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Recently developed one- and two-dimensional non-
local heating theories of planar type inductively cou-
pled plasma discharge are reviewed and some exten-
sions of the results are presented. The important re-
sults of the one- and two-dimensional theories are in-
tegrated into the representative concepts of surface
impedance and impedance of plasma respectively. Rel-
evant physics are discussed and the works in progress
are presented.

I. INTRODUCTION

The interaction of a transverse electromagnetic
(EM)-wave with plasma electrons is a traditional
problem in plasma physics. If the collision fre-
quency of the electron is high enough for the plasma
conductivity to become local, the problem is called
normal In certain conditions, however, there is
non-negligible thermal motion of the electron in
which case the response of the plasma should be ex-
plained by a non-local conductivity and we call this
case anomalous skin effect. Moreover, if the plasma
is enclosed by walls and the transit time of electron
is comparable to the wave period, a modulation ef-
fect by the walls becomes important. Weibel [1] has
studied the anomalous skin effect in semi-infinite
plasma and Blevin et al. [2-4] and Sayasov [5] have
introduced the bounded plasma effect on the as-
sumption of a symmetric source configuration.

Recently, the anomalous skin effect is reconsid-
ered by Godyak et al. [6] and Turner [7] being
concerned with the problem of collisionless heating
mechanism in inductively coupled plasma (ICP)
discharge which is an important plasma source of
semi-conductor fabrication devices.

There are two types of ICP reactors, classified
according to the shape and the position of the
coil. One has a planar coil on top of the cylin-
drical chamber (planar-type) and the other has a
solenoidal coil wound on the side of the chamber
(soienoidal type). They both have many attractive
features such as workability without electrode and
having low and controllable ion energies. Moreover,
an ICP reactor can be easily scaled up to accom-
modate a larger wafer size compared to the other
reactors (Helicon, ECR, etc.) because the system is
substantially simpler. Accordingly, semi-conductor
industries now pay attention to ICP reactors as a

large-area plasma source of the new generation. In
this work, we consider only the planar-type but the
solenoidal-type can be done in the same manner,
which is iiow in progress.

Even though the anomalous skin effect has been
widely accepted to be the primary mechanism in
sustaining low-pressure inductive radio frequency
discharges, the quantitative description of the phe-
nomenon has not been well established [8] until
Yoon el al. [9,10] has developed the one- and two-
dimensional theories. In the one-dimensional the-
ory [9], the wave equation is solved on the assump-
tion of a source at one side and a conductor at the
other side of boundaries. The source is described
with an effective surface current and the solution
of the wave equation yields the surface impedance
of plasma. In the two-dimensional theory [10], the
anomalous skin effect modes in plasma are obtained
by solving the two-dimensional wave equation with
an effective surface current density on the interface
of plasma-antenna regions, and, then, the excita-
tion of the modes by the antenna source current
is determined by utilizing the Maxwell equations.
However, in Rcf. [10], the finite size of antenna
coil was not considered, but, it is well known that
the electric field at infinitely thin wire is not fi-
nite. Moreover, many other factors should be still
included to make a more useful theory of the colli-
sionless heating of ICP-discharges.

In this paper, the one- and two-dimensional heat-
ing theories of planar type ICP discharge are re-
viewed discussing the relevant physics and basic
concept, and some results of the two-dimensional
theories including the finite size effect of the an-
tenna coils are presented. Finally, the works in
progress are explained and summarized.

II. HEATING THEORIES OF PLANAR
TYPE ICP DISCHARGE

A. Basic concepts

Figure 1 shows the schematic diagram of the pla-
nar type ICP reactor. The radio frequency (RF)
power generator is connected through a matching
box to an antenna which is placed on top of a di-
electric plate. The time-varying magnetic field flux
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induces an electric field (or equivalently, an electro-
motive force) and the electrons, which gain energy
from the induced electric field, ionize the neutral
atoms. For convenience, whole chamber space is
divided into two parts: antenna region, which is
surrounded by the shielding cap. and plasma re-
gion.

According to the Helmholz's theorem for a vec-
tor, the electric and' magnetic fields can be resolved
into irrotational (longitudinal or capacitive) and
solenoidal (transverse or inductive) parts. Since
V • B = 0, the magnetic field B is always inductive,
on the other hand the electric field has the indue
"tivc (Ejn) and capacitive (Ecp) components. There
are two important roles of the capacitive field: One
is an active participation in the electron heating
mechanism of plasma at low power and the other
is formation of displacement current and making a
difference between the conduction and input cur-
rents. Therefore a self-consistent treatment on the
iteration scheme such as done in Ref. [13] is nec-
essary to include the capacitive field effect. How-
ever, under the practical ICP discharge condition,
the inductive part of the electric field, as an elec-
tron heating source, dominates the capacitive part
and the capacitive field is usually Faraday-shielded.
Therefore only the inductive field is considered in
this work.

Shielding Cap

FIG. 1. Schematic diagram of planar type TCP reac-
tor

Assuming all physical quantities have 0-
symmetry, thus Ein with only a ^-component, the
two-dimensional wave equation describing the in-
ductive electric field component becomes

= -iZ0K{Jc + JP)0, (1)

where the impedance of free space,ZQ = 4TT/C. K =
ui/c, u> is the angular frequency, and Jc, Jp are the
coil and plasma currents.

With the time varying factor cxp(—-/wi): the
plasma current density can be expressed by a non-
local conductivity of plasma S, in general, as

(2)

The conductivity of plasma can be calculated from
the linearized Boltzmann equation as

-IU)J\ + Vr — 1- Vz ——
or oz

(3)

where the distribution function / = /o + f\, fo is
the Maxwellian velocity distribution function, j \ is
its perturbed part, Tc is the electron temperature,
v is the collision frequency of electron with neutral
atoms, and v,.,vz and vg are r-, z-, and 0- com-
ponents of electron velocity, respectively. Since UJ
is much larger than the ion plasma frequency, the
ion motion is neglected. Recently, Tuszewski [11]
pointed out that the effect of the wave magnetic
field on the skin effect can be strong when the ex-
citation frequency is sufficiently low so that it is
comparable to the cyclotron frequency related to
the wave magnetic field. In this case, the plasma
becomes a non-linear medium and the conductivity
can not be calculated from the Eq. (3). This in-
duced magnetic field effect is an open problem and
it can be studied by a particle simulation [12] or a
new analytic method. Moreover, since the collision
frequency between the charge particles is not negli-
gible in the low density, the diffusion in the velocity
space should be considered.

In the typical ICP discharge condition, the term,
vrdfi/dr, is much smaller than v,df\/dz, and it
can be neglected [10] in Eq. 3. This means that the
non-local nature of conductivity can be treated as
a one-dimensional problem regardless of the dimen-
sionality of the whole heating problem. As in the
case of the Landau damping, the non-local heat-
ing effect becomes notable when the phase velocity
of wave, v,p. is comparable to the electron thermal
velocity: v^ ~ ui/(2w/6s) ~ vth, where <*>,, is skin
depth and vth is the thermal velocity of electrons.
Moreover, if the transit time of electrons and the
wave period arc comparable to each other, the mod-
ulation effect by walls becomes dominant. When
the bounded plasma effect is important, the bound-
ary condition of the particle reflection on the walls
should be assigned. Since there is a sheath and
the sheath potential is much larger than the elec-
tron temperature, the perfect reflection is a good
approximation. Therefore, as shown in Fig. 4, two
types of resonances are possible: The first type oc-
curs when the electrons traverse the plasma length
Lp in a time equal to a multiple of the wave half
period.
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/2
(4)

The second type resonance occurs when the elec-
trons traverse a skin depth m a tune equal to an
odd multiple of the wave half period.

= ' • ' - • • • (5)

However, in usual process plasma discharges,
electron energy distribution is not often a
Maxwellian and there are non-negligible high en-
ergy electrons which can overcome the sheath po-
tential. Therefore the effect of the non-Maxwellian
electron energy distribution is another future work
to be done.

3T

4

FIG. 2. Two types of resonances

B. One-dimensional Theory and Surface
Impedance

If one tries with a one-dimensional model, it is a
problem how the source current is to be described.
However, as shown in Ref. [10], uniqueness theo-
rem holds for the solution of Maxwell equation with
the boundary field components transversing to the
boundary walls. Therefore we can try with an effec-
tive surface current which replaces the real antenna
current in the source direction.

Figure 3 is the schematic diagram of the one-
dimensional model.

Va c u u m

z=0 z=L,

FIG. 3. Schematic diagram of the one-dimensional
model

The region 0 < z < Lp is occupied by the plasma
and a linearly polarized plane electromagnetic, wave
enters the plasma from the vacuum region. For
the electromagnetic field boundary conditions we
take By{{)) = Bo and Ex(Lp) = 0. In Ref. [9],, the
perfect reflection boundary condition is utilized to
convert the original bounded problem to an equiva-
lently periodic, problem and the solution is obtained

as

with

2
s(qnz)

en = -ip-B0[l -
Lp

where

Dn = ql -i

(6)

(7)

(8)

Here <jn is the Fourier component of the conduc-
tivity of the homogeneous plasma,

1 \
1 on / ^

i °°

and qn = ir/Lp.
The surface impedance,

zs

and

= z0

the t

5 , ( 0 ) ~ '"'"/•.p"

kin depth,

2dz

Dn

(™1)
Dn

I

1

Ui

1 y 2

d\n\Ex Im[Zs]

. (io)

(11)
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When the plasma density is sufficiently high and
the plasma length is much greater than the skin
depth we have [1,5,9]

lvth\
1/3

327T1/6 / 1

and the skin depth,

\Za\
ZOK lm[Za]

(12)

(13)

On the other hand, the collisional skin depth
with local conductivity is [1]

2)1/4

T7cos(e/
). (14)

Figure 4 shows the three kinds of the skin depths
as functions of density. We can see that 5a is a
good approximation of the exact skin depth 6S even
though i//ui « 5.

C. Two-dimensional Theory and Impedance of
Discharge Reactor

In the two-dimensional theory, the source current
should be included. In Ref. [10], a tentative surface
current on the interface between the antenna and
plasma regions is introduced and it is determined
by an extended Poynting formula which is obtained
by utilizing the Maxwell equations.

Figure 5 is the schematic diagram of the two-
dimensional model.
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FIG. 4. Skin depths as functions of ne

We notice here that since

Jp ~ Joexp(-z/6)

as long as

FIG. 5. Schematic diagram of the two-dimensional
model

The solution in plasma region obtained in Ref.
[10] is

Ee(r,z)=

with

e m 0

A»,

c(2)

Orn

(18)

(19)

where

Ann = /?m + q'n ~ iv2TrZ0Kan, (20)

and where \3'lm = p2
m - K2 , pm - am/R, and am is

the mth zeros of the first order Bcssel function, J\.
Here

zjb) (16) S',(,JJ = 2 ^
n = 0 " ' " " n=0

although the conductivity is non-local as proved in
Ref. [10], the local power absorption can be written a n d Vm is given by
as

(17)

(--!)" (21)

(2^m/Lp)coth(^m/,,)5m)~1 , (22)
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where

Sm =

, c.( 11

S
(23)

where the coil form factor,

Ash,Ls) - £ / /
Jc,m — T m To, \ I

Lsn Jo(Cii,m) J-L,, J0
x sinh [fim(z + L,)] rdvdz. (24)

From these obtained electromagnetic fields, the
impedance of plasma can be determined:

Zp~ V ? \ Js
S • nda

(25)
m=l

where Sp denotes the interface between the plasma
and antenna region and / is the input current. In
Ref. [10], although the results of Eq. (25) include
general cases., the numerical results are given when
the antenna size is negligible so that the source
current is described by the Dirac delta functions.
However, it is well known that the electric field at
an infinitely thin wire is infinite, and, thus it is
necessary to include the finite size of antenna.

If we assume that the antenna size is finite and
surface current flows on the antenna surface, after
some calculation, we can show that

Zp =
1

Lp—y

# of coils

\ir-

where

T • —

» a m # m | 2 S m , (26)

Is))sinh(/?mArC|i/2)

sinh(/?mL,)
Bml tanh {(3m\zC]i/2)

c,,+Arc,_,/2
Ji(pmr)rdr

«mi — An

Dmj = - ^ - [Ji (pm(rc,j + ArC J))

Ji{pm{re,j -Ar ( J-)) , ] (27!

where /,, Ar c i , and Arc,; are the current, width,
and thickness respectively. Figures 6 and 7 show
the plasma resistance and reactance as functions of
electron density with various coil sizes A.
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FIG. 6. Dependence of the plasma resistance on the
electron density with various coil sizes

We can see that the impedances decrease as the
coil size increases. Although the difference between
the surface current and the delta function results
is not negligible, it is checked that the surface cur-
rent results go to the delta-function results with
decreasing coil size, and thus, the non-physical as-
sumption of the infinitely thin antenna does not
yield a non-physical plasma impedance.
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FIG. 7. Dependence of the plasma reactance on the
electron density with various coil sizes

The plasma density in parameter space is shown
in Fig. 8. The mountain in high-density regime is
the collisionless heating and the small hill in the
low-density regime indicates the collisional heat-
ing. As the collision frequency increases, the colli-
sional hill rises and it overwhelming the collision-
less mountain. Actually, the high density regime
greater than 10 13 is not feasible in practi-
cal ICP-reactor, and thus we can think that the
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collisionless heating is meaningful when the wave
frequency is in the RF-regime.
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FIG. 8. Plasma density in parameter space

In the previous works for two-dimensional model,
the fields are calculated only in the plasma region
and the source current is used only for determining
the anomalous skin effect mode excitation in the
plasma region. However, the electrical characteris-
tics of the whole discharge chamber can not be fully
understood without the antenna region field, espe-
cially, on the surface of the antenna coil because
the electromagnetic energy flow starts on this sur-
face. Moreover, since the real power source is the
power supply, and the source current is related to
it through a matching network, it is necessary to
consider the impedance matching network to make
a self-consistent heating model. Besides, the capac-
itive field can strongly affect the conduction source
current through a form of the displacement cur-
rent. As long as a self-consistent heating model is
completed, it should be combined with a transport
model to become a full discharge model.

We further notice that the all previous tech-
niques can be applied to develop non-local heat-
ing models of the other similar discharges such
as solenoidal type ICP, magnetically enhanced
ICP(MICP), and helicon discharges.

The future works in the one-dimensional model
in progress are Coulomb collision effect, two-
temperature effect, induced magnetic field ef-
fect, and so on. The future extensions in two-
dimensional model are calculation of the reactor
impedance, inclusions of the capacitive field and
impedance matching network, matching with a
transport model, and so on.

Furthermore, developments of collisionless heat-
ing theories of solenoidal type ICP, MICP. and he-
licon discharge are in progress and will be reported
elsewhere.
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III. SUMMARY AND FUTURE WORKS

One- and two-dimensional non-local heating the-
ories of planar type inductively coupled plasma dis-
charge are reviewed and further results available
from the theories are presented. Main results of the
present study show that the delta-function source
current, which is not physical, yields only a quan-
titative difference.
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