Remote plasma etching reactors: Modeling and experiment
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A combined theoretical-experimental analysis of a remote plasma etching reactor was
undertaken. Chlorine plasma etching of polysilicon was chosen as a case study to illustrate the
approach. A model of the plasma (radical source) and of the transport and reaction of radicals
through the downstream section was developed. The effect of tube dimensions, gas pressure, flow
rate, and wall recombination probability was examined. In the parameter range investigated, low
pressure, high flow rate, short downstream section, and low wall recombination probability
favor higher radical fluxes at the substrate. A conflict arises in choosing the tube radius. A
tubular reactor with different radii for the source and downstream sections is proposed to
optimize the radical flux. Model predictions were tested in a radical beam reactor. Actinometry
was used to monitor the Cl-atom density in the source and to verify the predictions of the plasma
model. Using the wall recombination probability as the only adjustable parameter, reasonable
agreement between predicted and measured atom flux at the reactor exit was also obtained.

I. INTRODUCTION

Remote plasma processing is finding increasing applica-
tions in the etching and deposition of damage-free thin
films. This technique differs from in situ plasma processing
in that the substrate on which etching or deposition takes
place is not exposed to the harsh plasma environment.
Thus, bombardment of the substrate by ions as well as
ultraviolet (UV) photons and soft x rays is minimized or
totally eliminated. The result is reduced radiation damage
and increased device yield. In a typical remote plasma pro-
cessing reactor, radicals are generated in a discharge sus-
tained at 13.56 MHz (radio frequency) or 2.45 GHz (mi-
crowave frequency) at a location upstream from the
substrate. The radicals are then transported to the process-
ing chamber where etching or deposition takes place. Ap-
plications include in situ deposition of thin film supercon-
ductors using O atoms,' native oxide removal at low
temperature using hydrogen atoms,? deposition of GaN
passivation films using N atoms, deposition of Si and its
compounds,’ etching of polymers using atomic oxygen,*
and etching of various compound semiconductors® and
YBa,Cu;04, ,, thin films using chlorine atoms.®

In many remote plasma processing applications, one is
interested in achieving high degree of gas dissociation in
the plasma and minimal radical loss in the downstream
section, so as to maximize the radical flux at the substrate.
Proper selection of reactor dimensions and operating con-
ditions to achieve this goal is difficult based on intuition
alone. Mathematical models tested with experimental mea-
surements are valuable for reactor design, process optimi-
zation, and development of process control strategies.

In a previous work,’ a model was developed to investi-
gate the factors which affect the radical density in the
plasma (radical source model). The model considered a
discharge of length L, (Fig. 1) sustained in a cylindrical
quartz tube of radius R. Rate coefficients for electron—
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particle reactions in the Cl,/Cl mixture were obtained by
solving the Boltzmann transport equation for the electron
energy distribution function. These rate coefficients were
parametrized and used in a plasma model to calculate the
self-sustaining electric field, electron density, and atomic
chlorine density in the plasma. For otherwise identical con-
ditions, nearly the same atom density was obtained in
13.56 MHz and 2.45 GHz discharges. It was found that
very high degrees of molecular dissociation are possible
with only a few watts per cubic centimeter in the plasma.
Despite the fact that the atom density decreased with in-
creasing feed gas flow rate, the atom flux increased with
flow rate. In the parameter range investigated, lower pres-
sures and larger tube radii favored higher atom density in
the plasma. Wall recombination was not an important sink
for Cl atoms as long as the wall recombination reaction
probability was less than 107,

In this article, an extension of the previous model is
reported including transport and reaction in the down-
stream section. Factors which influence the radical flux at
the reactor exit (i.e., at the substrate) are studied. In ad-
dition, an experimental system is used to test the predic-
tions of the radical source model’ and of the overall reactor
model. More detailed models of remote plasma deposition®
and etching’ reactors have been reported recently. How-
ever, these models are computationally more difficult and
require substantial CPU time. The goal of the present work
is to provide a model which is detailed enough yet it can be
executed in a short CPU time. Such models are important
for model-based process control of plasma etching and
deposition.

Il. MATHEMATICAL MODEL

The overall reactor model was divided into two parts:
plasma (radical source) and downstream sections (Fig. 1).
Separate models were written for the two sections. These
models were coupled at the interface between the sections.
The modeling approach is shown in Fig. 2. First, the Boltz-
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F1G. 1. Schematic of a tubular reactor in which an electrodeless chlorine
discharge is sustained.

mann equation was solved for a set of values of E/N, w/N,
and gas composition in the parameter range of interest.
Here E is electric field, NV is total gas density, and e is
plasma excitation frequency. The electron transport prop-
erties (e.g., mobility and diffusivity) and rate coefficients of
reactions involving electrons were thus obtained from the
electron energy distribution function (eedf). These quan-
tities were parametrized and used in the radical source
model. The latter consisted of mass and energy conserva-
tion equations to determine the self-sustaining electric
field, electron density, and atomic chlorine density in the
plasma. Inputs to the radical source model included gas
density, flow rate, power, plasma radius and volume, and
excitation frequency. The only adjustable parameter of the
model was the wall recombination probability of the radi-
cals, y,. The atomic chlorine density obtained by the rad-
ical source model was used as a boundary condition at the
inlet of the downstream section. Again, the only adjustable
parameter of the downstream model was the wall recom-
bination probability of the radicals, ¥, The final result was
the radical density and flux at the tube exit.

A. Radical source model

This model was described in detail in Ref. 7. Hence,
only a brief description is given here.

MODELING SCHEME
EN, /N, y o IRE
RADICAL SOURCE MODEL
BOLTZMAN TRANSPORT * Electron density balance
EQUATION * Cl density balance
* Electron energy balance
EEDF Y

Plasma composition
Electron density
Self-sustaining field

Electron transport properties
Rate coefficients

OPERATING PARAMETERS
* Excitation frequency, @ Ya
* Pressure | DOWNSTREAM MODEL]
* Flow rate
* Reactor size
&
Power [RADICAL FLUX AT SUBSTRATE]

FIG. 2. Overview of the modeling approach.
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1. Electron transport and reaction coefficients

These were found by solving the Boltzmann equation
for the eedf. Since complete dissociation can be achieved
readily in a chlorine plasma, it is important to include the
effect of Cl atoms on electron and plasma Kkinetics. At a
frequency of 2.45 GHz, the eedf cannot follow the rapid
variations of the field. Hence, a time-average distribution
can be used.

Cross sections for various elastic and inelastic processes
for atomic and molecular chlorine were taken from Rogoff
et al.'® and Aydil and Economou.'" Inelastic processes for
molecular chlorine included vibrational excitation, ioniza-
tion, dissociative attachment, and excitation to B *II, 2 11,
2 'S, and C ' states. Excitation to the C 'II state is dis-
sociative and is the main channel producing atomic chlo-
rine. Inelastic processes for atomic chlorine included ion-
ization and excitation to six different electronic states.
Table I shows the electron and neutral particle reactions. A
computer code developed by Luft'? was used to solve the
Boltz-
mann equation. For given ratio of excitation frequency to
neutral gas density, /N, the rate coefficients for various
electron particle reactions, & » were parametrized as func-
tions of E/N and y¢ (mole fraction of atomic chlorine in
the discharge), and were used in the balance equations
shown below.

The plasma model yields three key plasma properties,
namely, the self-sustaining electric field, the electron den-
sity, and the atomic chlorine density. In order to determine
these properties, three independent equations are required.
These are the electron density balance, the Cl density bal-
ance and the power balance.

2. Electron density balance

The electron density balance can be written as

7 ne=kjyoNn.+kyp(1—yc)

ae

X_Nne—ka(l“'yCI)Nne”XZ_ne' (n

Here k;;, k5, and k, are the rate coefficients for atomic
ionization, molecular ionization, and attachment, respec-
tively. D,. is the ambipolar diffusivity, A is the electron
diffusion length, and #, is the electron density. The terms
on the right-hand side (rhs) represent ionization of atomic
chlorine, ionization of molecular chlorine, attachment to
molecular chlorine, and diffusion to the walls of the con-
tainer, respectively. Electron diffusion losses were evalu-
ated as before.’ Since the electron density is not modulated
in time under the microwave field, the left-hand side (lhs)
of Eq. (1) is equal to zero.

3. Atomic chlorine density balance

If Q, is the feed rate of molecular chlorine (sccm) then
the component balance for atomic chlorine can be written
as
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TABLE 1. Important reactions in the chlorine discharge.

Reaction

Threshold (eV)

Molecular ionization Cly4+e™ -Cly*" +2e~

1.5

Atomic ionization Cl4+e =ClT 42e™ 13.0
Dissociative attachment Ch+e™ - Cly . Cl4+Cl1™

Dissociative excitation Cly4+e™ — CI’Z’(C'H) + e~ — 2Cl4-e~ 3.12
Dissociative ionization Cl+e™ - Clt4Cl4-2e~ 11.5
Electronic excitation Cli+e™ — CI¥(B’M) + e~ 2.50
(Molecular chlorine) Chte™ - CIFQ2'M& 2'3) 4 e~ 9.25
Vibrational excitation Cl+e - CL:i:Cl*+e™ 0.069

Electronic excitations (six) Cl+e — Cl*+e™
(Atomic chlorine)
Ion—ion recombination CL*+Cl™ - CL+Cl
Clt4CI- - 201
Cl+Cl+M - CLL,+M

Cl+wall - 1/2ClL,+wall

Volume recombination
Wall recombination

2x4.48 10YQ, yq
V, (2—ya)

= (k,+2k N1 —yq)n,

k
— 2k Ny —2 "kf‘ENJ’a ,  (2)

where v, is the plasma volume, k, is the rate coefficient for
electron-impact dissociation of molecular chlorine, and %,
is the rate coefficient for volume recombination of atomic
chlorine. The factor 4.48 10" converts sccm to
molecules/s. The lhs of Eq. (2) is the rate at which atomic
chlorine leaves the plasma volume. The first term on the
rhs represents the rate of production of Cl by dissociative
attachment and dissociation. The second and third terms
on the rhs represent the loss rate of Cl by volume recom-
bination and surface recombination on the walls of the
discharge tube, respectively. The surface recombination
rate coefficient, ksp, is given by

(3)

Yp 8kT 1/2
i (o3ta)

ksP:_—. 7TMCl

and 7, is the reaction probability on the walls exposed to
the plasma, k is the Boltzmann constant, M is the mass of
atomic chlorine, and T is the gas temperature. The last
term in Eq. (2) is multiplied by the surface-to-volume ra-
tio (=2/R, where R is the tube radius), to transform the
surface reaction into a volumetric term in the material
balance. Equation (2) assumes a well-mixed plasma zone.
This assumption is reasonable since the Peclet number [see
Eq. (6)] calculated based on the plasma length L, is
around unity.

4. Power balance

The energy absorbed from the field by the electron
cloud is lost to elastic and inelastic collisions with the gas
particles. At steady state, the power balance can be written
as

J. Vac. Sci. Technol. B, Vol. 11, No. 2, Mar/Apr 1993

P 2m
7= E M (€)kmine Ny+ Z €ki(1—yc1)Nn,
¥4 i I i

+ 2, €kpci Nn+{€)k;y yc; Nn,
J

+{€ kp(1—y)Nn,, (4)

where P is the power input to the plasma, {€) is the aver-
age electron energy (averaged over the eedf), ¢; is the en-
ergy loss for the ith inelastic process for molecular chlo-
rine, k; is the corresponding rate coefficient; ¢; and k; are
the corresponding quantities for atomic chlorine. The first
term on the rhs accounts for the rate at which energy is lost
by the electrons through elastic collisions. The second and
third terms on the rhs represent the rate at which energy is
lost via inelastic processes involving molecular and atomic
chlorine, respectively. Finally, the fourth and fifth terms
represent the rate at which energy is needed to bring the
electrons produced by ionization to the average electron
energy.

B. Downstream section model

In the downstream section there is no source of atomic
chlorine. However, atoms are lost by volume and surface
recombination reactions. The atom density distribution is
described by the convective—diffusion equation, which at
steady state is written as

4 d 2 d?
(2—ye)de?O " 2—yepPe |dE2?C

1 d Ly 2 .
e Day?,+Da, =0, 5
+(2—}’c1) (ng’C) + HyC1+ wVCl ( )
where
x 4.48%10Q,L
E=—, Pe=————-—Q—‘2’—i‘, (6)
Ld NDAB’ITR
b 2k, N*mR*L, b 2k, mR L ;N ;
W T2a8x1017Q," T 4.48x 1070, M
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The boundary conditions are at

£=0, ya=rcio (8)
and at
d
&=1, d—é_)’cr—‘o, - (9)

where yc;( is the mole fraction of atomic chlorine at the
exit from the plasma. This is the quantity that couples the
source and downstream sections of the reactor. L, is the
length of the downstream section, ¢ is dimensionless dis-
tance, and D, is the diffusivity of Cl in Cl,. The first term
in Eq. (5) represents convection by bulk gas flow, the
second term is due to diffusion, and the third and fourth
terms represent loss of atomic chlorine by volume and wall
recombination, respectively. Equation (5) implies that
radical concentration gradients along the tube radius are
negligible compared to those along the tube axis. This as-
sumption is justified for high aspect ratio tubes (large
L, /R) and slow wall recombination reactions. The Peclet
number (Pe) shows the relative importance of convection
(bulk gas flow) as compared to diffusion. It is the ratio of
characteristic time for axial diffusion to a characteristic gas
residence time. The Damkdhler number (Da,) shows the
relative importance of volume recombination as compared
to gas convection. It is the ratio of a characteristic gas
residence time to a characteristic time for volume recom-
bination. Da,, is similar to Da, except that wall recombi-
nation replaces volume recombination. The ratio
Da,/Da,, = Rk,N’/k, shows the relative importance of vol-
ume recombination as compared to wall recombination.
Note that volume recombination is enhanced by increasing
N (pressure), and wall recombination is enhanced by in-
creasing the surface to volume ratio (which is equal to
2/R).

For the experimental conditions of this study at a feed
flow rate of 6 sccm and 1 Torr pressure, the gas residence
time in the downstream section of the tube is 282 ms; at 0.8
sccm and 0.25 Torr it is 529 ms. The CI* and Clf ions
produced in the plasma are lost in the downstream section
by diffusion to the walls and via ion—ion recombination
with C1™. The average lifetime of these ions in the down-
stream section is estimated to be 3.5 ms at 1 Torr and 1 ms
at 0.25 Torr. This is much less than the gas residence time
in the downstream section. Electrons exiting the plasma
zone cool down and are lost rapidly by attachment. Fur-
thermore, the production of atomic chlorine by ion—ion
recombination and electron attachment is insignificant due
to the low concentration of charged species. As a result
there is no need to include charged species chemistry in the
downstream section. However, for short downstream sec-
tions, charged particle chemistry may be important.®

. METHOD OF SOLUTION

For given molecular chlorine feed rate, neutral density
(pressure), power, frequency, and discharge tube dimen-

sions, the balance Egs. (1), (2), and (4) were solved for’

the self-sustaining electric field, electron density, and
atomic chlorine mole fraction. These equations are coupled
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F1G. 3. Schematic of the experimental system.

through the dependence of the electron-particle reaction
rate coefficients on the electric field and the mole fraction
of atomic chlorine. The coupled system of equations was
solved using the FORTRAN algorithm DERPAR.!* The
atomic chlorine density thus obtained was used as a bound-
ary condition to solve the convective diffusion Eq. (5). The
latter was solved by a finite difference method.

IV. EXPERIMENTAL

In order to test the model predictions, etching experi-
ments were performed in a turbomolecular-pumped ultra-
high vacoum (UHYV) system (Fig. 3). Chlorine radicals
were generated in a 10 mm-i.d. quartz tube using a micro-
wave discharge operating at 2.45 GHz. The pressure in the
tube was measured using a Baratron® transducer and var-
ied with feed flow rate. The flow rate required to achieve a
nominal pressure of 0.25, 0.5, and 1.0 Torr was 0.8, 2.2,
and 6.0 sccm, respectively. The downstream section of the
tube was 30 cm long. The tube ended with a 1.5 mm-diam
nozzle and the substrate was located 1 cm away from the
nozzle tip. The substrate holder was heated resistively and
its temperature was controlled to within £2 °C of the set
point. Thermal contact between the substrate and the
holder was achieved using silver paint. All etching exper-
iments were carried out at a substrate temperature of
150 °C. This experimental setup is not typical of a remote
plasma etching system. Nevertheless, the setup can be used
to conduct well-characterized experiments to test the
mathematical model predictions.

The discharge tube was pretreated with phosphoric acid
in order to reduce wall recombination of atomic chlorine.'*
The tube was washed with de-ionized water and soaked in
a 15% phosphoric acid solution overnight. The tube was
then dried in an argon atmosphere at 250 °C. Prior to each
set of experimental runs, the tube was ‘“‘conditioned” by
switching the plasma on for 30 min. In order to enhance
reproducibility the tube was used exclusively with chlorine
plasmas. It was noticed that irreproducible results were
obtained when plasmas of other gases (O, or CF,) were
struck in the same tube.
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F1G. 4. Etch rate of polysilicon as a function of radius.

Heavily doped (n* ~10%/cm® doping) polycrystalline
silicon was used for etching experiments. P-doped polysil-
icon films (6000 A thick) were deposited on 1000 A of
oxide on 6 in. wafers. Removal of the native oxide of sili-
con is essential to initiate Cl-atom etching. This was
achieved by sputtering the native oxide with an argon ion
beam extracted from a 3 cm Kaufman ion source.

The polysilicon etch rate was measured as follows: The
film remaining after an etching experiment was wet etched
down to the underlying oxide through a pattern of equally
spaced 200 um-wide lines. A surface profilometer (Tencor
Instruments) was then used to measure the thickness of
the remaining polysilicon as a function of radial position.
Also, a few samples were cleaved and the cross section was
examined using a scanning electron microscope (SEM) to
verify the profilometer measurements. The polysilicon film
etched in the form of concentric circles with the etched
depth decreasing with increasing radius. Figure 4 shows a
typical etch rate distribution. Based on this distribution an
average etch rate was calculated. The maximum etch rate
at the center was used to compare the relative etch rates
between different samples.

Plasma emission was collected along the tube axis and
also along a tube diameter at the center of the microwave
cavity (Fig. 3). Actinometry was used to estimate the rel-
ative changes in Cl-atom density in the plasma by adding
5%-10% Ar. Argon emissions at 811.5 and 826.4 nm and
Cl-atom emissions at 808.5 and 837.6 nm were monitored.
Based on the emission line shapes, Gottscho and Donnely'’
concluded that the Cl 837.6 nm and Ar 826.4 nm lines may
be used for actinometry provided that emission was col-
lected from the center of the plasma away from the sheaths
of their rf capacitively coupled reactor. Aydil and
Economou'® have also used actinometry to monitor the
Cl-atom density in a similar reactor. In the electrodeless
microwave discharge used here sheath effects are expected
to be relatively unimportant.
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V. RESULTS AND DISCUSSION

A. Theoretical resuits

1. Radical source section

Figure 5 shows the atomic chlorine mole fraction ob-
tained in the plasma (radical source) as a function of
power density for different gas feed flow rates at a constant
neutral gas density. As expected, more molecular dissoci-
ation is achieved by increasing the power density delivered
to the plasma. Indeed, very high degrees of dissociation are
possible with only a few watts per cubic centimeter, espe-
cially at low flow rates. For a given power density, the
mole fraction of atomic chlorine in the plasma decreases
with increasing flow rate because the gas residence time in

1 40
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> i f=245GHz g
8 I R =0.5cm i =
§ 0.6 | N=16x100 ! =4 20 ?‘;’
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F1G. 6. Atomic chlorine mole fraction in the plasma (left axis) and flux
out of the plasma (right axis) as a function of feed gas flow rate; f=2.45
GHz, R=0.5 cm, N=1.6X10'® cm—3, and power density=1.5 W/cm?.
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TABLE II. Parameter values for downstream section. Values for variable
quantities (e.g., N, Qy) are representative of the experimental system.

Name Symbol Typical value

Volume recombination k, 4.5 % 107 cmb/s
coefficient

Wall recombination ko 2.51 cm/s
coefficient

Wall recombination Ya 22 x 107*
probability

Cl diffusivity in Cl, D,y 3.2 X 10'®/N cm¥/s

Gas temperature T 350 K

Tube radius R 0.5 cm

Length of downstream L, 30 cm
section

Feed flow rate O 2.2 sccm

Neutral density N 1.6 X 10'6/cm?

Peclet number Pe 11.76

Damkohler number Da, 8.81
(volume)

Damkéhler number Da,, 3.84

(wall)

the plasma also decreases with flow rate. Hence, the gas
molecules have lower chance of dissociating as they flow
through the plasma volume.

Figure 6 shows the atomic chlorine flow rate Q¢ at the
plasma exit as a function of feed flow rate of molecular
chlorine. Q¢ was found using the relation

2yal
QCl - 2 _ yC]

where @, is the feed (Cl,} flow rate. Equation (10) indi-
cates that if complete dissociation is achieved in the plasma
(y)oy=1) the flow rate of atomic chlorine is twice that of
the feed gas. Figure 6 shows that the atom flux increases
with feed gas flow rate despite the fact that the degree of
gas dissociation decreases with flow rate. A parametric in-
vestigation of the radical source region was reported
elsewhere.” Also, results on the eedf at 2.45 GHz and 13.56
MHz have been reported before.”!!

Q> (10)

2. Downstream section

We now turn our attention to the downstream section.
For a constant gas temperature, there are six variables that
influence the atom density and its distribution in the down-
stream section. These are tube radius R, length of down-
stream section L, gas flow rate Q,, number density N, wall
recombination probability y, (or k), and volume recom-
bination coefficient k,. In addition, the atom mole fraction
at the source exit has to be specified. By expressing the
convective diffusion equation in dimensionless form as
shown in Eq. (5), the number of parameters is reduced to
three, i.c., Peclet number Pe, and Damkohler numbers for
volume recombination Da,, and wall recombination Da,,
Parameter values typical of our experimental system are
shown in Table II.

Figures 7-9 show the atomic chlorine mole fraction at
the exit of the downstream section as a function of Da,, for
different values of Da,. Figures 7, 8, and 9 were calculated
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FIG. 7. Atomic chlorine mole fraction at the exit of the downstream
section as a function of Da,, for different values of Da,; Pe=0.1.

for Pe=0.1, 1, and 10, respectively, assuming complete
dissociation in the plasma (i.e., yco=1). For given tube
dimensions and operating conditions one can obtain an
estimate of the degree of depletion of radicals in the down-
stream section by utilizing these figures. The behavior of
the system can be understood better if one rewrites the
dimensionless groups in terms of a characteristic gas resi-
dence time g,
2

Po——d , Da,=2k,N’rz, Da =ilfiT—R, (11)
D,ypTr ’ Y R
where
7RNL,

TR=448% 1070,

Then for a given residence time, Pe is increased by in-
creasing L, and/or decreasing D, p. Da, is increased by
increasing k, or gas density; and Da,, is increased by in-

1
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F1G. 8. Atomic chlorine mole fraction at the exit of the downstream
section as a function of Da,, for different values of Da,; Pe=1.
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FIG. 9. Atomic chlorine mole fraction at the exit of the downstream
section as a function of Da,, for different values of Da,; Pe=10.

creasing k, and/or decreasing R. The actual gas residence
time is shorter than 7 since the latter is based on the
undissociated gas flow Qp. The actual gas residence time
can be as short as 7x/2 at complete dissociation in the
plasma and without any radical decay in the downstream
region.

For low values of Da,( <0.1), the mole fraction of rad-
icals at the tube exit yc, is independent of Da,. Under
these conditions wall recombination is not an important
loss of atomic chlorine. As Da,, increases the exit mole
fraction drops, and at high Da,, there is severe depletion of
radicals as they flow downstream. For low Pe, volume re-
combination is unimportant for values of Da, less than O.1.
The effect of wall and volume recombination is much more
pronounced for higher values of Pe (long tubes), i.e., for
higher values of Pe, yc; . decreases faster with increasing
either Da,, or Da,. Figures 7-9 may also be used as design
guidelines for selecting reactor dimensions and operating
conditions to minimize depletion of radicals in the down-
stream section.

Results in terms of dimensional quantities are shown
next. In the next two figures, the atom mole fraction at the
inlet to the downstream section was taken as 0.99, i.e.,
nearly complete dissociation. Figure 10 shows the atom
mole fraction as a function of position in the downstream
section of the tube for different tube radii, R. Atoms decay
faster with increasing tube radius. Under these conditions
wall recombination is not an important atom loss mecha-
nism, i.e., one operates in the nearly flat region of the
curves shown in Figs. 7-9 (low Da,). As R decreases
however, the gas residence time in the downstream section
also decreases (note that NV and L, are kept constant) and
the chance for volume recombination is lower. Hence, a
higher atom density is obtained at the exit. The opposite
trend was observed for the radical source; the atom density
increased with increasing tube radius.’

Figure 11 underscores the dramatic effect of pressure.
By quadrupling pressure (from 0.25 to 1 Torr, nominal)
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FiG. 10. Atomic chlorine mole fraction as a function of dimensionless
position in the downstream section, for different values of tube radius;
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the atom flux at the exit is reduced by a factor of 56 (from
0.672 to 0.012). Again, volume recombination is very sig-
nificant even for pressures less than 1 Torr for the system
studied. In order to counterbalance the strong pressure
effect, one would need to use high gas flow rate to reduce
the residence time in the downstream section (or use a
short downstream section).

B. Experimental results and comparison with theory

Figure 12 shows the emission intensity of the Ar 811.5
nm and the Cl 808.5 nm lines as a function of applied
power at a pressure of 0.25 Torr. The ratio of the two lines
is also shown and this ratio is taken to be proportional to
the Cl-atom concentration, [Cl]. It can be seen that [CI]
increases with power and saturates at high enough power.
This saturation suggests that complete dissociation of mo-
lecular chlorine has been achieved (see also, Fig. 5). Fur-
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FIG. 11. Atomic chlorine mole fraction as a function of dimensionless
position in the downstream section, for different values of neutral number
density; R=0.5 cm, y=2X10"%, Qy=5 sccm, L,;~30 cm.
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FIG. 12. Measured emission intensities of the Ar 811.5 nm and the Cl
808.5 nm lines (left axis) and Cl concentration (right axis) as a function
of power; p=0.25 Torr, 0;=0.8 sccm, R=0.5 cm.

ther evidence of complete dissociation was the fact that the
polysilicon etch rate also saturated with power (see be-
low).

The plasma volume does not remain constant as pres-
sure and power are varied. At low pressure and/or high
power the length of the plasma column extends beyond the
edges of the 4.3 cm-long microwave cavity. In order to
calculate the power density, two extreme cases were used.
In case I, the power density was calculated by dividing the
input power by the volume physically occupied by the
plasma (plasma column lengthXtube cross sectional
area). In case II, the input power was divided by the vol-
ume occupied by the plasma at the minimum power at
which the plasma could be sustained for a given pressure.
It should be noted that the plasma intensity was not uni-
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FiG. 13. Comparison between measured (points) and calculated (solid
curve) Cl-atom mole fraction as a function of power density; p=0.25
Torr, Q,=0.8 sccm, R=0.5 cm.
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F1G. 14. Comparison between measured (points) and calculated (solid
curve) Cl-atom mole fraction as a function of power density; p=0.5 Torr,
QOp=2.2 sccm, R=0.5 cm.

form along the plasma column. Therefore, the power den-
sity represents an average value.

Figures 13 and 14 show a comparison between mea-
sured and calculated Cl-atom mole fraction. The wall re-
combination probability was used as the only fitting pa-
rameter. Curves I and II correspond to cases I and II,
respectively, for calculating the power density. By choos-
ing a value of y,=8X 1073 the agreement between theory
and experiment is satisfactory. Ogryzlo'* has reported a
wall recombination probability of 4 10~° for chlorine at-
oms on quartz poisoned with phosphoric acid. However,
the tube walls are modified when exposed to the plasma.

Atom flux at tube exit: The Cl atom flux at the reactor
exit was calculated from the measured polysilicon etch rate
using the known reaction kinetics for this system. The cen-
ter etch rate is shown in Table IIT as a function of power.
The etch rate does saturate at high power indicating com-
plete dissociation in the plasma. Ogryzlo et al.'? reported
the following expression for etch rate of poly with Cl atoms

ER(A/min) =y, neT%5 exp(—E/RT) NS, (12)

where a=0.39, y,=4.04 1078, E=4.7 kcal/mol is the
activation energy, nc, is the Cl-atom density, and N is the
dopant, density. For the system at hand the etch rate is
calculated to be 625 A/min/mTorr of atomic chlorine.
Based on an average etch rate of 74 A/min for 150 W
and 0.25 Torr (Table III), the atom flux at the substrate is

TABLE III. Measured etch rate at center. Average etch rate is shown in
parenthesis.

Etch rate (A/min)

Power (W) 0.25 Torr 0.5 Torr
60 110 110
90 175 116
120 193 131
150 182 (74) 147 (61)
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TABLE IV. Predicted and measured exit Cl mole fraction.

Cl mole fraction at exit

Pressure (Torr) Feed flow rate (sccm) Measured Predicted
0.25 0.8 0.083 0.082
0.50 22 0.025 0.037
1.0 6.0 0.015 0.014

calculated to be 4.76 X 10'®/cm® s. For an etched diameter
of 9 mm, this corresponds to a mass flow rate of 3 X 10'¢/s
or O¢=0.067 sccm of atomic chlorine. For 0.25 mTorr,
the feed gas flow rate was Q,=0.8 sccm. Using Eq. (10),
the exit Cl mole fraction is 0.083, a drastic drop compared
to the value of unity at the inlet of the downstream section.
This drop is a result of the long downstream section of the
tube. Similar experiments were performed for 0.5 and 1.0
Torr, and the results are summarized in Table IV. The
predicted Cl atom mole fractions at the tube exit are also
shown in this table. Again, the wall recombination proba-
bility y; was the only fitting parameter and it was found to
be 2.2 X 10~* The value of y is different for the source and
downstream regions. This is not surprising since exposure
to the plasma modifies the treated quartz surface in the
source region. That the surfaces of the source and down-
stream regions are different can even be observed visually.

For high values of wall recombination probability, wall
recombination will become diffusion controlled and radical
concentration gradients along the radial direction will be
established as well. The transition from reaction- to
diffusion-controlled regime may be estimated by setting the
Thiele modulus &=1,

2k4R\?
¢=(DAB) . (13)

For 0.25 Torr and R=0.5 cm, ® becomes unity for a wall
recombination probability of y,=3.5x 10~ Since for the
present system y,;=2.2X 10~%, ® is less than unity and it is
reasonable to neglect any radial concentration gradients in
Eq. (5). Also, the mean-free-path for atomic chlorine in a
50:50 mixture of Cl and Cl, at 0.25 Torr was estimated to
be 0.2 mm.'® This gives a Knudsen number of 2R/A =10/
0.2=350. Thus, the assumption of viscous flow at 0.25 Torr
pressure is also reasonable.

V1. SUMMARY AND CONCLUSIONS

A combined theoretical-experimental investigation of a
remote plasma etching reactor has been presented. The
chlorine plasma etching of polysilicon was taken as a
model system for analysis. However, the same methodol-
ogy can be applied to other systems as well. Separate mod-
els for the radical source and downstream sections were
developed based on fundamental principles. A parametric
investigation was carried out to assess the effect of reactor
dimensions and operating conditions on the radical density
in the plasma and the radical flux at the reactor exit. The
results may be summarized as follows.

J. Vac. Sci. Technol. B, Vol. 11, No. 2, Mar/Apr 1993

(1) Long downstream section is detrimental irrespec-
tive of other process parameters.

(2) The gas residence time in the downstream section
should be made as small as possible. This can be achieved
by using high flow rate, or using a small tube radius, or
using a short downstream section. A small tube radius in
the downstream section is especially effective when the
wall recombination probability is low. Quantitative esti-
mates can be made using Figs. 7-9. However, sufficient
residence time should be allowed in the plasma (radical
source) section, so as to enhance gas dissociation. This can
be achieved by using a larger tube radius in this section. A
compromise could be reached by using a tube with differ-
ent radius for the plasma and downstream sections.

(3) High pressures in the downstream section are det-
rimental for chlorine atoms, since volume recombination
increases rapidly will pressure.

(4) Operating at high flow rates is advantageous since
the radical flux out of the plasma is higher and the Cl-atom
loss in the downstream section is minimized.

The extent of dissociation in the plasma was monitored
using actinometry. Saturation of atom density as a function
of applied power was indicative of complete gas dissocia-
tion in the plasma. By using the wall recombination prob-
ability ¥, as the only adjustable parameter, good agreement
between predicted and measured Cl atom density in the
plasma was obtained.

Based on the measured etch rate of polysilicon and the
known reaction kinetics the radical flux at the tube exit was
determined. Again, using the wall recombination probabil-
ity v, as the only adjustable parameter, the measured flux
at the exit matched calculated values.

From a practical standpoint, the analysis presented here
can provide guidelines for the design and operation of re-
mote plasma reactors. Including more complicated chem-
istry in the model is straightforward. However, it was felt
that the basic chemistry used for the chlorine system pro-
vides a satisfactory description of that system. For reactors
with short downstream section, the present model needs to
be extended to include charged particle kinetics and gas
temperature profiles.
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