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Two-Dimensional Fluid Model Simulation of
Bell Jar Top Inductively Coupled Plasma

Han-Ming Wu, Ben W. Yu, Ming Li, and Yun Yang

Abstract—In the present paper, argon (Ar) plasmas in a bell
jar inductively coupled plasma (ICP) source are systematically
studied over pressures from 5 to 20 mtorr and power inputs from Faraday Shield
0.2 to 0.5 kW. In this study, both a two-dimensional (2-D) fluid
model simulation and global model calculation are compared.
The 2-D fluid model simulation with a self-consistent power
deposition is developed to describe the Ar plasma behavior as
well as predict the plasma parameter distributions. Finally, a
guantitative comparison between the global model and the fluid
model is made to test their validity.
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I. INTRODUCTION Gas Input

HE limitations of radio frequency (RF) diodes have led to Metal Wall

the development of new plasma sources, such as electron
cyclotron resonance (ECR) plasma source and inductively
coupled plasma (ICP) sources that operate at low pressure
and high plasma density. Plasma densities in these enhanced
plasma sources can reach to'40102 cm® with neutral
pressures in the range of~120 mtorr [1], [2]. As a new
kind of plasma source, ICP is appealing due to its structufdy. 1. The geometry of the ICP chamber.
simplicity [3]. Accompanying the development of this new

generation of plasma sources has been an effort to unders%rbdbe" jar cover, with curvature radius 13 cm, is isolated

plasma parameters in ICP [4]-{8]. . whereas the bottom chamber is grounded. The dome cover is
Low-pressure ICP has been employed for etching processjid i of quartz with 0.5-cm thickness [8]

for the last few years. This has prompted research on these
sources by many groups [9]-[16]. In order to further develo
this etching tool and provide predictions for design, we haf Global Model

been carrying out several studies of ICP [3]-[8]. Our latest ICP A global model developed by Lieberman and Gottscho has
source design employs bell jar quartz top sources to reduce pineved to be a reliable and simple method to estimate plasma
thickness of dielectric quartz. Meanwhile, the bell jar cover cgrarameters in an enhanced plasma source [1], [4]. The global

Water Holder

sustain much higher pressure with less thickness. model calculation for the dome top ICP was previously done.
For clarity, a brief introduction to the global model follows.
II. THEORETICAL MODELING Rate coefficients for inelastic process are assumed to have

the same form
A. Reactor Configuration

—E;
The geometry of the bell jar top ICP chamber is shown in Ki(Te) = oive exp < kT, ) @)
Fig. 1. The bottom chamber is made of stainless steel with
radiusr = 12 cm and height, = 8 cm, respectively. The

whereg; andv; = (%)% are the cross section for inelastic
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Fig. 3. Spatial profile of plasma potential with respect to the 10-mtorr and

Fig. 2. Spatial profile of electron temperature with respect to the 10-mtcgtPO-W input.
and 200-W input.

Plasma density [m—3]

bottom of the wall, side wall, and top dome wall, respectively. Py
These fluxes can be expressed as

Iy = 7r?hpnuy, Iy =27rLhpnug

r, = /nuB(hL cos 0 + hpsinf)ds

= 27 R2nup /(O.ShL sin 20 + hg sin? &)do
= 7R*nup(ahp + 2bhR) (3)

wherea = [, sin26df = 0.85, b = [ sin 26df = 0.41, and
the integral domains is the top sperical surface, respectively;

_ ke ; H
up = /= is the Bohm velocity and ®  imtive coit
0.5L -3 r -3 Fig. 4. Plasma density contours with respect to the 10-mtorr and 200-W
hr =0.86( 3+ \ , hrp=08[4+ )\— (4) input.
i i

where); = —- is the ion-neutral mean free path.

Electron témperatureTe can be obtained by means ofi
solving the following equation:

The overall global energy balance for the ICP can be written
n terms ofey,

. Pabs = U/anAeffEL (8)
Kirlde) - T _ Ngg ©)
uB upNnV where
where
p 174 nsAeg = T2hy +27‘7rnLhR+/n(hL cos @+ hpsin#) df
eff s

= 7[ho(r? + R2a) + 2hp(rL + R2b)]’ _ _
. . . FP,,s i1s power absorbed in the plasma ang the plasma
Plasma density: and ion current density on wafek can density at the presheath, respectively. Then
be derived in the following procedure: Define the collisional '

energy lost per electron-ion pair created Pabs

n= "
[Kexgex + Krnegrne + Kelf':el] (6) {CU,’@EL |:7T7’2hL+27’2LhR+/ (hL COs 9+hR sin 9) de

K.
on ( )
whereejo, = 15.75 eV, eex = 14.1 €V, e, = 12 €V, and can directly be solved for plasma density.
ee; = 3mkT. /M are the energies lost per electron, for argon
(Ar), as a result of ionization, electronic excitation, metastab{e 2_-D Fluid Model

creation, and elastic collisions, respectively. The total energyl) Fluid Equations: The basic assumptions of the model

lost per electron-ion pair in the system can be expressed as . . .
foIIovl?/S' P Y P are: 1) the neutral gas flow is omitted; 2) the ion temperature

is the same as neutral gas; 3) the inductive coils are simplified
er, = e +5.2KT, + 2kT, = e. + 7.2KT,. (7) as three coaxial circular coils; 4) the electron distribution

€c = Ejon
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results to obtain the boundary conditions on the quartz wall
as following:

1 —ecAg
Jew — Z”esves €Xp < I{}Te )

RF Power Deposition [W/m3]

3.34E+05

3.006E+05
2.672E+05 8
Jiw =NisuUB

b = s + (’“T) I (L) (15)

c nesves

where J.,, and J;,, are their normal components to the wall,
the subscript represents the plasma-sheath boundary position,
boundary plasma potentigh¢ = ¢, — ¢s and the electron
energy flux on the toi)e,, = Jei (2kTes+eA¢), respectively.

2) Electromagnetic EquationsThe electric field consists of
®  iductive coil inductively coupled field and plasma static field. The net field

Fig. 5. Inductive RF power deposition profile with respect to the 10-mtof® E = l’?[ + Ep-_ The plasma static field is determined by
and 200-W input. Poisson is equatlon

is assumed to be Maxwellian; and 5) neutral density and Vip=-V-E= E—e(m — 7). (16)
temperature are assumed to be uniform in the chamber. 0

Three neutral argon gas pressures, 5, 10, and 20 mtorr, arBecause of the axial symmetry assumption, the inductive
considered separately in the simulation. The total power inp@ectric field, which has only an azimuthal component, is

are 200 W and 500 W, respectively. written as
The time average equations for electrons and ions are
V.J. =R, (10) E = Fj coswt + Essinwt. (17)
V-Ji=Ri (1) The equations fo®y are
V-Q. =g — XRyexe (12)
9 E, w?  fow?
where VE - +|—5- E, —éowF> =0 (18)
T C VeN
. E 2 2
Je = —penc By — <m > N>V(”6Te) Vi - 2 4 <”—2 _ Sow >E2 Y éowE =0 (19)
ele T2 c VeN
2k
/{}2
=2.5 ede) — .9 ele e 2
Q. =2.5(kTJ.) 2O<mel/ezv>n T.VT, o - (e
c 26 MelVeN Ve N
He = y M=
MelVeN MV N
1 is plasma electric conductivityy.y is the electron-neutral
4 = 4Tf o E2dt" collision frequency. The boundary condition for (12) and
_ T _ (13) are E = 0 on the metallic wall and the axis. The
The total input power can be written as boundary condition on the quartz bell jar is determined by
the coil current! = I, cos wt and the inductive plasma
b= 27?//q17’d7’d75- (13) currento;;, By 2 Az; Ar; at the nearest cell to wall. The detail

o deductive expression and computational method can be found
The collision ratef?, can be expressed d& = Kyn.N, from [7].

where the subscript = iz, ex, me, and el have the same
definitions as (4). The above set of fluid equations is closed
with Poisson’s equation with regard to the space charge to fAe Results and Discussion

electrostatic potential Fig. 2 is the electron temperature distribution with 10-mtorr
c0V2$ = e(ne — ni) (14) neutral pressure anq 20Q—W power input. As our prevous

results show{’ is quite uniform in the bulk plasma.
whereegq is the permittivity of free space. The difference between maximum on the upper centerline

The boundary conditions are the same as our previous woakd minimum at the bottom is less than 1.0 eV. With this
i.e,n. =¢=n-Vn;, =n-VI, =0 on the metallic wall; on relatively flat temperature profile, we can expect the spatial
the axis there arén. /8, = dn;/Or = 8¢ /dr = IT./Or = 0. profiles for ionization rate and plasma density be quite similar.
Based on the thin plasma sheath model, we have the analytithé plasma potential is shown in Fig. 3. It can be seen that the
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Ionization Rate [m—3s~1} Ionization Rate [m—3s-1]
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218E+22
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1.972E+22

1.754E+22

Fig. 8. lonization rate distribution with wide coils, whege= 10 mtorr and
P,,, = 200 W.
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Fig. 6. lonization rate distribution with respect to the 10-mtorr and 200-W
input. Electron Temperature v.s. Pressure
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Fig. 7. Inductive RF power deposition profile with wide coils, where= 2 ===+ Global model
T}

10 mtorr andP,,, = 200 W. G——© 2-D Fluid model

maximum at the center is about 15.8 V and the minimum is ;[ ]

at the corner. It implies that the plasma static electric figjd

is small. Fig. 4 is the plasma density contours with the same

operation condition. The plasma density near the bottom is

quite uniform. This is one of the characteristics for the bell jar . 1

top ICP. It is found that the maximum exceeds 207 m?. %%.0 10.0 20.0

Fig. 5 shows contours of RF power deposition. It is obvious Pressure [mTorr]

that most power is concentrated near the coils on the top. In

Fig. 6, there is an ionization rate distribution. Since ionizatiof9- 9 T comparison of global model and simulatidfy,, = 200 W.

is a function of power deposition, electron temperature, and

electron density, the contours seem to be a compromiseTdferefore, to carry on some numerical simulations for special

these parameters. plasma tools are inevitable to most design of plasma sources.
To see the coil geometry effects, Figs. 7 and 8 are of powerFig. 9 is the comparison for electron temperatures between

deposition, ionization rate, and plasma density with respectttee global model and the simulation. The plasma densities

wider inductive coils case. It seems that the wider coil casomparison between global model and simulation is shown in

result in the more uniform parameter distribution. It is welFig. 10. It seems that the simulation agrees reasonably well

known that the higher the neutral pressure, the more localizeith the global model. The difference might come from the

parameter distribution. Therefore, as the neutral pressureneutral gas uniformity assumption. The global model can give

increased the parameters, suclmasind R, z, would have two a quick estimation whereas the fluid can provide a spatial

off-axis-peak values [17]. These coil geometry effects depepdofile for parameters.

on the chamber shape, discharged gas species, total powdr is well known that the uniformity in a flat ICP is

input, as well as neutral pressure. There is no simple wpyimarily determined by the inductive coil geometry. However,

to predict the plasma uniformity for common plasma tool$n the bell jar top ICP, there are two ways to improve the

Authorized licensed use limited to: THE LIBRARY OF CHINESE ACADEMY OF SCIENCES. Downloaded on November 5, 2009 at 03:27 from IEEE Xplore. Restrictions apply.



WU et al: SIMULATION OF BELL JAR TOP INDUCTIVELY COUPLED PLASMA

[2]
5.0 T T
[3]
(e 2-D Fluid model
===~ Global model ] [4]
40 |- . [5]
- [6]
o [7]
£
N
", 3.0 F B
2 [8]
x
Z [l
2
] [10]
§ 20} 1
3 e
L) g
& + [11]
i [12]
10 | 1
[13]
[14]
0.0 , , [15]
0.0 10.0 20.0

Pressure [ mTorr] [16]

Fig. 10. n. comparison of global model and simulatidfy,, = 200 W.

17
plasma parameters. The one is to adjust the inductive CE)"]
configuration and the other is to change the stage position.
Therefore, the uniformity in the bell jar top ICP can be
improved. In addition to the uniformity, it is obvious that
the bell jar top quart can be easy made due to the thinner
thickness. Experimental measurement for plasma parameters,
by means of a tuned Langmuir probe, is in progress and w:"
be published soon.

I1l. CONCLUSION

The modeling seems quite reliable after the comparisi
to the global model results. It paves a way to optimize tf
plasma parameter distribution for design work. The bell js
top ICP has the advantage of reducing the thickness of qu
to sustain relative high pressure. For large area ICP sources,
the quartz thickness becomes larger and it would result in
long-time heating to reach a steady state temperature in the
quartz roof. It seems one of the advantages of a bell jar top
ICP. This advantage can be generalized to some other plasma
sources, such as ECR and helions. It is likely that a uniform
plasma can be generated by means of adjusting both wef
stage position and inductive coil geometry. The detail wor"_'I
on the chamber geometry effect and coil geometry effects
still to be investigated. The comparison with the experiment.
data is going to be submitted for publication.
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