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Abstract Article Info.

The created copper selenide (Cu:Se) nanoparticles were used in experiments for

detecting UV light and in gas sensors. This research prepared Cu:Se nanoparticles Keywords:

with different ratios of 1.9, 2:8, and 3:7 using an atmospheric pressure plasma jet Cu:Se Nanoparticles, Plasma
technique. The study looked at the optical properties of Cu:Se nanoparticles using Jet, UV-Vis Spectroscopy,
X-ray diffraction (XRD) analyses, which showed that adding more Se made the Optical Properties, Band Gap
crystals larger. UV—visible spectroscopy and the calculation of band gap energy  Energy.

were performed. All ratios yielded high transmission values, ranging from 80% to

95%. The band gap energy was found to be 3.80 eV, 3.25 eV, and 4.17 eV for the  Article history:

Cu:Se ratios of 1:9, 2:8, and 3:7, respectively, which are typical and excellent Received: Apr. 15, 2024
values for semiconductors. The prepared Cu:Se nanoparticles demonstrated good Revised: Oct. 31, 2024
optical properties. The optical absorbance of Cu:Se NPs is in order in the wide Accepted:Nov.22, 2024

region of A = 200 to 350 nm, which is suitable for UV absorbance materials. Published:Sep. 01,2025

1. Introduction

In recent years, many studies have been conducted on metallic nanoparticles (NPs)
due to their favorable electronic, mechanical, and optical properties [1]. The focus on
copper and copper selenide (Cu:Se) NPs has opened up broad perspectives in research
and application with nanometer-scale components. These nanoparticles have good
mechanical stability and incorporate different components that determine optical
features, providing both convenient research and various application interests. While
there has been less research on copper compound nanoparticles with large surface area,
tiny grain size, strong chemical activity, and high thermal stability [2, 3]. The composite
NPs usually have a diameter between 20 and 200 nm and are synthesized in different
forms, such as wires, tubes, rings, cubes, spheres, and so on. Several preparation
techniques for nanomaterials are available, including hydrothermal techniques, sol-gel
preparation, chemical precipitation, thermal decomposition, and pulsed laser deposition
[4, 5]. Microwave and plasma jet technology have recently drawn much attention as the
top "green technologies™ for synthesizing nanomaterials since they are inexpensive,
environmentally friendly, and don't require expensive equipment [6-8]. To create
nanomaterials, plasma-generated reactive oxygen and nitrogen species (RONS) must
interact with liquids because they alter the liquid's chemical makeup. The main RONS
that are produced during plasma-liquid interactions are singlet oxygen. The effectiveness
of argon in plasma jet technology makes it a good method for preparing Cu:Se
nanoparticles because it is inexpensive and safe to use [9, 10]. This study involves the
effect of the Cu concentration to grow uniformly sized and distributed Cu:Se NPs.
Increasing colloidal stability through metal selenide capping may also be a useful
technique for gas sensors, electrical rectifiers, X-ray machines, or tumor treatment [11,
12]. This study aims to synthesize Cu:Se nanoparticles using an atmospheric pressure
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plasma jet technique, evaluate their optical properties, and investigate the Cu:Se
concentration influence on particle uniformity and colloidal stability, with potential
applications in UV detectors, gas sensors, and other advanced technologies.

2. Preparation of Nanoparticle
2. 1. Preparation of the Chemical Solution
The chemical solution of copper and selenium were prepared as follows:
A - Preparation of copper solution: The copper solution used copper (II) carbonate. 0.5
mM of copper (I1) carbonate salts (CuCOz) was added to a designated cup of distilled
water and the required concentration (mol™) was calculated according to Eq.(1)

Concentration(mole/liter) =mass(g)/molecular(g/mol) xvolume(liter) Q)

B - Preparation of Selenium Solution: Selenium nitrate SeO(NOs). is used to prepare
the solution. In this step, 0.5mM concentration of Selenium nitrate will be added to a
distilled water dedicated beaker and Eq.(1) is used to calculate the required concentration
(mole 1), and then we move to the next step.

2. 2. Preparation of Cu NPs

The copper and selenium nanoparticles using the plasma jet method under
atmospheric pressure were prepared according to the following steps:

The prepared copper salts solution of the required concentration and size was placed
on the holder under the metal tube, as mentioned above. The cup was brought closer to
the metal tube, and the distance between the liquid surface and the tube nozzle was 1 cm.

A flow meter set at 3 (I/min) was used to regulate the flow of the argon gas (of
99.99% purity) as the discharge gas flowing into a stainless-steel tube, of 1 mm inner
diameter, connected to the cathode. The argon gas allowed the plasma jet to spread, and
roughly 1 cm separated the plasma jet nozzle from the distilled water surface.

The solution for the copper nanoparticles was placed in a beaker, which holds 20
mL of liquid. The voltage value supplied to the system was gradually increased until
plasma was generated between the tube and the liquid surface. The solution was subjected
to the plasma for 30 minutes, after which the color of the solution changed to a dark olive
color due to the reaction process indicating the synthesis of copper nanoparticles, as
shown in Fig. 1.

{ Cu carbonate 5mM Cu NPs Added Se
nitrate salt
B 5 Exposure :
30 min of and exposure
1d ol 10 min of
i cold plasma

Figurel: Synthesis of Cu:Se NPs by plasma jet [9].

2. 3. Synthesize Procedure of Cu:Se Nanoparticles
To prepare Cu:Se core-shell of 3:7 NPs, 3 mL of Cu NPs was mixed well with 7
mL of Se nitrate salt in a flask, and then placed under the cold plasma system for 10 min
to produce Cu:Se NPs. In the same way, the other samples of Cu:Se NPs with 2:8 and 1:9
ratios were prepared.
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A UV-Vis-NIR Metrotech dual-beam spectrometer was used to measure the
produced Cu:Se NPs and capture the absorption spectra of the thin films, which were
made using the spin coating approach, in the 200-1100 nm wavelength range.

3. Results and Discussion

Fig. 2 depicts the X-ray diffraction (XRD) patterns of Cu:Se NPs deposited on
quartz substrates with different Cu:Se atomic ratios of 3:7, 2:8, and 1:9. The sample with
minimal Se content exhibited a low crystallinity configuration, while an increase in Se
content led to a significant improvement in sample crystallinity, resulting in a well-
defined Cu:Se polycrystalline structure. This crystalline phase was identified as the
hexagonal klockmannite phase (Pmmc 63) of Cu:Se corresponding to standard card
(JCPDS No. 34-0171), with visible diffraction peaks at 26= 28.2093°, 31.2260°,
46.0375°, 50.1875°, 56.6243°, 28.1670°, 31.2160°, 45.9952°, 50.0605°, and 56.7514°,
corresponding to the crystalline planes with Miller indices of (102), (006), (110), (108),
(116), (102), (006), (110), (108), and (116), respectively. This structural configuration
aligns with the results of Liu et al. [13]. Notably, all three samples exhibited a preferred
orientation along the (006) crystallographic direction. An additional small peak located
at 29.6 ° corresponds to the (101) direction of the Se structure [14]. The systematic
crystallinity control through the Cu: Se ratio offers a promising approach to tailor their
properties for specific applications, influencing optical and electrical properties. This
renders them suitable candidates for various devices. Furthermore, the customized
orientation of thin films along specific crystallographic directions can be exploited in
advancing sensor technologies [15].
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Figure 2: XRD patterns of CuSe core-shell deposited at different Cu: Se atomic ratios of (a)
3:7, (b) 2:8, and (c)1:9.

The Bragg equation (Eq. (2)) was utilized to determine the inter-planar spacing
(dnk), while Scherrer's formula was applied to calculate crystal size (D), as summarized
in Table 1.
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By the lattice constant relation for the Hexagonal structure [16]
1 4h? +hk+k2+ 12
Ay’ 3 a2 c3

(2)

where dnk represents the interplanar spacing, and a and ¢ denote the lattice constants. The
lattice constants (a and c) were determined utilizing the dni values corresponding to the
(102) and (006) directions.

Table 1: XRD parameters of Cu:Se NPs deposited at different Cu:Se atomic ratios.

Sample 20 FWHM dhki D hkl £

(Deg.) (Deg.) Exp.(A) (nm)

37 28.2570 0.7199 3.1557 114 (102) 0.0030

) 31.2583 0.6770 2.8592 12.2 (006) 0.0028

28.2093 0.6690 3.1609 12.2 (102) 0.0028

31.2260 0.5929 2.8621 13.9 (006) 0.0025

2.8 46.0375 0.6770 1.9699 12.7 (110) 0.0027

50.1875 0.5505 1.8163 15.9 (108) 0.0022

56.6243 0.7622 1.6242 11.8 (116) 0.0029

28.1670 0.5082 3.1656 16.1 (102) 0.0022

29.6000 0.4200 3.0155 19.6 (101) Se | 0.0018

19 31.2160 0.4230 2.8630 19.5 (006) 0.0018

) 45,9952 0.5082 1.9716 17.0 (110) 0.0020

50.0605 0.5929 1.8206 14.8 (108) 0.0023

56.7514 0.5505 1.6208 16.4 (116) 0.0021

As demonstrated in Table 2, the lattice parameters (a and c¢) closely approximated
their reported values in JCPDS No. 34-0171. Additionally, both lattice constants
increased with the rise in Se content. This observation suggests that the strain in the
lattice, induced by nanoscale particles at low Se content, diminishes with an increase in
the crystallite size. The observed increase in lattice constant with increasing Se content
indicates a correlation between Se content and the crystalline structure. As more Se
content is introduced, the individual crystallites may grow in size, resulting in a reduction
in lattice strain. However, as the crystallite size increases, internal strain diminishes. This
can be attributed to a more relaxed lattice structure as the particles grow and the stress is
distributed over a larger area [17].

Table 2: Lattice constants of (Cu:Se) NPs deposited at different Cu: Se atomic ratios.
CuSe | a(A) c(A)
3:7 | 3.91873 | 17.1553
2:8 | 3.92562 | 17.1726
1:9 3.93211 | 17.1779

UV-Vis spectroscopy was used to investigate the optical absorption properties of
Cu:Se NPs produced by the atmospheric plasma jets process and deposited on quartz
substrate. The optical characterization of the NPs provided information about physical
properties, such as absorbance and band gap energy. Plotting the experimental
absorbance data is a common method to measurethe optical band gap of NPs.

Fig. 3 illustrates the UV-Vis absorbance spectra of Cu:Se NPs thin films prepared
using various amounts of Cu NPs. Based on the spectra, it is evident that the samples
1:9, 2:8, and 3:7 exhibit the plasmon band at 247, 259, and 262 nm, respectively,
indicating that Cu NPs were formed. Surface plasmon resonance of Cu and Se
nanoparticles displayed broad bands and shifted to a higher wavelength of 530-550nm
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(redshift) due to the increased Cu NPs. It is clear that the Cu:Se NPs have three regions:
the first one between 210 and 214nm for CuO NPs, the second between 240 and 262nm
for Se NPs, and the third between 360 and 370 nm for Cu NPs. These results exactly
match previously reported results [18-20]. An absorbance spectrum showed an increase
in the plasmon peak with increasing the concentration of Cu, indicating an increase in
the concentration of NPs.

The transmittance spectra of Cu:Se NPs with different concentration ratios of
Cu:Se (1:9, 2:8 and 3:7) showed that transmittance increased with increasing Cu
concentration in the wavelength range of 400 to 1100 nm at room temperature. All tests
gave a high transmission value of about 89% to 95%, as seen in Fig. 2, but different in
the transition response, where the copper nanoparticles start to work at the process
region of about 400 nm.
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Figure 3: UV-VIS absorbance and transmittance spectra of Cu:Se NPs at different ratio.

Fig. 4 shows the absorption coefficient and band gap of Cu:Se of (1:9, 2:8 and 3:7)
NPs. The spectra indicated strong absorption in the UV region and a redshift. This might
result from the Cu and Se ions interactions. The absorbed light shifted toward the red
end of the visible spectrum as the concentration ratio of copper was increased. This shift
is beneficial for photocatalytic activity because it allows light to penetrate the inner
surface and reflect several times. Eq.(3) illustrates the direct measurement of the band
gap using Planck's law[21]:

hc 1240
Eg - Acut - Acut ®)
where c= (3x10® m/s) is the light velocity, h= (6.626x107** Js) is Planck’s constant, and
Xeut is the cut-off wavelength that corresponds to the optical bandgap. The absorption
coefficients of the Cu:Se NPs coating were graphically estimated using the Tauc
relationship (Eq. (4)) for a direct transition to better study the optical properties of the
coating [22, 23] :

ahv = A (ho-Eg)' 4)

where r is a value that depends on the nature of the transition type; r =2 for the permitted
direct transition, A is a constant equal to 0.9, v is the incident photon frequency, h is
Planck's constant, and a is the absorption coefficient. Plotting a graph between the
photon energy (hv) and (ahv)" is a common method for determining a band gap by
extrapolating the straight line to intercept the (hv) axis. Fig. 4 shows the Tauc plots
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for the different concentrations of Cu:Se (1:9,2:8 and 3:7) NPs deposited on quartz
substrates. The optical band gaps associated with NPs vary in value across all data. The
band gap values for the (Cu: Se) NPs coating of different concentrations of Cu:Se
(1:9,2:8 and 3:7) were 4.30, 3.80 and 4.17 eV, respectively [24]. The decrease in the
optical energy gap may be due to structural defects and more oxygen and copper atoms
diffusing into the band gap at specific levels [25-28]. For the various Cu:Se ratios, the
variation in distance between the atoms caused lattice strain, which is a factor that
influences the value of the optical energy gap. Because of the preparation conditions and
the degree of crystallization of the prepared samples, the energy gap values differ from
the expected values; the presence of tail states within the band gap may explain the band
gap values [29]. The results agree with the work [30]. Which suggests that the produced
films have good optical quality due to low scattering or absorption losses [31].
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Figure 4: The absorption coefficient and band gap of (Cu: Se) NPs at different ratio.

The refractive index might be a significant parameter when considering optical
materials and applications. Based on reflectance (R) data, the index of refraction for (Cu:
Se) NPs that were deposited was determined [32-34].

4R (R+1)
“=,/(R—1)_K2_ (R—l)l %)

Fig. 5 shows the refractive indices of Cu:Se NPs as a function of wavelength. It
can be seen that the refractive index declines along with the wavelength rise (anomalous
dispersion). The behavior here is owing to the increase in the energy gap. The
differential in optical absorption between the visional and ultraviolet areas may be the
reason for the variance in refractive indices in the ultraviolet visible regions with various
copper concentration ratios. The relationship between the coefficients of extinction and
absorption is [35]

oA
K= (6)
The extinction coefficient of a Cu:Se NPs could easily be determined from Fig. 4.
Because this coefficient depends on the absorption coefficient, it may behave similarly
to the absorption coefficient. It is evident that the extinction coefficient increases in the
UV range with the copper concentration ratio.
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Figure 5: The refractive index and extinction coefficient of (Cu: Se) NPs at different ratio.

The dielectric constant is given by [35]
e=gr-igi @)

The real (&) and imaginary (&i) dielectric constant parts can be related to the values
of n (refractive index) and the values of k (extinction coefficient). Those values are
counted utilizing the formulas below [35]

&= nzo'kzo (8)
€i =2Noko (9)

Fig. 6 presents the dependence of the dielectric constant (real (&r) and imaginary (&)
values) of a Cu:Se NPs coating on wavelength. The values of the real part are greater than
those of the imaginary part, and both the real and imaginary parts follow the same pattern.
It is evident that as wavelength increased, both the real and imaginary parts of the
dielectric constant decreased. As the ratio of copper concentration grows, both constants
rise along the visible region. The refractive index value determines the difference in the
dielectric constant. Conversely, the extinction coefficient values in relation to the
absorption difference determine the dielectric loss [36].
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Figure 6: The real (gr) and imaginary (&) dielectric constants of Cu:Se NPs at different ratio.

Cu:Se NPs' optical conductivity (6) depends on the optical band gap as well as on
several other factors, such as the frequency of incident photons, the refractive index, the
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extinction coefficient, and the absorption coefficient. The relationship below can be used
to calculate the optical conductivity [37-39]

anc
o = H (10)

Fig. 7 illustrates the optical conductivity (o) increase in the ultraviolet region with
theincrease in the ratio of copper concentration. Due to that, the electrons continue to
excite the produced charge carriers as the falling photon's energy increases, resulting in
the generation of optical current. Because all electrons in the visible wavelength region
have low energy and are constrained by their holes in the valence band, the optical
conductivity o falls as the ratio of copper concentration increases. As a result, the pair
(e-h) is not producing any current [39].
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Figure 7: The optical conductivity o of (Cu: Se) NPs at different ratios.

Table 3 shows variations in absorbance, absorbance coefficient, refractive index,
extinction coefficient, real (&) and imaginary (ei) dielectric constant parts and optical
energy gap at A = 500nm for (Cu: Se) NPs prepared using a different concentration of Cu
NPs.

Table3: The optical properties parameters at A = 500nm for (Cu: Se) NPs at different ratio.

Cu:Se NPs | a (cm™) K n E, Ei Eq(eV)
3.7 5739 0.023 1.898 3.601 0.087 4.17
2:8 11306 0.045 2.458 6.042 0.221 3.80
1:9 10825 0.043 2411 5.813 0.208 4.30

4. Conclusions

The atmospheric plasma jet technique successfully synthesized Cu:Se NPs at
different concentrations of Cu. So, the plasma jet technique appears to be a strong method
for creating nanoparticles with special optical features for various uses, like photodiodes.
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