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The RF electric field penetration and the power deposition into planar-type inductively coupled plasmas in low-

pressure discharges have been studied by means of a self-consistent model which consists of Maxwell equations combined

with the kinetic equation of electrons. The Maxwell equations are solved based on the expansion of the Fourier–Bessel

series for determining the RF electric field. Numerical results show the influence of a non-Maxwellian electron energy

distribution on the RF electric field penetration and the power deposition for different coil currents. Moreover, the

two-dimensional spatial profiles of RF electric field and power density are also shown for different numbers of RF coil

turns.
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1. Introduction

Inductively coupled plasma sources (ICPs) nowa-

days are widely used in the semiconductor industry

for etching and deposition of thin films[1,2] due to the

fact that these sources can generate high-density plas-

mas under low pressures. According to the shape and

the position of RF coil, these sources are usually di-

vided into two types, i.e. the planar-type ICP and the

cylindrical-type ICP.[3] The planar-type ICP is more

popular in the plasma processing for it can easily pro-

duce the large-area uniform plasmas . During the past

decades, much attention has been paid to the heating

mechanism and penetration behaviour of the RF elec-

tric field[4−18] for the low-pressure plasmas.

In low-pressure discharges, the collisionless heat-

ing is the predominant heating mechanism which was

first suggested by Tunrer[4] and later validated in ex-

periment by Godyak and Kolobov.[5] Under this con-

dition, the motion of thermal electron leads to the

anomalous penetration of RF field, non-monotonic

distribution of the RF electric field, and the nega-

tive power absorption,[19] which have been recently

proved through the measurements of RF field with

a magnetic probe.[20] To investigate the collisionless

heating mechanism, Yoon et al
[8] have deduced a set

of one-dimensional analytic formulas in a planar-type

ICP discharge, under the assumption of a uniform

profile of electron density. This theory was further

developed by Kaganovich and Polomarov[17] with a

nonuniform electron density model. Although the one-

dimensional kinetic simulation can explain most phe-

nomena occurring in the low-pressure ICP discharges,

a multi-dimensional simulation is more required to

optimize the design of these reactors. In Ref.[21],

Yoon et al successfully extended their former work

to the two-dimensional case by assuming the isotropic

electron energy distribution function (EEDF) to be

Maxwellian. However, a recent experiment[5] has in-

dicated that the EEDF is non-Maxwellian in the low-

pressure discharges, therefore it is necessary to estab-

lish a two-dimensional kinetic model to examine the

influence of non-Maxwellian distribution on the elec-

tric field penetration and the power deposition.

In the present paper, we establish a two-

dimensional self-consistent kinetic model to investi-

gate the RF electric field penetration and RF power

deposition into the nonequilibrium uniform planar-

type inductively coupled discharges. The detailed de-

scription of the kinetic two-dimensional model is pre-
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sented in Section 2. The numerical results as well as

discussion are given in Section 3, while the main con-

clusions are summarized in Section 4.

2. Theory

The schematic diagram of a typical planar-type

ICP reactor along with the adopted coordinate is

shown in Fig.1.

Fig.1. The schematic diagram of a planar-type ICP reac-

tor along with the adopted coordinate.

The discharge chamber is a cylinder with the radius

R and the height L. A multi-turn RF coil is placed

on the top of the chamber, driven by an RF source,

and it generates a transverse RF field E maintaining

the plasma discharge. According to the cylindrical

symmetry of the reactor, the RF field E only has the

azimuthal component, i.e.

E(r, t) = Eφ(r, z) exp(−iωt)eφ, (1)

where RF field is assumed to vary with time in the

form of e−iωt.

The boundary conditions for the RF electric field

are














Eφ(R, z, t) = 0,

Eφ(r, L, t) = 0,

Eφ(0, z, t) = 0,

(2)

Eφ(r, z) could be expanded with the Fourier–Bessel

series as [21]

Eφ(r, z) =

∞
∑

m=1

[

J1(Pmr/R)

∞
∑

s=0

ems cos(ksz)

]

, (3)

where ems is the expanding coefficient, J1(x) is the

Bessel function of the first kind of order one, Pm is

the mth root of J1 (x) = 0, and the wave number ks

is expressed as

ks =

(

s +
1

2

)

π/L, s = 0, 1, 2, 3 · · · . (4)

We also assume that the electrons specularly reflect

from the bottom boundary z = L and neglect the am-

bipolar electric field in the following deduction.

The electron Boltzmann equation reads

∂f (r, v, t)

∂t
+ v · ∇rf (r, v, t)

− e

me
(E + v × B) · ∂f (r, v, t)

∂v

= S(f), (5)

where S(f) is the collision integral, v, e and me

are electron velocity, unit charge, and electron mass,

respectively. Using the two-term approximation,[17]

the electron energy distribution function f (r, v, t) is

represented by sum of two terms and expressed as

f (r, v, t) = f0(ε) + f1(r, v, t). Here f0(ε) is the

isotropic distribution function, ε =
1

2
mev

2 is the to-

tal energy of electron, and f1(r, v, t) is the perturbed

distribution function. Notice v × B · ∂f (r, v, t)

∂v
= 0,

thus Eq.(5) becomes

∂f1

∂t
+ v · ∇rf1 −

e

me
E · ∂f0

∂v
= S1(f1), (6)

− e

me

〈

E · ∂f∗

1

∂v

〉

= 〈S0(f0)〉 , (7)

where 〈...〉 describes averaging over all the phase space

available for the electron with the total energy ε.[17] In

the planar-type ICP discharge, the electric field gener-

ated by the top coil transmits into the plasma mainly

along the z- direction, hence the change of the per-

turbed distribution function f1 along the r- direction

is much smaller than that in the z- direction, i. e.
∣

∣

∣

∣

∂f1

∂r

∣

∣

∣

∣

≪
∣

∣

∣

∣

∂f1

∂z

∣

∣

∣

∣

. Therefore, Eq.(6) turns to

∂f1

∂t
+ vz

∂f1

∂z
− e

me
Eφ

∂f0

∂vy
= −νmf1, (8)

where the Bhatnager–Gross–Krook (BGK) approxi-

mation S1(f1) = −νmf1 has been used, and νm is the

momentum transfer collision frequency. Following the

method in Ref.[16], we transform the perturbed veloc-

ity function f1 with the Fourier series as follows:

f1(r, z, v, t) =

∞
∑

n=−∞

Fn(r, z, v) exp [inα(z)] , (9)

where α(z) is taken as

α(z) = sgn(vz)
π

L
z, (10)

which is called ‘reflection angle’,[17] and
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sgn(vz) =







1 vz > 0,

−1 vz < 0.
(11)

Substituting expressions (9)–(11) into Eq.(8), we ob-

tain the expression for f1 as follows:

f1(r, z, v, t) =
e

me

∞
∑

n=−∞

[

Eneinα(z)−iωt

νm − iω + inΩ

]

∂f0

∂vy
, (12)

where the reflection frequency Ω = π |vz | /L and the

Fourier coefficient En are given as

En =
1

2π

∞
∑

m=1

J1

(

Pm
r

R

)

∞
∑

s=0

emsGsn, (13)

Gsn =
(−1)s−n(2s + 1)
(

s +
1

2

)2

− n2

. (14)

Once the expression for perturbed distribution

function f1(r, z, v, t) is known, we can easily ob-

tain the equation for f0(ε). Substituting expression

(13) into Eq.(7), and then averaging over the period

of electron bouncing and all possible perpendicular

velocities,[22] we have

− d

dε

[

(

DE + D̄ee

) df0

dε

]

− d

dε

[(

V̄el + V̄ee

)

f0

]

=
∑

q

[√

ε + ε∗qν
∗

q

(

ε + ε∗q
)

f0

(

ε + ε∗q
)

−
√

εν∗

q (ε) f0 (ε)
]

, (15)

where DE (ε) is the energy transfer coefficient, which is expressed as

DE(ε) =
e2ε3/2

2me

∞
∑

n=−∞

∞
∑

m=1

|emn|2 [J ′

1(Pm)]
2
Ψ (α, β) , (16)

emn =

∞
∑

s=0

emsGns. (17)

Here J ′

1(x) is the derivative of J1(x), α = nΩ0/ω, β = νm/ω, Ω0 = πv/L, ε∗q is the threshold energy for the qth

energy state, ν∗

q (ε) is the inelastic collision frequency, and the expressions for D̄ee, V̄el, V̄ee could be found in

Ref.[22]. Ψ (α, β) is the function describing the interaction between the RF electric field and plasma electrons,

and satisfies

Ψ (α, β) =

(

α2 + β2 − 1
)

α3

[

arctg

(

1 + α

β

)

− arctg

(

1 − α

β

)]

. (18)

In order to determine the coefficient DE(ε), we

must solve the expanding coefficient ems first. Utiliz-

ing the Maxwell equations











▽× E = −∂B

∂t
,

▽× B = µ0 (j + Ic) + ε0µ0
∂E

∂t
,

(19)

where j is the electron current in plasma and Ic is

the current in the coils. Further, we obtain the wave

equation

[

∂2

∂r2
+

1

r

∂

∂r
− 1

r2
+

∂2

∂z2
+

ω2

c2

]

Eφ(r, z)

= − iω

ε0c2
[jφ(r, z) + Ic(r)δ(z)], (20)

where

jφ(r, z) = −en0

∫

dvf1(r, z, v), (21)

δ(z) is the Dirac delta function, Ic(r) is determined

by the specific parameter of the coil, and taken as

Ic(r) = I

Nc
∑

c=1

δ (r − rc) for simplification. I is the am-

plitude of coil current, rc is the position of the cth

coil, and Nc is the turn number of RF coil. Inserting

expressions (3), (12) and (21) into Eq.(20), we obtain

the equation of ems as follows:
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(

ω2

c2
− k2

s − P 2
m

R2

)

ems = −iωµ0

[

∞
∑

s′=0

ems′Wss′ +

Nc
∑

c=1

4IrcJ1 (rc/R)

LR2J2
2 (Pm)

]

, (22)

where

Wss′ = −
ε0ω

2
p

ω

∞
∑

n=0

GsnGs′n

∫

∞

0

dεε
3

2 [Ψ (α, β) + iΦ (α, β)]
df0

dε
, (23)

and

Φ(α, β) =
(α2 + β2 − 1)

2α3
ln

[

(α − 1)2 + β2

(α + 1)2 + β2

]

− 2

α2

+
1

α3

{

−2β

[

arctg

(

1 + α

β

)

− arctg

(

1 − α

β

)]}

. (24)

Once the RF electric field Eφ (r, z, t) and the RF cur-

rent jφ(r, z, t) are determined, the absorbed power

density P (r, z) may be calculated by

P (r, z) =
1

2

[

Rej∗φ(r, z, t) · Eφ(r, z, t)
]

. (25)

Now, we have achieved a system of equations to

determine the electron energy distribution function

(EEDF) f0, the profiles of the RF electric field Eφ,

and the power density P self-consistently.

3. Results and discussion

In this section, we present the numerical results

of the electron energy distribution function, the RF

electric field profiles, and the power deposition in the

planar-type ICP argon discharge. From the deduction

in Section 2, we notice that there are seven parameters

that should be input before the calculation, such as the

plasma density n0, height of the reactor L, radius R,

gas pressure p, driving frequency of coil ω, coil current

I, and turn number of the coil Nc. In this paper, we

only consider the influences of the current I and the

turn number Nc, and the other parameters chosen in

the calculation are n0 = 1.5×1011 cm−3, L = 10.5 cm,

R = 9.9 cm, p = 0.13Pa, and ω = 2π × 13.56MHz.

When we calculate the profiles of the RF field and

power density using the Maxwellian distribution, the

electron temperature Te is set as 3.2 eV.

The evolution of EEDF as a function of energy

ε for different values of I is shown in Fig.2, and the

Maxwellian distribution is also plotted for compari-

son. Here the turn number is taken as Nc = 5, the

positions of each coil are r1 = 2.2 cm, r2 = 3.2 cm,

r3 = 4.1 cm, r4 = 5.1 cm, r5 = 6 cm, respectively. Un-

der the low pressure of 0.13Pa, the EEDF presents a

three-temperature structure with low temperature for

an energy of a few eV, high temperature for a mod-

erate energy between 5 eV and 20 eV, and for higher

temperature for an energy beyond 20 eV, which is dif-

ferent from that for the Maxwellian distribution. As

current I increases, more energies are transferred into

the plasma and the EEDF becomes a bi-Maxwellian.

Fig.2. The evolution of the normalized EEDF as a func-

tion of energy ε for different values of coil current I.

The profiles of the RF electric field at r = 5.3 cm

as a function of height z for different values of current

I are shown in Fig.3 for the cases of (a) self-consistent

model and (b) Maxwellian distribution, where ωt = 0.

Different from the monotonous attenuation calculated

from the Maxwellian distribution, the RF electric field

displays a non-monotonous decline. The electric field

decays rapidly near the coil (about 2 cm apart), and
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then reaches its first minimum followed by a local max-

imum. This anomalous electric field penetration has

been reported by several authors.[5,9,22] As the ampli-

tude of coil current I increases, the anomalous pene-

tration of the RF electric field becomes more notable.

At a pressure of 0.13Pa, the electron collision mean

free path is much larger than the dimension of reactor,

therefore electrons move in a collisionless manner. Af-

ter obtaining the energy from the RF electric field, the

energetic electrons move into the bulk plasma under

the action of force E×B without collision. When the

velocity of the electrons is comparable with the phase

velocity of electromagnetic wave, the Landau dump-

ing occurs, resulting in the anomalous penetration of

the RF electric field.

Fig.3. Comparison between the RF electric field profiles calculated from (a) self-consistent model and (b) Maxwellian

distribution for different values of I at r = 5.3 cm.

The power depositions as a function of height z

for different values of coil current I at r = 5.3 cm

are shown in Fig.4 for the cases of (a) self-consistent

model and (b) Maxwellian distribution. The nega-

tive power absorption can be observed from the re-

sults calculated both from the self-consistent model

and from the Maxwellian distribution. In the colli-

sionless regime, due to the strong interaction between

RF field and plasma electrons, the phase difference

between the RF field and plasma current exceeds 90◦

and leads to a negative power absorption. Unlike the

results from the Maxwellian distribution, the region of

the negative power absorption moves away from the

coil as the value of I increases. Moreover, the skin

layer for the power deposition is also expanding to-

ward the bulk plasma as coil current I is enhanced.

Comparing our results with the measure in Ref.[19], a

qualitative agreement between them can be obtained.

Fig.4. Comparison between the RF power depositions calculated from (a) self-consistent model and (b) Maxwellian

distribution for different values of I at r = 5.3 cm.

Figures 5(a) and 5(b) show a two-dimensional

spatial profile of RF electric field at I = 5 A and

ωt = 0 for different turn numbers of coil where the

self-consistent model is adopted. In the simulation,

we regards the RF coils as a set of homocentric rings

with azimuthal symmetry, this is an assumption usu-

ally adopted in simulation.[21] The electric fields dis-

play local maxima at the position of each coil in the



No. 7 RF electric field penetration and power deposition into nonequilibrium ... 2049

r− direction, due to the boundary conditions where

the electric fields at both the centre and the chamber

wall are zero. Because of the superposition of elec-

tric fields generated by each coil, the electric field at

the position of the middle coil has a larger amplitude

than on the side of coil. The profile of the electric

field, featured by such as the width of the peak and

the gap between local maxima, is mainly determined

by the specific coil parameters. We also find that as

the turn number of coil increases, the strength and

uniformity of the RF electric field in the r- direction

are enhanced. A similar trend is also found in the

distributions of power deposition (see Figs.6(a) and

6(b)). Therefore, in order to obtain a large-area uni-

form plasma, optimizing the design of the RF coils is

very important.

Fig.5. The spacial distribution of the RF electric fields for (a) Nc = 3 and (b) Nc = 5 at I = 5A.

Fig.6. The spacial profile of the RF power densities for (a) Nc = 3 and (b) Nc = 5 at I = 5A.

4. Summary

In order to investigate the RF electric field

penetration and power deposition into nonequilib-

rium planar-type inductively coupled plasmas, a self-

consistent model which consists of electron Boltz-

mann equation and Maxwell equation has been de-

veloped. The numerical results indicate that the elec-

tron energy distribution function (EEDF) is no longer

Maxwellian in the low pressure ICP discharges, there-

fore the linear model (where the EEDF is assumed to

be Maxwellian) in these discharges will be not valid.

The influences of specific coil parameters on the elec-

tric field penetration and power deposition are also

discussed in this paper, and some experimental phe-

nomena such as negative power absorption are shown

with our model. While the RF antenna used in the

ICP source is planar spiral, which leads to a nonuni-

form plasma in the azimuthal direction, so a 3D model

is needed.

All the results presented here are expected to be

helpful to understanding the phenomena observed in

recent experiment of inductively coupled plasma, and

also to optimizing the design of planar-type ICP reac-

tor.
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