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In this work, modern technologies use plasma jets in industrial and medical 
applications for their exciting effectiveness, the properties of which are determined by 
the type of gas and metal placed as electrodes in the system, as they operate under 
atmospheric pressure and generate cold plasma, and by using silicon metal and argon 
gas connected to a high voltage power supply, the current was changed to generate 
plasma and characterize the produced optical spectrum and compare the effect of this 
change on its parameters (temperature and electron density) and know the processes 
associated with its generation. With an applied voltage of 11 kV and using optical 
emission spectroscopy (OES), the spectral diagnostics were recorded to describe the 
resulting plasmonic properties. Using DC current, the peak spectral density shown by 
the results was higher than the alternating current. By comparing the effect of the type 
of current for the same gas and silicon metal on the parameters, it was found that the 
values of temperature and electron density at direct current were 2.22-2.67 eV, 
3.238×1016-3.305×1016 cm-3, at a gas flow rate of 0.5-2 L/min. At the same flow rate 
and by applying AC current, it was found that the temperature and electron density 
were 1.018-1.093 eV, 5.026×1016-6.897×1016 cm-3. Through the comparative study, 
the effect of direct current was greater on the plasma parameters than alternating 
current, since alternating current works in the form of an intermittent sinusoidal pulse 
that affects the movement of charges and thus causes a momentary interruption in 
the generation of plasma, which leads to cooling the plasma column and reducing the 
electron density. 
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1. Introduction 

The widespread interest in atmospheric pressure 

plasma technology is increasing excitingly in plasma 

physics applications [1]. Low-temperature plasma jets 

are unique plasma products that can move plasma away 

from electrode constraints and out of gas enclosures 

and chambers [2]. For example, it inhibits bacteria, 

whitens teeth and regenerates tissues in the medical 

field [3]. As for the industrial field, there are many 

examples of its importance, such as coatings, paints, 

and other wide applications [4]. The plasma jet is one 

of several types of plasma production, including laser 

energy [5-7], which is called laser-induced plasma, 

microwave-produced plasma, and others [8]. This 

plasma gains its importance from the fact that its 

electrons have a high temperature, which enables them 

to transfer energy to the levels of ionization, activation, 

and even the disintegration of molecules, even though 

the collisions are flexible (although in an elastic 

collision, no energy transfer occurs) [9]. Plasma 

contains small charged particles that are free and not 

bound to each other [10]. Unlike these charges, the 

lower energy particles outside the plasma are not 

capable of breaking the bonds of the group of charged 

particles inside the plasma cloud due to the presence of 

electric and magnetic fields that force the plasma cloud 

to remain cohesive to maintain itself according to the 

property of the collective behavior of the plasma [11]. 

Because knowledge of plasma parameters is necessary 

to understand its behavior, diagnostic methods are 

essential for this. One of the modern methods is optical 

emission spectroscopy technology, which senses the 

behavior of photons generated by electricity and 

analyzes its emissions using the optical spectrum [12] 

and relies on calculating the ray emitted as a result of 

the process of excitation, ionization, and energy 

transfer of the plasma [13].  

Electron temperature is an important 

thermodynamic parameter when generating plasma, as 

it can predict particle aggregates with different 

velocities, relative energy levels and their distribution 

[14,15]. The temperature of the electrons locally is 

calculated from the equation [16]: 

ln [ 
𝜆𝑗𝑖𝐼𝑗𝑖

ℎ𝑐𝐴𝑗𝑖𝑔𝑖
 ] = − 

1

𝑘𝑇
 (𝐸𝑗) + ln [

𝑁

𝑈(𝑇)
] (1) 

where λ is the wavelength, Iji is the intensity, Aji is the 

probability of transition, g is the statistical weight, E is 

the energy of the excited state in eV, N is the population 

density of the state, and k is the Boltzmann constant 

As for the electron density, the linear Stark spectral 

line broadening method is considered a way to measure 

it. Directly responsible for the spectral line broadening 

of the plasma that depends on the electron temperature 

and the mass of the atom emitters is the Stark and 

Doppler width effect [17]. Depending on their energy 

and density, adjacent charged plasma particles produce 
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a Stark expansion, which is a function of nearby electric 

fields [18]. Stark is important in determining the 

density of plasma electrons at a certain temperature 

after analyzing it spectroscopically [19]. From this, we 

can calculate the electron density from the equation 

[11]: 

𝑛𝑒 = [
Δ𝜆

2𝜔𝑠
] 𝑁𝑟            (cm−3)  (2) 

where, Δλ is the full width at half maximum (FWHM) 

nm, ωS is the broadening parameter of Stark, and Nr is 

the reference density of electrons 

This research aims to find a comparison of 

describing the parameters of argon plasma using silicon 

metal in a non-thermal jet plasma system when 

changing the type of current used (direct and 

alternating) and studying the effect of changing it and 

the gas flow rate on the behavior of the resulting plasma 

through the interaction of charged particles and 

increasing the ionization, excitation and collision 

processes using the OES method and the Boltzmann 

diagram. 

 

2.   Experimental Part 

The plasma jet system was installed under 

atmospheric pressure conditions. A DC and AC power 

supply with a 20 kV maximum voltage and 50 kHz 

frequency was used. A tube to pump argon gas from a 

cylinder was connected to a gas flowmeter with a ratio 

of 1-5 L/min with a three mm outer diameter stainless 

steel needle, which was attached to the high-voltage 

power supply's cathode. The anode electrode was 

connected to silicon metal immersed 2 cm from it in a 

beaker 10 mm containing non-ionic water placed below 

the end of the plasma jet needle. A S3000-UV-NIR 

spectrometer was used and connected to the system to 

record diagnostic data for 0.5-2 L/min flow rates. The 

spectrum was recorded within 200-1000 nm directly 

from the plasma jet. Data were compared and examined 

with the reported data from the National Institute of 

Technology and Standards (NIST). Using Boltzmann's 

equations and plots, the parameters were calculated and 

the plasma properties of silicon metal plasma were 

discussed. 

 

3.   Result and discussion  

Figure (1) shows the intensity of the plasma spectra 

obtained by OES at an applied voltage of 11 kV, 

frequency of 50 kHz, for argon flow rates of 0.5-2 

L/min when used DC voltage. The spectral peaks 

appeared mainly in the wavelength range 200-1000 nm 

and were compared with the global database (NIST) 

[19]. The highest peak in the diagnostic process of the 

argon gas spectrum was recorded at the wavelength 

335.28 nm, and some spectral peaks appeared for 

nitrogen at 356.33 and 420.34 nm. As a result of the 

increase in the gas flow rate, the increase in the 

emission process was evident as a result of the increase 

in the ionization process of gas atoms in the plasma 

column [18]. The spectrum shows three peaks for Si2+ 

at 386.19, 403.71, and 625.93 nm and the highest at 

403.71 nm, which was recorded after comparing it with 

the NIST database. An increase in peak height appears 

when the flow rate exceeds 0.5 L/min. Figure (2) shows 

the intensity of the plasma spectra obtained by OES 

diagnostics at an applied voltage of 11 kV, frequency 

of 50 kHz, for argon gas flow rates of 0.5-2 L/min when 

used AC voltage. The spectral peaks appeared mainly 

in the wavelength range 200-1000 nm and were 

compared with the NIST database [19]. The highest 

peak in the diagnostic process of the argon gas 

spectrum was recorded at 810.99 nm, and some spectral 

peaks appeared for argon. Also, as a result of the gas 

flow rate increase, the emission process was evident 

due to the increase in the ionization process of gas 

atoms in the plasma column [18]. The spectrum shows 

five peaks for Si2+ at 312.74, 325.83, 356.06, 378.61, 

and 379.7 nm, comparing it with the NIST database. An 

increase in peak height appears when the flow rate 

exceeds 0.5 L/min. 

The spectral emission results of silicon under the 

effect of DC voltage show much higher spectral 

emission intensities compared to the spectral intensities 

under effect the of AC voltage for the same gas flow 

rate variations. This is due to the main difference 

between DC and AC voltages, which is the direction of 

electric charge flow. In case of DC, the electric charge 

flows in one direction, from the positive terminal to the 

negative terminal of the power source. In case of AC, 

the direction of the electric charge reverses 

periodically, thus oscillating back and forth between 

the positive and negative terminals of the power source. 

The behavior of silicon was much more affected by DC 

voltage than AC voltage at constant applied voltage for 

both types of current. 

From Eq. (1), the electron temperature (Te) was 

calculated after representing the data obtained from the 

spectroscopic diagnosis and the highest recorded peaks 

with a graph in which Ln[λjiIji/hcAjigi] is a function of 

Ej. From the resulting linear slope, as in figures (3) and 

(4), the temperature of the electron (Te) of plasma was 

calculated using DC and AC voltages. 

The electron density (ne) was calculated from Eq. 

(2). Using DC voltage, the behavior of electron 

temperature and electron density agreed as shown in 

Fig. (4). The electron temperature (Te) was increased 

from 2.22 to 2.67 eV and ne was increased from 

3.238x1016 to 33.05x1016 cm-3 in the generated plasma 

as a result of the increased gas flow rate in the system, 

as recorded in table (1), and this is consistent with the 

research [20]. When Using AC voltage, the behavior of 

electron temperature and electron density were in 

agreement as shown in Fig. (5). The Te increased from 

1.018 to 1.093 eV and ne increased from 5.026x1016 to 

6.897x1016 cm-3 in the generated plasma as a result of 

the increased gas flow rate in the system, and this is 

consistent with the reference [21]. 
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Fig. (3) Boltzmann plots of silicon plasma jet for different Ar gas 

flow rates 0.5-2 L/min using DC high voltage 

 

 

 

Table (1) Plasma parameters of silicon plasma jet using DC high 

voltage at 11 kV and Ar gas flow rate of 0.5-2 L/min 

 

Flow rate (L/min) Te (eV) FWHM (deg) ne x1016 (cm-3) 

0.5 2.22 18.46 3.238 

1 2.44 18.56 3.256 

1.5 2.57 18.71 3.282 

2 2.67 18.84 3.305 

 

 

 

 

 
Fig. (4) Boltzmann plots of silicon plasma jet for different Ar gas 

flow rates 0.5-2 L/min using AC high voltage 
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Table (2) Plasma parameters of silicon plasma jet using AC high 

voltage at 11 kV and Ar gas flow rate of 0.5-2 L/min 

 

Flow rate (L/min) Te (eV) FWHM (deg) ne x1016 (cm-3) 

0.5 1.018 10.97 5.026 

1 1.033 13.44 6.280 

1.5 1.069 14.54 6.694 

2 1.093 14.76 6.897 

 

The scaling gradients of figures (5) and (6) indicate 

a clear effect of the current type (DC and AC) as 

mentioned above, while the figure referred to also 

clarified the impact of changing the flow rate of argon 

gas and changing the current on the temperature and 

density of electrons, as it seems to be directly related to 

increasing the ionization state in the plasma column. 

With increasing flow, the state of the interaction of gas 

atoms between the two poles increases as a result of 

their acceleration from the cathode to the anode, which 

causes the disintegration of some bonds and the 

association of others between electrons and neutral 

particles, so secondary reactions occur that lead to 

collapse and thus increase the temperature and density 

of electrons as well. 

 

 
Flow rate (L/min) 

Fig. (5) Behavior of Te and ne of a silicon plasma jet in relation to 

argon flow rate using DC high voltage 

 

 
Flow rate (L/min) 

Fig. (6) Behavior of Te and ne of a silicon plasma jet in relation to 

argon flow rate using AC high voltage 

 

4.   Conclusion 
The spectral lines resulting from the emission of 

silicon plasma in the plasma jet show the effect of direct 

external changes such as changing the type of current 

and the flow rate of argon gas. The study found that the 

type of current used affected the intensity of the spectral 

emission, indicating an increase in the temperature and 

density of the electrons and thus an increase in the 

number of collisions between molecules and excitation 

and ionization processes with the increase in the gas 

flow rate, of course. The spectral peaks produced using 

DC voltage were higher than the spectral peaks 

produced using AC voltage. The temperature and 

electron density recorded an increase from 2.22 to 2.67 

eV, and from 3.238×1016 to 3.305×1016 cm-3, 

respectively, with increasing gas flow rate when DC 

voltage was used, while the temperature and electron 

density increased from 1.018 to 1.093 eV, and from 

5.026×1016 to 6.897×1016 cm-3, respectively, with 

increasing gas flow rate when AC voltage was used. 

Therefore, it is clear that silicon metal shows different 

behavior with changing the current type and the DC 

current was the most influential on plasma produced in 

the plasma jet. 

 

Acknowledgment 

We would like to thank all at the plasma laboratory 

at the Department of Physics, College of Science, 

University of Baghdad for their assistance. 

 

References 

[1] M.A. Zafar and M.V. Jacob, “Plasma-based 

synthesis of graphene and applications: a focused 

review”, Rev. Mod. Plasma Phys., 6 (2022) 37. 

[2] J. Asenjo-Castillo and I. Vargas-Blanco, 

“Espectroscopia de Plasmas en condiciones de 

presión atmosférica”, Rev. Tecnol. en Marcha, 

29(6) (2016) 47. 

[3] S.N. Mazhir et al., “Cytotoxic activity of green zinc 

selenide nanoparticles against Hep-G2 cell lines”, 

Indian J. Forensic Med. Toxicol., 15(1) (2021) 

2072-2078. 

[4] A.H. Shaker and K.A. Aadim, “Synthesis, 

Characterization and Spectroscopic Diagnostic of 

Copper Prepared by Plasma Technique”, Iraqi J. 

Appl. Phys., 20(3B) (2024) 675-680.  

[5] M.M. Shehab and K.A. Aadim, “Spectroscopic 

diagnosis of the CdO:CoO plasma produced by 

Nd:YAG laser”, Iraqi J. Sci., 62(9) (2021) 2948–

2955. 

[6] R.K. Jamal et al., “Designing A Zener diode using 

Ag2O(1-X)Zno(X)/Psi structures deposited by laser 

induced plasma technique”, Iraqi J. Sci., 61(5) 

(2020) 1032-1039. 

[7] R.S. Mohammed, K.A. Aadim and K.A. Ahmed, 

“Spectroscopy Diagnostic of Laser Intensity 

Effect on Zn Plasma Parameters Generated by 

Nd:YAG Laser”, Iraqi J. Sci., 63(9) (2022) 3711–

3718. 

[8] Z.H. Khan et al., “Laser-Induced Breakdown 

Spectroscopy (LIBS) for Trace Element 

Detection: A Review”, J. Spectroscopy, 2022 

(2022) 3887038. 

[9] R. Zaplotnik, G. Primc and A. Vesel, “Optical 

emission spectroscopy as a diagnostic tool for 



 
IRAQI JOURNAL OF APPLIED PHYSICS              Vol. 21, No. 2, April-June 2025, pp. 251-256 

ISSN (print) 1813-2065, (online) 2309-1673 © ALL RIGHTS RESERVED  PRINTED IN IRAQ   255 

characterization of atmospheric plasma jets”, 

Appl. Sci., 11(5) (2021) 1-22. 

[10] P. Lamichhane et al., “Non-thermal argon plasma 

jets of various lengths for selective reactive 

oxygen and nitrogen species production”, J. 

Enviro. Chem. Eng., 10(3) (2022) 107782. 

[11] A.I. Akhiezer, I.A. Akhiezer and R.V. Polovin, 

“Plasma Electrodynamics: Linear Theory”, 

vol. 1, Elsevier (2017). 

[12] A.H. Shaker, K.A. Aadim and M.H. Nida, 

“Spectroscopic analysis of zinc plasma produced 

by alternating and direct current jet”, J. Opt., 27 

(2023) 1273-1281. 

[13] S. Grünberger et al., “Overcoming the matrix 

effect in the element analysis of steel: Laser 

ablation-spark discharge-optical emission 

spectroscopy (LA-SD-OES) and Laser-induced 

breakdown spectroscopy (LIBS)”, Analytica 

Chimica Acta, 1251 (2023) 341005. 

[14] S.G. Kang and J. Shin, “in-situ monitoring of 

Al/Cu dissimilar laser welding process using 

optical emission spectroscopy (OES)”, Opt. Laser 

Technol., 176 (2024) 110893. 

[15] B.T. Chiad et al., “Langmuir Probe Diagnostics of 

Low-Pressure Glow Discharge Plasma Using 

Argon-Nitrogen Mixtures”, Iraqi J. Appl. Phys., 

12(3) (2016) 17-26. 

[16] M.A. Ismail et al., “LIBS limit of detection and 

plasma parameters of some elements in two 

different metallic matrices”, J. Anal. Atom. 

Spectro., 19(4) (2004) 489-495. 

[17] H. Onishi et al., “Measurement of electron 

temperature and density of atmospheric-pressure 

non-equilibrium argon plasma examined with 

optical emission spectroscopy”, Jpn. J. Appl. 

Phys., 60(2) (2021) 26002. 

[18] M. Fikry, W. Tawfik and M.M. Omar, 

“Investigation on the effects of laser parameters 

on the plasma profile of copper using picosecond 

laser induced plasma spectroscopy”, Opt. 

Quantum Electron., 52(5) (2020) 240. 

[19] A. Kramida, Yu. Ralchenko and J. Reader, “NIST 

Atomic Spectra Database (version 5.9)”, National 

Institute of Standards and Technology, 

Gaithersburg, MD (2021). 

[20] H.B. Baniya et al., “Generation and 

Characterization of an Atmospheric-Pressure 

Plasma Jet (APPJ) and Its Application in the 

Surface Modification of Polyethylene 

Terephthalate”, Int. J. Polym. Sci., 2020 (2020) 

247642. 

[21] I.K. Abbas and K.A. Aadim, “Spectroscopic 

Diagnosis of Cobalt Plasma Produced by OES 

Technique and Influence of Applied Voltage on 

Plasma Parameters”, Iraqi J. Sci., 64(5) (2023) 

2271-2281. 

 

__________________________________________________________________________________________ 

 

 
 

Fig. (1) Optical emission diagnostic spectrum of a silicon plasma jet system at various flow rates of Ar as using DC high voltage 
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Fig. (2) Optical emission diagnostic spectrum of a silicon plasma jet system at various flow rates of Ar gas using AC high voltage 

 

 

 

 

 


