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Effects of the Capacitive Field in an Inductively Coupled Plasma Discharge
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Abstract  Plasma characteristics of two-dimensional inductively coupled discharge simulation is investigated.

Impedance of an inductively coupled plasma discharge was considered. Voltage drops across antenna coils and current

variation between coils made different profiles of plasma characteristics. Importance of the capacitive field effect in

some case was analyzed.
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I. Introduction

An inductively coupled plasma (ICP) discharge is

commonly used in the microelectronics fabrication due to

its advantages such as high density, low temperature,

good uniformity, and etc. Theoretical and experimental

investigations [1-3] were carried to find out characteristics

of the ICP discharge. Among these research works,

simulation is a useful tool for the analysis and prediction of

ICP discharge. 

In the ICP discharge simulation, the current on antenna

coils generates magnetic field, and this magnetic field

induces the electric field in the plasma region. Usually, the

effect of this current to the plasma behavior is major

concentration in the simulation or experiment. However,

the current and voltage on antenna coils vary due to the

impedance and capacitive electric field. The voltage

distribution on the antenna coil will affect the plasma.

Therefore, this variation is considered in this research. The

capacitive and inductive reactance may be calculated

circuit analysis, but can be obtained from electromagnetic

field quantities.

The antenna region and the plasma region is separated by

ceramic window. The charged particles will be accumulated

on the dielectric surfaces. The accumulated charges make

electric field and changes the motion of charged particles.

Although this field may be neglected in some cases, the

effect of charge accumulation on the dielectric surface is

considered in this work.

In this work, two-dimensional symmetry was assumed

for the system, and the usual fluid description is used for

plasma transport modeling. Although, there are kinetic or

hybrid methods, fluid modeling was adopted in this model.

These models have different points of view, merits and

limitations. 

II. Modeling Methods

The schematic diagram of two-diemnsional ICP model is

shown in Fig. 1. There are five-turn antenna coil on top of

the dielectric window. The chamber boundary is kept

ground except gas inlet and outlet. The RF power feeds

current in the inner coil and out to the outer coil which is

connected to ground. In the simulation, gas temperature is

assumed to be 300 K, the coil frequency is 13.56MHz, the

applied RF power is 1000 W, and the Argon gas pressure

is 20 mTorr, gas flow rate is 100 sccm. 

The usual equations for describing electrons are used:
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Figure 1. Schematic diagram of an ICP used in this work.
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where ne is the electron density, Γe is the electron flux

and Re is the electron rate expression. me is the electron

moblility, E is the electric field, De is the electron

diffusivity. ne is the electron energy density, Γε is the

electron energy flux, and R is the electron energy rate. me

is the electron energy mobility and De is the electron

energy diffusivity. Re and Re turns on plasma chemistries.

Q is the inductive power density calculated from

electromagnetic field. The ion and excited neutral equation

is calculated by adapting the drift diffusion approximation.

(5)

(6)

where ni is the ion density, Γi is the ion flux and Ri is the

electron rate expression. µi is the ion moblility, Di is the ion

diffusivity. The electric potential is obtained by solving

Poisson’s equation:

(7)

where e0 is the permittivity of vacuum. For the

calculation of coil voltages and currents, impedance is

calculated from Poynting’s theorem [4]. 

The detail boundary conditions and neutral transport

modeling method is same to the previous work [5]. 

In this work, a commercial finite element modeling tool

(COMSOL) is used. The plasma model is solved by time-

dependent solver and the electromagnetic model is solved

by frequency domain solver which utilizes Fourier

transform method. 

III. Results and Discussion

The plasma discharge and its characteristics were

calculated using COMSOL. In this case, the direct solver

was used and implicit method for solving time-dependent

equations. Although the implicit method needs computational

resources compared to the semi-implicit or explicit

methods, the solution can be obtained within an hour due

to the larger time step can be used. The plasma density,

electron temperature, and potential profiles without

considering impedance were given in Fig. 2. The profiles

show a typical shape of an ICP discharge. The electron

density has peak near center of the chamber, the electron

temperature has maximum value near the coil. The electric

potential has negative value near the ceramic window due

to the charge accumulation. The accumulated surface

charge was calculated from

(8)

The mobility of electron is larger than that of ion that the

accumulated charge is negative. Therefore, the electric

potential is lowered near the ceramic window. In this
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Figure 2. Profiles of (a) electron density (b) electron
temperature (c) potential without considering impedance.
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typical case, the voltage drop is not considered that there is

no voltage drop on the coil. The Ar flow rate, 100 sccm,

changed gas pressure little that has tiny effect in this case.

Profiles of plasma parameters considering impedance

were given in Fig. 3. Plasma density shows similar patterns

compared to Fig. 2. However, potential profile shows

different form. Moreover, the current and voltage have

different values on each coil. In the usual case, voltage

drop between coils did happen, because the impedance was

not considered. However, the impedance made voltage

drops between coils and the capacitive field reduced the

conduction currents. This different potential distribution

changed the electron temperature profile. This means that

considering impedance has importance effect in some case.

Fig. 3(d) shows pressure change in the process chamber

due to the gas flow. In this work, the flow rate was

moderate that has little effect to the discharge. 

Figure 4 give profiles of the inductive and capacitive

filed all over the process chamber. The absolute value of

the inductive field was given and the log scale of the

capacitive field was given. The capacitive field was too

large near the coils and the boundary of the plasma that log

scale was used for the clarity. 

IV. Summary

In this work, the effect of impedance on the coil voltages

and currents were considered. The impedance was

calculated from the electromagnetic field. Also, the charge

accumulation on the ceramic window was considered. For

more realistic description of the ICP discharge these effects
Figure 3. Profiles of (a) electron density (b) electron
temperature (c) potential (d) pressure considering impedance.

Figure 4. Profiles of (a) inductive field (b) capacitive field. 
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should be considered, although, in some cases, these could

have a little influence on the major plasma parameters. For

more practical modeling, heat transfer, distribution functions

of charged particles should be considered. Also, in certain

instances, three-dimensional modeling may be required. As

a start point of more exact modeling, simple physics of

impedance and charge accumulation were considered in

this work. 
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