑣)𝑟 = 𝐴(ℎ𝑣 − 𝐸𝑔)                                                           (3)   

 

In this equation, α represents the absorption coefficient, h is Planck’s constant, ν denotes the frequency of 

the incident photons, and A is a constant (typically taken as 0.9). Eg stands for the optical band gap, while r is a factor 

reflects the kind of electronic transition in this case, r = 2 corresponds to an allowed direct transition. To determine 

the band gap, a charting of (αhν)2 against photon energy (hν) is used, and the value of Eg is obtained by extending the 

linear region of the curve to where it intersects the energy axis. as illustrated in Fig. (6). The value of optical band gap 

for CuO NPs was found (Eg = 3.9 eV). That is the same result obtained by [18]. The Eg of the copper oxide 

nanoparticles was achieved bigger in the reported literature. An enlargement of the energy gap between the conduction 

and valence bands in CuO nanoparticles can be linked to their reduced crystal size. 

 

Copper oxide nanoparticles (CuO NPs) were deposited onto the silicon surface using the drop-casting 

technique to fabricate an Al/ p-CuO /p-Si/Al solar cell. The I-V characteristics showed that the forward bias current 

was significantly higher than the reverse bias current, as illustrated in the measurements. At forward bias voltages 

below 4 V, the current primarily results from electron-hole pair recombination. When the applied voltage exceeds this 
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threshold, electrons gain sufficient energy to overcome the potential barrier of the junction. “This type of current is 

referred to as diffusion current. Figure 8b presents the reverse I–V characteristics, along with the device parameters 

measured under dark conditions and illumination at a light intensity of 100 mW/m². Under illumination, the reverse 

current of the Al/p-Si/p-CuO/Al heterojunction increases compared to its value in the dark, indicating that photo-

generated charge carriers contribute to the overall photocurrent through electron–hole pair generation [31, 32]. This 

response highlights the role of incident photons in creating charge carriers within the device. 

 

 
Fig. 6: Optical bandgap energy for CuO NPs. 

 

Figure 9 presents the measurements of open-circuit voltage, short-circuit current, fill factor, and efficiency under an 

illumination intensity of 100 mW/m². The I–V curve shown also illustrates the device behavior under varying load 

resistance in a light-exposed environment. This experiment provides a straightforward method for evaluating solar 

cell efficiency. One key parameter is the short-circuit current, which occurs when the external resistance is zero and 

the voltage across the cell is also zero. The open-circuit voltage is observed when the external resistance is very high, 

resulting in zero current flow. By identifying these two key points—VOC and ISC—the maximum power point can 

be estimated. 

 

Fig. 8. (a) I-V dark characteristics 0f CuO NPs in forward and reverse direction, (b) I-V characteristics of CuO NPs in Dark and 

illumination 
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Fig. 9. Open-circuit voltage of the (Al/p-Si/p-CuO) heterojunction. 

CONCLUSION 

CuO nanoparticles were effectively synthesized using the plasma jet method. Based on XRD and EDS 

analyses, the resulting nanoparticles demonstrated high purity. The crystalline structure of the CuO nanoparticles has 

been confirmed by the technique of XRD, with an estimated average crystallite size of approximately 14 nm. Scanning 

electron microscopy (SEM) technique assists the synthesized CuO nanoparticles in forming aggregates containing 

little particles, owing an average diameter in approximately 36 nm. The solar cell demonstrated an efficiency of 

0.031%. 
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