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Theoretical and Experimental Studies of the
Bell-Jar-Top Inductively Coupled Plasma

Han-Ming Wu, Ben W. Yu, Anantha Krishnan, Ming Li, Yun Yang, Jia-Ping Yan, and Ding-Pu Yuan

Abstract—The present paper describes a systematic study of
argon plasmas in a bell-jar inductively coupled plasma (ICP) RF
source over the range of pressure 5-20 mtorr and power input
0.2-0.5 kW. Experimental measurements as well as results of
numerical simulations are presented. The models used in the
study include the well-known global balance model (or the global
model) as well as a detailed two-dimensional (2-D) fluid model Faraday Shield
of the system. The global model is able to provide reasonably
accurate values for the global electron temperature and plasma
density. The 2-D model provides spatial distributions of various
plasma parameters that make it possible to compare with data
measured in the experiments. The experimental measurements
were obtained using a tuned Langmuir double-probe technique
to reduce the RF interference and obtain the light versus cur-
rent (I-V') characteristics of the probe. Time-averaged electron
temperature and plasma density were measured for various
combinations of pressure and applied RF power. The predictions
of the 2-D model were found to be in good qualitative agreement
with measured data. It was found that the electron temperature
distribution T. was more or less uniform in the chamber. It was
also seen that the electron temperature depends primarily on
pressure, but is almost independent of the power input, except in
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the very low-pressure regime. The plasma density goes up almost 4
linearly with the power input. -
Index Terms—Experimental diagnosis, ICP, 2-D modeling. Fig. 1. Schematic of the belljar-top ICP apparatus.

Since then, a considerable amount of research has gone into the
analysis of ECR and ICP systems [5]-[9]. Computer modeling
HE limitations of radio frequency (RF) diodes have lethas been used extensively to gain insight into low-pressure
to the development of new plasma sources, such as tlischarge behavior, particularly for enhanced plasma sources.
electron cyclotron resonance (ECR) plasma sources and theNtost modeling studies have made use of either the fluid
ductively coupled plasma (ICP) sources. These sources operatglel or the particle Monte Carlo method, or the hybrid
at low-pressure and high-plasma density. Plasma densitiegriodels [10]-[12]. It has been found that the fluid models are
these enhanced plasma sources can réath'2/cm®, while  able to resolve much of the relevant physics with reasonable
the neutral pressures are in the range of 1-50 mtorr [1]-[3lccuracy within a tolerable computational cost. The Monte
As a new kind of plasma source, the ICP has appealed Qarlo technique is a valuable tool to verify the accuracy of
many scientists due to its structural simplicity. Accompanyinigne fluid model, as well as ang priori assumptions about
this surge of studies on the new generation plasma southe particle distribution functions. Recently, nonlocal electron
has been an effort to understand the plasma behavior in IKiRetics has been studied to revise the Boltzmann equation
[4]-[8] systems. [16], [17].
Low-pressure, high-density plasma sources have been emfhe modeling work described in this paper includes results
ployed for etch and deposition processings for a few yeafsom the global model as well the two-dimensional (2-D)
fluid model. A brief comparison of the results from the two
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the cost. This is because no vacuum chamber (low pressure)
on the top is required, although the thickness of quartz is only
50 — - = 0.5 cm. In addition, a uniform plasma profile can be achieved
by adjusting the wafer stage position. The uniformity in the
planar coil ICP is primarily determined by the inductive coil
40 geometry [5], [9]. The geometry of the ICP chamber is shown
in Fig. 1. The bottom chamber is made of stainless steel with

Electron Temperature v.s. Pressure

— 2-D Fluid model
G --© Experimatal results

>

%30 radius R = 12 cm and heightL = 8 cm, respectively. The
g top of the bell-jar cover, with radius of curvature 13 cm, is
g insulated, whereas the bottom is grounded. The dome cover is
'é 20 | : made of quartz with 0.5-cm thickness.

£ -~ Global model

Il. THEORETICAL MODELING

This section describes the formulation and governing equa-
tions for the global model and the 2-D fluid model.
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Fig. 2. Global model, 2-D fluid model, and diagnostic results, respectivelph. Global Model

Electron temperaturé, versus neutral pressuge power inputP,;, = 200 .
W. A global model developed by Lieberman and Gottscho has

proved to be effective in estimating plasma parameters in
an enhanced plasma source [1], [4], [5]. With this method,
it is possible to estimate certain plasma parameters as well
as a qualitative description of their dependence on operating

Electron Density v.s. Pressure

200W, r=0 and z=9cm.
5.0 o

& --© Experimental resutts - conditions. Although the global model has been previously
T o model . discussed in detail for the bell-jar ICP, it is rederived here for

by
o

the convenience of the reader [8].

) Previous comparisons have shown that the global model can
______________ give a relatively accurate estimation with minimum computa-

1  tional cost unless the spatial distributions of plasma parameters
@” are required [5], [12]. The relevant second-order rate con-
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sol T | stants, such as electron—neutral ionization, excitationk.,,
P metastableX ..., and elastic scatterinff.; are the same as in
[5]. The expression for the rate coefficients of the inelastic
10k processes all have the same form
! _ E;
0%o — 7 00 00 ‘ Ki(1.) = 0,V exp <_ ki) 1)

Pressure [ mTorr]
Eilg. 3. Globa_l model, 2-D fluid model, and diagno_stic results, respective%here o and 7. are the scatterin fi d
ectron densityr. versus neutral pressugg,, power inputPaps = 200 W. i e g Cross section ana mean
electron thermal speeq/8kT./mm., and the subscript:*
_ ) o denotes theth inelastic scattering.
the ICP, and the potential varies with time. The RF voltage 1) Gjobal Particle Balance:On the basis of the conserva-
from plasma would shift the apparent floating potential t0 n |aw, the ion—electron pairs are created in the bulk plasma
more negative value and distort the probe characteristic. Th¢electron-neutral ionization and are lost by flow to the walls.
electron temperature obtained from the distorted characterigieis are lost from the discharge after being accelerated to the
usually exceeds the true value, while the electron dens@phm velocityups = \/kT./m; at the sheath edge, where
is underestimated [13], [15]. Using a tuned Langmuir probe; is ion mass. If the ionization rat&’;. is uniform in the
minimizes the RF-induced distortion of the probe characterisépace, then
in the measurement of the electron temperature and plasma
density.
Geometry DescriptionsThe ICP reactor described in this
paper employs a new design in which a bell-jar quartz top is
used. Especially for a large-area chamber, the larger thicknegsere N, n, V, I, I, andl’, are the neutral gas density, the
and larger mass of quartz lead to longer heating time. It hplsma density, chamber volume, and the ion fluxes on the
the potential to reduce the thickness of the dielectric layer abdttom wall, sidewall, and top dome wall, respectively. These

K. NnV=[=T,+T, 4T, )
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Fig. 4. Fluid model simulation result and spatial profile of the power deposition, whgye = 200 W, nadp,, = 10 mtorr.

fluxes can be expressed as 2) Electron Temperaturg,: Conventionally, (2) is written
as

[y =nR*hrnup

FS IQWRLhRTLU,B
r,= /nuB(hL cos 8 + hp sin 0) ds

Kiz(Te) _ r _ 1
up o U,BNTLV o Ndeff

®)

where deg = V/n[h R?(1 + a) + 2hpR(L + Rb)] is the
5 _ ] 5 so-called effective plasma size. Because new ion—electron
=2rRnup /(O'OhL sin 26 + hp sin” 6) dé creation is primarily from ionization, the other processes do
= wRQnuB(ahS L+ 2bhg) not directly affect the plasma glensity. Equation (3) implies_ that
the electron temperature is independent of the power input.
Therefore, it can be concluded that the electron temperature is
wherea = [ sin 20d6 = 0.85, b = [ sin” §df = 0.41, and not determined by the electron energy balance but rather by
the integrate domains € [0, 1.78] is the top spherical surfaceine ion-neutral mean free path.
3) Plasma Densityn and lon Current Density on Wafer
0.5L\ V2 Jy: n depends primarily on the total power balance. For argon
\; ) discharge, it is useful to defire as the collisional energy lost

—1/2 per electron—ion pair created
R
hgr = 0.8<4 + ;)

T

hr, :0.83(3 +

Keac + Krnegrne + KeLEeL

€¢ = €ion Kion (4)
where
wheree;on = 15.75 eV, e, = 14.1 eV, g, = 12 eV, and
\ = 1 ea = 3mkT./m; are the energy lost per electron as a result
T oN of ionization, electronic excitation, metastable creation, and

elastic collisions, respectively. The mean kinetic energy lost
is the ion—neutral mean—free pathand NV are the ion—neutral per electron recombination at the wall27,, and the kinetic
momentum transfer cross section and neutral density, respecergy per ion flowing out the plasma bulk is ab&W@kT,.
tively. Therefore, the total energy lost per electron—ion pair in the
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Electron Temperature [eV]
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Fig. 5. Fluid model simulation result and spatial profile of the electron temper@tyrehere P,;,, = 200 W, andp,, = 10 mtorr.
system can be expressed as 1) The effects of the neutral gas flow are not considered
_ at this time.
er = €c + 5.2k T + 2kT. = ec + T.2KT... () 2) The ion temperature is the same as that of the neutral
The overall global energy balance for the ICP can be written 925 , _ o o
in terms ofz; as 3) The inductive coils are simplified as three coaxial cir-
cular caoils.
P, = cupngAecrer (6) 4) Electron distribution is assumed to be Maxwellian.
5) Neutral density and temperature are assumed to be
where uniform in the chamber.
nsAeg =mnRIhp + 2RanLhg The neutral argon gas pressure is treated as a parameter in
] this study and is varied from 5 to 20 mtorr.
+ /”(hL cos 0+ hp sin ) df. ) The discharge model consists of a set of an electron con-
S

] ) tinuity equation, an electron energy equation, and Maxwell
Pays is the power absorbed in the plasma, ands the plasma equations for power deposition. In the current model, the bell-

density at the presheath. This equation can be solved for }QPtop is modeled by means of stepped grids. The equations

plasma density: are solved by assuming initial 2-D profiles for density and
temperature, and stepping in time until a steady-state condition
n= Pabs/{GUBEL |:7VR2hL + 2RnLhr is reached. The time-averaged equations for electrons and ions
are
+/(hL cos 8 + hp sin 8) dH} }
® V-Je=R; (8)
V-Ji=R; 9)
B. 2-D Fluid Model V-Q. =q; — SiRiexc (10)
1) Fluid Equations: The basic assumptions of the model
are as follows. where the electron fluy., ion flux J;, and electron energy
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Plasma density [m—3]
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Fig. 6. Fluid model simulation result and spatial profile of the electron demsifywhere P,;,. = 200 W, andp,, = 10 mtorr.

flux Q. are The total input power can be written as
Je =—pen.Es — < )V(TL@,Te) Pays = 27Tﬂq]'7’ dr dz.
mel/en
2k
Ji =—pinibrs — Main V(niTi) The collision rateR;, can be expressed d%. = Kyn.N,
2 where the subscript = iz, ex, me, andel, respectively. In
Q. =25(kT.J.) — 2.5< )neTeVTe plasma bulk, the above set of fluid equations is closed with
. MeleN an ambipolar assumption.
e = The boundary conditions are the same as in our previous
MeVeN work [8], that is
2e
pi =
MG ViN ne=¢=n-VI, =0
1
9 =+ O'CE2 dt . . .
T ) on the metallic wall 4 is a normal unit vector to the wall) and
where ¢; is ohmic heatingE, = —V¢ is the plasma static one _oni _9¢ 9L _ (11)
electric field, . andy; are the mobilities of the electron and ar ar or or
ion, respectively, and on the axis.
g2 2) Electromagnetic EquationsThe net field consists of
Te = - 3 both inductive and plasma static fields, i.&,= E; + E..
meven | 1 +< o ) Because of the axial symmetric assumption, the inductive
VeN electric field which has only azimuthal component is written
as
is the electric conductivityv.n andw are the electron-neutral
collision frequency and the RF frequency, respectively. Er = F; cos wt+ Es sin wt.
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Ionization Rate [m—3s-1]

Z19E+2F
1.9 2
1TSE+2T
1.538E+22
1.O1EE+22

TAE+2E

BA2E+1

&.E4E+ 21

4. 48E+21

LH8E+21

1E+20

I
.

§ Inductive ooil

= Quartz

RSt Metal Wall

Fig. 7. Fluid model simulation result and spatial profile of the ionization fatg,., where P,,,; = 200 W, andp,, = 10 mtorr.

The equations fol&; and £, are impacting energy, i.e., the ion hitting wafer with energy of
E, w2 twlo, g, = 5.20, = 31.2 eV. In addition, one can get the maximum
VE,- = +|5 - By —¢owE> =0 (12) plasma density
7 c Ven
E 2 25, _ 17 3
Vg, ~ B2 (Y S0\ g wp =0 (13) n =062 x 10™/m
7,2 62 on and
where¢ = 47 x10~7 H/m, v,y is the electron-neutral collision Jy, =hrnug = 1.76 mAlcm?

frequency, and: = 3 x 10® m/s is the speed of light. The

boundary condition for (12)—(13) arB = 0 on the metallic by solving (7).

wall and the axis. The boundary condition on the quartz bell jar The relation of 7. versusp,, i.e., the solution of (3), is
is determined by the coil curredt= I, cos wt. The detailed displayed in Fig. 2, where the total power input is 200 W. It

deductive expression can be found in [8]. is found that the electron temperature is relatively insensitive
to neutral gas pressure. As the gas density decreases, the
C. Theoretical Results ionization rate coefficient must increase to keep the balance of

ion creation and loss rates. The dependence of plasma density
L neutral gas pressure is shown in Fig. 3.

2) Fluid Model Results:Fig. 4 shows the power deposition
profile with 10 mtorr neutral gas pressure and a 200-W power
input. It is found that much of the power is absorbed on the top

1) Global Model Resultsif N andd.gx are known, (3) can
be solved. For the ICP in this study (see Fig. 1), neutrd
gas pressuren, = 1 mtorr, Py = 200 W, and ¢ =
0.8 x 1071¥ m?, N = 1.38 x 10! m—3,

UupB =1546\/i side area. Fig. 5 shows the electron temperature distribution.
\ = 1 0.07 m As in the previous result with the cylindrical chamb#t, is

‘" No quite uniform in the bulk plasma. The difference between the
hr =0.455 maximum on the upper centerline and the minimum at the

bottom is less than 1 eV. With this relatively flat temperature
. profile, the spatial profiles of the plasma density and ionization
degg = 0.075. rate are quite similar. Fig. 6 is the spatial profile of the electron
Therefore,7. = 6 eV with the K. value taken from (1) density. The maximum can excedd!'/cm®. The plasma
with E; = 15.75 eV. Meanwhile, one can obtain the iondensity contours show that the density uniformity is fairly good

hr =0.335
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Plasma Potential [V]
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Fig. 8. Fluid model simulation result and spatial profile of the plasma poteptiathere P, = 200 W, andp,, = 10 mtorr.

in the near bottom area. The ionization rate is similar to the 5.20P
electron density distribution (see Fig. 7). The plasma potential IF
is shown in Fig. 8, where the maximum is about 15 V. ThisPiasma 39uH 10k
low potential leaves room to use bias to independently controlo—— ?5’::’\ N T
the ion-impacting energy. [ 8.1u
= T~ ~ O
lll. EXPERIMENTAL DIAGNOSIS 0-1u
@

A. Description of the Measurements
. . . Fig. 9. Sketch of the experimental arrangement circuit for the tuned Lang-
The experimental apparatus is operated with a 13.56-Miir probe.

power supply. The forward and reflected power is manually

adjusted to ensure that the reflection is less than 5%. Thek h be beh - d high
operational power input varies from 100-600 W. The pressyféf<€S the probe behave as if it were connected to a high-

can be set from 1-50 mtorr and is measured by a presslmgedance circuit. In contrast to the driven probe technique, it
gauge. The discharge chamber is grounded and pumped tﬁ(;%uir.es significantly Iess_ hardware to implgmenF. The detailed
turbomolecular pump capable of attaining a base pressuref@fhnique can be found in [13] and [15]. Fig. 9 is a sketch of
less tharl0—¢ Pa. The flow of gases is controlled by an Mk ghe experimental arrangement circuit for the tuned Langmuir
flow controller. double probes. The filter networks reduce the RF voltage to
Due to serious RF interference, a conventional probe chéss than millivolt levels.
acteristic usually overestimates the electron temperature and he chamber is equipped with a special port through which
underestimates the electron density. Some double probes hé#geLangmuir probe is inserted into the bulk plasma. Using
been reported for RF plasma diagnostics [18]. In the presdhe double probes, plasma parameters, such as plasma density
study, a tuned probe had to be used to minimize the RF voltageand electron temperaturg., have been measured. The
across the sheath during the diagnosis. The tuned Langmaliservation points are at = 3,6,9, and 12 cm andr =
probe technique is based on the concept that a passive cir@ut.5,5, and7.5 cm, respectively. The probe can be rotated a
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Fig. 10. Double-probe/-V" curves with respect taP, = 10 mtorr,
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(W) Fig. 13. Spatial comparison of the electron densities onZhaxis, where

Fig. 11. Electron densities versus power inpfis = 5,10, and20 mtorr, Labs = 200 W, and P, = 10 mtorr.
respectively. The observation position iszai& 9 cm, andr = 0.

2) Electron TemperatureFig. 12 shows the measured

. . . . value of the electron temperature at the points= 0 and
certain angle to measure different radial points. On the wafer .
= 9 cm. It shows that the electron temperature is not as

stage, RF bias can be applied to wafer with a frequency of 100 . .
. ) o sensitive to both gas pressure and power input in the pressure
kHz. The total bias power input is limited by the RF SUppl¥ange of 10-20 mtorr. However, as the pressure goes down
(less than 50 W). further, more power input is needed to raise the electron
temperature. At very low pressure$, must be raised to

make the ionization rate large enough to keep the balance of
Measurements were made over a neutral gas pressure raogecreation and loss.

of 5—-20 mtorr. The probe tips are 0.8 mm in diameter. The
probe light versus current/{V") curves are obtained by an
oscilloscope with a memory. The plasma bulk parameters seem
independent of the RF bias. IV. CONCLUSION AND DISCUSSION

1) Plasma Density:Fig. 10 shows thd—V curves for dif- The predictions of a global model and a 2-D fluid model
ferent values of the RF power input. Time averaging is domeere compared with measurements on a bell-bar-top ICP reac-
to smooth the oscillations. Fig. 11 shows the relationshtpr. Figs. 2-3 show the comparisons for electron temperature
between electron densities and power inputs for differeahd electron density, respectively. The differences among these
neutral pressures. It verifies the linear relationship between tdiepend primarily on how the spatial average was taken and
plasma density and power input, i.e., lower neutral pressungbere the data were measured. The following results show
result in lower plasma densities. This trend is the same as the comparisons of spatial distributions predicted by the 2-D
global model prediction. model and those measured in the experiments. Although there

B. Experimental Results
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Fig. 14. Spatial comparison of the electron densities on the radial directidfig. 16. Spatial comparison of the electron temperatures on the radial

where P, = 200 W, and P,, = 10 mtorr.

Electron Temerature v.s. Axial Position
10 mTorr, 200 W, r=0

50 -—— - E .
— 2-D Fluid model

40 &€ Experimental results
5
2
@
5 3.0
s ’//)
: @,/e\e/e
[*8
g =
o
5 20
ksl
@
]

1.0

0.0 B : ! !

0.0 5.0 10.0

z [cm]

Fig. 15. Spatial comparison of the electron temperatures onZthaxis,

where P,,. = 200 W, and P, = 10 mtorr.

are no error bars for experimental presentations in the figurea1

the relative error has been estimated in the rangs fo.

Figs. 13 and 14 are the spatial distribution comparisons fdpl
the electron densities on th& axis (- = 0) and in the radial
direction ¢ = 9 cm), respectively. The neutral pressure is 10#]
mtorr and the power input is 200 W. From Figs. 13 and 14, i -
is found that the model predictions are in good agreement wit

direction, whereP,;,; = 200 W, and P, = 10 mtorr.

the radial direction £ = 9 cm), respectively. It is observed
that the electron temperature is quite uniform in the plasma
bulk. The strong electron thermal conductivity transports the
energy effectively to reduce the gradient in the electron
temperature. The figures also show that the model predictions
of electron temperature are higher than the measured values.
Due to the limitation of double probes, the measured electron
temperatures in Figs. 15 and 16 should be lower than their
actual values. Consideration of this factor will bring the
simulations in closer agreement with data.
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