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A two-dimensional (2D) self-consistent axisymmetric fluid simulation of an inductively coupled discharge of electronegative
oxygen plasma with a one-turn antenna placed on the top of the dielectric roof is presented. The model equations include
continuity equations, the Poisson equation, and an electron energy balance equation. For a planar inductive discharge, the
electric field componeri, (r, 2) is calculated, assuming axisymmetric geometry. Considering a deep penetration of the induced
rf field, the power deposition profile is formulated and used as the electron heating term in the electron energy balance equation.
The 2D distributions of charged particle densities, electric potential, electron temperature, and ionization rate are calculated
and compared with experiments. The effect of neutral gas pressure on plasma characteristics is investigated. As a result, for a
relatively low pressure (5 mTorr) case, the ionization rate and charged particle densities are uniform in the radial direction, and
for a medium pressure (20 mTorr) case, the ionization rate and the negative ion density are sharply maximized in the axial and
radial directions. The results of the simulation agree reasonably well with the results of the spatially averaged global model and
experimental results.
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In this paper, we present a numerical description of rf dis-
charge based on a 2D fluid model including an electron en-
For a large area wafer processing and submicron dry etoérgy equation in which various electron energy loss mecha-
ing, a low pressure and a high density plasma with very goatdsms can be considered. Outputs such as the spatial distri-
radial uniformity are required. One of the most promisingutions of the ionization rate, charged particle density, po-
plasma sources toward this trend is the inductively coupladntial (electric field), and electron temperature are displayed
plasma (ICP) source. The planar ICP discharge source cam a video monitor with 2D or 3D interactive graphics using
sists of a spiral, inductive coil on an upper quartz windowXgrafix.!” A 2D simulation can also account for the unifor-
RF power continuously applied to the coil induces azimuthahity of the ion fluxes toward the substrate. The simulation
electric fields that partially ionize gas inside the chamber an@sults we report in this paper were intended to model the dis-
sustain a discharge. To control the ion energies incident @harge experiment being performed, and we compare it with
the wafer, the substrate can be optionally biased by indepehe experimental measurement. In addition, we intend to dis-
dently applying a rf potential. To investigate plasma generauss some general features of ICP discharges, and to analyze
tion mechanisms and plasma transport in ICP reactors, sintite influence of neutral gas pressure on the characteristics of
lation models have been developedl. the oxygen discharge. The effect of the pressure on the ra-
Oxygen discharges are widely used to sputter-deposit aldial uniformity is studied over the range of 1-20 mTorr for
minum or tungsten, grow Si¥ilm on silicon, and remove nonuniform power deposition profile calculated by an elec-
photoresist or polymer film. Numerical modeling of oxygerntromagnetic module. This paper is organized as follows: in
glow discharge can provide insight on the physical phenon&2 a physical model and basic equations are presented, in
ena in the discharge and lead to a better understanding &8l experimental equipment and Langmuir probe diagnostics
design of the reactor used for the purpose of the thin-film dewe described, in 84 simulation results are presented and dis-
position. Due to the increased interest in various high-densitpissed, and comparison with experiments is made, and in 85
plasma sources along with large area wafer processing atwhclusions are summarized.
stringent uniformity requirements, the demand for the devel- ) ) )
opment of two-dimensional (2D) models is ever increasing- Physical Model and Basic Equations
Although a typical ICP reactor has a low aspect ratio geom- A schematic of an ICP reactor is shown in Fig. 1. The
etry which resembles that of rf diodes, 2D models are neceglasma chamber is a stainless-steel cylinder with inside di-
sary, since the power coupling is spatially nonuniform. ameter of 30 cm and height of 50 cm. This configuration is
2D fluid models of charged patrticle distribution appear tehosen to accommodate wafers of the desired size, and to po-
be useful in the effort to understand the physical structure sftion the substrate holder over the long range. The plasma is
the discharge. Boe(f) and Pitchfor® studied both a helium generated by an inductively coupled azimuthal electric field
discharge and a model electronegative discharge. They useith a one-turn antenna. Our model for ICP reactors is a hy-
the local field equilibrium approximation (LFA), omitting the brid simulation consisting of an electromagnetic module and
electron energy equation. The charged particle fluxes coa-2D fluid simulation to obtain species densities and fluxes as
sist of a term representing drift due to the electric field and function of positionr, z). The simulation begins by calcu-
a diffusion term. This model includes a continuity equatiotating the coil-generated electric and magnetic fieRjsrt, z),
for electrons and ions and Poisson’s equation for the electri®;(r, z), and E, (r, z). We estimate the field components in-
field. Fluid simulations including an energy balance equatioduced by the antenna. To simplify the problem, we make two
have been performed in one-dimensional (1D) sfaé®and approximations. First, we introduce a vacuum field model
in 2D spacé>16) where we assume the coil to be in free space with no bound-

1. Introduction
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whereoy, is the plasma conductivity

ene
M(veft + jw) 7
veff (= Ven + Vstoc + Vei) IS the effective collision frequency
Eo(r 2) which includes electron-neutral collision, stochastic collision
and electron-ion collisiom, is the electron density and is
- the frequency of the driving rf.
Chamber—s— The basic assumptions of the model are as follows: (1) the
particle motion is collision dominated, and as a result, a fluid
model is applicable, (2) the transport parameters, such as mo-
bility and diffusion coefficients of charged particles, are con-
ma stant, (3) the reaction (ionization, excitation, and recombina-
R tion) rate for discharge is a function of the electron temper-
_ _ _ _ __ature, (4) the density and the temperature of neutral gas are
Fig. 1. Schematic of the inductively coupled plasma reactor. The circu- . .
lar cross-section coil is driven at 13.56 MHz and placed on a dieIectrfE:OnStant in the chamber, and (5) the gas temperature is 300 K.
roof. The spiral coil produces magnetic fieBd(r, z) which generates an At low pressure, the dissociation degree in the discharge is
azimuthal electric field, (1, 2). low and the plasma composition can be expected to be simple,
with O, the dominant neutral species, @he dominant nega-
tive ion, and g the dominant positive iof® The continuum
aries. In other words, we neglect the effect of the chambetodel consists of five equations: electron, positive ion, and
walls on the magnetic induction. The validity of this approxinegative ion continuity, Poisson’s equation, and the electron
mation has been addressed previod&\Becond, we assume energy balance equation. Under these assumptions, the model
the helical planar coil to consist of a one-turn concentric loogontinuity equations are expresse#fds)

Induction
Coil

o (2.6)

of radiusa. In our casea = 10 cm. The nonzero vector poten- AN
tial and the magnetic induction components for the loop are En +V - ¢e=R — Ry, (2.7)
given by Symth&” for a loop with center located at= 0 cm,
z=0cm. The vector potential for the one-turn cd, (r, 2), % +V-¢p=R - R, (2.8)
is given ag? aat
1 Mn
AT, z):ﬁ'i(i‘)z[(l_}ﬁ)K(K)—E(K)] ot TV =R R (2:9)
T oKk \r 2

2.1) Instead of solving the momentum balance equation, the drift-

diffusion approximation is used for the particle fluxes:
Here, i is the permeability of free space ahglis the applied

rf current to the antenna coil. $e = —DeVNe — NepteE, (2.10)
The magnetic field induction for the one-turn loop along ¢, = —DpVnp + NprtpE, (2.11)
the axis of the system is
¢n = —DnVn, — npunE. (2.12)
B,(r,2) = Mzolrf 1 T Here, Ne(p.ny De(p.ny and e, n) are the (_Jl_ens_ity, diffusion co-
T ((a +r)24 22) 2 efficient and mobility of electrons, positive ions, and negative
5 2 2 ions, respectively. The ionization, dissociative attachment, re-
w Ko+ 3= ~Z Ew)|, (2.2) combination, and excitation rate ter®, Ra, Ry, and Rey,
@a—-r32+2 ivel itten in the f
respectively, are written in the forms
whereK (k) andE(«) are the complete elliptic integrals of the R = kineN (2.13)
first and second kinds respectively, anid the radial position e '
as measured from the axis of the system. The parameer Rs = kaneN, (2.14)
defined by R, = kyNph, (2.15)
> dar
=y (@a+r)?z (2.3) Rex = KexneN, (2.16)
The electric field isEqs(r,z2) = —jwAy, and E and B are WhereN is the density of neutral gas, and the reaction rate
related by Faraday’s law. Assuming cylindrical symmetry, weoefficientski, ka, ky, andke, are described by mathematical
have fits to the Boltzmann-solution results. They are written as a
1L . function of the electron temperature in Arrhenius fétm
Eo(r,2) = ——/ r'B,(r’, z)dr’, (2.4) I
rJo k= AT.B exp(— ?> ) (2.17)
e

wherer andr’ are the radial positions as measured from
the axis of the system and in the sinusoidal steady stalhe model energy balance equation is written as
B,(r, 2) = wB,(r, 2). The power dissipated within the plasma

is given by

Pans(T, 2) = Re(0p| Eo (1, 2)?) , (2.5)
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3 plasma was turned on and allowed to run for an hour before
0 EnekTe any measurements were taken.
+V-Qe= —6pe- E — Z HR + Paps The saturated current above the space potential is given by
at

| . T 1/2 T, 1/2
(2.18) |S=eS|:ne<2ﬂm) +nn<2nMn) } (3.1)

wherek, Te, €, andH, (I = ionization, excitation) are the

Boltzmann constant, electron temperature, electron charg#)eree is the electronic charges is the probe aream and
and the electron energy loss per collision, respectively. THdn are masses of electrons and negative ions, respecfively,
values of the parameters used for the electronegative oxygérthe temperature of negative ions.

discharge are shown in Table I. The heat flux vector is The positive ion saturation current is
5 5 ' T 1/2
Qe = _E DeneV(kTe) + §¢ekTe . (2.19) Iy = OGGSﬁb (M_) > (3.2)
P
Poisson’s equation is expressed as whereMy is the positive ion mass. We have a density balance
2, e between negatively and positively charged particles given by
VIV = - P (Mp = Ne — M), (2.20) Ne + Nn = Np. By measuring electron and positive ion sat-

whereV ands, are the potential and the permittivity of free Uration currents and the slope of the prab® curve, one

space, respectively. can obtain the densities of electrons, negative ions, positive
Boundary conditions used in solving egs. (2_7)_(2.9)i,0ns, and the electron temperatdfé The ratio ofTe to T, is

(2.18), and (2.20)aré = 0,n; = O (i=e, p, n), andVTe = O assumed to be 50. To determine this ratio more accurately,

&ne must use a separate double probe along with the single

at grounded metal walls. The charged particle flux and flux o%5)

electron energy are obtained using an exponential scA&@meP P
The equatiqns are di;cretizeo_l by the_finite di_ffer_ence metth Results and Discussion
for the spatial derivatives, while the time derivations are dis-

cretized by forward Euler differencing (FCTS). The numeri- e consider an empty cylinder, without a substrate plate,
cal method is described in ref. 23. although our model is presently capable of including arbitrar-

ily shaped structures in a cylindrically symmetgicz) geom-
3. Experimental etry. All chamber walls are considered to be conducting and

The chamber is a stainless-steel cylinder with interior dl(_alectrically grounded, and the power coupling from induction

mensions of 50 cm height and 15cm radius. A single turfoils is treated with the power deposition profile based on a
coil is placed 0.2 cm distant from a 1.9-cm-thick quartz platéalculated electric field.

The diagnostic port is at the one-quarter point to the quartz F19Ure 2 shows the spatial distributions of the power depo-
plate along the cylinder axis. The plasma chamber is evactition based on eq. (2.5) for oxygen plasma at 20 mTorr. Here
ated by a turbomolecular pump which has a pumping spe&@ usel,s = 40 A. The behavior of ICP reactors is largely de-

of 600 I/s backed by a rotary pump giving a base pressure tarmined by the spatial variation and the penetration of the az-
about 5-8x 107 Torr. The equilibrium gas pressure in thelMuthal electric field. The maximum azimuthal electric field

chamber is monitored using a cold cathode gauge. To furthi§r 200 V/m immediately below the dielectric roof. The to-
control the chamber pressure, the gate valve could be md

al deposition power into the plasma reactor is about 200 W.
ually adjusted to vary the pumping speed. The oxygen gé@e peak power deposition is 2 W/érat 1.8 cm below the
pressure was varied in the range of 1-80 mTorr.

dielectrics. Since the conductivity determines the penetration
The induction coil is made of copper and connected to a (of the electric field, small variations in the slopes of either the
type capacitive matching network, a directional coupler (Amglectric field or conductivity result in larger variations in the
plifier Research DC2600), and a power amplifier (ENI A-500p°Wer deposition. _ o
driven by a function generator (Thander TG2002). A disk- In Fig. 3, 2D spatial profiles for potenti®, ionization rate
type Langmuir probe is used in the experiment to measure the
positive ion density, electron density, electron temperature,
and plasma potential. —

™

Experiments were conducted at several pressures and pow-£

10

ers. In order to allow the chamber to reach equilibrium, the mi
i
5}
S
Table |. Gas transport and rate parameter values. Q
3 0.15
Name Symbol (o)) g
Electron Diffusivity N De (cm s)* 4.17 x 1072 §
Positive lon Diffusivity NDp (cm syt 5.15 x 107 R (m)
Negative lon Diffusivity N Dp (cm syt 6.37 x 10%7
Electron Mobility Npue (Vems)yt 1.39 x 1072
Positive lon Mobility Nup (Vem syt 2.00 x 1019
. - —1 9
Negative lon Mobility Nun (Vemss) 248x 104 Fig. 2. Profiles of absorbed power for oxygen plasma at 20 mTorr.
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Fig. 3. Profiles of potential, ionization rate, electron temperature, electrdfig. 4. Profiles of potential, ionization rate, electron temperature, electron
density, positive ion density, and negative ion density for 5mTorr oxygen density, positive ion density, and negative ion density for 10 mTorr oxygen
plasma. plasma.

R, electron temperaturg, electron density,, positive ion electronegativity f,/ne) is higher than unity. The negative
densityn,, and negative ion density,, all of which reached ion densities are two to three times larger than the electron
the steady state, are plotted for the case of nonuniform powdensity, while the peak plasma potential is about 29V. This
deposition for 5mTorr pressure oxygen plasma. The ioniz#és due to the low-power operation. As the absorbed power in-
tion rate is almost uniform in the radial direction in the bulkcreases, the electron density becomes larger than the negative
region. At low pressure< 5 mTorr), other types of power de- ion density. In this model, the Oions are essentially at room
position profilé) such as an exponentially decreasing profiléemperature. Since they are not energetic enough to scale the
(P = Pye%?%) are found to have little effect on the plasmaplasma potential to higher values, the @ns pool at the peak
density profile. of the plasma potential. The off-axis maximum along the ra-
When the gas pressure is increased to 10 mTorr, as shodial direction in the O density is a good indication of the
in Fig. 4, the plasma potential increases and charged pattication of maximum in the plasma potential.
cle densitiesrfe, N, andny) are also increased by a small Applied power to the antenna at 13.56 MHz generates an
amount. The ionization rate profile is the result of the comescillating plasma and produces an azimuthal electric field,
bined effect of the electron density and the electron tempeais shown schematically in Fig. 1. In an ideal reactor, the az-
ature. The ionization rate is higher in the radially centereninuthal electric fieldgy is zero on the axis and zero on the pe-
region than in the radial sheath region. The spatial profilegphery, thereby peaking in an annular region at roughly two-
for ionization rate and electron density are very similar. Ththirds the radius. Hence, in Fig. 5, the coil shape could pene-
effect of localized heating near the roof is clearly evident byrate through the entire plasma so that the coil image could be
the axial variation of the electron temperature which peakedansferred into the plasma. The spatial variation in the axial
below the dielectric window roof. The resulting electron temand radial directions is sufficient to sharply maximRe at
perature profile is high on the source side so that the electrtarger, and to cause the ionization rate to peak off axis. The
temperature gradients are steep. The resulting temperat@% density and plasma potential have an off-axis maxima co-
dependent ionization rat®;, is larger in the source region inciding with the toroidal power deposition. Off-axis maxima
than in regions farther from the coil. The density profilesn the ion density results in a net flux of ions towards the axis.
are significantly altered by the asymmetry of the source r&his can only be sustained if there is a “sink” on the axis. In
gion. The electron density begins to decrease near the awelecular gases, attachment and dissociative recombination
ial midpoint, whereas the ion densities, (and n,) have a provide a volumetric sink which can sustain an off-axis max-
smooth transition approaching the axial bottom. Quasineima. Radial fluxes from an off-axis maximum can be redi-
trality (ne + nn = np) exists in the entire plasma region. Therected towards the upper and lower boundaries and thereby
positive ion density for the 10 mTorr discharge has a maxsustain the off-axis maxin®) The ionization rate is almost
mum value of about.5 x 102 cm~3 which exceeds the elec- zero outside the power deposited region and has peaks near
tron density. Also, on a reactor-volume-averaged basis, thige radial plasma sheath boundary. The off-axis maxima in
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Fig. 5. Profiles of potential, ionization rate, electron temperature, electron
density, positive ion density, and negative ion density for 20 mTorr oxygen

plasma.
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the negative ion density, typical for 2D discharges, are clearkig. 7. Negative ion densitiy as a function of pressure at 200 W, and com-
observed. The negative ions are generated by the electron agarison of model results with experimental data.

tachment, which is high where the electron temperature has
a large value. Hence, the negative ion density peaks off-axis
below the quartz window where the electron temperature and

electron density have large values.

In this study, the effect of gas pressure on the electron tem-
perature is investigated. In Fig. 6, we note that the results of
the simulation agree reasonably well with the results of the
global model and experimental resud®s The difference may
be due to the neutral gas uniformity assumption. The global
model can provide a quick estimation whereas the fluid model

can provide spatial profiles of the parameters.

The pressure dependence of the negative ion density is
shown in Fig. 7. In this simple reaction model in which
O neutral reactions are ignored, the ®alance is governed
by dissociative attachment to,@nd ion-ion recombination,

which causes its density to increased at low presSiirén

Fig. 7, the negative ion density increases as pressure is in
creased. The 2D fluid simulation, global modeling, and ex-
perimental measurements produce similar scaling. However,

Negative ion density (10*°* m*)

10°

200 W 10 mTorr

10?

0.1

0.01

"2D fluid model ne ) :

Experimental data ne (r) <
Nn (r) +-
np(r) &

6 g 10 12 14
Radial distance (cm)

Profiles of electron, negative ion, and positive ion density along the

radial direction at the center of the axial directian= 25 cm) are shown,
and simulation results are compared to experimental results.

it is expected that as pressure is increased further the negatimated compared to the experimental results.

ion density will saturate and decreases because the recombiThe density profiles of charged particles along the radial di-
nation loss dominates over the diffusion loss in medium- aection az = L /2 are shown in Fig. 8. Here, the results of 2D
high-pressure regions. The model predicts that the magnitufleid simulation are compared with the experimental results.
of the plasma density is primarily determined by the elecfhe simulation results have higher values of magnitude by
tron power balance, eq. (2.7). This power balance equatiomore than the order of one. The reason may be that the elec-
neglects other energy losses such as attachment, detachmgaty energy loss is underestimated as mentioned before, and
pair production, dissociative ionization, and dissociation. Thehat the calculated absorbed power shown in Fig. 2 is over-
average electron energy loss per collision is thus underestistimated. We obtain the absorbed power, assuming that the
mated. Therefore, the simulation results of the magnitude dfscharge is fully inductive [note that eq. (2.5) is used]. In
the plasma density and the electron temperature are overesdiality, the discharge is partly inductive and partly capacitive.
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