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This paper investigates the effect of the AC discharge frequency, and the magnetic field 

on the discharge characteristics of a cylindrical magnetron sputtering device operating at 

constant argon pressure. The AC argon discharge was produced by applied high voltage 

alternating 10 kV with frequencies 7 and 9 kHz. The optical emission spectroscopy 

technique was used to determine the effect of source frequency and magnetic field on 

emission spectra, glow discharge regions and other discharge parameters (such as Te, ne, 

λD and ND). The emission spectra of an argon discharge at both source frequencies 

indicate that the emission intensity of Ar I and Ar II increases as the coil current 

increases. The emission intensities of the peak lines of Ar I and Ar II increase with 

increasing source frequency. An optical emission spectrometer was used to diagnose the 

effect of source frequency and magnetic field on the AC discharge properties using the 

Boltzmann plot method, the electron temperature was determined. The electron number 

density was calculated using Stark broadening. The data showed that the electron 

temperature, electron density, Debye length, and plasma parameters increased with 

increases in the coil current at both source frequencies. Moreover, the increase in source 

frequency causes increases in all discharge parameters. 
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1. Introduction 

Magnetron sputtering is one of the most 

commonly used methods of vacuum deposition, and 

it can be used to deposit metals and nonmetals on a 

wide variety of substrate materials (1-2). Magnetron 

sputtering systems (MSS) are frequently utilized in 

the process of depositing altering coatings on the 

surfaces of materials. This is due to the fact that MSS 

produces coatings of high quality that expose an 

extensive range of functional features (3) .In the 1960s 

and 1970s, the magnetron sputtering method was 

developed. Since then, it has become the most 

important part of plasma sputtering applications. 

Magnetron sputtering deposition techniques are most 

frequently employed for thin film deposition and 

surface engineering procedures (4). In the 1970s, 

Cormia et al. used mid-frequency AC power to help 

deal with the formation of a compound layer and the 

subsequent charging of the target (5). By the middle of 

the 1980s, experts like Este and Westwood had used 

a dual magnetron method to greatly improve the rate 

of deposition and efficiency of this method (6). Este 

and Westwood pioneered the use of twin magnetrons 

in 1987, which were developed by Scherer in 1991 

and Glocker in 1993 (7). Mid-frequency AC 

magnetron sputtering is similar to the DC process 

mentioned above, except that the cathode and anode 

switches are switched every half cycle (8). Plasma 

production is regarded topic since it is a highly 

effective method for material fabrication and post-

treatment. Glow discharge as an important plasma is 

a partially ionized gas composed of electrons, 

positive ions, negative electrons, and significant 

quantities of neutral species. It is thought to be one 

way to create plasma at pressure constant. It is simple 

to produce glow-discharge plasma using a high-

voltage electrical discharge and a constant pressure 

gas system (9).This can be done using DC, AC or more 

usually high frequency AC. An electric potential is 

applied between two electrodes to produce an AC 

glow discharge. The high electrical potential of 10 kV 

is more than enough to produce plasma through the 

process of breakdown. This also results in strong 

emission due to the interaction of excited atoms. In 

comparison to conventional procedures, sputtering 

offers significant advantages. Studies were done on 

the characteristics of sputtering plasma under various 

discharge settings (10-11). Diagnostics are the main 

focus of plasma study right now. Important plasma 

factors, such as chemical composition, plasma 

species, plasma density, plasma potential, plasma 

temperature, and the distribution of electron and ion 

energy (12-13). To determine plasma properties, plasma 

diagnostic techniques such as the Langmuir probe, 

optical emission spectroscopy (OES), mass 

spectroscopy, and microwave interference can be 

used (14-16). Due to its ease of use and lack of plasma 

disruption, OES is a useful tool for studying glow 

discharge (17). The emission of plasma radiation is 

highly dependent on plasma characteristics and gas 

composition (18). 

In the present paper, the influence of the magnetic 

field and AC discharge frequency on the argon 

discharge characteristics parameters of cylindrical 

magnetron sputtering system at constant pressure will 

investigate in more details. 
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2. Theoretical Description of Discharge 

Parameters   

The electron temperature (Te) is one of the most 

important plasma conditions. Te can be calculated 

using the Boltzmann diagram method, as displayed 

below (19-23). 

Ln (
Ιj𝔦λj𝔦

gjAj𝔦
) = (−

EK,Z

KBT℮
) + ln (

hcLnz

4πpz
)  (1) 

Here Z represent the variables ionization state, h is 

Planck's constant, c is light speed, KB is Boltzmann 

constant, j is the highest energy level, i is lower 

energy level, λji is the wavelength corresponding to 

the transmission between level j and level I for the 

same ionization degree, Aji the transition probability 

corresponds to transition from I to j, Iji is the intensity 

of transition from I to j, PZ is the species partition 

function in ionization stage Z, and gj is a statistical 

weight. The electron temperature was calculated by 

plotted the left-hand side of equation (1) against the 

higher-level energy of the species in the Z ionization 

phase in eV unit. 

There are many fundamental line broadening 

(Stark broadening, Doppler broadening, and pressure 

broadening) which can occur in the plasma. A stark 

broadening can also be used to calculate the electron 

number density as (24-32). 

ne(cm−3) = [ 
∆ℷ

2ωs(λ,Te)
] Nr  (2) 

Where λD is the full width at half maximum of the 

line, ωs is the electron impact value that can be found 

in the standard tables, and Nr is the density of 

reference electrons number density which equal to 

1016 cm-3 for neutral atoms and 1017 cm-3 for single-

charged ions (33-34). 

Debye length is calculable using the formula (35-

44). 

λD =  (
ε˳kBTe

e2ne
)

1

2
    (3)                                                                        

where kB denotes the constant of Boltzmann. 

anyway, The plasma parameter (ND), which 

stands for the number of charged particles contained 

within the Debye sphere and is calculable as a 

function of the electron number density as well as the 

electron temperature, can be expressed as (45-49). 

𝑁𝐷 =
4

3
𝜋𝑛𝑒𝜆𝐷

3 ≅ 1.38 × 106 [𝑇𝑒(𝑘0)]
3 2⁄

[𝑛𝑒(𝑚−3)]1 2  ⁄  (4) 

 

3.  Experimental Part                                   
Figure (1) schematic the diagram of the 

alternating current magnetron sputtering system that 

used in this work. This system consists of stainless 

steel vacuum chamber, two aluminum coaxial 

cylindrical electrodes, D.C. solenoid magnetic coil, 

pumping system, and A.C. power source were 

utilized in vacuum chamber to generated argon 

discharge. The outer cylindrical (wall of the chamber) 

which represent the powered electrode has 25 cm in 

diameter and 22cm of length. The inner cylinder 

(ground electrode) has 3cm in diameter and 18 cm in 

length. Two A.C. frequencies of 7 and 9 kHz are 

supplied by an A.C. source to coaxial cylindrical 

electrodes in the absence and presence of a magnetic 

field in order to generate A.C. discharge in argon gas 

(99.9% impurity) at 0.2 torr constant pressure. D.C. 

magnetic solenoid coil with turns, inner diameter, 

maximum current is 6A, and length 22cm was used to 

confine the plasma particles in the central region with 

strong magnetic field T and a maximum coil current 

6Amp. Double stage rotating pump model CIT-

ALCATEL Annecy (made in France) was used to 

evacuate to a base pressure of 0.2 Torr. While the 

argon pressure was measured using a Pirani gauge 

(made in England), the A.C. discharge was produced 

by applied rms. voltage of 10 kV with different 

frequency 7 and 9 kHz between two coaxial cylinders. 

A.C. discharge images were captured by a high-

resolution digital canon camera with a variety of 

settings. The plasma emission spectra were 

diagnostics by using an optical emission spectrometer 

THORLAB model (made in Germany) in the 

wavelength range 320–740 nm In relation to the 

plasma column, the spectrometer was positioned at a 

45-degree angle. The spectra data were calibrated 

using NIST database software to determine the 

plasma parameters. 

 

 
Fig. (1) The inverted configuration sputtering diagram for a 

cylindrical magnetron  

 

4. Results and discussion  

The influence of A.C. frequency on the emission 

spectra of plasma in the inverted cylindrical 

magnetron configuration at constant argon gas 

pressure over the wavelength range of 320–740 nm 

are illustrated in figures (2) and (3). The spectra of 

these figures display five emission peaks of neutral 

argon (ArI) at 419.83170, 687.12890, 696.54300, 

706.87350, and 738.39800 nm, in addition to five 

ionic emission peaks of argon (ArII) located at 

361.18130, 427.75280, 434.80640, 476.48640, and 

487.98630 nm. As well as, It is clear from these data 

that an increase in the number of inelastic collisions 

that take place in the plasma as a result of plasma 

confinement leads to an increase in the emission peak 

intensity of all emission peaks (both atomic and ionic 

peaks), and this rise occurs in conjunction with an 

increase in the coil currents. 
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Fig. (2)  Effect of the coil current on the optical emission spectra 

of AC argon discharge for frequency of 7kHz at 0.2 torr 

 

 
Fig. (3) Effect of the coil current on the optical emission spectra 

of AC argon discharge for 9 kHz at 0.2 torr 

 

By applying of alternating voltage of about 10 kV, 

the AC normal glow discharge was established in 

argon gas.  The schematic photography shown in 

Figure (4) shows the effect of coil current on regions 

of normal glow discharge at source frequencies of 7 

and 9 kHz, respectively, with a constant pressure of 

0.2 torr. Many features can be noted from these 

figures which can be detected as, the normal glow 

structure in low frequency alternating current 

discharge was similar to that produced in the direct 

current discharge. When the magnetic field increases 

(caused by increases in the coil current), the powered 

region (powered fall) is compressed. The positive 

column and grounded regions (grounded fall) grow, 

and the negative glow transforms into a thin layer of 

intense luminosity. The presence of the magnetic and 

electric fields together causes the electrons to follow 

a helical path around the magnetic field lines, which 

increases the ionization collisions and maintains the 

discharge with argon atoms close to the powered 

electrode. This variation in the glow discharge 

structure with an increase in the magnetic field can be 

explained in this way. Therefore, the electrons were 

moves a shorter distance along the axis of the 

powered dark space. Thus, the length of the powered 

dark region is reduced. On the other hand, the 

increases of the positive column region and grounded 

fall are due to the constrain of the electron diffusion 

(i.e. the electron losses are reduced) perpendicular to 

magnetic field direction. The comparison of figures 

(4) demonstrated that all normal glow discharge 

region at source frequency 9 kHz are more luminous 

comparable to source frequency 7 kHz caused by the 

electrons gain more energy from applying electric 

field at the frequency source 9 kHz. 

 

 

 

 

 
(F=7kHz) 
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(F=9kHz) 

Fig. (4) Schematic the photography of for AC glow structure at 

constant pressure of 0.2 torr  for different coil currents  with 

frequency (7,9kHz) 

 

Figure (5) shows how the frequency of the AC 

source affects the change in discharge voltage as a 

function of the coil current. The data detected the 

discharge voltage has approximately a constant value 

with increasing of the coil currents. When the source 

frequency increases from 7 kHz to 9 kHz, the 

discharge voltage was raised. The increasing of the 

discharge voltage with source frequency is attributed 

to increasing of the space charge effect caused by 

increasing of ionization collisions of electrons with 

neutral atoms which causes to increasing of the 

voltage that needed to maintain the discharge. 

 

 
Fig. (5) Influence of Ac source frequency on the variation of the 

voltage discharge versus coil currents 

 

Figure (6) shows how the AC source frequencies 

affect how the discharge current changes as a function 

of the coil currents. This figure shows that, at higher 

rates of frequency (9 kHz), the discharge current 

increases with increasing coil current (increasing 

plasma confinement). The increase of plasma 

confinement means that increase of ionization 

collisions of electrons with neutral atoms. 

 

 
(a) 

 
(b) 

Fig.(6) The variation of discharge current as a function of coil 

current at different AC source  frequencies from (a) 7kHz (b) 

9 kHz 

 

The electron temperature is one of the most 

important basic plasma factors that is used to describe 

the state of the plasma medium. Electron temperature 

(Te) controls plasma activation and ionization. To 

compute Te, assuming the plasma is in local 

thermodynamic equilibrium and the Boltzmann 

distribution is applicable to the number of excited 

atoms, which was computed using the Boltzmann plot 

method (Eq. 1). By using Eq. (1) and data that listed 

in table (1), the electron temperature was calculated. 

Figures (7) and (8) The Boltzmann plots for the 

post-discharge configuration using specific atomic 

argon lines (Ar I) at various coil currents and source 

frequencies are shown. 
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Table (1) Shows how Ar-I standard lines are used to calculate 

electron temperatures and their properties (50) 

 

λ(nm) Ag(S-1) Ei(ev) Ej(ev) Ion 

419.83170 2.57×106 11.62359272 14.57594878 Ar I 

687.12890 8.34×106 12.90701530 14.71089810 Ar I 

696.54300 1.9×107 11.54835442 13.32785705 Ar I 

706.87350 6.0×106 13.09487256 14.84836899 Ar I 

738.39800 4.2×107 11.62359272 13.30222747 Ar I 

 

As well as, the electron number density (ne) was 

calculated using the Stark broadening effect (Eq. (2)). 

The influence of AC frequency on the variation of 

electron temperature and electron number density 

with increasing coil current (increasing magnetic 

field) of the post-cylindrical magnetron sputtering 

device is illustrated in Fig. (9). According to the 

graph, increasing the coil current induces an increase 

in both the electron number density and the electron 

temperature at all frequencies under consideration. 

The increases in electron number density with 

increasing coil current can be attributed to the 

increased inelastic collision of the electrons with 

argon atoms caused by magnetic confinement, 

whereas the increases in electron temperature with 

increasing coil current (increases in the magnetic 

field) can be attributed to the magnetic confinement 

of the electrons in the region close to the surface of 

the powered electrode surface where the electric field 

is strongest. 

 

 

 

 

 
Fig. (7) Boltzmann plots for post-discharge configuration 

utilizing selected atomic argon lines (ArI) at various coil 

currents and a 7 kHz frequency 

 

 

 

 

 
Fig. (8) Boltzmann plots for post-discharge configurations with 

selected atomic argon lines (ArI) at various coil currents at a 

frequency of 9 kHz 
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Fig.(9) Influence of AC frequency on the variation of electron 

temperature and electron number density with increasing coil 

current in a post-cylindrical magnetron sputtering device 

 

Another fundamental discharge parameter which 

calculated in this paper is Debye length (used Eq. 3). 

Figure (10) found that the Debye length changed 

depending on how the coil current worked for both of 

the AC frequencies under study. One can observed 

from this figure the Debye length was increase with 

increases of coil current. This results mean that the 

powered electrode sheath that formed surrounded the 

powered electrode is reduced with increases of the 

coil current. This impact increases the volume of 

plasma.  Due to confinement, the presence of the 

magnetic field causes a reduction in plasma volume. 

The plasma parameter (ND) also calculated 

according to data that listed in table (2) and equation 

(4), the variation of ND with coil current in two AC 

source frequencies are tabulated in table (2). The data 

detected the increases of number of the charge 

particles caused by increasing of ionization collisions 

with increasing of coil currents. Furthermore, the 

increasing of AC frequency from 7 to 9 kHz causes to 

production more charge particles due to a raising of 

the absorbed energy by the electrons.   

 

 
 

Fig. (10) The difference (λᴅ) in constant gas pressure between 

the presence and absence of B 
 

5. Conclusion 

This study examined how AC source frequency 

affects plasma characteristics as coil current increases 

at a 0.2 torr pressure constant. Coil currents changed 

the discharge zone glow in the cylinder design. The 

photos indicated that plasma particles absorb more 

energy as AC frequency increases, increasing light 

emission brightness. The usual glow discharge areas 

created by applied AC voltage resemble DC 

discharge at all AC frequencies studied. Cylinder 

shape affects glow area size and shape. Additionally, 

plasma characteristics rise with coil current at all AC 

frequencies under study. The magnetic field's axial 

profile shows that both configurations have 

maximum values at the inner electrode extremities 

and minimum values in the center rising plasma and 

electron frequencies. Due to plasma confinement, 

magnetic fields enhance electron temperature, 

density, and Debye length. 
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Table (2) The effect of AC frequency on the discharge parameters in different coil currents 

 

Plasma 
Parameter 

Debye Length 
( cm)6 -×10 

16Density×10 Number Electron 
)3-(cm 

Electron Temperature 
(eV) 

Coil current 

(A) 

7 kHz 

3478 2.220497425 7.557434963 0.67499 0 

3597 2.204230112 7.9908326 0.70328 2 

4187 2.265748979 8.564492875 0.79643 4 

4528 2.310818718 8.73083565 0.84452 6 

9 kHz 

4081 2.293108022 8.051639588 0.76693 0 

4190 2.162020168 9.863190725 0.83514 2 

4530 2.217346256 9.885766738 0.88044 4 

4675 2.234577515 9.968163025 0.90163 6 
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