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Abstract Article Info. 

          In this work, we studied the effect of power variation on inductively coupled 

plasma parameters using numerical simulation. Different values were used for 

input power (750 W-1500 W), gas temperature 300K, gas pressure (0.02torr),         

5 tourns of the copper coil and the plasma was produced at radio frequency (RF) 

13.56 MHZ  on  the coil above the quartz chamber. For the previous purpose, a 

computer simulation in two dimensions  axisymmetric, based on finite element 

method, was implemented for argon plasma. Based on the results we were able to 

obtain plasma with a higher density, which was represented by obtaining the 

plasma parameters (electron density, electric potential, total power, number density 

of argon ions, electron temperature, number density of excited argon atoms) where 

the high density in the generated plasma provides a greater degree in material 

processing, which increases the efficiency of the system. These results may aid in 

future research towards the development of more efficient optimization of plasma 

parameters which are (electron density, electric potential, total power, number 

density of argon ions, electron temperature, and number density of excited argon 

atoms).  
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1. Introduction  

         The two most common methods for producing thermal plasma are direct current 

(DC) arc discharge and inductively coupled discharge [1-6]. The inductively coupled 

plasma (ICP) torch ionizes the working gas flowing through the quartz tube using 

high-frequency induction heating. ICP torch has been widely utilized in various 

industrial applications, such as powder spheroidization. Due to the ultrahigh 

temperature of flame-like plasma, the ICP torch has been widely adopted in many 

industrial fields, such as powder spheroidization, high-temperature clean heat source, 

and mass spectrometry. The inductively coupled discharge is a complex process that 

involves the interplay of several physical factors, including flow, temperature, and 

electromagnetic fields [7]. The internal plasma's physical laws are difficult to deduce. 

Furthermore, during the discharge, electromagnetic interference has a significant 

impact on the experimental procedure. To examine the many physical fields in the 

ICP torch, numerical approaches are required [8]. In this type of device, the use of 

numerical simulation has become a good tool, which gives the possibility to improve 

ICP operations, which are expensive as well as difficult to implement in an 

experiment [9]. J. D. Bukowski et al. (1996) [10] also studied a two-dimensional, 

axisymmetric fluid model of an inductively coupled plasma, and this model prediction 

was compared to the experimental measurements of P. A. Miller et al [11] of electron 

density, electron temperature, and plasma potential. Comparisons between model 

predictions and experimental measurements were made in argon and chlorine gas 

discharges.  In the present work a simulation of the effect of input power variance on 

plasma parameters which is (electron density, electron temperature, electric potential, 
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number density of argon ions, and number density of excited argon atoms)  and 

knowing the effect of the input power to increase the density of the plasma. 

 

2. Modeling of inductively coupled plasma 
         Gaseous Electronics Conference cell  (GEC) was used to study plasma 

discharges, as well as give researchers essential experience to develop plasma 

diagnostics for use in the manufacture of plasma systems [12]. Low pressure (less 

than 10𝑃𝑎) and high charge density (more than 1017 𝑚3) are typical operating 

conditions for discharges. Because low pressure ion bombardment can give a greater 

degree of anisotropy on the wafer surface, high density plasma sources are 

attractive[13].  

         The mathematical explanation for the ICP discharge is the Poisson equation, 

which displays a balance of particle density (electrons and positive ions). The set of 

drift equations has been solved and used to obtain the average electron energy and 

electron density, as shown in the equations [14]: 

 
𝛛

𝒅𝒕
(𝒏𝒆) + 𝛁 ∙ [−𝒏𝒆(𝝁𝒆 ∙ 𝐄) − 𝑫𝒆 ∙ 𝛁𝒏𝒆] = 𝑹𝒆                                 (1) 

𝒅

𝒅𝒕
(𝒏ℇ) + 𝛁 ∙ [−𝒏ℇ(𝝁ℇ ∙ 𝐄) − 𝑫ℇ ∙ 𝛁𝒏ℇ] + (𝐄 ∙ 𝚪ℇ) = 𝑹ℇ                (2) 

 

where 𝑅𝑒 gain or loss of electrons due to reactions and collisions, 𝑅ℇ gain or loss of 

electron energy due to reactions and collisions, 𝑛𝑒 electron number density, 

𝜇𝑒 electron mobility, 𝐷𝑒 reduced electron diffusivity, 𝑛ℇ the electron energy density, 

𝜇ℇ electron energy mobility, Γℇ flux of electrons energy due to electric field and 

diffusion. From the electron mobility, the electron diffusivity, energy mobility, and 

energy diffusivity are calculated: 

 

𝑫𝒆 = 𝝁𝒆𝑻𝒆 , 𝝁ℇ = (
𝟓

𝟑
 ) 𝝁𝒆 , 𝑫ℇ = 𝝁ℇ𝑻𝒆                                            (3) 

The plasma chemistry uses rate coefficients to determine the source coefficients in the 

aforementioned equations. In the case of rate coefficients, the electron source term is 

given by: 

 

𝑹𝒆 = ∑ 𝑿𝒋
𝑴
𝒋=𝟏 𝑲𝒋𝑵𝒏𝒏𝒆                                                                     (4) 

 

where 𝑋𝑗 is the mole fraction of the target species for reaction, 𝐾𝑗  is the rate 

coefficient for reaction, Nn is the total number density of neutral. The electron energy 

loss is obtained by summing the collisional energy loss overall reactions: 

 

𝑹ℇ = ∑ 𝒙𝒋
𝑷
𝒋=𝟏 𝒌𝒋𝐍𝒏𝒏𝒆∆𝜺𝐣                                                                (5) 

 

where ∆𝜀j is the energy loss from reaction 𝑗. Poisson’s Equation [9]  

−𝛁. 𝝐𝟎𝝐𝒓𝛁𝐕 = 𝝆𝑪                                                                          (6) 

 

𝜌𝐶 : the space charge density, 𝜖0 is the vacuum permittivity, 𝜖𝑟 is the relative 

permittivity of Argon, V is electric potential. Space charge density:     

 

𝝆𝑪 = 𝐪∑ 𝒁𝒌
𝑵
𝒌=𝟏 𝒏𝒌 − 𝒏𝒆                                                         (7) 
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where Zk is the charge of species k,  𝑛𝑘  Number Density of Species 𝑘. Cold-plasma 

approximation for plasma conductivity is: 

 

𝝈 =
𝒏𝒆𝒒𝟐 

𝒎𝒆(𝒗𝒆+𝒋𝒘)
                                                                           (8) 

where 𝑛𝑒 the density of electron, 𝑞 the charge of electron, 𝑚𝑒 the mass of the 

electron, 𝑣𝑒 the frequency of the collision, and ω is the angular frequency. The rate 

coefficients can be computed from cross-section data by the following integral[9]: 

 

𝒌𝒌 = 𝜸 ∫ 𝜺
∞

𝟎
𝝈𝒌(𝜺)𝐟(𝜺)𝒅𝜺                                                        (9) 

𝑘𝑘 is the calculated rate coefficients, 𝛾 = (
2𝑞

𝑚𝑒
)

1

2
, f() is the electron energy 

distribution function, 𝜎𝑘 is the corresponding collision cross section. The following 

equation is solved for the mass fraction of each species[9, 14]: 

 

𝝆𝒎
𝒅

𝒅𝒕
(𝒘𝒌) − 𝝆𝒎(𝐮. 𝛁)𝒘𝒌 = 𝛁 ∙ 𝒋𝒌 + 𝑹𝒌                                (10) 

where 𝑤𝑘 is the mass fraction of the species 𝑘, u is the mass averaged fluid velocity 

vector, 𝜌𝑚 is the density of the mixture, 𝑗𝑘 is the diffusive flux vector of the species 𝑘, 

𝑅𝑘 is the generation rate coefficient for species 𝑘. The induction currents are 

computed in the frequency domain using the equation below[15]: 

 

(𝒋𝒘𝝈 − 𝝎𝟐𝝐𝟎)𝑨 + 𝛁 × (𝝁𝟎
−𝟏𝛁 × 𝑨) = 𝑱𝒆                                  (11) 

where 𝑗  is the imaginary number [13],
𝜔 is the angular frequency of the electric source , 

𝜎 is the electric conductivity, 𝜖0 is the vacuum permittivity, 𝜇0  is the vacuum 

permeability, 𝐽𝑒 is the applied external current. 

 

3. Argon collision processes  
         Because the physics in inductively coupled plasma is so complex, it's always 

better to start with a simple chemical mechanism when modeling. At low pressures, 

argon is one of the most straightforward processes to apply as shown in Table 1. 

Table 2 represents the possibility of the atom returning to the ground state when it hits 

the wall. 

 

Table 1: 𝑨𝒓 gas reaction and collisions [16]. 

Number of 

reactions 
Formula Type (∆𝜺(𝒆𝒗)) 

I. 𝑒 + 𝐴𝑟 => 𝑒 + 𝐴𝑟 Elastic; 0 

II. 𝑒 + 𝐴𝑟 => 𝑒 + 𝐴𝑟𝑠 Excitation; 11.5 

III. 𝑒 + 𝐴𝑟𝑠 => 𝑒 + 𝐴𝑟 Super elastic; −11.5 

IV. 𝑒 + 𝐴𝑟 => 2𝑒 + 𝐴𝑟 + Ionization; 15.8 

V. 𝑒 + 𝐴𝑟𝑠 => 2𝑒 + 𝐴𝑟 + Ionization; 4.24 

VI. 𝐴𝑟𝑠 + 𝐴𝑟𝑠 => 𝑒 + 𝐴𝑟 + 𝐴𝑟 + Penning ionization; _ 

VII. 𝐴𝑟𝑠 + 𝐴𝑟 => 𝐴𝑟 + 𝐴𝑟 Metastable quenching; _ 
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Table 2: 𝑨𝒓 gas reaction and collisions [17]. 

Number of 

reactions 
 Formula Sticking coefficient 

I.  𝐴𝑟𝑠 => 𝐴𝑟 I 

II.  𝐴𝑟+=> 𝐴𝑟 I 

 
4. The model and simulation domain 
         This Configuration Fig.1 (a, b) shows ICP as an axisymmetric cross-section in 

two dimensions using the program COMSOL Multiphysics software by the numerical 

method (finite element method). As a result, Fig.1 (a) shows the GEC geometry [18] 

and Fig.1 (b) shows the results of our simulation work shows a cross-section of GEC 

ICP reactor geometry consisting of a 5 turns copper coil, plasma volume, torch, 

dielectrics, and wafer with pedestal. A circular spiral coil is supplied with a 13.56 kHz 

radio frequency (RF) above the quartz chamber. In this work, the simulation was 

applied to the configuration at gas temperature 300 K, gas pressure 0.02 torr and 

different power inputs (750, 1000, 1250, and 1500 W) using argon gas. The diameter 

of copper coils (width 0.003 mm, height 0.003 mm) and there are five turns of copper 

coil in the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: The Simulation domain in two-dimensions, a) the GEC geometry [18] b) cross 

section of the geometry. 

 

         Regarding the calculated precision of the ICP (mesh) model, the arithmetic 

solution region is divided into small regions of the triangles where the maximum 

element size is 0.00518 m and the minimum element size is 1.75 ×10-5 m using the 

finite element method. The process of using the finite element method to translate the 

configuration equations. In the process of evaluating the solution region in this 

simulation, both the regions of the plasma torch and coil (of high density) contain 

more elements than the region that is far from the plasma torch (of low density) 

because the far regions are not important in the solution. When the same partitioning 

elements take more time in the implementation, they are in this order to benefit from 

the time. Fig.2 shows the division of elements in the mesh of the ICP generator in 

two-dimensional. 

 

 

 

(a) 
5 Turn coil 

Dielectric material 

Plasma  

Wafer pedestal 

torch 

(b) 
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Figure 2: The domain meshing, a) total mesh, b) enlargement for the region of high-

density elements. 

 

5. Results and Discussion 

5.1. Electron Density 

         The electron density in the plasma medium is one of the most important 

parameters on which the properties of the plasma depend, so its diagnostics is a 

priority.  Eq. (1) has been solved to find the electron density in the argon plasma 

under different input powers. Fig.3 shows surface electron density distribution in the 

cross-section of the cell at different input power values (750, 1000, 1250, and         

1500 W). The maximum values (7.34 × 1017 ,9.92 × 1017,1.25 × 1018, 1.48 ×
1018) m-3 and the minimum values (3.19 × 1014, 4.37 × 1014, 5.55 × 1014, 6.67 ×
1014) m-3, they found in the densest region inside the ICP plasma, with the increase in 

the input power, the electron density increases and the plasma torch size increases 

under the RF coil as shown in the colors of the shape because the degree of ionization 

increases as the input power increases, the electron density becomes larger. 

 

5.2. Electron Temperature 

Electron temperature is a form of energy that is important in the plasma 

because the ionization of plasma is defined by the electron temperature.  Therefore, it 

is one of the most important parameters of plasma and its diagnosis is necessary for 

plasma operations. Eq. (2) is solved to find the electron temperature in the argon 

plasma under different input power. Fig.4 shows surface electron temperature 

distribution in the cross-section of the cell at different input power values (750, 1000, 

1250, and 1500W). Since the density of an electron has increased, as in Fig.3, We 

notice in Fig.4 that the maximum values (3.88,3.87,3.86,3,86) eV and the minimum 

values (2.24,2.22,2.21,2.21) eV of the temperature of the electron decreases with the 

increase in input power and the plasma torch size decreases under the RF coil as 

shown in the colors of the shape. This is due to the increase in the collisions between 

the electron and the walls of the torch, this means that the rate of the free path will 

decrease for the electrons, so their temperature will decrease. 

 

 

 

 

 

(b) (a) 
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Figure 3: Electron density distribution at different power value; (a)750W, (b) 1000W, (c) 

1250W, (d) 1500W. 

 

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Electron temperature distribution in (eV) at different power input values; 

(a)750W, (b) 1000W, (c) 1250W, (d) 1500W. 
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5.3. Electric Potential 

         It is one of the main parameters in plasma because the medium of the plasma is 

a strong connector for electricity. Eq.(6) was solved to find electric potential in the 

argon plasma under different input power. Fig.5 shows surface electric potential 

distribution in the cross section of the cell at different input power values (750, 1000, 

1250, and 1500W), we notice a decrease in the electric potential at the           

maximum values (20.3, 20.1, 20, 19.9) V and the minimum values 

(−1.91, −1.97, −1.99, −1.97)× 10−3𝑉 with an increase in input power and the 

plasma torch size decreases under the RF coil as shown in the colors of the shape. 

This is because the electrical potential of the electrons is lost through collisions 

(between electrons and atoms inside the chamber and its walls) where electrical 

energy is converted to other types.  

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: Electric potential distribution at different power input values; (a)750W,                 

(b) 1000W, (c) 1250W, (d) 1500W. 

 

 5.4. Ion Number Density 

         Since plasma is a semi-ionized medium, where the density of ionized particles is 

an important factor affecting it and its diagnosis is important. Eq.(7) was solved to 

find ion number density in the argon plasma under different input power. Fig. 6 shows 

surface number density distribution in the cross-section of the cell at different input 

power values. We notice in Fig.6 that when power increases, the density of ions 

increases and the plasma torch size increases under the RF coil as shown in the colors 

of the shape, the maximum values of ions density (7.34 × 1017 ,9.92 × 1017,1.25 ×
1018,1.48 × 1018) m-3 and the minimum values (2.87,4.37,5.04,6.67)× 1014 m-3. 

When the power increases, the number of ions and electrons in the torch increases 

because  the degree of ionization increases, and thus causes an increase in the density 

of ions. 

(a) (b) 

(c) (d) 
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Figure 6: Ion number density distribution at different power input values; (a)750W, (b) 

1000W, (c) 1250W, (d) 1500W. 

 

5.5. Excited Argon Number Density 

         Eq.(7) was solved to find exciting number density in the argon plasma under 

different input power. Fig. 7 shows the surface number density of excited argon 

distribution in the cross section of the cell at different input power values (750, 1000, 

1250, and 1500W). It was noted, from Fig. 7, it is clear that an increase in the density 

of argon gas excited the maximum values were 8.16, 8.44, 8.62, 8.73 ) × 1018 m-3 

and the minimum values (4.18, 3.53, 2.83, 4.76) × 1015 m-3, the power values 

increase and the plasma torch size increases under the RF coil as shown in the colors 

of the shape. This is because the argon atoms will gain energy when increasing the 

power, which leads to excitation of the atoms, i.e., electrons in the ground energy 

level will transition to higher energy levels and thus increase the density of excited 

argon number. 
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Figure 7: Number density distribution at different power input values; (a)750W,               

(b) 1000W, (c) 1250W, (d) 1500W. 

 

6. Conclusion 

         In recent years, the use of computers, in solving and analyzing scientific 

problems, has increased because it has the ability to process a lot of data in a short 

time. The two-dimensional axisymmetric ICP model was studied using COMSOL 

software with gas pressure (0.02 torr), gas temperature 300K, and different power 

input (750W-1500W). To gain a better understanding of the dynamics in an argon ICP 

torch, the electron density, electron temperature, electric potential, number density of 

argon ions and number density of excited argon atoms were calculated inside argon 

ICP torch with  radio frequency (RF) 13.56 MHz on the coil above the quartz 

chamber. The change in power values in the ICP torch improves plasma parameters in 

this simulation, where an increase in electron density, the density of excited argon 

atoms and number density of argon ions increase the power but the electric potential 

and electron temperature decrease with an increase in the input power. These results 

may aid in future research towards the development of a more efficient optimization 

of plasma parameters. 

 

Recommendation: More computational or experimental works can be achieved to 

study more parameters effects such as (the gas type, the coil type).  
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 ة على معاملات البلازما المقترنة حثياً درتأثير الق

  
 1ثامر حميد خلف، 1حوراء حافظ مرزه

 سم الفيزياء، كلية العلوم، جامعة بغداد ق1

 
 الخلاصة  

تأثير تغير            العمل، درسنا  المقترنة بالحثفي هذا  البلازما  باتجاهين متماثلين  القدرة على معاملات  تم  باستخدام محاكاة عدديه   .

( قيم مختلفة لطاقة الإدخال  الغاز)  1500  -واط    750استخدام  )  كلفن(  300واط( ودرجة حرارة  الغاز  لفات   5و  تور(  0.02وضغط 

للغرض السابق، تم تنفيذ محاكاة حاسوبية    ، المسلط على الملف  هرتز  ميجا  13.56  راديووي  تم إنتاج البلازما بترددالنحاسي و  الملف

بعدين، بناءً على طريقة العناصر المحدودة، لبلازما الأرجون. بناءً على النتائج، تمكنا من الحصول على بلازما ذات كثافة أعلى،  الذات  

الكه الجهد  الإلكترون،  )كثافة  البلازما  معلمات  بالحصول على  تمثلت  الأرجون، درجة  والتي  أيونات  كثافة عدد  الكلية،  القدرة  ربائي، 

حيث توفر الكثافة العالية في البلازما المتولدة درجة أكبر في معالجة المواد مما حرارة الإلكترون، كثافة عدد ذرات الأرجون المثارة(  

كثافة  التي هيه )  تطوير تحسين أكثر كفاءة لمعلمات البلازماقد تساعد هذه النتائج في البحث المستقبلي من أجل    .يزيد من كفاءة النظام

  .الإلكترون، الجهد الكهربائي، القدرة الكلية، كثافة عدد أيونات الأرجون، درجة حرارة الإلكترون، كثافة عدد ذرات الأرجون المثارة(

 

 


