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Theoretical and Experimental Investigations of
Chlorine RF Glow Discharges

|. Theoretical

Eray S. Aydil' and Demetre J. Economou

Department of Chemical Engineering, University of Houston, Houston, Texas 77204-4792

ABSTRACT

A comprehensive model of chlorine plasma etching of polysilicon in a parallel plate reactor was developed. The Boltz-
mann transport equation and a bulk plasma model were used to calculate the rate coefficients of electron impact reactions.
These coefficients were then used in a transport and reaction model to calculate the atomic chlorine concentration distri-
bution. The same methodology may be applied to other plasma systems as well. Theoretical resuits for an empty reactor
(no polysilicon film) are presented in this paper. Unified plots were developed which relate the electron density, self-sus-
tained electric field, and electron impact coefficients in the bulk plasma to pressure, power, and reactor geometry. The cal-
culated atomic chlorine concentration showed similar dependence on pressure and electrode spacing for either first or
second order surface recombination kinetics. Experimental verification of the model predictions is presented in the ac-

companying paper.

Chemically reactive gas plasmas are used widely for
manufacturing of integrated circuits, especially for etch-
ing and deposition of thin films (1). For example, chlorine
and chlorine-containing plasmas are used to etch polysili-
con, aluminum, and. compound semiconductors (2). De-
spite the wide use of plasma processes, plasma reactor de-
sign continues to rely heavily upon trial-and-error
procedures. The operating conditions, such as pressure,
power, gas flow rate, and gas composition are varied in an
empirical fashion until the process performance is satis-
factory. This empirical approach is taken because of the
complexity of the plasma and the intricate coupling of dif-
ferent physicochemical phenomena. When a satisfactory
design is thus identified, however, it is invariably difficult
to scale to new processes or levels of performance. Mathe-
matical models can provide more rational methods for re-
actor design, and can be used for process optimization and
control. The models must be tested with experimental
data obtained under well-characterized conditions in order
to improve accuracy and extend the range of validity.

There are a variety of phenomena affecting the outcome
of a plasma process (3,4). Both charged and neutral particle
transport and reaction, potential distribution in the plasma
and in the sheath, and plasma-surface interactions
strongly influence reactor behavior. Recently there has
been emphasis on plasma reactor modeling and diagnos-
tics in order to improve our understanding of reactive gas
plasmas, and to develop more rational procedures for
plasma reactor design. Several investigators have con-
ducted modeling and/or experimental studies of low-
pressure plasma systems (5-23). In each of these investiga-
tions, different aspects of the problem were emphasized.
Graves (8) simulated an electropositive discharge using a
continuum model with emphasis on the discharge struc-
ture and physics. Boeuf (9) studied an electronegative RF
discharge, whereas Tsai and Wu (10) modeled two-dimen-
sional RF discharges in nitrogen and sulfur hexafluoride.
Kushner (11) and Cleland and Hess (12) emphasized the
discharge chemistry, while Dalvie et al. (13-14), Folta and
Alkire (15), Kao and Stenger (16), Kobayashi et al. (17), and
Venkatesan et al. (18) emphasized neutral transport and re-

! Present address: AT&T Bell Laboratories, Murray Hill, NJ
07974-2070.

action phenomena. Other investigators focused on under-
standing the plasma sheath and ion bombardment of sur-
faces (6, 19, 20). Kline and Kushner (21), and Graves (22)
reviewed recent experimental and theoretical efforts in
plasma processing.

Recently, Economou and Alkire (23), and Economou
et al. (24) combined submodels describing the different
aspects of the plasma reactor into an overall engineering
model. Similar approaches have been taken by other re-
searchers (25). However, a detailed analysis of the bulk
plasma was not included. In the present study, a detailed
description of the bulk plasma is included in an overall
plasma reactor model.

Besides being a system of industrial importance, chlo-
rine plasmas have been studied to some extent and there is
a reasonable amount of information in the literature con-
cerning the dominant species and reactions (26-30). Fur-
thermore, chlorine plasmas involve a simple gas where po-
lymerization does not occur. The chlorine plasma was
chosen to elucidate the coupling between electron kinetics
and neutral transport and reaction in plasma reactors.
However, the general method of approach followed in this
study may be applied to other plasma systems as well.

A model of the Cl, plasma etching of polysilicon was de-
veloped from first principles and was tested experimen-
tally using various plasma diagnostics. The experimental
and modeling approach is shown in Fig. 1. The overall
model can be conceptually separated into four different
submodels: the Bolizmann transport model, the bulk
plasma model, the sheath model, and the etchant transport
and reaction model. The electron energy distribution func-
tion, electron impact reaction rate coefficients, and elec-
tron transport properties, were determined by solving the
Boltzmann transport equation. The time-dependent elec-
tron density and self-sustained electric field were calcu-
lated using an extension of the bulk plasma model de-
veloped by Rogoff et al. (26). The time-averaged reaction
rate coefficients and electron density were subsequently
used in a neutral transport and reaction model to deter-
mine the etchant concentration profiles, etch rate of poly-
silicon, and uniformity of etching. The predictions of the
submodels, and of the overall model, were compared with
experimental measurements. In general, the four sub-
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Fig. 1. Organization of the modeling and experimental studies.

models are coupled with one another. For example, the
neutral transport and reaction model provides the gas
composition, which in turn affects the electron energy dis-
tribution function. The latter affects the electron impact
reaction rate coefficients, and therefore the plasma gas
composition.

In this paper, theoretical results are presented for an
empty reactor (no wafer with polysilicon film present). The
corresponding experimental results and comparison with
the model predictions are presented in the accompanying
paper (Ref.(31), hereafter to be referred to as Part IT). Anal-
ysis of polysilicon etching will be reported elsewhere.

Mathematical Model

A mathematical model for a chlorine plasma sustained
in a parallel plate reactor was developed. A schematic of
the reactor is shown in Fig. 2. The feedstock gas enters the
reactor uniformly through a showerhead electrode and is
dissociated into reactive radicals as the gas flows radially
outwards. The radicals are transported by diffusion and
convection, and participate in both homogeneous and het-
erogeneous reactions. Positive and negative ions as well as
electrons are also created by electron impact of the neu-
trals.

Key internal plasma properties including electron
energy and density, concentration distribution of charged
and neutral species, and ion bombardment energy and
flux cannot be controlled independently, but are deter-
mined instead by the reactor operating conditions. These
plasma properties, in turn, determine the process out-
come, such as etch rate, etch profile (anisotropy), unifor-
mity, and selectivity. In this paper, key internal plasma
properties are calculated as a function of operating condi-
tions (such as the reactor geometry, pressure, gas flow rate,
and power) in an empty reactor.

In order to reduce the problem to a computationally
manageable level, it is necessary to introduce certain as-
sumptions. Inevitably, the assumptions limit the range of
operating conditions for which the model is valid. In the
present case the model is valid for high pressures (>>0.25

Gas In Maltehing
l Network
) Showerhead ( ) 1
Shield Electrode
RF Power
4
z
Gas Out <+—— 2L Glow L’ —— Gas Out
r
i ® ’
Wafer e B
—_—
Shield L §

Fig. 2. Schematic of the single wafer plasma etching reactor studied.
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Table |. Important reactions in the chlorine discharge.

Atomic Cl+e —Cl* + 2e [R1]
ionization

Molecular Cl;+e - Cl} + 2e” [R2]
ionization )

Dissociative Ch+e -CL*->Cl"+Cl [R3]
attachment .

Dissociative Cl+e - CL(CH) +e —2Cl +e” [R4]
excitation

Dissociative Cli+e > Cl*+Cl+2e [R5]
ionization

Other electronic  Cly + e~ — Cl; (B[, 2!I1 and 2!3) + ¢~ [R6]
excitations Cl+e - Cl*+e [R7]

Vibrational Clh+e »Cl+e [R8]
excitation

Volume Cl+Cl+M—-Cl+Cl [R9]
recombination 1

Wall Cl + wall » — Cl, [R10]
recombination 2

Torr), intermediate excitation frequencies (3-20 MHz), and
large electrode gaps (>1.0 cm). The specific assumptions
pertaining to each submodel are discussed separately with
the development of that submodel. Further refinements of
the model should concentrate on relaxing the assumptions
while keeping the general methodology.

Boltzmann transport model.—The electron energy distri-
bution function (EEDF) plays a central role in determining
the plasma chemistry and kinetics. The mean electron
energy, the electron transport coefficients, and the rate co-
efficients for electron impact reactions may be calculated
from knowledge of the EEDF. The EEDF is often assumed
to be Maxwellian because proper calculation of the EEDF
is a problem of considerable complexity. A major diffi-
culty is that the collision cross sections for electron impact
reactions, especially for electron-radical collisions, are not
known. Hence, in many plasma modeling works, key
plasma properties, such as electron density and energy,
are treated as adjustable parameters.

In this study the EEDF was obtained by solving the
Boltzmann transport equation (32)

(i+v-V,~§-Vv)f(r,v,t)=<a—f) =S [1
at m,

e collisions

The EEDF depends on the electric field, the gas density,
and the nature of collisions that electrons undergo in the
plasma. More specifically, the electric field to neutral den-
sity ratio, E/N, the plasma composition, and a set of colli-
sion cross sections are needed as input to the Boltzmann
equation to evaluate the collision integral, S, and the
EEDF. Electron collision processes considered in this
work are given in Table 1. Total ionization and attachment
cross sections for molecular chlorine have been measured
by Kurepa and Belic (33). Other collision cross sections
have been estimated by Rogoff et al. (26). For the chlorine
discharge, momentum transfer, molecular ionization, dis-
sociative ionization, ion-pair formation, dissociative at-
tachment, molecular excitations to B, 21, and 23
states, dissociative excitation to C'II state, vibrational ex-
citations, atomic ionization, and atomic excitations were
considered. Atomic excitation cross sections from Ganas
(34) were used. A computer code developed by Morgan (35)
was adopted to solve the Boltzmann transpert equation.
Morgan assumed that the EEDF was independent of posi-
tion and used first order spherical harmonic expansion to
solve the Boltzmann equation. The isotropic EEDF fi(e) is
normalized using

f " e2f,(e) de = 1 [2]

0

A semilogarithmic plot of fy(e) vs. € is a straight line for a
Maxwellian distribution. This enables one to compare the
calculated EEDF to a Maxwellian distribution. Details of
the calculation, discussion of assumptions, and evaluation
of the collision integrals can be found in Morgan’s report
(35) and references therein.

Downloaded on 2016-09-15 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

1398

Once the EEDF is calculated, a number of important
quantities, such as the electron drift velocity, rate coeffi-
cients for electron impact reactions, and the mean and
characteristic electron energy can be computed (32,35).
For example, the rate coefficients for reactions [R1]-[R4] of
Table I are given by

2 V2 re
ky = <_e_) j Jole) o(e) ede (3]
me 0

In a pure chlorine discharge the reaction rate coefficients
are functions of E/N and atomic chlorine mole fraction, 4,
since the EEDF is a function of these two variables.

Bulk plasma model.—For a given set of operating condi-
tions, the bulk plasma model can predict the time-depend-
ent self-sustained electric field as well as the electron den-
sity. Once the electric field waveform is known, the
time-dependent electron impact reaction rate coefficients
and electron energy can be found for a self-sustained dis-
charge.

It was assumed that “beam electrons” which may be
created by secondary processes at the electrode surface do
not penetrate the bulk plasma. Hence, ionization by bulk
electrons was assumed to be the dominant mechanism for
electron production in the plasma. It was further assumed
that the EEDF follows the instantaneous electric field (i.e.
it is modulated completely). For this assumption to hold,
the electron energy relaxation frequency, v,, must be
higher than the applied radian frequency, . Flamm
(36, 37) estimated v, for a Cl, discharge at 0.3 Torr to be
about 63 MHz. The region in the E/N-N parameter space for
which v, > o was calculated by Rogoff et al. (26). It was
found that, for an atomic chlorine mole fraction of 0.4 and
E/N =190 Td, v, = w at 0.4 Torr, and v, < » below 0.4 Torr.
Hence the approximation that the EEDF is modulated by
the applied frequency does not appear as good at low pres-
sures. Fortunately, as pressure is lowered below 0.4 Torr,
electron diffusion losses become significant and cause the
self-sustained E/N to increase well above 190 Td, increas-
ing the elecfron energy relaxation frequency as well.

At high pressures (more accurately for high values of
NA, see Results and Discussion) the electron balance is
dominated by single-step ionization of molecular and
atomic chlorine, and attachment to molecular chlorine
(26). At low pressures, electron loss by diffusion and drift
to the walls becomes significant compared to attachment.
Recent distributed parameter continuum models of the
chlorine discharge have shown that the electron density
and energy, as well as the electric field, are uniform in the
bulk plasma and change rapidly only across a very thin
sheath next to the electrode surface (38). This uniformity
in electron density is a result of reduced space charge ef-
fects in the bulk plasma due to the large density of nega-
tive ions, Cl. Hence, a time-dependent lumped parameter
model can be used to calculate the electron density and
energy, and the bulk electric field. In this model, the
charged particle density and the electric field are assumed
to be spatially uniform in the bulk plasma. The electron
balance can be written as

dn, D,
= (k; + (kp ~ k. Nn,——n,
at (ki yy + (kie 2 Yz2) N1, A2 N, [4]

The terms on the right hand side of Eq. [4] account for elec-
tron production by atomic (rate coefficient k;;) and molec-
ular (k;;) ionization, and electron loss by attachment (k,)
and diffusion, respectively. For the reactor configuration
used in this study the characteristic diffusion length, A,

was taken as
1 _ <2.405>2 + (11 )2 51
A\ T 2L

An expression for the ambipolar diffusion coefficient of
electrons in a gas discharge containing an arbitrary mix-
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ture of charged species has been derived by Rogoff (39).
For a discharge with three types of charged species (nega-
tive ions, positive ions, and electrons), and with a high
ratic of ion to electron density (x = n./n.>>1), the electron
ambipolar diffusion coefficient can be approximated by

Dy = De( X ) [6]

Br T X

where p, = po/(p: + p-), and D, is the free electron diffu-
sivity. If one also has x >> ., the electrons diffuse freely in
a sea of neutrals and ions. Under the conditions examined
in this work, x was between 50 and 300, and p, was esti-
mated to be 200. The electron diffusion coefficient was de-
termined from the EEDF. Then the ambipolar diffusivity
was estimated to be 10% cm?¥s at 1 Torr and 300 K. Further-
more, the product of the diffusion coefficient and neutral
density was taken to be constant. The plasma temperature
was assumed to be independent of position and constant
at 300 K (26, 27).

The positive and negative ions are too heavy to respond
to the high frequency field and do not contribute appre-
ciably to the current flowing through the plasma. The total
current can therefore be approximated as the sum of the
electron conduction current and the displacement current

dE
It = eAne Vgt € A 71? [7]

The total current was assumed to be sinusoidal
I, = I sin (wt) {8l

where o = 27v,. The peak current, I, is related to the time-
averaged power dissipated in the plasma by

<Pgp> = " E(t) sin () dt 191

ZLIOJ'H-

t

Due to the high resistivity of the bulk plasma in electro-
negative discharges, a large fraction of the power is dissi-
pated in the bulk. The power dissipated in the sheaths, as
estimated from experimental measurements of the ion
bombardment flux and sheath voltage, was typically less
than 10% of the total power and was neglected.

Equations [4] and [7] can be solved for the steady-state
electric field and electron density waveforms by knowing
either the peak current or the time-averaged power dissi-
pated in the plasma. These equations were solved as an ini-
tial value problem until a periodic steady-state was
reached. Using power as input, the peak current was found
by a Newton-Raphson iteration.

At the steady state, the electric field varied periodically
with a frequency equal to the applied frequency, while the
electron density varied periodically with twice the applied
frequency. The rate coefficients for reactions [R1}-{R4] of
Table I, and the mean and characteristic electron energy
are all functions of time through their dependence on E/N.
The time-average of a quantity g was calculated by inte-
grating over a period

1 1
<g@> =~ f gy, t) dt [10]

t

For example g can be n,, ks, kg, €, or T.. The time-averaged
quantities were used in the transport and reaction model
and/or compared to experimental measurements. Such
comparisons are made in Part II.

Neutral transport and reaction model.—The parallel
plate plasma etcher shown in Fig. 2 is radially symmetric
and a two dimensional (r, z) mathematical model is suffi-
cient to describe the fluid velocity, etchant concentration,
and etch rate profiles in the reactor, The momentum and
mass balances were decoupled by assuming constant
physical properties and negligible volume change upon re-
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action. The pressure was high enough for the continuum
approximation to be valid.

The gas velocity distribution was found by solving the
continuity and Navier-Stokes equations

V-u=0 [11]
pu-Vu+V-74+ VP =90 [12]
The following boundary conditions were used

u=0 v=0 at z=-L and O0=sr=r, [I13]

u=0 v=-v, at z=L and Osr=r. [14]

u=0 v=0 at z=L and r.=r=7r, [15]
v

u=10 B——=0 at ~L=z=<L and r=0 [16]
T

zZ\2
u=umax(1—(z)),v=0 at -L=<z=L and r=r
17]

where u and v are the radial and axial components of the
velocity vector. The gas velocity at the showerhead v,, and
the maximum velocity ., are given by

= %ac (18]

Boundary conditions Eq. {13] and Eq. [15] imply no slip on
the walls. Equation [14] is for a uniform gas entrance veloc-
ity at the showerhead electrode, and Eq. [16] is a result of
radial symmetry. A well-developed parabolic velocity pro-
file at the reactor exit was assumed (Eq. [17]). The gas vis-
cosity was calculated using standard estimation tech-
niques (40) and was found to be 140 p.P at 300 K.

The Navier-Stokes and the continuity equations were
solved using the penalty function formulation and the fi-
nite element method (FEM). The numerical solution was
verified with an approximate solution (24). For low flow
rates (<30 scem), for which the Reynolds number is low
(1 > Re = vy,L/2v), the approximate solution described the
flow field accurately and was subsequently used in the
etchant mass balance.

In the absence of appreciable concentration of reaction
products, the total gas concentration is

P

cgte=N-=
1 2 koT,

[19]

where subscripts 1 and 2 refer to atomic and molecular
chlorine, respectively. Moreover, the time constant for
etchant reactions is much greater than the applied fre-
quency. Thus, although the etchant production rate is
modulated by oscillations of the electron energy, the
steady-state etchant species concentration will assume a
time-independent average value. Hence, no time depend-
ence was included in the etchant mass balance.

Electron impact dissociation, reaction [R4], and disso-
ciative attachment, reaction [R3), are two possible chan-
nels for production of atomic chlorine. Production of C1
via the latter reaction was estimated to be 20-40 times
smaller than the former (26). Dissociative attachment is an
important reaction for production of negative ions and loss
of electrons, but is relatively unimportant for the produc-
tion of Cl. In the absence of etchable material, atomic chlo-
rine is removed from the reactor mainly by heterogeneous
recombination reactions on the electrodes. During etching
of a film (e.g., polysilicon), the etching reaction also acts as
a sink of atomic chlorine. At relatively high pressures,
atomic chlorine is also eliminated via the homogeneous re-
combination reaction [R9], where M is a third body re-
quired to conserve momentum and energy in the collision.
The reaction rate coefficient for [R9] was taken from Lloyd
(41) (k;in Eq. [20] is 9.0 x 107% cm%s-mol?, twice the k
value reported by Lloyd). The etchant mass balance can
then be written as
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—'Dl V2 cpt+u- v ¢y — <(2kd + ka) Ne>Cy + er§CM =0 [20]

The product of pressure and diffusion coefficient for
atomic chlorine in molecular chlorine was estimated to be
75 Torr-cm?s at 300 K (37). The term in brackets is the
time-averaged production rate coefficient of atomic chlo-
rine calculated from Eq. [10]. This term couples the Boltz-
mann transport model, bulk plasma model, and etchant
transport and reaction model. It should be noted that the
production rate coefficient is a function of ¢, since the
EEDF depends on c¢,. Furthermore, ¢; is a function of posi-
tion in the reactor, making the radical production rate co-
efficient spatially dependent. However, for small atomic
chlorine mole fractions (y; < 0.2) the dependence of this
coefficient on ¢; is weak and its effects are secondary (see
results and discussion). Under this condition, the etchant
production rate coefficient can be considered independent
of position, and is then only a function of pressure, power,
and reactor geometry.

Etching and wall recombination reactions enter the
model through the boundary conditions

— =0 at and

r=0,1r="1{
ar

-L<z<L [21]

acy

‘D16——Uw01=Rw(Cl) at z=L and 0<r<r,
Z

[22]

¢
—Dla—1=Rw(cl) at z=L and r.<r<7
2z

(23]

ac
D1—6—1=Rw(cl) at z=-L and O<r<r, [24]
zZ

where R,, is the wall recombination rate (reaction [R10])
which depends on the wall material and surface condition.
Heterogeneous recombination reaction kinetics is poorly
understood. The reaction rate coefficient and even the
mechanism of recombination may change with subtle
changes of the surface condition. For example, Ogryzlo
(42) found that the surface recombination rate coefficient
depended on water contamination. The rate coefficients on
the same material may differ from “day to day” (43), even
when measured by the same investigator (44). Generally,
wall recombination is assumed to obey first order kinetics,
although second order and Langmuir-Hinshelwood kinet-
ics have also been used (29). In this study a power law de-
pendence was used, namely

Ry (c) = ko ¢} [25]

where k, is the nth order reaction rate coefficient. On sur-
faces undergoing etching boundary condition Eq. [24] is re-
placed by

acy
Di—=Ry(c) + R I, Ey, cp)
0z
at z= ~-L and O0<v<r, [26]

Sheath model.—Ion transport in the sheath is important
because it affects the ion bombardment energy and flux,
and in turn the etch rate and anisotropy through Eq. [26].
Ions are accelerated in the sheath, and, while doing so, suf-
fer collisions, mainly with neutrals. These collisions re-
duce the ion bombardment energy to values below the
sheath voltage. For frequencies above the ion transit fre-
quency (1-3 MHz), ions do not respond to the instantane-
ous sheath electric field, and an equivalent dc sheath
model may be used. Unfortunately, models of the electro-
negative sheath, especially in the collisional regime, are
not well developed. Economou et al. (20) have considered
an equivalent dc sheath model in the collisional regime.
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The model couples the current continuity equation to the
ion fluid equation of motion and to the Poisson equation
for the potential distribution in the sheath. It was shown
that, under conditions of interest in plasma etching, the di-
mensionless ion drift velocity and the dimensionless
sheath potential are related by

(10 Vx5
2Co)¥ (1 + 2 Co)®

W)= [27]

where the collision number is Co = 0.5 N\p oy, and the di-
mensionless variables are defined as follows

eV, . m
V=g WS ue N\ (28]
Bie Ble

The model of Economou et al., assumes Maxwellian elec-
trons in the plasma, an assumption which does not hold
for the chlorine plasma. However, the characteristic elec-
tron energy calculated from the EEDF was used as an
“equivalent electron temperature.” The mean ion bom-
bardment energy (normal to the electrode) can be calcu-
lated from the drift velocity using

E.~(gm)
={-m
+ 2 + Wy

The sheath model does not take into account the presence
of negative ions. This may be a poor approximation espe-
cially at low frequencies (< 1' MHz). Nevertheless, this
model was used to obtain estimates of the mean ion
energy. As shown in Part II, the model predicts the experi-
mentally measured ion bombardment energy surprisingly
well.

(29]

Results and Discussion

Boltzmann transport model.—The EEDF in the chlorine
plasma was found to be nonMaxwellian for the range E/N
10-600 Td and mole fraction of atomic chlorine y, = 0-1
studied. For a given atomic chlorine mole fraction the
EEDF is a function of E/N only. The EEDF for y; =0 is
shown in Fig. 3 for several values of E/N. The tail of the
EEDF falls off rapidly as the high energy electrons are de-
pleted via various inelastic collisions. As E/N increases, the
EEDF becomes more Maxwellian-like (i.e. closer to a
straight line). However nonMaxwellian behavior was still
evident even at 500 Td.

The effect of atomic chlorine mole fraction on the EEDF
at E/N = 200 Td is shown in Fig. 4. The tail of the EEDF
rises as the atomic chlorine mole fraction in the plasma in-
creases. This is because the momentum exchange cross
section of atomic chlorine is smaller than that of molecular
chlorine.
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Fig. 3. Electron energy distribution function for different E/N and for
atomic chlorine mole fraction equal to zero.
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Fig. 4. Electron energy distribution function for different atomic
chlorine mole fractions and E/N = 200 Td.

The mean electron energy and the electron impact reac-
tion rate coefficients all increased with increasing E/N and
increasing atomic chlorine mole fraction (with the excep-
tion of the attachment reaction). Figures 5 and 6 show the
mean and characteristic electron energy as a function of
E/N and atomic chlorine mole fraction, respectively. The
characteristic energy is defined as the ratio of the electron
diffusion coefficient to the electron mobility and is equal
to 2/3 of the mean energy for a Maxwellian distribution.

6 Characteristic Energy e

Eleciron Encrgy (eV)

0 1 I - 1 I
0 100 200 300 400 500 600
E/N (Td)

Fig. 5. Characteristic and mean electron energy as a function of E/N
and for two atomic chlorine mole fractions.

Characteristic Energy

Electron Energy (eV)

Mean Energy

| L L L | ) !

0.0 0.2 0.4 0.6 08 10

Atomic Chiorine Mole Fraction, v

Fig. 6. Characteristic and mean electron energy as a function of
atomic chlorine mole fraction and for E/N = 200 Td.

Downloaded on 2016-09-15 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

J. Eiectrochem. Soc., Vol. 139, No. 5, May 1992 © The Electrochemicai Society, Inc.

(For a Maxwellian distribution the electron temperature
and characteristic energy are identical.) The nonMax-
wellian character of the EEDF is also evident from Fig. 5,
which shows that the characteristic energy is higher than
the mean energy for E/N less than about 350 Td. As the
atomic mole fraction increases, the characteristic energy
decreases slightly, despite the fact that the mean energy
increases. Figure 6 shows that the characteristic energy is
relatively insensitive to the atomic chlorine mole fraction,
whereas the mean energy increases monotonically with in-
creasing atomic chlorine mole fraction.

The calculated total (molecular plus atornic) ionization
and attachment rate coefficients were similar to the ones
reported by Rogoff et al. (26), and are shown in Fig. 7(a).
The attachment rate coefficient k, is relatively insensitive
to the electric field and Cl mole fraction, as would be ex-
pected for collision processes with low energy threshold.
The calculated values of k, varied between 1.6 x 1071 and
2.2 x 10~ em?/s, and exhibited a slight maximum as a
function of E/N. The dependence of the electron impact
dissociation (reaction [R4]) rate coefficient on E/N and Cl
fraction is shown in Fig. 7(b). Reaction [R4] is the major
channel by which atomic chlorine, the etchant species, is
produced in the chlorine discharge.

It is convenient to develop analytic expressions for the
various rate coefficients since the results of the Boltzmann
transport model are used as input to the bulk plasma and
neutral transport and reaction models. Frequently, the
electron impact rate coefficients are represented as a func-
tion of the electron temperature by an Arrhenius-type
equation (8)

k; = kjo exp (— ;:;,’) [30]

where e, ; is the activation energy for reaction j (ionization
potential for example). Attempts to fit the rate coefficients
to the above equation were unsuccessful. Instead, the dis-
sociation and ionization rate coefficients were found to fol-
low an Arrhenius behavior as a function of E/N over the
range 100-500 Td, which includes the E/N values of inter-
est. The quality of the fit degraded at lower values of E/N.
Semilogarithmic plots of k,, k;, and kj; vs. the reciprocal of
E/N were straight lines and the rate coefficients were ex-
pressed as

o _(mNmm>
k; ’CweXP< @ [31]

where (E/N),.; is the “activation electric field to neutral
density ratio,” the slope of the semilogarithmic plot of k;
vs. the reciprocal of E/N. The activation field and the preex-
ponential factor depended on the atomic chlorine mole
fraction (45).

The weak field limit of the calculated electron mobility
and diffusivity values were 5.6 x 107 cm?%V-s and 3.3 x 10°
cm¥s, respectively, for y, = 0 at 1 Torr and 300 K. (All the
reported values of diffusivity and mobility are at 1 Torr,
300 K, unless noted otherwise.) The mobility decreased
with increasing E/N, but was approximately constant at
2 X 10° em?V_s (+ 15%) in the range 150-500 Td. The diffu-
sivity exhibited a maximum at low E/N and then decreased
from 2 x 10% em¥s at 10 Td to 10® cm¥s at 150 Td (45).
Above 150 Td, the diffusivity was approximately constant
at 10% cm¥s (+ 10%). For E/N greater than 50 Td, the drift ve-
locity could be represented by a power law

Vg = <E)y [32
qa =~ a ﬁ 1

with a and y depending on the atomic chlorine mole frac-
tion (26, 45).

Bulk plasma model—For a given reactor geometry,
power, and pressure, the state of the bulk plasma was de-
termined by calculating the electron density and self-sus-
tained electric field waveforms (see Eq.[4] and Eq. [7]). Fig-
ure 8 shows the electron density, current, E/N, and
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Fig. 7. (a) Attachment and total ionization rate coefficient as a func-

tion of E/N. (b) Electron impact dissociation rate coefficient as a func-
tion of E/N.

400 500

instantaneous power waveforms for two different condi-
tions, namely, 1.5 Torr-50 W and 0.5 Torr-100 W. Current
and E/N are nearly in phase for the low pressure-high
power conditions (i.e., for high electron density, Fig. 8(b),
whereas the field leads the current by approximately 42°
for the high pressure-low power conditions (i.e., for low
electron density, Fig. 8(a)). The electron density is modu-
lated only slightly. The peak value of the time-varying
electron density was generally less than 10% of the average
value. The electron density and instantaneous power were
not in phase. In fact, they can be nearly 90° out of phase
when the electron density is low, as shown in Fig. 8(@a).
When current and field are in phase, the instantaneous
power is always greater than zero (Fig. 8(b)) and the bulk
plasma acts as a resistor. This result will be used to sim-
plify the plasma impedance analysis in Part II.

There are a number of important internal plasma proper-
ties, including the time-averaged rate coefficients of elec-
tron impact reactions, electron energy and density, and
rms electric field to neutral density ratio. It is convenient if
these variables or groups containing the variables can be
expressed as a unified function of a scaling parameter for a
wide range of operating conditions. Examples of such uni-
fied scaling “laws” are given by Bell (46). For example,
when <n.>A?>10°cm™!, E/N and (<n, > V )(<Pgz> A)
become independent of electron density and are functions
of NA only (46). Thus plots of these groups as a function of
NA can be used to describe the state of the plasma.

It can be shown, by using an approximate solution to the
bulk plasma model, that for a given mole fraction of
atomic chlorine the following parametric groups are func-
tions of NA only

E
<N>rms = F; (NA) [33]
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<n> V, for sustaining a plasma having a higher atomic chlorine
P F, (NA) (341  concentration. Contrary to this expectation, the required
RF (E/N)ms decreases with increasing atomic chlorine mole
fraction. This is because the tail of the EEDF extends to
v, higher electron energies with increasing atomic chlorine
= F3; (NA) [35] mole fraction, as seen previously (see Fig. 4). The longer

<Pgp> AA? <n>

To test Eq. [331H35] and find the corresponding func-
tional relationships, Eq. [4]-[9] were solved numerically for
different values of power, pressure, and A. For each set of
operating conditions the time-averaged rate coefficients,
electron density and energy, rms E/N, and peak current
were computed. It was found that the parametric groups
shown on the left hand side of Eq. [33-35] were indeed
unique functions of NA. The functional dependencies are
shown in Fig. 9-12. Slight deviations from such functional
dependencies were observed when the electron density
was less than 7 x 108 cm™3.

The dependence of (E/N)ms on NA and atomic chlorine
mole fraction is shown in Fig. 9. The electric field to neu-
tral density ratio becomes independent of NA above
2.0 X 10'® cm™?, as the loss of electrons via diffusion be-
comes negligible compared to attachment. For high values
of NA, the self-sustained electric field is determined solely
by the dependence on E/N of the total ionization and at-
tachment rate coefficients. Now, since atomic chlorine has
a higher ionization threshold compared to molecular chlo-
rine, it may be expected that a higher (E/N)., is required

500

ll I IT T [ lil ‘lil T
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Fig. 9. Root mean square E/N as a function NA.

tail causes an increase in the ionization rate coefficients,
and shifts the intersection of the attachment rate coeffi-
cient with the total ionization rate coefficient towards
lower E/N (see also Fig. 7a).

The dependence of electron density on operating condi-
tions is shown in Fig. 10 in which the group (<n.>
V/(<Pgp> A) is plotted as a function of NA, for different
Y;- At constant power and constant A, the electron density
first increases with pressure, goes through a maximum,
and then decreases with further increase in pressure. Fig-
ure 10 also shows that the electron density changes only
moderately for moderate variations of the atomic chlorine
mole fraction. Figure 11 shows a group containing I, as a
function of the reciprocal of NA, for several atomic chlo-
rine mole fractions.

Since the electron impact reaction rate coefficients are
functions of E/N and y;, their time-averaged values are
functions of NA only, for a given atomic chlorine mole
fraction. The time-averaged dissociation rate coefficient
was calculated using Eq. [10] and is shown in Fig. 12. The
dissociation rate coefficient is relatively independent of
operating conditions for high NA. However, <ks> in-
creases drastically at low NA as the electron diffusion loss
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Fig. 10. (V, <n,>)/(<Pg:>A) as a function of NA.
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and hence E/N required to sustain the plasma both in-
crease at low NA. An important quantity which is needed
to calculate the rate of production of etchant species in the
neutral transport and reaction model is the time-averaged
<k4 n.> given by

1 fe+r
<kane> = f nkq (EIN, yo) dt [36]
t

Since the electron density is only slightly modulated in
time one can write

<kgne> = <kg> <n> {37

Comparison of the production rate found using Eq. [36]
and Eq. [37] showed that Eqg. [37] is an excellent approxi-
mation (less than 1% error). Equations similar to Eq. [37]
can also be written for other electron impact reaction coef-
ficients such as ionization and attachment.

In practice, use of Fig. 10-12 may require some iteration
since the atomic chlorine mole fraction is generally un-
known. Consider for example Fig. 12. One may first esti-
mate the dissociation rate coefficient by assuming y; = 0.
One can then do a material balance to determine the
atomic chlorine mole fraction and use Fig. 12 again to ob-
tain a better estimate of the rate coefficient. It should be
emphasized at this point that Fig. 9-12 are applicable for a
pure chlorine plasma.

Neutral transport and reaction model.—To provide the
dependence of atomic chlorine concentration on pressure
and electrode spacing, Eq. [20] was solved for both first and
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Fig. 12. Electron impact dissociation rate coefficient as a function of
NA.

1403
25 L LI B | I LI L T ] T T T T I T T T T I LI B B
: a
20 C -
A E b ]
@ 15 F ¢
s C d
p C q
= 10p SR
> i 1
o7 - ]
5+ ]
C ]
0 _J AT TR T A R AT S i AN A

0 0.5 1 1.5 2 2.5

Pressure (torr)

Fig. 13. Atomic chlorine concentration at the center of the reactor as
a function of pressure for (o) n = 1, ky,y = 100 cm/s; (b) n = 2, ky2 =
1X10%em?*s " (c)n=2,kna=5X 10 em*s ; (d)n =1, k=
500 em/s; (e) diffusion limited process. Other conditions were 100 W,
25 sccm, and 1.27 cm electrode spacing.

second order surface recombination kinetics. The atomic
chlorine concentration at the center of the reactor as a
function of pressure is plotted in Fig. 13 for several values
of the surface reaction rate coefficient. For infinitely fast
surface reaction (diffusion limited process) the atomic
chlorine concentration increases linearly with pressure
(Curve e). The atomic chlorine concentration does not ex-
trapolate to zero value at zero pressure because of increas-
ing production rate with decreasing NA. The dependence
of atomic chlorine concentration on electrode spacing for
both first and second order reaction kinetics is shown in
Fig. 14. The behavior is very similar to that of Fig. 13. By
inspecting Fig. 13 and Fig. 14 one concludes that it is diffi-
cult to distinguish between first and second order surface
recombination kinetics simply by examining the depend-
ence of the atomic chlorine concentration on pressure or
electrode spacing.

Limiting cases of the neutral transport and reaction
model provide insight into the dominant transport pro-
cesses in the reactor as well as the kinetics of the heteroge-
neous reactions. In some limiting cases convenient ana-
lytic solutions are also possible. At low flow rate and
pressure, atomic chlorine loss by convection and volume
recombination is relatively unimportant. For example, at
0.5 Torr, 25 sccm, 100 W, and 1.25 cm electrode spacing, the
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Fig. 14. Atomic chlorine concentration at the center of the reactor as
a function of interelectrode spacing for (o) n = 1, k. = 100 cm/s; (b)
n=2kiz=1%X10"em*s ;(c)n=2,kya=5%X 10 P em?s;
(d) n = 1, k,; = 500 cm/s; (e) diffusion limited process. Other condi-
tions were 100 W, 25 sccm, and 0.3 Torr.
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combined loss rate by convection and volume recombina-
tion is less than 3% of the total loss rate. Under these condi-
tions, the atomic chlorine concentration is determined by
the rates of surface reaction, diffusion, and production.
When convection and volume recombination are negligi-
ble, the chlorine mole fraction is less than 0.2 (so that a
constant k, can be used, see Fig. 12), and there are no radial
concentration gradients in the reactor (e.g., no wafer pres-
ent), Eq. {20] is reduced to

d2y1 Dap
L TP -y)=0 38
ac 7 ( Y1) [38]

with the boundary conditions

d 0] d

S, DPngnoat =1 and =0 at g=0739]

dt n g
where

z Te <(2kg + ko) ne> T2
{=—;n=—;Day= ;

L L D,

In No 1o,
O, = ———— [40]
D,

The Damkohler number Da, is the ratio of the characteris-
tic time for diffusion to the characteristic time for etchant
production. The Thiele modulus ®, characterizes the rela-
tive importance of the wall recombination rate to the diffu-
sive transport rate. For high values of the Thiele modulus
the etchant loss process is diffusion controlled.

For first order heterogeneous reaction (n = 1) the solu-
tion to Eq. [38] and Eq. [39] is given by

9

Da,
cosh >
n
VD D Da,
% sinh < ﬁ) + cosh < 2"
® n? n

1

[41]

!
—

Y

For second order heterogeneous reaction (n=2) the atomic
chlorine mole fraction as a function of axial position can
be obtained from

1 Da,

=1 —-—2—<B— \/Bz—‘lsech2 (\/ =~
Da,

cosh <\/—n-23§> [42]
Da,

))seen (V55) 10

For infinitely fast surface recombination reaction (¥, — «
or @, — «) both Eq. [41] and Eq. [42] reduce further to

where

VDa, ap
tanh
(I) 2

B=<2+
2 L]

[44]

Equation [44] gives the atomic chlorine mole fraction when
surface recombination of Cl is limited by diffusion to the
electrodes. Hence the result does not depend on the heter-
ogeneous reaction rate coefficient.

The above equations give the atomic chlorine mole frac-
tion for different values of the relevant dimensionless
groups. It is therefore instructive to investigate the de-
pendence of these dimensionless groups on the externally
controlled reactor operating variables such as pressure,
power, and electrode spacing. The Damkohler number for
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etchant production Da, (see Eq. [40]) for example, may be
written as

2 F(NA) Fo(NA) <Pge>A 12
Da, = 2PN FANA) <Pu>A 1, [45]
DV,

In Eq. [45], FANA) is given by Eq. [34] and Fig. 10, and
<k4> = F4 (NA) is shown in Fig. 12. Thur, for given <Pgg>,
N, 1, and L, Da, may be found using Eq. [45]. Then, for
known surface reaction rate coefficient, the Cl concentra-
tion profile may be obtained using Eq. [41] or Eq. [42].

For first order kinetics, Eq. [41] can be used to evaluate
the atomic chlorine mole fraction at the reactor center
(at { = 0). Expanding the hyperbolic functions in Taylor
series and retaining only the first two terms and introduc-
ing dimensional quantities one can obtain

FoNAF(NA) <Pps>A /1 L
y| = —+—] [46]
=0 wrl k, 2D,

It turns out that the product Fi(NA) Fy(NA) is approxi-
mately proportional to (NA)~.. For infinitely fast surface
reaction (k; — ), the second term inside the brackets on
the right hand side of Eq. [46] dominates, and the atomic
chlorine concentration depends linearly on pressure and
interelectrode spacing (see also Fig. 13 and 14). As the in-
terelectrode spacing changes the production rate varies as
L1, while the diffusion rate varies as L2 Hence, for a dif-
fusion-controlled process the net result is an increase in
atomic chlorine concentration with increasing spacing.

Equation [46] shows that the atomic chlorine concentra-
tion c¢; should increase linearly with RF power for first
order recombination kinetics. It can be shown that ¢;
should increase as the square root of RF power for second
order kinetics. This suggests a method for exploring the
order of the surface reaction using the experimentally
measured atomic chlorine concentration as a function of
power. However, complications such as change of the
plasma radius as the power is varied make it difficult to ex-
tract kinetic information from the experimental measure-
ments of ¢; as a function of power. This point will be fur-
ther addressed in Part I1.

Summary and Conclusions

A comprehensive mathematical model of the chlorine
plasma etching of polysilicon was developed. An electron
kinetics model of the bulk plasma was coupled to the
Boltzmann transport equation to predict key internal
plasma properties such as the electron density and energy,
electron impact reaction rate coefficients, the current
flowing through the plasma, and the self-sustained electric
field to neutral density ratio. These key plasma properties
were then used in an etchant transport and reaction model
to predict the atomic chlorine concentration in the reactor.
Emphasis was placed on the methodology, so that similar
approaches can be used to model other plasma systems. In
the present work, the case of an empty reactor (no polysili-
con film present) was examined. The case of polysilicon
etching and uniformity will be examined in future publica-
tions.

The calculated electron energy distribution function was
nonMaxwellian. The mean electron energy increased
monotonically with increasing atomic chlorine mole frac-
tion y; in the reactor, whereas the electron characteristic
energy was rather insensitive to y;. In the range of E/N of
interest, the electron impact reaction rate coefficients were
found to increase exponentially with E/N.

Several key internal plasma properties were combined
in groups which were a function of NA only. In this way,
the results of the bulk plasma model were reduced to a few
unified plots which relate the electron density and energy,
self-sustained electric field, peak current, and electron im-
pact reaction rate coefficients to reactor operating parame-
ters (pressure, power, and reactor geometry). For values of
NA > 2 x 10 ¢cm~2, the electron impact reaction rate coef-
ficients were insensitive to NA. For lower values of NA,
these rate coefficients increased with decreasing NA. The
results of the unified plots are useful in transport and reac-
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tion models of the chlorine plasma, since the electron
properties and electron reaction rate coefficients can be
calculated from first principles and there is no need to
treat these important quantities as adjustable parameters.

The atomic chlorine concentration in the reactor was cal-
culated using different heterogeneous recombination ki-
netics. The atomic chlorine concentration showed similar
dependence on pressure and electrode spacing for either
first or second order surface recombination kinetics. Ana-
lytic expressions for the atomic chlorine mole fraction
were derived for simplified cases. The atomic chlorine con-
centration increased linearly with RF power for first order
surface recombination reaction, and was proportional to
the square root of power for second order recombination
reaction.

The assumptions introduced in the model reduce the pa-
rameter range over which the model is applicable. Specif-
ically, the model is applicable at intermediate frequencies
(=3-15 MHz), above the ion plasma frequency but below
the electron energy relaxation frequency, and at relatively
high pressures (>0.25 Torr) for which the continuum ap-
proximation is valid and secondary electron effects are
unimportant. Further refinements of the model should in-
clude an improved sheath model applicable to electroneg-
ative plasmas, and an energy balance to compute the gas
and wafer temperatures.

In order to improve their predictive capability, transport
and reaction models of plasma reactors must account for
the variation of key plasma properties (electron energy
and density, ion bombardment flux and energy, etc.) as a
function of reactor geometry and operating conditions.
One approach towards that end is to integrate the glow dis-
charge models (38) with the etchant transport and reaction
models. This approach is computationally unfeasible at
the present time, especially since the development of two
dimensional RF discharge models is still at its infancy (10).
A different approach was taken in the present work by
splitting the glow discharge model into bulk plasma and
sheath models. Comparison of the results given by the two
different approaches will be presented elsewhere.
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LIST OF SYMBOLS

A electrode area, cm?

c species concentration, cm™3

Co collision number

D diffusion coefficient, cm?¥s

D, electron ambipolar diffusion coefficient, cm?¥s

Da, Damkohler number for production, Eq. [40]

E electric field, V/iem

E, peak electric field, V/iem

E, ionh bombardment energy, eV

e electronic charge, 1.609 x 1079 C

To electron energy distribution function

I, peak current, A

I, ion bombardment current density, mA/cm?

I total plasma current, A

k, disgociative attachment reaction rate coefficient,
cm®/s

kg Boltzmann’s constant, eV/K

ka mo%ecular chlorine dissociation rate coefficient,
cm®/s

ki atomic chlorine ionization rate coefficient, cm®/s

k2 mo%ecular chlorine ionization rate coefficient,
cm?/s

kit totg} ionization rate coefficient, (y;ki; + (1 — y)ky),
cm?/s

k, nth order reaction rate coefficient, cm®"2/s
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homogeneous (volume) recombination rate coef-
ficient, cm®s

half interelectrode gap, cm

electron mass, g

ion mass, g

total neutral density, cm™*

positive ion density, em®

electron density, cm™3

pressure, Torr

time-averaged RF power, W

volumetric flow rate, cm®min, scem

total etch rate, em=%s™!

wall recombination reaction rate, em2s!
radial position, cm

electrode radius, em

shield radius, cm

wafer radius, cm

collision integral

period of the applied field, s

electron “temperature,” K

gas temperature, K

tims, s

gas velocity vector, cm/s

radial component of the gas velocity vector, cm/s
ion drift velocity in the sheath, cm/s
dimensionless ion drift velocity in the sheath
plasma volume, cm?®

electron velocity vector, cm/s

dimensionless axial gas velocity
dimensionless sheath potential drop

sheath potential, V

axial component of the gas velocity vector, cm/s
electron drift velocity, cm/s

gas velocity at the showerhead electrode, cm/s
species mole fraction

axial position, cm

Greek symbols

€

[yl
(=Y

FEeE B3

a° e

a4<qg> A
<
3

<

/2]

§gsm|+m»—-

electron energy, eV

vacuum permittivity, 8.854188 x 10~ C¥J-m?
characteristic electron energy, eV
dimensionless axial position

reactor aspect ratio

characteristic diffusion length, cm

mobility, em%V-s

gas kinematic viscosity, cm?¥s

applied excitation frequency, s™*

momentum collision frequency, s

electron energy relaxation frequency, s*
Thiele modulus for nth order reaction, Eq. [40]
gas density, g/cm®

colliszion cross section for electron impact reaction
j, em

shear stress tensor

ratio of ion density to electron density

applied excitation frequency, rad/s

gradient in x, y, z space

gradient in velocity space

ubscripts

atomic chlorine

molecular chlorine

positive ions

negative ions

electrons or electrode

reaction order

third body (Reaction [R9], Table I)
root mean square
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Theoretical and Experimental Investigations of Chlorine RF

Glow Discharges
Il. Experimental

Eray S. Aydil' and Demetre J. Economou

Department of Chemical Engineering, University of Houston, Houston, Texas 77204-4792

ABSTRACT

Key plasma properties of a 13.56 MHz chlorine glow discharge were measured using several plasma diagnostic tech-
nigues. Electron density and energy, self-sustained electric field, RF current flowing through the plasma, ion bombard-
ment energy, and atomic chlorine concentration were measured as a function of reactor operating conditions. The experi-
mental data were compared to the predictions of a plasma reactor model which included details of the bulk plasma. Good
agreement between the measured and predicted values of all the above plasma properties was obtained over a range of
pressure, power, and electrode spacing without adjusting any reaction rate coefficients.

In the preceding paper (hereafter to be referred to as
Part I), a comprehensive plasma reactor model for a chlo-
rine discharge was developed including details of the bulk
plasma (1). The model was used to predict key internal
properties of the plasma such as the electron energy distri-
bution function, electron density, self-sustained electric
field, peak RF current, ion bombardment energy, and
atomic chlorine concentration profiles. These internal
plasma properties directly affect the plasma etching pro-
cess outcome, namely, the etch rate, uniformity, and ani-
sotropy. In order to test the model predictions, measure-
ment of the key internal plasma properties is necessary.

Recent advances in in situ plasma diagnostic techniques
have contributed to basic understanding of the plasma
etching process (2). Optical emission spectroscopy and
laser induced fluorescence (3-6), Langmuir probe measure-

! Present address: AT&T Bell Laboratories, Murray Hill, NJ
07974-2070.

ments (7-9), mass spectrometry (10, 11), ion bombardment
flux and energy analysis (12, 13), plasma impedance analy-
sis (14, 15), and laser interferometry (16) have all proven
most useful. Each of the above plasma diagnostic tech-
niques has its own advantages and limitations. Thus, more
than one diagnostic needs to be used to obtain comple-
mentary information. In this study, a variety of plasma di-
agnostics were used to monitor in situ key internal plasma
properties, and to relate observed reactor performance to
changes in easily controllable and measurable external
variables such as power, pressure, flow rate, and reactor
geometry.

There are a number of experimental studies of the chlo-
rine plasma. Richards et al. (17) measured the atomic chlo-
rine concentration in a parallel plate reactor using optical
emission actinometry and infrared absorption spectros-
copy. The authors found that the atomic chlorine mole
fraction varied between 0 and 0.1. Rogoff et al. (18) inferred
the atomic chlorine concentration in a similar-type reactor
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