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Abstract 

In the present paper, the power deposited in the inductively coupled radiofrequency (RF) 

discharges is investigated by a two-dimensional fluid model. The discharge process was 

sustained in Ar / O2 gases mixture with 50:50 percentage of mixture volume. The discharge 

properties in the mixture obtained. An operating RF frequency of 13.56 MHz and applied 

voltage of 20 kV are simulated.  A simple known international design of the reactor was chosen 

with 5 turn coil. Input power of the reactor was 1500 W. This numerical study done using 

plasma multiphysics model. Results show that the power deposition shows enhancement in 

behavior as the pressure increased.  
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1. Introduction: 

       Plasma, the fourth state of matter, occupies a great importance in many fields. It 

has many applications in medicine, industry, food processing, and environment [1-4]. Many 

researches study plasma diagnostics and conditions improvements in different plasma 

generation devices [5-6]. Inductively coupled plasma ICP reactors are widely used for 

microelectronic device fabrication processes, i.e. etching and deposition [7]. ICP reactors 

known to be operated at low gas pressure (<50 mTorr). This is necessary to improve uniformity 

and high plasma density. Also it is important to deliver a high density of ions and radicals to 

the wafer surface in which are widely used for microelectronic devices fabrication [8]. In this 

reactor, plasma is produced in the first state using a static electric field between the segments 

of the coil in a capacitive manner. This is called as E-mode. Other mode which is called as H 

– mode in which the plasma is generated according to the electromagnetic fields presented 

from the same coil. The H- mode is an inductive mode becomes relevant at higher powers. The 

discharges generated by E-mode and the transition can have developed with increasing the 

applied power, that is clear shown when there is a sudden increase in discharge density [9-

11]. The inductively coupled discharges (ICPs) use predominantly parallel electric field for 

power deposition into the plasma. As the radial electric field for the over dense plasmas, which 

is normally the case, decays into the plasma with the skin-effect, the power absorption can 

be more or less uniform (when the skin depth is large compared to the inter electrode gap) or 

strongly localized otherwise. [12]. Many dimensional models have been work out to made a 

simulation to the ICP reactors. In all these models azimuthally symmetric profiles for power 

deposition and chemical species densities were assumed [13-16]. 

Little studies were done to ICP plasma reactor while Power deposition was absent from 

view. Horia E et al use numerical simulation to estimate the minim power needed in the ICP 

reactor used [17]. Hyo Lee [18] made study to the hysteresis physics in plasmas of ICP 

plasmas. Vinogradov et al [19] studying the plasma density in the ICP plasma reactor by using 

probe diagnostics. Quan and Annemiie [20] study the effect of capacitive electrical asymmetry 

on the reactor plasma parameters such as ion energy and ion flux [20]. In the present paper, 

an investigation of the power deposited in inductively coupled plasma reactor were made by 

using numerical simulation. This study will make a new view to one of the important 

parameter effect on the efficiency of the reactor.  

 

2. Method: 

Generally, inductively coupled discharges operate in certain conditions such as low 

pressures and high density. A high degree of anisotropy would be provided due to 

bombardment of low pressure ions which produced by high density plasma sources. This 

make the most popular applied sources are high density plasma one. In the present work, the 

mathematical model used computes the electron density and mean electron energy by solving 

the drift diffusion equations. The drift diffusion equations will be solved as a pair for the 

electron density and mean electron energy. The standard used equation is [21]: 

 

Where ne is the electron number density, De is electron diffusivity, μe is electron mobility, 

Re is the electron source and Rε represents the energy loss with respect to inelastic collisions. 

When there is a strong DC magnetic field, then the electron mobility will be in a tensor form 

as below:  
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Since the actual mathematical form for the electron mobility cannot be written in a 

compact form so the inverse of. In the absence of the magnetic field, μdc represents the electron 

mobility. Computing electron diffusivity, energy diffusivity and mobility from the electron 

mobility by using the equation [21]: 

 

To compute the coefficients Re and Rε in the above equations, it is necessary to use the 

plasma chemistry and especially rate coefficients. Poisson’s Equation is used to estimates 

electrostatic field: 

 

Where ρ represents the space charge density. ρ is computed automatically by the plasma 

chemistry derived in the model using the equation [21]: 

 

For a non-magnetized plasma, non-polarized plasma, the produced induction currents 

are estimated within the frequency domain by applying the equation [22]: 

 

The plasma conductivity is estimated from the cold plasma approximation: 

 

Where νe and ω are represent collisions frequency and the angular frequency 

respectively. 

The discharge gas used in this work is a mixture of Ar and O2 gases with 50% percent. 

Argon is one of the simplest to be used at low pressures mechanisms due to complexity of the 

physics existing in an inductively coupled plasma. The oxygen gas used in the study due to 

is high actively ion species.  

 

 

 

 

  

 

 

Figure 1. a 2D simple diagram of ICP reactor used in the simulation. 
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The two-dimensional axisymmetric schematic diagram of a commercial ICP etcher is 

given in Fig. 1. It shows that the reactor consists of 5 turn copper flat spiral coil supplied by 

a 13.56 MHz radio frequency (RF) power above the dielectric window generates plasma at low 

pressure.  The dielectric used is quartz with dielectric constant equal to 4.6. The simulation 

boundary conditions of this system are 1.5 Pa and 1500 W in RF power, respectively. 

Gas temperature set to be 300 K. since it is the more plasma used discharge gas, the 

plasma chemistry includes gas ionization reactions, excitation, recombination and 

attachment reactions. The species taken into account are electrons, molecules (Ar, O2), ions 

(Ar+ , O2+ , O2 + , Ar O2+ ), and neutrals (Ar* , O2, O(2p), O(2s), O-). The reactions of electron 

impact collision and those of ions and neutral species are listed in Table 1.  

The mesh build in an extra fine triangular mesh with number of elements equal to 

25009, and it is distributed to layers and regions as a dense extremely fine in the coil region. 

Figure 2 shows the built mesh in the domain of study. 

 

 

 

 

 

 

a.                                         b. 

Figure 2. The built mesh in the domain. a. the whole domain mesh. B. coil mesh. 

 

The Coil set to the power while the walls grounded. The initial number density of 

electrons is to be 1×1015 cm-3. With reduced electron mobility user defined. All the given 

equations are solved by using the ICP module of the COMSOL Multiphysics simulation 

package. The equations are discretized by the finite element logarithm formula method using 

linear element shape functions.  

 

Results and Discussion: 

In the present paper, a plasma diagnostic by studying the time evolution to electron 

number density, electron temperature and electric potential presented. Also, an estimation to 

the power loss and deposited in the inductively coupled plasma reactor also present.  
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Figure 3 shows the time evolution of electron number density along the reactor inner 

system. From figure, at time 1×10 -8 s the electron number density was 3.5×10 15 /m3. As the 

time increased, the electron number density increased until reached 1.2 ×10 20/m3 when the 

time was 0.01 s. this is a fact because the electron avalanche increased with time and made 

more collisions with molecules which results is more secondary electrons. The production of 

secondary electrons sustains the discharge and increase the electron density.    

 

 

Figure 3. Electron density time evolution along the reactor coils inner part. 
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Figure 4 shows the electron temperature distribution behavior with time alone the 

reactor system. The electron temperature was 6 eV at the begins of simulation time and 

decreased with increasing time until reached 1.3 eV at 0.01 s. The distribution of electron 

temperature achieves the highest point in the core region, while dropping near the ICP wall. 

It can be found that electron number density and temperature shows a symmetrical 

distribution near the core of the reactor. 

 

Figure 4. Electron temperature time evolution along the reactor coils inner part. 
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Figure 5 presents the surface distribution of electric potential in the chamber. The 

electric potential generated inside the chamber due to plasma action is found to be 18 V at 

time equal to 1 × 10-8 s and increased to 20 V after little time (1.7 × 10-8 s ) then the potential 

decreased gradually and very slowly while it is spread in effect in the region of study and its 

maximum value is in the center of the chamber. At initial discharge, the potential increased 

and at peak applied voltage the potential reached maximum value. Late, afterglow, the 

potential decreased because only low energy ions hit the wafer as the plasma potential relaxes 

to less than 10 V. 

 

Figure 5. Time evolution of surface distribution of electric potential in the chamber. 
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The capacitive power deposition which is the focus of our work estimated. Figure 6 

shows the capacitive power deposition (due to ions energy) in two lines, a, along the ICP 

chamber, and b, with time. From fig 5a, it is found that a symmetric power deposition density 

profile along the ICP chamber center. It reached maximum value equal to 1.25 ×108 W/m3. 

By calculating the system volume, the power equal to 5400 W. From fig5b, a time evolution 

of the power deposition density due to ions presents. As time of solution increased the 

deposited power density increased until reached maximum value then decreased slowly and 

seems to be semi constant. The power deposition importance comes from its relation to 

current of the reactor. The increasing in the reactor power means an increasing in the reactor 

current.   

 

 

 

 

 

 

 

 

a.                                                                      b. 

 

Figure 6. The capacitive power deposition in the ICP reactor: a, along the ICP chamber, 

and b, with time. 

 

During plasma formation mainly a type of losses take place namely Collisional Power 

Loss. Figure 7 shows the collisional power density loss with time of solution. From figure, as 

time increased the loss decreased sharply and very fast until reached or approach to zero, 

then it increased very little and be constants. Initially, the power dissipated in the coil. After 

about certain time, the plasma ignition begins and as the neutral gas atoms begin to free 

electrons and make ions, the electrons begin to absorb more and more power. At this time a 

counter current start flowing in the coil. The minus sign in the figure refer to as it is a loss. 

Results obtained in this paper is in good agreements with other studies [8,22]. 

 

Figure 7. The collisional power loss in the ICP reactor with time. 
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3. Conclusions: 

The numerical simulations of plasma reactors are useful for predicting plasma process 

and important in the performance of the reactor to be more active in plasma electrical 

applications. In the present paper, a two dimensional simulation performs a study of power 

deposition density in the inductively coupled plasma reactor using Comsol multiphysics 

solver. The study included some plasma parameters diagnostics which are electron 

temperature, electron number density, electric potential, power deposition and collisional 

power loss are obtained. Using mixture of two discharge gases which are the more dominate 

gas Ar that are used mostly in plasma, and the oxygen gas which have many active species. 

Results show that, as time increased the electron density increased which produce more 

energy and so increasing the power deposited.  
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