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Plasma etching reactors for microelectronics fabrication are moving towards operating at lower gas
pressures~,10 mTorr!. These pressures are sufficiently low that simulations using continuum
modeling techniques may not be strictly applicable. A time dependent kinetic method based on the
use of a transition matrix~propagator! has been developed and applied to the calculation of long
mean free path transport of neutral species in an inductively coupled plasma~ICP! etching reactor.
The propagatorP~r ,r 8! provides the probability that particles originating at locationr 8 will have
their next collision at locationr . The species densities obtained from this model are compared with
results from fluid and Monte Carlo simulations for various mean free paths. We find that the
propagator model is valid when the mean free path of the particles is larger than the numerical cell
dimension and that fluid methods for long mean free path transport can be corrected to obtain the
Monte Carlo or propagator results by employing an effective diffusion coefficient. Time dependent
results are generating by employing a retarded time in which flights of particles beginning at past
times from remote locations are used to determine the present value of the local collision frequency.
Self-consistent neutral densities in ICP discharges for various pressures are obtained by employing
the propagator model in a hybrid ICP model. ©1996 American Institute of Physics.
@S0021-8979~96!05407-1#
r
ry
l-
o-
e
he
al
to
dly
the
e
has
tor
he

on
m-
f
for.
de-

a-
is

of
d
c.
I. INTRODUCTION

Plasma processing for submicron semiconductor fabric
tion is moving towards using reactors operating at lower g
pressures and higher plasma densities. Examples of th
devices are inductively coupled plasma~ICP! and electron
cyclotron resonance~ECR! etching reactors.1–6 In many in-
stances, the mean free path of neutral atoms or radicals
commensurate to the dimensions of the reactor at the pr
sure of interest@1–20 mTorr, Knudsen number~Kn!.0.1#.
The use of fluid continuity and momentum equations to ca
culate the density of neutral species may therefore not
strictly valid. Monte Carlo~MC! simulations are typically
used to describe long mean free path transport of neut
species under these conditions. The MC method, whi
tracks the trajectories of individual neutral pseudoparticl
under the influence of scattering forces, in many cases p
vides the most accurate results for neutral transport. For e
ample, direct simulation Monte Carlo~DSMC! ~Ref. 7! and
conventional MC methods8,9 have been employed to investi-
gate charged and neutral transport in ICP reactors at l
pressures~,5–10 mTorr! in two dimensions. Particle in cell
~PIC! simulations employing MC methods have similarly
been used for two-dimensional simulations of ICP and rea
tive ion etching~RIE! discharges.10 PIC and MC simulations
are, however, computationally intensive and may not be su
able for conditions where there is a large dynamic range
species densities in multicomponent and reactive systems

Recently, a new method for calculating long mean fre
path transport has been demonstrated by Harveyet al. and
has been applied to a low pressure ECR etching system.11,12

a!Author to whom correspondence should be addressed; Electronic m
mjk@uiuc.edu
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This method is based the use of a ‘‘transition matrix.’’ o
‘‘propagator,’’ for each neutral species having an arbitra
mean free pathl.13,14The propagator describes the probabi
ity that a particle, having suffered a collision or been pr
duced at a remote location, will have its next collision at th
location of interest. The propagator is employed during t
simulation of species densities by providing the fraction
density which is transported from one computational cell
another. After the propagator is created, it can be repeate
used to calculate the steady state density of that species if
production rates are known. Unlike MC simulations, th
propagator method can be nonstatistical, and therefore
the potential of being more accurate. Since the propaga
method does not track individual particles, it also has t
potential to be computationally faster.

In this study, we extended the previous implementati
of the propagator method to a time dependent form by e
ploying a retarded time. In doing so, the finite flight times o
density elements from distant locations are accounted
For demonstration purposes, we implemented the time
pendent propagator~TDP! as the neutral transport module in
a hybrid model for ICP reactors.8,9 In doing so, the TDP
method is compared to the results of fluid and MC calcul
tions over a range of mean free paths. The TDP model
described in Sec. II followed by a discussion of validation
the TDP in Sec. III. The implementation of the TDP metho
in the hybrid model for an ICP reactor is discussed in Se
IV, followed by concluding remarks in Sec. V.

II. DESCRIPTION OF THE MODEL

A. The time dependent propagator method

To implement the TDP method, a probability matrix~the
‘‘propagator’’! P~r ,r 8! for each neutral species with a given

ail:
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mean free pathl must be first generated. The propagato
describes the probability per unit volume that a particl
which had its last collision or originates at locationr 8, will
have its next collision at locationr .1–14 In general, if we
assume that collisions are isotropic, then

P~r ,r 8!5

expS 2ur2r 8u
l D

4pur2r 8u2E expS 2ur2r 9u
l Dd3r 9

4pur2r 9u2

. ~1!

In this expression, we evaluate the probability of arrival o
spherical ‘‘shells’’ of isotropically scattered atoms at the lo
cation of interest. AlthoughP~r ,r 8! can be evaluated analyti-
cally, in complex geometries where surface reactions m
occur, it is convenient to evaluateP~r ,r 8! using MC meth-
ods, and in this work we have used the latter method. No
that the nonstatistical implementation of the propagator
independent of the method of construction of the propagat

To constructP~r ,r 8! using MC methods, particles origi-
nating in the computational cellr 8 are launched using a spa
tially uniform distribution and a randomly selected isotrop
velocity. The flight distance of the particle is chosen asd5
2l ln(r ) wherer is a random number distributed~0,1!. The
trajectory of the particle is integrated, accounting for inte
ception of boundaries, for a distanced, and the computa-
tional cell it occupies at the end of its flight,r , is recorded.
The number of particles that arrive in each final cell is d
vided by the number of particles injected from the initial ce
to determine the transition probability. Since the particle
may have sticking coefficients other than unity or react
form other species at boundaries, it necessary to constr
propagator entries for flight paths which both intercept a
originate from boundaries. In practice,P~r ,r 8! is constructed
separately from the actual transport calculation, and sto
for later use. To save computer memory, we defined a ho
zon beyond which we ignore scattering contributions to t
local cell. The radius of the horizon is typically>3l.

The propagatorP~r ,r 8! holds the transport properties for
each species, and so the rate at which particles arrive ar
~cm23 s21! is

R~r ,t !5E
n
P~r ,r 8!N~r 8,t8!nc~r 8!d3r 82nc~r !N~r ,t !

1S~r ,t !1S ]N~r ,t !

]t D
s

. ~2!

In Eq. ~2!. S~r ,t! is the net source function for the specie
resulting from electron impact and heavy particle collision
andnc is the momentum transfer collision frequency of th
species,t8 is time of the scattering event atr 8, and is dis-
cussed below. For our purposes, we assumed isotropic co
sions and defineyc5l/v t , wherev t is the thermal speed of
the atom or molecule. The first term on the right hand side
Eq. ~2! accounts for the arrival of particles atr due to flights
of particles which were last scattered atr 8. The second term
accounts for the outscatter of particles fromr to other loca-
3424 J. Appl. Phys., Vol. 79, No. 7, 1 April 1996
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tions. The last term is for contributions to the local densit
which comes from particles which scatter off of surface
This contribution is

S dN~r ,t !

dt D
s

5 R
surface

P~r ,r 8!@R~r 8,t8!#0

3@12a~r 8!#dr 8, ~3!

wherea~r 8! is the sticking coefficient for the neutral specie
at surface cellr 8. @R~r 8,t8!#0 represents the arrival flux of
species at the surface. In the quasisteady state one may
t85t. The net arrival of particlesR~r ,t!50 since the inscatter
and formation rates equals the outscatter rates, and Eq.~2!
may be iterated to obtainN~r ,t!. Note that the density in Eq.
~2! is a collision density which does not necessarily accou
for the density of particles in flight between collisions. Thi
issue will be discussed later in this section.

If time dependent densities are desired, that isR~r ,t!Þ0,
then one must account for the finite flight time between
particle’s last scattering event atr 8 and its arrival atr . This is
accomplished by settingt85t r , wheret r is the retarded time,
or past time, at which the particle began its flight. This re
tarded time is

t r5t2
ur2r 8u
v t

. ~4!

From a computational standpoint, the retarded time is impl
mented by saving a past history of particle densities in
first-in-first-out ~FIFO! stack. The species density at a spe
cific retarded time is then obtained by interpolating the pa
history of densities at a given location. Typically, we sav
past histories of densities for sufficient times for particles
cross the ‘‘event horizon,’’ or travel a distance of;3l.

The neutral density obtained by the propagator mod
@Eq. ~2!# is based on the rates of collision and therefore ca
be thought of as a collision density. One should interpret th
density as providing a collision rateN~r ,t!nc . That density
may not, however, be the value which will be experimental
observed at low pressures by, for example, laser induc
fluorescence~LIF! measurements. Consider the situatio
where the neutral atom mean free path is very large co
pared to the wall separation~Kn@1!. These atoms will sim-
ply ‘‘bounce’’ back and forth between the cavity walls while
suffering few gas phase collisions. The propagator model ju
described would predict that the density is concentrated
the walls because that is where the collisions occur. Neut
density would still be experimentally observed inside the r
actor during the particle flights between collisions. There
fore, the collisional density obtained by the propagato
method must be corrected.12 This is performed by using a
second transition matrix,T~r ,r 8!, which denotes the total
time a fluid element launched from cellr spends in cellr 8.
Similar to the propagator matrixP, T~r ,r 8! can also be cal-
culated by using the MC method and stored for later use.
this study,T~r ,r 8! is defined as

T~r ,r 8!5
1

Np
(
i51

Np E
s
d~s2r 8!

ds

v

E
s
d~s2r 8!d3s

, ~5!
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whereNp is the total number of particles launched fromr .
The integral is over the path of the particle prior to having
collision from its launch point andv is the speed of the
particle. WithT~r ,r 8! so determined, the collisional specie
density obtained from the TDP method can be corrected
generate the observed densities,N0 by

N~r ,t !05E NTDP~r 8,t !n~r 8!T~r 8,r !d3r 8. ~6!

If the transport is sufficiently collisional, thenT~r ,r 8! is es-
sentially a volume weighted collision time, andN0'NTDP.

In the following discussion, the mean free path is co
stant for a given set of operating conditions and the partic
are monoenergetic. The propagator method can, however
generalized to address spatially dependent mean free p
and energies. This generalization is discussed by Har
et al. in Ref. 11.

B. Validation by comparison to fluid and Monte Carlo
methods

We employed two different techniques to calculate th
same densities to validate the time dependent propag
method. The first is a continuum fluid model where the de
sities are obtained from

dN~r ,t !

dt
52¹•@2D¹N~r ,t !#1S~r ,t !. ~7!

In Eq. ~7!, D is the particle continuum diffusion coefficient
defined here asD5lv t . This partial differential equation,
couched in finite difference form using the donor cell tec
nique, was integrated as a function of time using a simp
Runga–Kutta method. The boundary condition for partic
fluxes at the wall is incorporated as a jump conditio
f25~12a!f1, wheref1 is the flux exiting the boundary cell
~assuming zero density on the walls! andf2 is the flux re-
turning to the volume from the wall.

The second method used for validation of the TDP is
Monte Carlo simulation ~MCS!. Pseudoparticles were
sourced from specified locations having thermal speeds w
randomly selected directions. The weighting of an individu
pseudoparticle was

W5
1

Np
E S~r !d3r s21, ~8!

whereS~r ! @cm23 s21# is the particle source function andNp

is the total number of pseudoparticles. The path length to
next collision was chosen asd52l ln(r ), wherer is a ran-
dom number distributed~0,1!. Collisions were assumed to be
isotropic. Statistics were continually collected along the pa
the pseudoparticle, to yield a particle densityN~r !.

N~r !d3r5(
i
WiE d~r2s!

v i
ds. ~9!

C. The hybrid plasma equipment model

The TDP method was implemented as the neutral kine
model in a simulation for plasma etching equipment. Th
simulation, called the hybrid plasma equipment mod
J. Appl. Phys., Vol. 79, No. 7, 1 April 1996
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~HPEM!, is a comprehensive model of the electromagne
field, electron kinetics and plasma chemistry in a plasm
etching reactor. The HPEM is discussed in detail in Refs
and 9, and so will be only briefly described here. The tw
dimensional HPEM is composed of a series of modul
which are iterated to a converged solution. The electroma
netics module~EMM! generates inductively coupled electri
and magnetic fields in the reactor. These fields are next u
in the electron Monte Carlo simulation~EMCS! module. In
the EMCS electron trajectories are followed for many
cycles producing the electron energy distribution as a fun
tion of position and phase. These distributions are used
produce electron impact source functions for ion and neut
species which are transferred to the fluid kinetics simulati
~FKS! module. In the FKS, continuity and momentum equ
tions are solved for all neutral and charged particle densiti
and Poisson’s equation is solved for the electric potenti
The plasma conductivity produced in the FKS is passed
the EMM, and the species densities and time dependent e
trostatic potential are passed to the EMCS. The modules
iterated until cycle averaged plasma densities converge.
celeration algorithms are used to speed the rate of conv
gence of the model.

The FKS module of the HPEM in Ref. 8 uses conve
tional fluid equations for species densities and momenta.
a result, long mean free path effects are not well represen
The TDP method described here was therefore incorpora
into the HPEM as a kinetic transport module in the FKS
Due to the modular nature of the HPEM, this substitutio
was easily performed by replacing the subroutines whi
generated the time derivatives for species densities~the fluid
continuity and momentum equations! with a subroutine in-
corporating Eqs.~2!–~6!. No other changes were made to th
HPEM.

III. VALIDATION

The time dependent propagator model was validated
comparing neutral particle densities obtained with the TD
with densities calculated with the fluid model and MCS. F
purposes of demonstration, we have chosen to use an
etching reactor for our test geometry.1–5 This system is used
for low pressure~,10–20 mTorr! etching of semiconductor
materials and metals for microelectronics fabrication. T
particular ICP geometry of interest is shown in Fig. 1~a!. The
top coil dominantly produces an azimuthal electric field an
power deposition which has a maximum in the plasma
approximately half the radius just under the dielectric roo
The low operating pressure results in dominantly diffusive
long mean free path transport which helps to homogenize
radical and ion fluxes prior to striking the substrate and w
fer. Characteristics of this reactor are discussed in Refs. 1
The plasma zone dimensions are 17.8 cm in radius and 8
in height. The mesh was chosen to have a uniform grid s
of Dr5Dz50.25 cm over the plasma region.

For purposes of validation, in Sec. III we will simply
specify the production rate of the neutral species as a fu
tion of position. Self-consistent results for ICP etching too
using the TDP method will be presented in Sec. IV. We us
argon as the background gas and injected an excited A*
3425Tan, Hoekstra, and Kushner
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species, nominally Ar(4s), at a single point located at ap
proximately half the radius and the half height~r58.9 cm,
z54 cm!. The atom generation rate in that numerical c
was 1.031016 cm23 s21. The neutral temperature wa
500 °K. The gas pressure was varied to produce mean
paths for neutral–neutral collisions for Ar* of 0.125–1.25
cm ~l50.5–5.0Dr !, corresponding to gas pressures
100–10 mTorr at 500 °K. These parameters were then u
to generate the appropriate propagator matrix using the
method. The numerical time step was 1ms. The quenching
probability of the excited state is unity and uniform on
surfaces unless stated otherwise.

The first validation of the TDP was performed by com
paring the steady state densities of Ar* obtained with the
TDP and MCS, and these densities are shown in Figs.~b!
and 1~c!. The quantitative agreement between the two me
ods is quite good accept near the axis where the MCS
poor statistics. Even though the boundary condition is t
Ar* is quenched on the surfaces~equivalent to Ar*50 on
surfaces for a continuum model!, the gas phase densities d
not extrapolate to zero at the boundaries. This trend is c

FIG. 1. Comparison between the TDP and MCS methods for long mean
path transport.~a! ICP geometry used in this study. The plasma is genera
by a flat coil situated above a dielectric window. Steady state densities
Ar* obtained with the~a! TDP and~b! MCS methods forl51.25 cm. The
contours are labeled with their fraction of the maximum value. The spa
distributions of the densities obtained with the TDP and MCS methods a
well.
3426 J. Appl. Phys., Vol. 79, No. 7, 1 April 1996
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acteristic of long mean free path transport.7,11,12The TDP has
a small increase density in the last cell near the bound
which does not appear in the MCS. This is an artifact
using a coarse mesh when applying the transition mat
T~r ,r 8! to convert from collision frequencies to real densitie

The TDP method was next validated by comparin
steady state inventories of excited atoms obtained from
fluid model and MCS. These excited atom inventories~total
density of Ar* in the reactor! are shown in Fig. 2. Atom
inventories decrease with increasingl due to the larger rate
of loss afforded by the lower collision rate in the gas phas
The atom inventories obtained by the TDP and by flu
methods are only in close agreement whenl'Dr . For
l,Dr , the inventories predicted by the fluid method con
tinue to increase in proportion to 1/l to reflect the smaller
rates of loss due by diffusion. The inventories predicted
the TDP method are nearly constant. Forl.Dr , the inven-
tories predicted by the propagator model are larger than
fluid method. These phenomena might be explained as
lows: whenl/Dr.1, the fluid method is technically not valid
since the mean free path of the atoms is larger than the
size. As a result, the excited atoms flow to the boundary a
are lost on the walls too quickly. That is, the diffusion spee
vd5uD(¹N/N)u, may exceed the thermal speed. Whenl/Dr
,1, the TDP is not applicable since particles scattering
cell r 8 will have their next collision in the same cellr 8. As a
result, whenl/Dr,1 the propagator matrices for all mea
free paths will be similar, and consequently the resultin
densities will remain nearly constant.~This situation may be
exacerbated by our use of an event horizon.! The only values
of mean free path whereboth methods are simultaneously
valid arel/Dr'1.

The atom inventories obtained using the fluid metho
track the inventories generated using the MCS forl/Dr,0.5
~all data are not shown in Fig. 2!. The inventories generated
using the TDP method track those from the MCS forl/Dr
.1. Assuming the MC method is valid for arbitrary mea
free paths, one finds that the TDP is a meaningful method
calculating particle densities with the mean free path exce
the dimension of the computational cell. For mean free pa

free
ted
for

tial
gree

FIG. 2. Total inventory of Ar* atoms obtained with the TDP, MCS, and
unlimited fluid methods as a function of mean free path~or l/Dr !. The TDP
and MCS methods agree well for whenl/Dr.1. The unlimited fluid method
over predicts loss forl/Dr.1, and matches the MCS results for these co
ditions only forl/Dr,0.5.
Tan, Hoekstra, and Kushner
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having shorter values, the TDP is unable to sufficiently r
solve the problem.

The calculation of species densities using gradie
driven ~Fick’s law! transport can be extended to lower pre
sures by preventing the effective diffusion length from e
ceeding the dimension of the vessel. Equivalently stated,
diffusion speed cannot exceed the thermal speed. This li
can be expressed as

D5
v tl

11
l

L

, ~10!

whereL is the effective diffusion length. As the pressur
decreases and the mean free pathl increases,D approaches
a constant valueD5v tL. For fundamental mode diffusion,
L is a known function of the dimensions of the containe
Otherwise,L may have a complex dependence on the sha
of the container, distribution of the sources and sinks of t
species in question, or depend on other thermodynam
quantities such as temperature. This technique is similar
flux limiting.15

To illustrate these dependencies, we parameterizedL of
Eq. ~10! in the fluid equations to determine values whic
would extend our calculations to lower pressures. The co
ditions are the same as discussed above~a point source! and
the resulting particle inventories are shown in Fig. 3. Th
fluid and MC results agree well forL53Dr for a wide range
of mean free paths. The small value forL compared to the
dimensions of the reactor is a consequence of the steep
dient in particle density resulting from the point source~as
shown in Fig. 1!. More distributed sources will result in a
largerL.

The total inventories of excited atoms in the reactor as
function of time as obtained with the TDP are shown in Fi
4~a!. The mean free path was varied between 0.25 and 1
cm. Representative results from the MCS and fluid mode
are also shown. As expected, the densities come to equi

FIG. 3. Total inventory of Ar* atoms obtained with the MCS and fluid
methods when the fluid diffusion flux is limited according to the diffusio
lengthL. The fluid method agrees with the MCS over a long range of me
free paths forL53Dr which is small compared to the reactor size.
J. Appl. Phys., Vol. 79, No. 7, 1 April 1996
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rium at shorter times for lower pressures where the diffus
speed is higher. The comparison with the fluid calculati
~rescaled in magnitude to match the TDP! is made at the
smallest mean free path wherel5Dr , the point that the TDP
and fluid models are most nearly mutually applicable. T
fluid model comes to equilibration faster than the TDP,
expected since the fluid model over predicts losses at l
mean free paths. The time dependent densities comp
with the MCS and TDP agree well. The time at which th
densities equilibrate as computed with the MCS and TDP
shown in Fig. 4~b!. The equilibration times for the MCS and
TDP agree well over the full range of mean free paths inv
tigated. Note that the equilibration time does not simp
scale as the inverse of the pressure but rather reaches a l
limit due to the finite flight time of the particles. The devia
tion of the equilibration time from that one would expe
from simple pressure scaling is also shown in Fig. 4~b!. This
deviation is indicated byt/tp , wheretp is the equilibration
time based on continuum modeling. Significant deviation b
gins withl.2Dr .

A final comparison was made between densities co
puted with the TDP and fluid methods, and the results
shown in Fig. 5. For this purpose we used the same geom
and conditions as described above but we used a distrib

n
an

FIG. 4. Time dependent properties for total particle inventory.~a! Inventory
as a function of time as obtained with the TDP for various mean free pa
with comparisons to the MCS and fluid model. The magnitude of the fl
result has been rescaled.~b! Times at which the particle inventories obtaine
with the TDP and MCS equilibrate as a function of mean free path. We a
show the actual equilibration time scaled by the equilibration time for co
tinuum transport.
3427Tan, Hoekstra, and Kushner
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source of excited argon atoms, again nominally the Ar(4s)
state. This source function, shown in Fig. 5~a!, was obtained
from the HPEM for an ICP operating in 10 mTorr of Ar. Th
coil was driven at 13.56 MHz and produced a total indu
tively coupled power deposition of 500 W. The source fun
tion is maximum just under the dielectric at approximate
half the radius. The source function has this shape beca
inductively coupled electric field is zero on the axis~by sym-
metry! and is zero on the metals outer walls. The skin dep
for penetration of the electric field into the plasma is'1.5
cm, thereby accounting for the source being close to
window.8

A comparison of the excited neutral densities obtain
with the TDP and the fluid model are shown in Figs. 5~b! and
5~c!, respectively. The mean free path was chosen asl50.25
cm ~equal to the mesh spacing! where the two methods are
closest to being mutually valid, and the quenching coefficie
on the walls is 0.5. The excited state density is maximum
an annular region corresponding to the maximum in t
source function. Quenching on the walls produces steep g
dients across the reactor. Both models predict similar den
distributions, however the peak density predicted by the flu

FIG. 5. Comparison of Ar* densities obtained from the fluid and TDP mod
els forl5Dr using a distributed source. The quenching coefficient on wa
is 0.5. ~a! Ar* source function from the HPEM.~b! Ar* density obtained
with the fluid model.~c! Ar* density obtained with the TDP. The contour
are labeled with the fraction of the maximum value shown at the top of ea
figure.
3428 J. Appl. Phys., Vol. 79, No. 7, 1 April 1996
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model is lower than that of the TDP due to the over predi
tion of loses by the fluid model. Even thoughl'Dr , there is
evidence of long mean free path transport near the walls. T
density gradient for the TDP is smaller than that for the fluid
a discrepancy which increases as either the mean free pat
quenching coefficient increase.

Summarizing, the results from the TDP agree well wit
those from the MC simulation for both spatial and time de
pendencies forl.Dr , thereby validating the TDP method.
At smallerl, the TDP appears not to be able to resolve th
intracell collisions.

IV. TDP AS THE KINETIC MODULE IN THE HPEM

The TDP algorithms were employed as a long mean fr
path transport module in the HPEM. For demonstration pu
poses, we simulated Ar discharges using the geometry sho
in Fig. 1. The species included in the model are Ar(3s),
Ar(4s), Ar1, and electrons. The reactions, rate coefficien
and electron impact cross sections used in the HPEM are
same as discussed in Ref. 8. We examined ICP dischar
operated at 5, 10, and 20 mTorr, corresponding to mean fr
paths of 1.577, 0.788, and 0.394 cm, respectively, based o
Lennard–Jones parameter of 3.5431028 cm. The quenching

FIG. 6. Ar* densities in an ICP reactor obtained with the TDP being used
the neutral transport module in the HPEM for pressures of~a! 20, ~b! 10,
and~c! 5 mTorr. The contours are labeled with the percentage of the ma
mum value shown at the top of each figure. The source functions are sim
to that shown in Fig. 5~a!.
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coefficient of Ar(4s) on the walls of the discharge is unity
The ICP power is 500 W. The source function is similar
that shown in Fig. 5~a!.

The densities of Ar* using the TDP method as the neu
tral transport module in the HPEM are shown in Fig. 6. Axi
slices of the Ar* density at approximately the radius of th
maximum density obtained using the TDP and a fluid modu
in the HPEM are shown in Fig. 7. The region over which th
source is large is shown at the top of Fig. 7. The neut
transport transitions from continuum to long mean free pa
transport over this pressure range. At 20 mTorr, the Ar* den-
sities using the TDP and fluid models are not significan
different in their spatial distributions. In particular, the max
mum in the Ar* density occurs at approximately the sam
height above the substrate. The Ar* is largely confined to the

FIG. 7. Comparison of Ar* densities as a function of axial position obtaine
with TDP and fluid modules being used for the neutral transport module
the HPEM for pressures of~a! 20, ~b! 10 and~c! 5 mTorr. The densities have
been rescaled for purposes of comparison. The region over which the so
function is large is shown at the top, and the boundaries of the substrate
window are shown in gray. At 20 mTorr, the flux at boundaries using the t
methods are similar. Long mean free path effects are evident at 10 mTo
J. Appl. Phys., Vol. 79, No. 7, 1 April 1996
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region above the wafer near its source. At 10 mTorr, the pe
of the Ar* density in the fluid has moved to a lower heigh
whereas the peak Ar* density produced by the TDP method
has remained nearer the window, and better reflects t
source function by electron impact, while the Ar* extends
further from the source at the periphery of the reactor. Th
trend continues at 5 mTorr. The boundary condition for th
fluid equations is that excited state densities be zero at
wall. At 20 mTorr, this condition is well represented by the
TDP. At 10 mTorr, this boundary condition at the substrate
marginal, whereas at the window the boundary condition
poor. This boundary condition is even less appropriate at
mTorr on the window. The close proximity of the Ar* source
function to the window results in transport appearing to b
more ballistic on the window side of the source. That is, th
effective Knudson number for transport of Ar* from the
source to the surface is larger on the window side of th
source than on the substrate side, thereby making the c
tinuum formulation less appropriate.

V. CONCLUDING REMARKS

A time dependent long mean free path transport meth
based on the use of a transition matrix~propagator! was dem-
onstrated and applied to an ICP etching reactor geome
Time dependence in the propagator method is obtained
storing a time history of past densities. These densities a
then interpolated using a retarded time to account for t
finite flight time of particles from their last collision to the
present. The TDP method was compared to fluid and M
methods for test conditions. The TDP agreed well with th
MC method when the particle mean free path exceeded
computational cell dimension. The TDP method agrees wi
uncorrected fluid calculations only forl5Dr . In general,
fluid calculations which are not flux limited are not valid for
l.Dr and the TDP is not valid forl,Dr . Fluid calculations
for total particle inventory could be ‘‘repaired’’ by using an
effective diffusion coefficient which is a function of the loca
diffusion length, but in general the spatial distribution o
particle densities obtained by this method does not stric
agree with long mean free path techniques. Although th
TDP method can be computationally faster compared
other long mean free path techniques, such as MCS, it do
suffer from requiring large amounts of computer memory t
store both the propagator and the time history of densiti
required by implementing a retarded time. A comparison
the computer requirements TDP and MCS methods is d
cussed in the Appendix. Far from the walls of reactors, th
propagator depends only on the radial location in cylindric

TABLE I. Memory requirements~MB! for the TDP method.

IM

l/Dr

1 2 5 10 20

16 0.06 0.17 0.28 0.28 0.28
32 0.23 0.67 3.8 4.3 4.3
64 0.92 2.7 15.1 59.3 67.4
128 3.7 10.7 60.3 237 945
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geometries or is independent of position in Cartesian geo
etries. Therefore delineating such regions in the geometry
interest could save large amounts of memory.
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APPENDIX: COMPARISON OF COMPUTER
REQUIREMENTS FOR THE TDP AND MCS METHODS

The choice of which computational method one uses f
long mean free path transport is often a function of the com
puter resources required for the task. In this appendix, w
will estimate and compare the computing resources~memory
and CPU time! required for the TDP and MCS methods
Since computing speeds vary between platforms, we ma
this comparison based on estimated floating point arithme
operations~FLOP!. We make the following assumptions.

~1! The numerical two-dimensional mesh isIM3IM
cells.

~2! The ‘‘horizon’’ for computing and storing the propa-
gator is 3l, thereby requiring a propagator entry for6~3l/
Dr ! cells in each dimension for every ‘‘launch point.’’

~3! Incrementing the collision rate between any two cel
using the TDP requires six FLOP.

~4! Advancing the equations of motions for the MCS
requires eight FLOP. Recomputing velocities following
collision requires six FLOP.

~5! Single precision four byte words.
Storage requirements: Note that in estimating th

memory necessary to store the propagator for the TDP, sy

TABLE II. Memory requirements~MB! for the MCS method.

IM

e

0.33 0.1 0.033 0.01

16 0.04 0.4 3.8 41
32 0.15 1.6 15.0 164
64 0.60 6.6 60.2 655
128 2.4 26.2 241 2.62 GB

TABLE III. Ratio of floating point operationsNTDP/NMCS.

l/Dr

e

0.33 0.1 0.033 0.01

1 0.6 0.05 0.006 531024

2 2.2 0.2 0.022 0.002
5 14 1.3 0.14 0.013
10 56 5.1 5.6 0.051
20 222 20 2.2 0.2
3430 J. Appl. Phys., Vol. 79, No. 7, 1 April 1996
m-
of

n-

ch
n-
e
a-

or
-
e

.
ke
tic

s

e
m-

metries for the problem of choice can greatly reduce th
memory requirements. For example, in a long cylinder, th
propagator is a function only of radial position and not axia
position, at least far from the ends of the cylinder. Therefo
the same propagator can be used for nearly all axial loc
tions. In this case, the memory requirements quoted belo
would be smaller by a factor ofIM . In the absence of such
symmetries, the storing the propagator requires

IM3IM $@23min~3l/Dr ,IM /2!#21NH%

words of memory, whereNH is the number of past histories
stored. These requirements in megabytes~MB! are shown in
Table I forNH520. The memory requirements for the MCS
are a function of the tolerable error,e. The number of MC
particles scales as 1/e2. Assuming we maintain this error in
each numerical cell, and that we maintain spatial and velo
ity components for each particle, the storage requiremen
areIM3IM34~1/e2! words of memory. These requirements
in MB are shown in Table II. The MCS method require
lower memory only when reasonably largee can be toler-
ated. In most MCS or PIC methods, however, this can b
accomplished by using appropriate smoothing techniques16

CPU requirements: Based on the cited estimates f
FLOP per update, the operations per numerical cell for th
TDP are

NTDP5F2S 3l

Dr D G
2

36 .

Assuming we except a random error ofe for the MCS, the
number of pseudoparticles/cell is 1/e2, and the operations per
update ~assuming three collisions within the horizon! is
NMCS51/e2333~816!. The ratios of FLOPS between the
TDP and MCS,NTDP/NMCS, are shown in Table III. The TDP
is generally faster then the MCS whenl/Dr is moderate and
when reasonably fine precision is required for the MCS
Again, smoothing techniques may be used to reduce t
number of MCS particles. For large values ofl/Dr the TDP
is slower due to the large number of cells within the transpo
‘‘horizon.’’
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