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Plasma etching reactors for microelectronics fabrication are moving towards operating at lower gas
pressureg <10 mTorp. 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 matrixpropagator has been developed and applied to the calculation of long
mean free path transport of neutral species in an inductively coupled pl@maetching reactor.

The propagatoP(r,r') provides the probability that particles originating at locatidrwill have

their next collision at location. 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. 196 American Institute of Physics.
[S0021-89706)05407-1

I. INTRODUCTION This method is based the use of a “transition matrix.” or
“propagator,” for each neutral species having an arbitrary

Plasma processing for submicron semiconductor fabricamean free path.>'*The propagator describes the probabil-
tion is moving towards using reactors operating at lower gagy that a particle, having suffered a collision or been pro-
pressures and higher plasma densities. Examples of theg@ced at a remote location, will have its next collision at the
devices are inductively coupled plasrfi€P) and electron |ocation of interest. The propagator is employed during the
cyclotron resonancéECR) etching reactor$:® In many in-  simulation of species densities by providing the fractional
stances, the mean free path of neutral atoms or radicals ifensity which is transported from one computational cell to
commensurate to the dimensions of the reactor at the preanother. After the propagator is created, it can be repeatedly
sure of interesf1-20 mTorr, Knudsen numbékn)>0.1].  used to calculate the steady state density of that species if the
The use of fluid continuity and momentum equations to calproduction rates are known. Unlike MC simulations, the
culate the density of neutral species may therefore not bgropagator method can be nonstatistical, and therefore has
strictly valid. Monte Carlo(MC) simulations are typically the potential of being more accurate. Since the propagator
used to describe long mean free path transport of neutrahethod does not track individual particles, it also has the
species under these conditions. The MC method, WhiCI’potential to be computationally faster.
tracks the trajectories of individual neutral pseudoparticles |n this study, we extended the previous implementation
under the influence of scattering forces, in many cases praf the propagator method to a time dependent form by em-
vides the most accurate results for neutral transport. For exloying a retarded time. In doing so, the finite flight times of
ample, direct simulation Monte Carl®SMC) (Ref. 7 and  density elements from distant locations are accounted for.
conventional MC methods have been employed to investi- For demonstration purposes, we implemented the time de-
gate charged and neutral transport in ICP reactors at loyendent propagatdifDP) as the neutral transport module in
pressure<5-10 mTor} in two dimensions. Particle in cell a hybrid model for ICP reactofs’ In doing so, the TDP
(PIC) simulations employing MC methods have similarly method is compared to the results of fluid and MC calcula-
been used for two-dimensional simulations of ICP and reactions over a range of mean free paths. The TDP model is
tive ion etching(RIE) discharges? PIC and MC simulations  described in Sec. Il followed by a discussion of validation of
are, however, computationally intensive and may not be suitthe TDP in Sec. Ill. The implementation of the TDP method
able for conditions where there is a large dynamic range ifin the hybrid model for an ICP reactor is discussed in Sec.
species densities in multicomponent and reactive systems. |V, followed by concluding remarks in Sec. V.

Recently, a new method for calculating long mean free
path transport has been demonstrated by Haetesl. and || DESCRIPTION OF THE MODEL

has been applied to a low pressure ECR etching syStém. _
A. The time dependent propagator method

3Author to whom correspondence should be addressed; Electronic mail: 10 implement the TDP method, a prObei"ty .matﬁh'e
mjk@uiuc.edu “propagator”) P(r,r') for each neutral species with a given
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mean free patth must be first generated. The propagatortions. The last term is for contributions to the local density
describes the probability per unit volume that a particlewhich comes from particles which scatter off of surfaces.

which had its last collision or originates at locatioh will This contribution is
have its next collision at location.!”'* In general, if we dN(r.1)
assume that collisions are isotropic, then ( ) fﬁ P(r,rH[R(r',t")]o
dt s surface
_|r_r’| ’ ’
exg ———— X[1=a(r’)]dr’, €
P(r,r')= ) (1) wherea(r’) is the sticking coefficient for the neutral species
—|r—f"| t surf Ir. [R(O A ts the arrival flux of
d3r” at surface celr’. [R(r',t")], represents the arrival flux o
Amlr—r']2 species at the surface. In the quasisteady state one may set
mir=r 47-r|r r'|? t'=t. The net arrival of particleR(r,t)=0 since the inscatter

and formation rates equals the outscatter rates, andZkq.
In this expression, we evaluate the probability of arrival ofmay be iterated to obtaiN(r,t). Note that the density in Eq.
spherical “shells” of isotropically scattered atoms at the lo-(2) is a collision density which does not necessarily account
cation of interest. AlthouglP(r,r’) can be evaluated analyti- for the density of particles in flight between collisions. This
cally, in complex geometries where surface reactions mayssue will be discussed later in this section.
occur, it is convenient to evaluaf(r,r’) using MC meth- If time dependent densities are desired, tha(ist)#0,
ods, and in this work we have used the latter method. Notéhen one must account for the finite flight time between a
that the nonstatistical implementation of the propagator igarticle’s last scattering eventidtand its arrival at. This is
independent of the method of construction of the propagatoaccomplished by setting =t, , wheret, is the retarded time,
To constructP(r,r') using MC methods, particles origi- or past time, at which the particle began its flight. This re-
nating in the computational cell are launched using a spa- tarded time is
tially uniform distribution and a randomly selected isotropic =y
velocity. The flight distance of the particle is chosendas t,=t— . 4
=M\ In(r) wherer is a random number distributé@,1). The Ut
trajectory of the particle is integrated, accounting for inter-From a computational standpoint, the retarded time is imple-
ception of boundaries, for a distané and the computa- mented by saving a past history of particle densities in a
tional cell it occupies at the end of its flight, is recorded. first-in-first-out (FIFO) stack. The species density at a spe-
The number of particles that arrive in each final cell is di-cific retarded time is then obtained by interpolating the past
vided by the number of particles injected from the initial cell history of densities at a given location. Typically, we save
to determine the transition probability. Since the particlespast histories of densities for sufficient times for particles to
may have sticking coefficients other than unity or react tocross the “event horizon,” or travel a distance o8A\.
form other species at boundaries, it necessary to construct The neutral density obtained by the propagator model
propagator entries for flight paths which both intercept andEq. (2)] is based on the rates of collision and therefore can
originate from boundaries. In practide(r,r’) is constructed be thought of as a collision density. One should interpret the
separately from the actual transport calculation, and storedensity as providing a collision rafé(r,t)v,. That density
for later use. To save computer memory, we defined a horimay not, however, be the value which will be experimentally
zon beyond which we ignore scattering contributions to thedbserved at low pressures by, for example, laser induced
local cell. The radius of the horizon is typicaliy3\. fluorescence(LIF) measurements. Consider the situation
The propagatoP(r,r') holds the transport properties for where the neutral atom mean free path is very large com-
each species, and so the rate at which particles arrive atpared to the wall separatigiKn>1). These atoms will sim-
(cm3sYis ply “bounce” back and forth between the cavity walls while
suffering few gas phase collisions. The propagator model just
, . , described would predict that the density is concentrated at
R(r.t)= LP(r,r IN(F ) we(r ) dr " = (NN, 1) the walls because that is where the collisions occur. Neutral
density would still be experimentally observed inside the re-
0N(r,t)) actor during the particle flights between collisions. There-
at ‘ fore, the collisional density obtained by the propagator
method must be correctéd This is performed by using a
In Eg. (2). S(r,t) is the net source function for the species second transition matrixT(r,r’), which denotes the total
resulting from electron impact and heavy patrticle collisionstime a fluid element launched from cellspends in celt’.
and v, is the momentum transfer collision frequency of the Similar to the propagator matri®, T(r,r') can also be cal-
speciest’ is time of the scattering event at, and is dis- culated by using the MC method and stored for later use. In
cussed below. For our purposes, we assumed isotropic collthis study,T(r,r') is defined as

+S(r,t)+ 2

sions and define,=\/v,, wherev, is the thermal speed of ds

the atom or molecule. The first term on the right hand side of N, f&(s—r ) —

Eq. (2) accounts for the arrival of particles matue to flights T(r,r')= i E (5)
L N “~ 1

of particles which were last scatteredrat The second term
accounts for the outscatter of particles frono other loca-

Jf(s—r’)d"‘s
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whereN, is the total number of particles launched fram (HPEM), is a comprehensive model of the electromagnetic
The integral is over the path of the particle prior to having afield, electron kinetics and plasma chemistry in a plasma
collision from its launch point and is the speed of the etching reactor. The HPEM is discussed in detail in Refs. 8
particle. WithT(r,r') so determined, the collisional species and 9, and so will be only briefly described here. The two-
density obtained from the TDP method can be corrected tdimensional HPEM is composed of a series of modules

generate the observed densitilig, by which are iterated to a converged solution. The electromag-
netics modulEMM) generates inductively coupled electric
N(f,t)o:f Nrpp(r", ) w(r ) T(r’,r)d3’. (6) and magnetic fields in the reactor. These fields are next used

in the electron Monte Carlo simulatidEMCS) module. In

If the transport is sufficiently collisional, theR(r,r’) is es- the EMCS electron trajectories are followed for many rf
sentially a volume weighted collision time, ahgy~Npp. cycles producing the electron energy distribution as a func-

In the following discussion, the mean free path is con-tion of position and phase. These distributions are used to
stant for a given set of operating conditions and the particleproduce electron impact source functions for ion and neutral
are monoenergetic. The propagator method can, however, lspecies which are transferred to the fluid kinetics simulation
generalized to address spatially dependent mean free pattlSKS) module. In the FKS, continuity and momentum equa-
and energies. This generalization is discussed by Harvetjons are solved for all neutral and charged particle densities,
et al.in Ref. 11. and Poisson’s equation is solved for the electric potential.
The plasma conductivity produced in the FKS is passed to
the EMM, and the species densities and time dependent elec-
trostatic potential are passed to the EMCS. The modules are
iterated until cycle averaged plasma densities converge. Ac-

We employed two different techniques to calculate theceleration algorithms are used to speed the rate of conver-
same densities to validate the time dependent propagatgence of the model.

method. The first is a continuum fluid model where the den-  The FKS module of the HPEM in Ref. 8 uses conven-

B. Validation by comparison to fluid and Monte Carlo
methods

sities are obtained from tional fluid equations for species densities and momenta. As
dN(r 1) a result, long mean free path effects are not well represented.
G =V [=DVN(r,t)]+S(r,t). (7) The TDP method described here was therefore incorporated

into the HPEM as a kinetic transport module in the FKS.
In Eq. (7), D is the particle continuum diffusion coefficient, Due to the modular nature of the HPEM, this substitution
defined here a® =M\v,. This partial differential equation, was easily performed by replacing the subroutines which
couched in finite difference form using the donor cell tech-generated the time derivatives for species densftiesfluid
nique, was integrated as a function of time using a simpleontinuity and momentum equationaith a subroutine in-
Runga—Kutta method. The boundary condition for particlecorporating Eqs(2)—(6). No other changes were made to the
fluxes at the wall is incorporated as a jump condition,HPEM.
¢,=(1—a) d;, Whereg, is the flux exiting the boundary cell
(assuming zero density on the walend ¢, is the flux re-  Ill. VALIDATION

turning to the volume from the wall. . .
The second method used for validation of the TDP is a The time dependent propagator model was validated by

. . . comparing neutral particle densities obtained with the TDP
Monte Carlo simulation (MCS). Pseudoparticles were barnng P

sourced from specified locations having thermal speeds witWIth densities calculated with the fluid model and MCS. For

N c2 S purposes of demonstration, we have chosen to use an ICP
randomly selected directions. The weighting of an individual . 5 .
. etching reactor for our test geometfy. This system is used
pseudoparticle was

for low pressurg<<10-20 mTorJ etching of semiconductor
1 3 materials and metals for microelectronics fabrication. The
W= N, f S(ndr s, (8 particular ICP geometry of interest is shown in Figa)1 The

3 1. ) i top coil dominantly produces an azimuthal electric field and
whereS(r) [em s 7] is the particle source function al, o\ yer deposition which has a maximum in the plasma at

is the total number of pseudoparticles. The path length to thgp,roximately half the radius just under the dielectric roof.
next collision was chosen a&=—M\ In(r), wherer is aran- e |ow operating pressure results in dominantly diffusive or
dom number distribute(, 1). Collisions were assumed to be |onq mean free path transport which helps to homogenize the
isotropic. Statistics were continually collected along the pathagical and ion fluxes prior to striking the substrate and wa-
the pseudoparticle, to yield a particle densitr). fer. Characteristics of this reactor are discussed in Refs. 1-5.
S(r—s) The plasma zone dimensions are 17.8 cm in radius and 8 cm

N(r)d®r =2 Wif o ds. (9 in height. The mesh was chosen to have a uniform grid size
' ' of Ar=Az=0.25 cm over the plasma region.

For purposes of validation, in Sec. Il we will simply
specify the production rate of the neutral species as a func-

The TDP method was implemented as the neutral kineti¢gion of position. Self-consistent results for ICP etching tools
model in a simulation for plasma etching equipment. Thisusing the TDP method will be presented in Sec. IV. We used
simulation, called the hybrid plasma equipment modelargon as the background gas and injected an excitéd Ar

C. The hybrid plasma equipment model
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FIG. 2. Total inventory of At atoms obtained with the TDP, MCS, and
unlimited fluid methods as a function of mean free p@th\/Ar). The TDP
and MCS methods agree well for whefr>1. The unlimited fluid method
over predicts loss fok/Ar>1, and matches the MCS results for these con-
ditions only for\/Ar<0.5.

acteristic of long mean free path transpoft:'The TDP has
a small increase density in the last cell near the boundary
which does not appear in the MCS. This is an artifact of
using a coarse mesh when applying the transition matrix
T(r,r") to convert from collision frequencies to real densities.
The TDP method was next validated by comparing
steady state inventories of excited atoms obtained from the
fluid model and MCS. These excited atom inventofiesal
density of A* in the reactor are shown in Fig. 2. Atom
inventories decrease with increasinglue to the larger rate
of loss afforded by the lower collision rate in the gas phase.

FIG. 1. Comparison between the TDP and MCS methods for long mean fred € atom inventories obtained by the TDP and by fluid
path transport(a) ICP geometry used in this study. The plasma is generatedmethods are only in close agreement whesAr. For
by a flat coil situated above a dielectric window. Steady state densities f°5\<Ar the inventories predicted by the fluid method con-

Ar* obtained with thga) TDP and(b) MCS methods foh=1.25 cm. The
contours are labeled with their fraction of the maximum value. The spatia

tinue to increase in proportion toXto reflect the smaller

distributions of the densities obtained with the TDP and MCS methods agregates of loss due by diffusion. The inventories predicted by

well.

the TDP method are nearly constant. RorAr, the inven-
tories predicted by the propagator model are larger than the
fluid method. These phenomena might be explained as fol-

species, nominally Ar(d), at a single point located at ap- lows: when\/Ar>1, the fluid method is technically not valid

proximately half the radius and the half height=8.9 cm,

since the mean free path of the atoms is larger than the cell

z=4 cm). The atom generation rate in that numerical cellsize. As a result, the excited atoms flow to the boundary and

was 1.0<10'® cm3s L

The neutral temperature was are lost on the walls too quickly. That is, the diffusion speed,

500 °K. The gas pressure was varied to produce mean frag,=|D(VN/N)|, may exceed the thermal speed. Whéfr

paths for neutral-neutral collisions for Arf 0.125-1.25

<1, the TDP is not applicable since particles scattering in

cm (A=0.5-5.Q4\r), corresponding to gas pressures ofcellr’ will have their next collision in the same cell. As a
100-10 mTorr at 500 °K. These parameters were then use@sult, when\/Ar <1 the propagator matrices for all mean
to generate the appropriate propagator matrix using the M@ee paths will be similar, and consequently the resulting
method. The numerical time step wasu%. The quenching densities will remain nearly constaihis situation may be
probability of the excited state is unity and uniform on all exacerbated by our use of an event horizdine only values
surfaces unless stated otherwise.
The first validation of the TDP was performed by com- valid are\/Ar~1.

paring the steady state densities of* Asbtained with the

of mean free path wherboth methods are simultaneously

The atom inventories obtained using the fluid method

TDP and MCS, and these densities are shown in Fig®. 1 track the inventories generated using the MCSNidr <0.5
and Xc). The quantitative agreement between the two meth{all data are not shown in Fig)2The inventories generated
ods is quite good accept near the axis where the MCS hassing the TDP method track those from the MCS fdAr
poor statistics. Even though the boundary condition is that-1. Assuming the MC method is valid for arbitrary mean

Ar* is quenched on the surfacésquivalent to Af=0 on

free paths, one finds that the TDP is a meaningful method for

surfaces for a continuum modgthe gas phase densities do calculating particle densities with the mean free path exceeds
not extrapolate to zero at the boundaries. This trend is chathe dimension of the computational cell. For mean free paths
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FIG. 3. Total inventory of Af atoms obtained with the MCS and fluid ; ,(v\ 4125
methods when the fluid diffusion flux is limited according to the diffusion g O & /T
lengthL. The fluid method agrees with the MCS over a long range of mean & 15+ P 4 P
free paths folL=3Ar which is small compared to the reactor size. P A A A 4100 2
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3 X o
i
. . -~ > osp XMCS X a 107
having shorter values, the TDP is unable to sufficiently re- 5 0 ToP
solve the problem. i
a i 1 1 L i 0.50

The calculation of species densities using gradient 0'8.00 - 025 050 075 100 125 150
driven (Fick’s law) transport can be extended to lower pres- (b) MEAN FREE PATH (cm)
sures by preventing the effective diffusion length from ex-
ceeding the dimension of the vessel. Equivalently stated, theig, 4. Time dependent properties for total particle inventylnventory

diffusion speed cannot exceed the thermal speed. This limits a function of time as obtained with the TDP for various mean free paths
can be expressed as with comparisons to the MCS and fluid model. The magnitude of the fluid

result has been rescaldgt)) Times at which the particle inventories obtained

Ui\ with the TDP and MCS equilibrate as a function of mean free path. We also
D= , (10 show the actual equilibration time scaled by the equilibration time for con-
A tinuum transport.
1+ 5

where A is the effective diffusion length. As the pressure
decreases and the mean free paihcreasesP approaches rium at shorter times for lower pressures where the diffusion
a constant valu® =vA. For fundamental mode diffusion, speed is higher. The comparison with the fluid calculation
A is a known function of the dimensions of the container.(rescaled in magnitude to match the TDB made at the
Otherwise, A may have a complex dependence on the shapsmallest mean free path whexe=Ar, the point that the TDP
of the container, distribution of the sources and sinks of theand fluid models are most nearly mutually applicable. The
species in question, or depend on other thermodynamifiuid model comes to equilibration faster than the TDP, as
guantities such as temperature. This technique is similar texpected since the fluid model over predicts losses at long
flux limiting.® mean free paths. The time dependent densities computed
To illustrate these dependencies, we parameterizei  with the MCS and TDP agree well. The time at which the
Eqg. (10) in the fluid equations to determine values which densities equilibrate as computed with the MCS and TDP are
would extend our calculations to lower pressures. The conshown in Fig. 4b). The equilibration times for the MCS and
ditions are the same as discussed ab@vpoint sourceand  TDP agree well over the full range of mean free paths inves-
the resulting particle inventories are shown in Fig. 3. Thetigated. Note that the equilibration time does not simply
fluid and MC results agree well foax=3Ar for a wide range scale as the inverse of the pressure but rather reaches a lower
of mean free paths. The small value fhrcompared to the limit due to the finite flight time of the particles. The devia-
dimensions of the reactor is a consequence of the steep gréen of the equilibration time from that one would expect
dient in particle density resulting from the point soufes  from simple pressure scaling is also shown in Figp)4This
shown in Fig. ). More distributed sources will result in a deviation is indicated by/r,, wherer, is the equilibration
largerA. time based on continuum modeling. Significant deviation be-
The total inventories of excited atoms in the reactor as ajins with \>2Ar.
function of time as obtained with the TDP are shown in Fig. A final comparison was made between densities com-
4(a). The mean free path was varied between 0.25 and 1.2puted with the TDP and fluid methods, and the results are
cm. Representative results from the MCS and fluid modelshown in Fig. 5. For this purpose we used the same geometry
are also shown. As expected, the densities come to equilitend conditions as described above but we used a distributed
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FIG. 5. Comparison of A densities obtained from the fluid and TDP mod- FIG. 6. Ar* densities in an ICP reactor obtained with the TDP being used as
els forn=Ar using a distributed source. The quenching coefficient on wallst® neutral transport module in the HPEM for pressuregap20, (b) 10,

is 0.5.(a) Ar* source function from the HPEMb) Ar* density obtained and(c) 5 mTorr. The contours are labeled with the percentage of the maxi-
with the fluid model.(c) Ar* density obtained with the TDP. The contours MUM value shown at the top of each figure. The source functions are similar

are labeled with the fraction of the maximum value shown at the top of eacti® that shown in Fig. &).
figure.

model is lower than that of the TDP due to the over predic-
tion of loses by the fluid model. Even thougk-Ar, there is
evidence of long mean free path transport near the walls. The
density gradient for the TDP is smaller than that for the fluid,

a discrepancy which increases as either the mean free path or
quenching coefficient increase.

source of excited argon atoms, again nominally the &y(4
state. This source function, shown in Figap was obtained
from the HPEM for an ICP operating in 10 mTorr of Ar. The
coil was driven at 13.56 MHz and produced a total induc-

tively coupled power deposition of 500 W. The source func- Summarizing, the results from the TDP agree well with

tion is maximum just under the dielectric at approxmatelythose from the MC simulation for both spatial and time de-

half the radius. The source function has this shape because . S
inductively coupled electric field is zero on the agty sym- pendencies fon>Ar, thereby validating the TDP method.

metry) and is zero on the metals outer walls. The skin depthAt smaller, the TDP appears not to be able to resolve the

for penetration of the electric field into the plasma~4.5 intracell collisions.
cm, thereby accounting for the source being close to th
window?®

A comparison of the excited neutral densities obtained The TDP algorithms were employed as a long mean free
with the TDP and the fluid model are shown in Figh)sand  path transport module in the HPEM. For demonstration pur-
5(c), respectively. The mean free path was chosex-a8.25  poses, we simulated Ar discharges using the geometry shown
cm (equal to the mesh spacinghere the two methods are in Fig. 1. The species included in the model are A)3
closest to being mutually valid, and the quenching coefficienAr(4s), Ar™, and electrons. The reactions, rate coefficients
on the walls is 0.5. The excited state density is maximum irand electron impact cross sections used in the HPEM are the
an annular region corresponding to the maximum in thesame as discussed in Ref. 8. We examined ICP discharges
source function. Quenching on the walls produces steep graperated at 5, 10, and 20 mTorr, corresponding to mean free
dients across the reactor. Both models predict similar densitpaths of 1.577, 0.788, and 0.394 cm, respectively, based on a
distributions, however the peak density predicted by the fluid_ennard—Jones parameter of 38408 cm. The quenching

?\/. TDP AS THE KINETIC MODULE IN THE HPEM
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TABLE I. Memory requirementsMB) for the TDP method.

DISTRIBUTED SOURCE
<+—>

I | T MAT

B IM 1 2 5 10 20
bt
B PROPAGATOR 16 0.06 0.17 0.28 0.28 0.28
G o6l - 32 0.23 0.67 3.8 43 43
2 64 0.92 2.7 15.1 59.3 67.4
5 FLUID 128 3.7 10.7 60.3 237 945
o4 —
-
wl
[

02 |-

region above the wafer near its source. At 10 mTorr, the peak
of the Ar* density in the fluid has moved to a lower height
| | | whereas the peak Ardensity produced by the TDP method
has remained nearer the window, and better reflects the

r 08 I~ PROPAGATOR B source function by electron impact, while the*Aextends
7 further from the source at the periphery of the reactor. That
g o6 trend continues at 5 mTorr. The boundary condition for the
o FLUID . . : . "
> fluid equations is that excited state densities be zero at the
g 04— wall. At 20 mTorr, this condition is well represented by the
e TDP. At 10 mTorr, this boundary condition at the substrate is
02 = marginal, whereas at the window the boundary condition is
o I | | | poor. This boundary condition is even less appropriate at 5
mTorr on the window. The close proximity of the Asource
| | | B function to the window results in transport appearing to be
5§ mTorr more ballistic on the window side of the source. That is, the
> 08 PROPAGATOR N effective Knudson number for transport of *Afrom the
2 source to the surface is larger on the window side of the
w06 FLUID source than on the substrate side, thereby making the con-
= tinuum formulation less appropriate.
E 04
3
o 02 V. CONCLUDING REMARKS
o 19 | | | A time dependent long mean free path transport method
0 > 4 6 8 10 based on the use of a transition mafiixopagatorwas dem-

HEIGHT (cm) onstrated and applied to an ICP etching reactor geometry.
Time dependence in the propagator method is obtained by
FIG. 7. Comparison of Ar densities as a function of axial position obtained Storing a time history of past densities. These densities are
with TDP and fluid modules being used for the neutral transport module inthen interpolated using a retarded time to account for the
the HPEM for pressures 68 20, (b) 10 and(c) 5 mTorr. The densities have  gite flight time of particles from their last collision to the
been rescaled for purposes of comparison. The region over which the source )
function is large is shown at the top, and the boundaries of the substrate aff€S€nt. The TDP method was compared to fluid and MC
window are shown in gray. At 20 mTorr, the flux at boundaries using the twvomethods for test conditions. The TDP agreed well with the
methods are similar. Long mean free path effects are evident at 10 mTorrp\/C method when the particle mean free path exceeded a
computational cell dimension. The TDP method agrees with
uncorrected fluid calculations only fot=Ar. In general,
coefficient of Ar(4s) on the walls of the discharge is unity. fluid calculations which are not flux limited are not valid for
The ICP power is 500 W. The source function is similar toA>Ar and the TDP is not valid fox<<Ar. Fluid calculations
that shown in Fig. &). for total particle inventory could be “repaired” by using an
The densities of At using the TDP method as the neu- effective diffusion coefficient which is a function of the local
tral transport module in the HPEM are shown in Fig. 6. Axial diffusion length, but in general the spatial distribution of
slices of the Af density at approximately the radius of the particle densities obtained by this method does not strictly
maximum density obtained using the TDP and a fluid moduleagree with long mean free path techniques. Although the
in the HPEM are shown in Fig. 7. The region over which theTDP method can be computationally faster compared to
source is large is shown at the top of Fig. 7. The neutrabther long mean free path techniques, such as MCS, it does
transport transitions from continuum to long mean free pattsuffer from requiring large amounts of computer memory to
transport over this pressure range. At 20 mTorr, thEden-  store both the propagator and the time history of densities
sities using the TDP and fluid models are not significantlyrequired by implementing a retarded time. A comparison of
different in their spatial distributions. In particular, the maxi- the computer requirements TDP and MCS methods is dis-
mum in the A density occurs at approximately the samecussed in the Appendix. Far from the walls of reactors, the
height above the substrate. The‘As largely confined to the propagator depends only on the radial location in cylindrical
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TABLE Il. Memory requirement¢MB) for the MCS method. metries for the problem of choice can greatly reduce the
memory requirements. For example, in a long cylinder, the
propagator is a function only of radial position and not axial

€

IM 0.33 0.1 0.033 0.01 position, at least far from the ends of the cylinder. Therefore
16 0.04 0.4 38 a1 the same propagator can be used for nearly all axial loca-
32 0.15 1.6 15.0 164 tions. In this case, the memory requirements quoted below
64 0.60 6.6 60.2 655 would be smaller by a factor dM. In the absence of such
128 24 26.2 241 262 GB symmetries, the storing the propagator requires

IM X IM{[2Xmin(3\/Ar,IM/2)]?+ Ny}

geometries or is independent of position in Cartesian geom\’-vords of memory, wherNH IS the number of past h|stor.|es
tored. These requirements in megabyMB) are shown in

etries. Therefore delineating such regions in the geometry of - .
interest could save large amounts of memory. Table | forNy=20. The memory requirements for the MCS

are a function of the tolerable errar, The number of MC
particles scales as &/ Assuming we maintain this error in
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FLOP per update, the operations per numerical cell for the
APPENDIX: COMPARISON OF COMPUTER TDP are

2
X6.

REQUIREMENTS FOR THE TDP AND MCS METHODS
Nrpp=

3\

2| —

The choice of which computational method one uses for (Ar
long mean free path transport is often a function of the ComAssuming we except a random error efor the MCS, the

puter resources required for the task. In this appendix, W, mper of pseudoparticles/cell isd/and the operations per
will estimate and compare the computing resoufeesmory ., qate (assuming three collisions within the horizois
and CPU timg required for the TDP and MCS methods. Nycs=1/€X3x(8+6). The ratios of FLOPS between the

Since computing speeds vary between platforms, we mak?DP and MCSNrpe/Nycs, are shown in Table I1l. The TDP
this comparison based on estimated floating point arithmetifS generally faster then the MCS whafr is moderate and

operations FLOP). We make the following assumptions. when reasonably fine precision is required for the MCS.

(1) The numerical two-dimensional mesh i1 XIM  Again * smoothing techniques may be used to reduce the
cells. number of MCS particles. For large values\shr the TDP

(2)_ The “horizon” for _c_omputing and storing the propa- s gjower due to the large number of cells within the transport
gator is 3\, thereby requiring a propagator entry far(3\/ “horizon.”
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