
Iraqi Journal of Physics, 2024                                                                          Vol. 22, No. 1, PP. 31-41 

 31 

 
 

 This work is licensed under a Creative Commons Attribution 4.0 International License 

 

 Influence of A.C. Frequency on Hollow Magnetron Sputtering 

Discharge Parameters 

 
Zahraa Mohammed Hasan 

1a*
 and Qusay Adnan Abbas

1b 

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

b
E-mail: qusay.a@Sc.Uobaghdad.edu.iq 

 a*
Corresponding author: zahraa.hasan2204m@sc.uobaghdad.edu.iq 

 

Abstract Article Info. 

In the present work, optical emission spectroscopy was used to diagnose 

the influence of A.C. power source frequency on the hollow magnetron sputtering 

discharge parameters (such as discharge emission, discharge current and voltage, 

glow discharge structure, temperature (Te) and electron number density (ne), Debye 

length (λD), and plasma parameter (ND) of constant pressure. The electron 

temperature and number density were determined using the Boltzmann plots and 

the Stark broadening methods, respectively. The results illustrate that the normal 

glow discharge structure is similar to the D.C. discharge mode. The magnetic field 

has no impact on the fundamental discharge parameter in both A.C. frequencies 

under study. On the other hand, the other discharge parameters (Te, ne, λD, and ND) 

increase with increasing the magnetic field in both discharge frequencies. In 

addition, the increase in the frequency of the A.C. source current led to an increase 

in the discharge intensity emission and the other discharge parameters being 

studied. In this case, in frequency 7 kHz, Te surged from 0.685 eV to 0.839 eV, and 

ne experienced an increase from 3.088 x 10
18 

m
-3

 to 4.902 x 10
18

 m
-
3. At a 

frequency of 9 kHz, the electron temperature surged from 0.711eV to 0.911 eV. ne 

experienced an increase from 3.615 x 10
18

 m
-3

 to 6.749 x 10
18

 m
-3

. 
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1. Introduction 
Magnetron Sputtering Systems (MSS) are extensively utilized for the deposition 

of dielectric, metallic, and compound film coatings on the surface of materials due to 

their high attainable deposition rate, and high quality and diverse functional properties 

[1]. Magnetron plasma sources are extensively used in various industrial and 

technological processes, particularly those that include sputter-etching and thin-film 

deposition [2, 3].  
MSS are typically constructed of conductive materials that conduct 

electromagnetic energy into the reactor. Glow discharge plasma is a partially ionized 

gas made up of electrons, positive ions, and a significant number of neutral species. It is 

one way to create plasma at low pressure. It is simple to produce glow-discharge plasma 

using a high-voltage electrical discharge and a low-pressure gas system. Creating gas 

discharge plasma in a diode gap under electric and magnetic cross-fields is the 

foundation of MSS operation. Sputtering magnetrons are used for etching and thin film 

deposition. Positive ions of energies of a few hundred eV extracted from plasma 

(generated from the ionization processes between energetic electrons and a low-pressure 

gas) impact a negatively biased target, ejecting atoms that will be deposited on a 

specific substrate as a thin film. In magnetron sputtering, a magnetic field is employed 

to trap electrons close to the target. These trapped electrons will generate ions that are 

accelerated into the target by the plasma sheath, causing the desired sputtering. This will 

increase the ionization of the low-pressure gas, thus increasing plasma density, allowing 

sputtering at lower pressures and voltages [4-6]. 

A reactive gas, a non-inert gas, such as oxygen and nitrogen, is sometimes 
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introduced with the argon gas to form the plasma. The sputtered particles from the target 

material undergo a chemical reaction, so the thin film deposited on the substrate is of 

different composition [7]. Reactive sputtering is of two types: the D.C. reactive 

sputtering and the radio-frequency (RF) reactive sputtering. In the D.C. mode, a 

continuous or pulsed D.C. voltage is supplied to the target [8]. An RF plasma thruster 

typically consists of an RF antenna, a discharge chamber, and a magnetic circuit [9, 10]. 

D.C. sputtering is suitable for conductive materials, whereas RF sputtering is suitable for 

nonconductive materials. The advantage of RF magnetron sputtering is that magnets 

better ionize the material in the electric and magnetic fields, allowing the material to 

pass into plasma form. A.C. magnetron sputtering, in which a magnetic field is 

superimposed on an electric field, is one of the most prevalent sputtering techniques. 

This confines electrons to the target, resulting in increased ionization of the sputtering 

gas and, consequently, faster deposition rates [11, 12].  

This work aims to study the A.C. discharge in a cylindrical magnetron sputtering 

device for plasma characterization. A comprehensive experimental study was carried out 

to verify the general properties of the plasma and measure the plasma coefficient in 

hollow-cylindrical magnetron. 

2. Methodology 
 The electrons temperature (Te) is the most significant factor in describing the plasma 

state. Te can be calculated using the Boltzmann plot method as follows [13-19]: 

  (
       

     
)  ( 

    

    
)    (

     

    
)                                                                                               

where: Z represent the ionization state, h is Planck's constant, c is speed of light, KB is 

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

wavelength corresponding to the transition between level j and level i for the same 

ionization degree, Aji the transition probability corresponds to transition from j to i, Iji is 

the intensity of transition from j to i, PZ is the species partition function in ionization 

stage Z, and gj is a statistical weight. The electron temperature was calculated by 

plotting the left-hand side of Equation (1) in comparison to the species' higher-level 

energy during the Z ionization phase, expressed in units of eV [20-23]. 

 Using the Stark-Widening relation, the electron number density (ne), was 

calculated as follows [24-29]: 

      
    [

  

         
  ]                                                                                                         

where:    is the full width at half maximum of the line, and ɷₛ is the theoretical line 

full-width Stark broadening parameter, which is calculated at the same reference 

electron density 10
16

(cm
–3

) [30-32]. 

Debye length (λᴅ) is calculable using the formula [33-44]: 
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where: kB denotes Boltzmann constant. 
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The value of ND indicates the total number of particles included in Debye's 

sphere, which is based on how dense the electrons are, e: electron charge in (C) [45]; 

this is the second condition for plasma to exist [46-51]: 

    
  

 
      

            
[      ]

 

 

[       ]
 

 

                                                                    

3. Experimental                           

The system used in this work is an RF magnetron sputter with an A.C. discharge 

power source. Fig. 1 illustrates the diagram of the A.C. magnetron sputtering system 

which was developed and built. It is composed of a cylindrical magnetron with an A.C. 

discharge for sputtering. This system consists of stainless-steel vacuum chamber, which 

is evacuated to a base pressure of 0.4 torr to evaluate discharge behavior, two aluminum 

coaxial cylindrical electrodes, a D.C. magnetic coil, and an A.C. power source. The 

discharge gas was argon gas (99.998% pure) under a pressure of 0.4 torr. The vacuum 

chamber consists of an outer cylinder (wall of the chamber), 25 cm in diameter and 

22cm in length, which is the grounded electrode, and an inner cylinder, 3 cm in 

diameter and 18 cm in length, which is the powered electrode. The glow discharge 

normal mode was generated by applying a continuous potential of around 10 kV 

between the two coaxial electrodes and discharge currents (0, 2, 4, 6 amps) for 7 and 9 

kHz frequencies to produce the A.C. glow discharge in argon gas (99.9% impurity) at 

0.4 torr pressure. A D.C. magnetic solenoid of 500 turns, 2 mm inner diameter and 

length of 22 cm was used to generate a strong magnetic field to confine the plasma in 

the central region between the two coaxial cylinders . 

For the diagnostic, a compact spectrometer (Thorlabs-CCS 100/M) was used with 

the following specifications: a wavelength range of 320-740 nm, S/N ratio of 2000:1, a 

CCD sensitivity of 160 V/ (Ix.s), integration time of 10μs –60s and has full width at half 

maximum (FWHM) spectral accuracy of 0.5 nm at 435 nm. A holder attaches the 

optical fiber of the spectrometer to the center point between the electrodes, about 6 cm 

from the inner electrode, using a quartz lens. The plasma properties were determined by  

Figure 1: The inverted configuration of the cylindrical magnetron sputtering system. 
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4. Results and Discussions 
4.1. Emission Spectra of Plasma without Magnetic Field 

By analyzing the plasma light emissions in the wavelength region of 320–740 nm, 

using the compact spectrometer (Thorlabs-CCS 100/M), optical emission spectra (OES) 

were able to identify plasma emissions. Figs. 2 and 3 show the OES of the plasma for 

different values of the A.C. discharge current at two frequencies.  The spectra display 

five emission peaks of neutral argon (ArIl) at 361.181, 427.752, 434.806, 476.486, and 

487.986 nm, in addition to five atomic emission peaks of argon (ArI) located at 

419.831, 687.128, 696.543, 706.873, and 738.398 nm. It is clear from these data that the 

increase in the coil current (0,2,4,6 Amp) led to an increase in the emission peak 

intensity of all emission peaks (both atomic and ionic peaks) due to an increase in the 

number of inelastic collisions that took place in the plasma as a result of plasma 

confinement [13]. 

 

Figure 2: Effect of the coil current on the optical emission spectra of A.C. argon plasma for a 

frequency of 7 kHz at 0.4 torr. 

 

 
  

Figure 3: Effect of the coil current on the optical emission spectra of A.C. argon plasma for 

frequency of 9 kHz at 0.4 torr. 

 



Iraqi Journal of Physics, 2024                                                                          Vol. 22, No. 1, PP. 31-41 

 35 

4.2. Influence of Magnetic Field on Normal Glow Discharge Regions 

Fig. 4 illustrates how the coil current modifies the typical light regions of a 

hollow-powered cylinder magnetron device at a constant pressure of 0.4 torr. According 

to this configuration, the discharge regions within the cylindrical cavity can carry 

currents on the order of several amperes at a falling voltage of several hundred volts. It 

features a distribution of varied areas in the hollow-cylindrical discharge mode, as 

shown in the zones in a circular pattern inside the hollow-powered electrode while gas 

is forced through a hot, glowing cylinder. The gas will effectively be ionized and heated 

at the powered zone. From there, plasma flows along the magnetic field to the grounded 

region, where a significant amount of it recombines. An extremely powerful and 

uniform plasma is created with the aid of electrostatic and magnetic forces. 

Fig. 4 (a, b) show it not has the same effect as increasing the magnetic field 
(increasing the coil current), which compresses the plasma region and creates a thin 

layer of luster that confine the plasma. The optical diagnostics applied to a discharge 
visualize the plasma region corresponding to the confined electrons, represented by the 

bright area near the target surface observable by the naked eye. This region corresponds 

to a spatial segment formed by the magnetic lines in the target vicinity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 
Figure 4: photographs for the A.C. glow discharge structure at a constant pressure of 0.4 torr 

for different coil currents with frequencies of (a)7 kHz (b)9kHz. 
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4.3. Fundamental Discharge Characteristic 

Fig. 5 shows the effect of the coil current on the discharge voltage at two A.C. 

source current frequencies. The discharge voltage has approximately a constant value as 

the coil current increases. The discharge voltage increased when the source current 

frequency was increased from 7 kHz to 9 kHz. The increase of the discharge voltage 

with the source current frequency is attributed to the increase of the space charge effect 

caused by the increase in ionization collisions of electrons with neutral atoms, which 

causes an increase in the voltage needed to maintain the discharge. 

 

     
Figure 5: Influence of A.C. source frequency on the change of the voltage discharge with the 

coil current. 
 

Fig. 6 shows the effect of the A.C. source frequency on the relation between the 

discharge current and the coil current. At the higher frequency of 9 kHz, the discharge 

current remains constant as the coil current increases (plasma confinement increases). 

The increase in plasma confinement means that the ionization collisions of electrons 

with neutral atoms increase.  

 

         
 

Figure 6: The change of discharge current with the coil current at various A.C. source 

frequencies. 
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4.4. Variation of Plasma Particles with Coil Current in Hollow-Cylindrical 

Magnetron Configuration 
Te is the most important plasma parameter for describing the state of the plasma. 

It is responsible for regulating a wide range of plasma processes, including ionization 

and excitation. To compute Te, assume that the plasma is in thermodynamic equilibrium 

and that the number of excited atoms follows a Boltzmann distribution. Boltzmann plots 

were drawn according to Eq. (1) with the data listed in Table 1. The electron 

temperature can be determined from the slope of the straight line of the Boltzmann plot. 
 

 Table 1: Ar II standard lines determine electron temperature and properties [52]. 

Ion Ej(eV) Ei(eV) Ag(S
-1

) λ(nm) 

Ar II 21.492 18.060 2×10
6
 583.3:3 

Ar II 21.351 18.454 3.2×10
8
 649.974 

Ar II 19.494 18.643 9.368×10
8
 656.:38 

Ar II 19.867 17.265 2.6×10
8
 698.6:8 

Ar II 19.680 17.140 4.94×10
8
 6:9.;:8 

 

Figs.7 and 8 display the Boltzmann plots for the hollow-discharge configuration 

employing the specified ionic argon lines (Ar Il) at various coil currents and = 7kHz and 

9kHz source frequencies, respectively. The electron temperatures are listed in Table 2. 

 

              

 
 

Figure 7: Boltzmann plots for a hollow-discharge configuration with chosen ionic argon 

lines (Arll) at different coil currents and a source frequency of 7 kHz. 

 

The Stark broadening effect was used to determine ne, as defined by Equation (2), 

listed in Table 2. Fig. 9 shows the effect of A.C. source frequency on the change of Te 

and ne as the coil current of the hollow-cylindrical magnetron sputtering device 

increased. Increasing the coil current causes an increase in the density and temperature 

of the electrons at the two frequencies. The increases in ne with increasing coil current 

may be attributed to the increase of the inelastic collisions of electrons with the argon 
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atoms caused by magnetic confinement. The magnetic confinement of electrons in the 

area close to the powered electrode surface, where the electric field is present, may 

cause an increase in the electron temperature with increasing the coil current (increase 

of the magnetic field). 

 

             

 
 

Figure 8: Boltzmann plots for a hollow-discharge configuration with chosen ionic argon 

lines (Arll) at different coil currents and a source frequency of 9 kHz. 

 

   
Figure 9: Effect of A.C. frequency on electron temperature and electron number density with               

the increase of coil current  in a hollow cylindrical magnetron sputtering. 

 

Another fundamental discharge parameter calculated in this paper is Debye length 

(calculated using Eq. 3). Fig. 10 shows how the coil current at the two A.C. frequencies 

changed the Debye length. It can be seen from this figure that the Debye length 

decreased with the increase of the coil current. This result means that the sheath 

surrounding the powered electrode was reduced with the increase of the coil current. 

This effect increases the volume of plasma. Due to confinement, plasma volume 

decreases due to the magnetic field. 
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Figure 10: The difference of λᴅ the gas constant pressure with and without B. 

 

Table 2 lists the electron density and Debye length values for the different coil current 

values for the two source frequencies. 

ND was calculated according to data listed in Table 2 using Eq. 4. The values of 

ND for the different coil currents at the two A.C. source frequencies are tabulated in 

Table 2. The increase in number of the charge particles with the increase of coil current 

was a result of the increase of ionization collisions. Furthermore, increasing the A.C. 

frequency from 7 to 9 kHz causes the production of more charge particles due to the 

increase of the absorbed energy by the electrons. 
 

Table2: The effect of alternating current frequency on discharge parameters at various coil 

currents. 

Plasma 

Parameter 

Debey length 

          

Electron Number 

Density×10
17

 (cm
-3

) 

Electron 

Temperature 

(eV) 

Coil Current 

(A) 

7 kHz 

5569 3.500 3.088 0.685 0 

5927 3.393 3.608 0.752 2 

5521 2.990 4.912 0.795 4 

5989 3.074 4.902 0.839 6 

9 kHz 

5439 3.295 5.837 0.711 0 

6037 3.351 5.:36 0.776 2 

5174 2.658 8.775 0.838 4 

5779 2.731 8.96; 0.911 6 

 

5. Conclusions 

In this study, it was demonstrated that the plasma was subjected to an A.C. 

discharge. In this investigation, the effects of a magnetic field on plasma properties have 

been illustrated. It is thought that analyzing the shape of spectral lines is a reliable and 

non-disturbing way to find out about the properties of argon pressure glow discharge 

plasma that is made by low-frequency A.C. discharges that run between 7 and 9 kHz. 

The A.C. discharge plasma properties were measured in magnetron-sputtering plasma 

using electrodes. The results show the changes in plasma properties as a function of RF 

power. Additionally, the increase in plasma confinement with a magnetic field results in 

higher (Te), (ne), and (λD) than in the absence of a magnetic field. 
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 تأثيش تشدد التياس المتىاوب على معلمات التفشيغ التشريز المغىاطيسي المجوف

محمد حسه صهشاء
1
عذوان عباس وقصي 

1 
      قسٌ اىفُضَاء، ميُح اىعيىً، جاٍعح تغذاد، تغذاد، اىعشاق3

  الخلاصة 
فٍ هزا اىعَو ذٌ اسرخذاً اىرحيُو الاّثعاز اىثصشٌ ىذساسح ذأشُش ذشدد ٍجهض اىقذسج اىَرْاوب عيً ٍعيَاخ اىرشرَز اىَغْاطُسٍ 

ذٌ  تلاصٍا( عْذ ضغط شاتد. دَثاٌ ٍعيٌ ىلإىنرشوّاخ، طىهحشاسج ومصافح اىعذدَح  اىرفشَغ، دسجحوفىىرُح  اىرفشَغ ذُاساىَجىف )اّثعاز 

حُس تُْد اىْرائج اُ ذشمُة اىرىهج  سراسك.تاسرخذاً طشَقح تىىرضٍاُ ومزىل ذىسع  ىلإىنرشوّاخحساب دسجح حشاسج ومصافح اىعذدَح 

 اىَسرَش. مَاىسيىك اىرُاس  ٍشاتهذأشُش ٍجاه ٍغْاطُسٍ عيً ذشمُة اىرفشَغ َنىُ  اىَسرَش. واُاىرشمُة فٍ حاىح اىرفشَغ  َشثهاىطثُعٍ 

ٍعيَاخ الأساسُح ىيرفشَغ فٍ ملا اىرشددٌ اىَصذس اىَرْاوب ٍِ ّاحُح أخشي فاُ تقُح  ذأشُش عيً لا ََريلاه ٍغْاطُسٍ ىىحظ اُ ٍج

جسَُاخ فٍ مشج دَثاٌ( ذضداد تضَادج ٍجاه  دَثاٌ عذد ىلإىنرشوُ، طىهاىنصافح اىعذدَح  دسجح حشاسج الاىنرشوُ،اىرفشَغ )ٍعيَاخ 

لإضافح اىً رىل فاُ صَادج ذشدد ٍصذس اىَرْاوب ادي اىً صَادج شذج الاّثعاز ومزىل تقُح ٍعيَاخ اىثلاصٍا اىَغْاطُسٍ فٍ ملا اىرشددَِ تا

 اىرٍ ذٌ دساسرها.

 

  اىرفشَغ.ذُاس  ىلإىنرشوّاخ،اىنصافح اىعذدَح  اىَرْاوب،ذفشَغ اىرُاس  الاىنرشوُ،دسجح حشاسج  اىَجىف،اىقطة  الكلمات المفتاحية:
 

 
 

https://www.nist.gov/pml/atomic-spectra-database

