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and defect dependence of the etching rate. They explain
the large differences in the surface morphology generated
by different etchants.
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A Mathematical Model for a Parallel Plate
Plasma Etching Reactor

Demetre J. Economou*"' and Richard C. Alkire*
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ABSTRACT

A mathematical model was formulated for predicting species concentration profiles and etch rate distribution in a par-
allel plate plasma reactor. Explicit account was taken of the ion-assisted component of etching by considering ion trans-
port in the sheath. For the case of oxygen discharge, convective diffusion and chemical reactions of the etchant species
were included as well as the electron density and energy variations in the bulk plasma. Important dimensionless system
parameters were identified and their effect on etch rate, degree of etch anisotropy, and uniformity was examined. The
mode} predictions were evaluated by comparison with experimental data on etch rate of polymer in an oxygen plasma as a
function of pressure, power, and flow rate. For each, the model captured the salient features observed experimentally, al-
though quantitative comparisons were not possible owing to the lack of accurate rate reaction kinetics. data.

The central goal of patterning by plasma processing is to
obtain high etch rate while at the same time preserving
anisotropy, uniformity, and selectivity. Significant ad-
vances in fundamental understanding of plasma-assisted
processes have been reported in the recent past (1), al-
though engineering development of new systems con-
tinues to rely heavily upon trial-and-error procedures. In
the present work, a reactor engineering approach is de-
scribed for simulating plasma etching in a parallel plate re-
actor.

There have recently been several noteworthy investiga-
tions aimed at modeling plasma processes. Allen et al. (2)
used simplified models and a variety of experimental tech-
niques to predict etch rate and anisotropy of polysilicon
etching. Kushner (3), emphasized the discharge chemistry
whereas Graves and Jensen (4) emphasized the discharge
structure. In these works the variation of etch uniformity
along the wafer was not addressed.

Other investigators emphasized transport and reaction
phenomena in systems where ion-assisted chemistry was
relatively unimportant. Dalvie et al. (5) studied etching
uniformity in a Reinberg-type reactor. Edelson and Flamm
(6) and Kline (7) presented plug flow reactor models in-
cluding relatively detailed chemical reaction schemes. Dif-
fusion and reaction in barrel etchers were studied by Al-
kire and Economou (8), Doken and Miyata (9), and others.
In these works ion transport and etch anisotropy were not
considered.

Etching in oxygen plasmas has been cited by De Graff
and Flanders (10) as “an excellent model system for study-
ing etching of materials in reactive gases . ...” There is ex-
tensive information on the oxygen discharge (11, 12) and
reactor models for producing O-atoms from flowing O, dis-
charges have been reported (13).

* Electrochemical Society Active Member.
! Present address: Department of Chemical Engineering, Univer-
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In the present work, a plasma reactor engineering model
was developed based on potential field, transport and reac-
tion principles. Ion-assisted etching was accounted for by
including consideration of both ion transport in the sheath
region, and the effect of ion flux on surface reaction rates.
The oxygen discharge etching of polymer was chosen as a
model system for experimental study.

Theoretical

The plasma reactor to be modeled, depicted in Fig. 1,
consists of two parallel disk-shaped electrodes separated
by a distance of 2L, with the wafer resting on the grounded
electrode. Gas is continuously fed through portholes in the
upper electrode. Reaction products and unreacted species
are pumped radially outwards to the exit. Typical parame-
ter values for the system used in the present work are
given in Table I.

The following paragraphs summarize salient features of
the phenomena which occur in the glow and sheath re-
gions, the transport processes, and reaction sequences.

The glow (bulk plasma) region.—The glow region was as-
sumed to resemble a positive column (14) because, at the
high frequencies (= 10 MHz) and pressures (~ 1 torr) of in-
terest in single-wafer etching, bulk ionization dominates
over ionization by secondary electrons. Further, the sec-
ondary electron yield of molecular ions is very low.

The effective electric field (12, 14) is the steady dc field
which would couple the same energy to the electrons as
the actual high frequency field. In the present work, the ef-
fective-electric-field-to-pressure ratio E./p for the oxygen
plasma was taken from Fig. 1.19 of Bell (12) where E¢p is
plotted against the product of pressure (p) and electron dif-
fusion length (A) for a diffusion-controlled discharge. That
plot was derived from data on pure oxygen. In the present
work, it was assumed that the exposed polymer area is
small and the gas flow rate is high so that the etching prod-
uct (CO,, CO, H;0) concentrations are small, i.e., the ratio
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Fig. 1. Schematic of the parallel plate plasma reactor studied

RApr/Q,C, << 1, and the discharge behaves as though it
were one in pure oxygen (15). Here, R, is the total etch rate,
Apg is the exposed polymer area, and @,C, is the feed gas
molar flow rate. For typical parameter values (Table I) the
above ratio has a value of 0.025. Moreover E./p was as-
sumed spatially uniform in the bulk plasma. After having
found E.¢/p, average electron energy and electron transport
and reaction coefficients may be determined for processes
with known cross section.

Modulation of the electron energy distribution function
may invalidate the effective electric field, E.;, approxima-
tion. The degree of modulation depends on the electron
energy-exchange frequency v, = ugE/&, where ug is the
electron drift velocity and & is the characteristic energy of
the electrons. When v, > o, where o is the applied radian
frequency, modulation of the distribution function is sig-
nificant. Under typical conditions for the system at hand
(Table I), v, was found to be 48 MHz, about 3.5 times
greater than the applied frequency of 13.56 MHz. Hence
some modulation of the electron energy may be expected.
This in turn will lead to modulation of etchant production
by electron impact dissociation. However, etchant losses
(by etching reaction, convection, etc.) occur in a time scale
much longer than etchant production. Therefore, the etch-
ant concentration should not be modulated in time. Fur-
ther, in a study by Rogoff et al. (16), the instantaneous
plasma electric field was calculated for a 13.56 MHz, rela-
tively high pressure (~ 1 torr) Cl; bulk plasma. The results
were compared with the effective field approximation. It
was found that E.; represented well the power input to the
plasma, although there was a 30% discrepancy in the value
of E/N required to sustain the discharge. It appears that the
effective field approach is quite reasonable for the high fre-
quency discharges, especially for simplified discharge
models such as the model used in the present work. The ef-
fective field approximation may not be accurate, however,
for the low frequency discharges (<10 MHz).

The sheath region.—The present work emphasizes appli-
cations at 13.56 MHz. At such high frequency, ions respond
to a time-average dc sheath voltage. The drift velocity of
the ions was determined by coupling the equations of cur-
rent continuity and ion motion to Poisson’s equation for
the potential distribution in the sheath. Of the various pos-
sible ionic species, the sheath was assumed to contain only
positive ions, namely, O;". Elastic hard-sphere and charge-
exchange collisions of ions with neutrals were accounted

Table . Typical parameter values for system studied

Symbol Name Value

L Half interelectrode gap 1.10cm
P Power 100W

p Pressure 1 torr

Q Gas flow rate under plasma 1623 cm?s

reactor conditions

Q, Inlet gas flow rate 100 sccm
T Wafer radius 3.80 cm
T2 Reactor radius 7.30 cm
Ty Mean gas residence time 0.227s

w Applied frequency 13.56 MHz
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for by a “frictional” force opposing the ion motion. Colli-
sion dynamics considerations revealed that in the limit of
high ion Kkinetic energy compared to thermal energy (a
condition readily satisfied in the sheath), the frictional
force was proportional to the square of the ion drift veloc-
ity. The dimensionless quantity Co = 1/2 o, N\p (collision
number) was found to be important in describing the ion
motion in the sheath. Here oy is the total ion-molecule colli-
sion cross section, N is the gas density, and \p is the Debye
length. An analytic expression for the ion bombardment
energy was derived, in terms of Co and the sheath voltage,
for the range of parameter values typical of high pressure
(~ 1 torr) diode plasma etching. The sheath model pro-
vided the energy and flux of ions bombarding the sub-
strate as a function of reactor operating pressure and
power. Such quantities were used along with a kinetic ex-
pression in the plasma reactor model to calculate etch rate
and anisotropy. Details about the sheath model have been
reported elsewhere (17).

Transport and reaction phenomena.—In order to sim-
plify the analysis, only the species which were thought to
be most important for the system at hand were considered.
Dettmer (11) and Thompson (18) found O," and O~ to be
the dominant positive and negative ions, respectively. For
p = 1 torr and E/N = 50 Td (conditions typical for the sys-
tem at hand), Dettmer found the negative ion concentra-
tion in the bulk plasma to be small compared to the elec-
tron concentration. Therefore, the electron and positive
ion density nearly balance each other. The only neutrals
considered were atomic and molecular oxygen.

The electron balance was considered first. Electrons are
generated in the bulk plasma mainly by reactions such as
[See Ref. (11, 12)]

Tonization
Oy +e—> 0y + 2e [R1]
Metastable (two-step) ionization
0,(A) + e— 0y" +2e [R2]
Detachment from O-atoms
0+0 =>0;+e [R3]
Detachment by metastable oxygen
O A) + O >0y + e [R4]

and are eliminated mainly by diffusion and reactions such
as

Attachment to O,
O;+e—=>0+0" [R5]
Attachment to metastable oxygen
0(8) +e—=0+ 0 [R6]

Attachment and detachment reactions nearly balance each
other (11). Hence the electron balance will be dominated
by ionization and diffusion (diffusion-controlled dis-
charge).

The assumption of ambipolar diffusion (19) yields

D.Vn.+ Km.=0 [1]

where D, is the ambipolar diffusion coefficient, n. is the
electron density, and K; is an effective ionization coeffi-
cient accounting for all the electron producing reactions
which are linear in electron density. Equation [1] neglects
convection of electrons by bulk gas flow as compared to
ambipolar diffusion. This is reasonable since the corres-
ponding Peclet number was estimated to be less than 0.01.
Boundary conditions for Eq. [1] include zero electron con-
centration on the walls (Eq. [2]), and the symmetry condi-
tion (Eq. [3])

ne=0atz= xLandatr=1mn, 2]

oM, oM
—=0atr=0and—=0atz=0 [3]
or 0z
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The solution for the dominant (lowest) mode of diffusion is
(14)

Re&, ) = neod, (2.4058) cos G c) 4]

Under the conditions of ambipolar diffusion n, = n, and
therefore Eq. [4] provides the bulk plasma positive ion den-
sity profile as well. Substitution of Eq.[4] into Eq.[1] yields
the condition for a self-sustained discharge

1 K (2.405)2 . < w >2
A D, \ rn 2L
where A is the electron diffusion length, and 7 is the reac-
tor radius.
The electron density at the reactor center (n.,) was deter-
mined by the power input to the system. The main plasma
body is resistive in nature and current in the plasma is car-

ried by electrons. The power dissipated per unit plasma
volume is

(5]

2 2
Ngy@® Eef

P, = 6]

MVe

where n,, is the average electron density, m is the electron
mass, and v, is the electron momentum transfer collision
frequency. Bell showed that the expression vyn./(PA) is a
function of pA only and gave a plot corresponding to the
oxygen discharge [Fig. 1.19 of Bell (12)]. Such data were
used in the present study for finding the average electron
density n., given the reactor pressure p, geometry (A), and
power input per unit volume P/vy.
The atomic oxygen material balance is

dcC, [1 d ( dCl)]

U—=D1 —_——r— +G1 [7]

dr T dr dr

where C is the atomic oxygen concentration and U is the
radial gas flow velocity averaged over the axial (z) dimen-
sion. Equation [7] represents a one-dimensional radial dis-
persion model (20). Axial concentration gradients were ne-
glected owing to the large aspect ratio of the reactor ry/L.
Further, the dispersion coefficient equals the molecular
diffusivity (D;) at the low pressure used. The radial gas
flow velocity was obtained by a macroscopic mass balance
as U = Qr/(4wLry?) where Q is the gas flow rate and 7 is the
radial coordinate. One observes that the radial velocity is
zero at the reactor center, increases linearly with radial po-
sition, and is maximum at the reactor exit. The gas flow
rate was corrected for changes (from input conditions) in
gas temperature and pressure by assuming ideal gas be-
havior. The diffusivity of O-atoms in O, was determined by
using the experimental value of the collision diameter o),
for 0-0, equal to 3.12A.

Atomic oxygen is produced by dissociation of molecular
O, and is eliminated by etching, surface recombination,
and volume recombination reactions. The net generation
term was thus written as

VoW1 C1
L

1
Gy = 2k,Con, — o Bat R =

VoW

-~ oL C, — (KiC’Cy + KoC* + KiCiCy?)  [8]

where C; is the molecular oxygen concentration. The first
term on the right-hand side (rhs) of Eq. [8] gives the pro-
duction of atomic oxygen by electron impact dissociation
of molecular oxygen

k
O,+e—>20+e [R7]

Kaufman (15) showed Eq. [R7] to be the main O-atom
production channel. The second term on the rhs of Eq. [8]
represents the kinetics of the etching reaction. Since etch-
ing is a surface reaction, the surface to volume ratio 1/2L
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was used to transform to a pseudo-volumetric reaction
term for the one-dimensional model.

In this work, the total etch rate was assumed to be the
sum of two contributions: chemical etching (R,) arising
from the spontaneous reaction of O-atoms with the film,
and ion-assisted etching (R.) due to reactions caused by
ion bombardment

Rt = Rn -+ R+ [9]
The contribution of a third component, sputtering, was ne-
glected. The kinetics of etching are poorly understood.
The decoupling of the total etch rate into chemical and ion-
assisted components has been used in connection with ion
beam studies of the Si/XeF, system (21). Such a decou-
pling was discussed later by Winters and Coburn (22).
However, Lee and Chen (23) experimentally separated the
total etch rate into chemical and ion-assisted components
under actual plasma etching conditions (Si/F-atoms sys-
tem). Such an additive model was also used by Allen et al.
(2) to describe silicon etching in CF;CVAr plasmas.

For the chemical etching component linear kinetics was
assumed to apply, R, = k,C,. Such kinetics has been ob-
served for systems such as photoresist/O-atoms (24, 25)
and Si or SiOy/F-atoms (26). Ion-assisted etching kinetics is
more complicated. The expression R, = k.I.e. was used,
suggesting that ion-assisted etching is proportional to the
power deposited on the surface by the bombarding ions.
Here I, and e, are the positive ion bombardment flux and
energy, respectively, and k. is the corresponding reaction
rate constant. The total etch rate was then taken as

R = ksCy + k. I.e. [10]
More complex surface kinetics could be used, but that
would introduce additional unknown kinetic parameters.
When Eq. [10] was applied for the conditions used by Lee
and Chen (23), i.e.,, no ion collisions in the sheath and
strongly asymmetric system so that the sheath voltage
equals the self-bias voltage, Eq. [4] of their paper was re-
covered. The degree of etch anisotropy, excluding ion di-
vergence effects was defined as

An = RJ/(R. + Ry) [11]
This definition of anisotropy is more appropriate at lower
pressure at which ion transport in the sheath is anisotropic
(e.g, negligible ion-neutral collisions randomizing the ion
motion). When R, >> R,, anisotropic profiles with mini-
mum undercut may be expected.

The third term on the right-side of Eq. [8] represents elec-
trode surface (wall) recombination of atoms. Here v, is the
random thermal velocity of atomic oxygen, w, is the wall
recombination coefficient of the substrate electrode, and
wy is the wall recombination coefficient of the counter-
electrode. The wall recombination rate was obtained by
multiplying the random flux of the O-atoms to the surface
(1/4 v,Cyp by the surface to volume ratio (1/2L) and by the
corresponding wall recombination coefficient w; (i = 1,2).
The wall recombination coefficient is critically dependent
on the nature of the surface.

The last term in parentheses on the right-hand side of
Eq. [8] represents volume recombination of O-atoms which
occurs according to

K
20+ 0,320,

[R8]
K
30=-30,+0 [R9]
K,

Volume recombination reactions are strongly dependent
on pressure (rate proportional to p®) and are normally neg-
ligible for pressures less than 1 torr.

Combining Eq. [7], [8], and [10] one obtains
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4nLry, dr

Qr dC; 1d dc,
=D, r— ) | + 2k,Cone
rdr dr

1 VoW
- T (kncl + k.l.e,) —
2L 8L

Ci

VoW

- oL Ci1 — (KiCy*Cy + KoCoP + K3C,Cy9)  [12]

Boundary conditions to Eq. [12] include

ac,
—(17 |1=0 =0and C1|r=r2 = Cu [13]

with the exit concentration adjusted so that the overall
mass balance is obeyed

2L J * @K, Cy — Cy) ne2mrdr = f " (s + Kl sey) 2urdr

rg Vg ”:
+ f Zz(w1 + wy) Cy2mrdr + 2L f * (K,CL2Cy + K,CpP

+ K3C1022) ZTTTdT + QCex [14]

A separate material balance for O, is hot required since

b

Ce=C+C;= [15]

48

where Ty is the gas temperature and R, is the universal gas
constant.

Equations [12]{15] were converted to dimensionless
form by defining

C1 T D e
6=— E&=— Cr= 0. = = 2.316 J,(2.405¢) [16]
CR Ts Rng Nav
€ I
ef=— ="' withug= V2KTJM; [17]
ev, n+UR

Here, V, is the sheath voltage, n, is the positive ion density
in the bulk plasma, and M, is the O;*-ion mass.
Upon substitution into Eq. [12]

Pet—=— +_——+Dab(l —06;)
§ dg

— (D20, + 3D,20.L, %€, ®) — (v; + 2081 — Bsby
= (B1— 2B3)6,% — (B2 + Bs — PO [18]

where the dimensionless parameters were defined as

kn1s? 20,792 Ny
__© RPN S gz M [19]
4xLD,; 2L.D, D,
KiC 27‘ 2
B=— % (1=1,2,3)
D,
VoW1 VoWsTs? ki naeVy) ug
= Yz = = [20]
8LD1 8LD1 knCR

The expression for 0, in Eq. [16] resulted from averaging
Eq. [4] over the axial coordinate. The boundary conditions
became

de;
_|§=0 =

daE 91|§=1 = Bex [21]

The dimensionless overall mass balance became
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f [Da(l — 68, — (y1 + v2)01 — B36;
= (B1— 2B)0.% — (B2 + B3 — PO, ledE

3
= f " ©X0, + 50,1 %, ) £dE + Pe 0oy [22]

where

a1 ex
=—and 8, = 23
& - Ca [23]

The Peclet number, Pe, characterizes the relative impor-
tance of etchant convection and diffusion. For high flow
rates and/or low diffusivities (high Pe) convection domi-
nates (e.g., plug flow reactor); for low Pe, backmixing dom-
inates, reducing concentration gradients. The Thiele mod-
ulus ®,2 describes the effect of chemical etching as
compared to diffusion. Large values of ®.2, such as under
rapid chemical reaction or slow diffusion, would create
large concentration gradients across the reactor. On the
other hand, small values of ®,2 imply rapid diffusion
which, in the absence of other effects, tends to render con-
centration profiles uniform. The Damkdéhler number, Da,
relates volume production to diffusion. If Da is large, etch-
ant species are produced faster than they can diffuse, and
large concentration gradients may develop.

Dimensionless groupings B; (i = 1, 2, 3) describe volume
recombination vs. diffusion effects and are of secondary
importance at low pressures but may become important at
higher pressure (= 1 torr). Groupings v, and v, are similar
to the Thiele modulus but with the surface recombination
reaction rate constant replacing the chemical etching rate
constant. Finally, dimensionless grouping 8 characterizes
the degree of etch anisotropy. Large values of § would re-
sult in anisotropic etching such as for rapid ion-assisted re-
actions (large k,), large electron (and thus positive ion)
densities, n,,, large sheath voltages, V,, for slow chemical
etching (small k,), and low pressure (small Cy). Hence by
manipulating reactor variables so as to vary the value of §
from small to large, etching profiles can be varied between
isotropic and anisotropic profiles (23, 27). It should be
noted here that the characteristic length used in the rele-
vant dimensionless groupings is the reactor radius ry, a
choice that is consistent with the use of a radial dispersion
model.

The etching reaction rate constants and the wall recom-
bination coefficients were unknown so that estimated
quantities had to be used. The chemical etching rate con-
stant was estimated from experimental data on the loading
effect (28). The ion-assisted etching rate constant was esti-
mated from SEM photographs of the cross section of fea-
tures etched under low pressure conditions for which ion-
assisted etching occurs only in the vertical direction. Fi-
nally, the wall recombination coefficient may be estimated
from experimental data of O-atom concentration in the ab-
sence of etchable material.

Method of solution.—Solution to Eq. [18] subject to
boundary conditions Eq. [21] and [22] gave the concentra-
tion distribution of the etchant species along the wafer sur-
face. Also obtained were the etch rate distribution, and the
degree of etch anisotropy as a function of reactor operating
conditions.

Two methods of solution were used. First, the model
equations were solved by prescribing values to the dimen-
sionless groupings, and the effect of their variation on etch
rate, etch uniformity, and degree of etch anisotropy was in-
vestigated. In this approach, Eq. [18] was solved by linear-
izing about a trial solution and using a finite difference
scheme (32). After a convergent solution was obtained
(within 0.01% of two successive concentration distribu-
tions) the concentration profile was used to evaluate the in-
tegrals of the overall mass balance, Eq. [22]. Calculations
stopped when the overall mass balance was satisfied to
within 0.1%. The number of radial grid points was typically
100. The values of I.* and e,* needed for integrating Eq.
[18] were obtained by solving the sheath model equations
at each point of the finite difference grid. A Runge-Kutta
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method was used to integrate the initial value problem
with respect to the sheath coordinate. Sheath calculations
stopped when the electrode potential was reached. Details
of the sheath calculations can be found elsewhere (17).

The second method of approach consisted of using nu-
merical values of the dimensional guantities (power, pres-
sure, flow rate, etc.) which corresponded to etching a novo-
lak-type photoresist in an oxygen plasma. The purpose of
these calculations was to compare theoretical predictions
with experimental results obtained with the parallel plate
reactor system described below.

Experimental

A schematic diagram of the experimental system is
shown in Fig. 2. The 14.6 cm diam powered (13.56 MHz,
Plasma Therm) showerhead electrode was surrounded by
a Macor ceramic ring that served partially to confine the
plasma. A groove was cut into the 10.2 em diam grounded
aluminum substrate electrode so that a 3 in. silicon wafer
would be flush with the electrode surface. The interelec-
trode distance was 2.2 cm. Both electrodes were cooled (or
heated) by a chiller/heater system (Bay Voltex). Gas pres-
sure and flow rate were independently controlled with a
closed-loop system (MKS Instruments). The RF voltage
waveform and the self-bias voltage developed on the pow-
ered electrode were monitored during etching. The RF
voltage was nearly sinusoidal. The de self-bias voltage was
close to zero at higher pressure for which the plasma was
confined between the electrodes. Zero-grade oxygen gas
was used for etching experiments (D&R Welding Supply);
according to the gas supplier, the main impurities were Ny
(200 ppm), Ar (35 ppm), hydrocarbons (20 ppm), and H,O
(10 ppm). Most of the experimental runs utilized p-type
(111), 3 in. diameter silicon wafers (2-4 Q-cm resistivity)
covered with a thin film of positive photoresist (Shipley
1400-33) having thickness in the range 1-4 pm. Etch rates of
PR films were determined with a stylus profilometer (Al-
pha-Step Profiler, Tencor Instruments). The photoresist
film used was a novolac resin with the following nominal
composition by weight on a dry basis: 74% C, 16% O, 6% H,
2% N, and 2% S.

Results and Discussion

Results of the plasma reactor model are first presented
in terms of important dimensionless parameters of the
system.

Figure 3 shows the effect of Thiele modulus ®,2 on the
concentration distribution of etchant species 9, along the
reactor radius ¢ for typical parameter values. Note that
@25, which describes the effects of ion-assisted etching ki-
netics vs. diffusion, was kept constant as ®,2 varied. The
electron density distribution was assumed uniform (8, =
1). Volume recombination and wall recombination along
the bottom electrode were neglected [B;=0(i=1,2,3),
v = 0]. For small values of ®.2, diffusion is facile and the
reactant concentration over the etching surface is uniform.
For large values of the Thiele modulus, chemical etching
becomes an important sink of reactive species, and diffu-
sion is not rapid enough to supply reactant from the rela-
tively inert outer parts of the reactor (¢ > 0.5). Thus a “dip”
in the concentration profile forms over the etching surface.
Such dip in the etchant concentration profile has been re-
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Fig. 2. Schematic diagram of the experimental system
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Fig. 3. Dimensionless etchant concentration as a function of radial
position for different values of the Thiele modulus ®;2. Co = Da = Pe
=v=1,8%=5v=8=0,V,*=-50,& =0.5,6, = 1. Dotted
line shows the case vy, = 10, & = 10.

ported experimentally at boundaries where two surfaces
having different etch rates met (29, 30). For the case under
examination, ion-assisted etching was uniform over the
etching surface since the electron (and hence the positive
ion) density distribution was assumed uniform. Since
chemical etching is proportional to reactant concentration,
the concentration distribution provides a measure of etch
uniformity. The profiles of Fig. 3 would give rise to the
often observed “bullseye” wafer clearing pattern, in which
etch rate decreases monotonically from the wafer periph-
ery to its center.

Conditions which lead to large concentration gradients
promote nonuniform etching and should thus be avoided.
Etch uniformity can be improved by adjusting the reactiv-
ity of the surface surrounding the wafer, shown by the
dashed curve in Fig. 3 which was computed for ®,;2 = 10
and v, = 10. One observes that when the reactivity of the
surface being etched is comparable to that of the sur-
rounding surface, etch uniformity is greatly improved.
Using a substrate electrode that etches as fast as the wafer
itself (29), however, causes the etch rate to decrease be-

3-0 T T T T
®, ~ J, (2.405 &)
Total

2.5 .

2.0— N
lon- Assisted

Etch Rate
o

[— Chemical

] ] ! |
0 ol 0.2 03 04 0.5

Radial Position, &

Fig. 4. Dimensionless etch rate as a function of radial position. Co =
Da=Pe=v,=1,92=10,58=0.5,v,=8=0,V,* = - 50, =
0.5, 8, = 2.316 J, (2.405%).
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cause the etchable surface area is larger (loading). This ef-
fect may be seen in Fig. 3 by the lower values of etchant
concentration for vy, = 10 as compared to v; = 0. If the
Thiele modulus is very high (e.g., instantaneous etching re-
action, k, — «), the etchant concentration on the surface
will tend toward zero; the etching reaction will then be dif-
fusion limited. Diffusion limitations are likely to become
important as wafer (and reactor) size increases and as etch-
ing gas formulations are sought which provide faster etch-
ing rates (higher k).

The etch rate distribution may be quite different from
the etchant concentration distribution when the electron
(and therefore positive ion) density profile in the reactor is
nonuniform. Figure 4 illustrates the situation for the case
®,% = 10, 3 = 0.5; other parameter values are the same as in
Fig. 3, expect that the electron density profile, no longer
uniform, follows the Bessel function given by Eq. [16]. The
dimensionless ion-assisted and chemical etching rates are
defined as.R.* = &, 8e.*1,*9, and R,* = ®.%0,, respectively
(see also Eq. [18]). It may be seen that, although chemical
etching is higher at the wafer edges, the total etch rate is
higher at the center of the wafer because ion flux to the
surface is higher there. Also seen in Fig. 4 is that the degree
of etch anisotropy decreases towards the wafer edges. In
order for both total etch rate and degree of anisotropy to be
uniform across the wafer, both the chemical and the ion-
assisted components of the etching process must be
uniform.

The effect of flow velocity on the concentration distribu-
tion is seen in Fig. 5 for several values of the Peclet num-
ber. Note that the surface being etched extends from 0 to
£ = 0.5. At low Pe, diffusion is rapid and the concentration
profiles tend to be uniform. Close to the reactor center, the
local velocity is small (zero at the axis) and diffusion is
rapid compared to convection, yielding more uniform con-
centration profiles. At low Pe the concentration distribu-
tion is determined by the reactivity of the surface rather
than flow (the reactant residence time is long so that its ef-
fective lifetime is determined by chemical reaction). A
“dip” in the concentration profile may then occur above
the etching surface, as in Fig. 3. In such case the etching
rate will be higher at the edge of the wafer (curve for Pe =
0.5 in Fig. 5). As Pe increases, reactant loss by convection
increases yielding lower reactant concentration. At inter-
mediate Pe the etching rate is uniform (curve for Pe = 1 in
Fig. 5). As Pe increases further, the etching rate is higher at
the wafer center (curve for Pe = 2, Fig. 5).

Although it is instructive to examine the effect each indi-
vidual dimensionless group has on reactor performance, it
is often the case that variation of one of the reactor operat-
ing variables affects a number of dimensionless groups si-
multaneously. Consider, for example, the consequence of
changing reactor operating pressure. An increase in pres-
sure (everything else held constant) has the following ef-
fect: (4) the effective electric-field-to-pressure ratio Efp de-
creases, which in turn results in a decrease of the etchant
production rate constant k,; (i) electron density n,, de-
creases (for p = 0.25 torr) (12); (iii) electron energy (tem-
perature T.) decreases; (iv) molecular number density N
increases leading to an increase in both C; and Cy; (v) reac-
tant diffusivity decreases as does gas flow velocity. As a
consequence, all dimensionless groups in Eq. [19] and [20]
are affected except for the Peclet number. It is this com-
plex interdependence of parameters that makes the task of
predicting the behavior of plasma reactors invariably dif-
ficult.

Figure 6a shows experimental data for etch rate vs. pres-
sure. At the higher pressures, the etch rate reached a maxi-
mum value and (not shown) then decreased at pressures
above 2 torr.

Calculation of absolute etch rates requires knowledge of
the etching reaction stoichiometry in addition to the etch
rate constants. The reaction stoichiometry is unknown.
The chemical etching constant k, was estimated to be 10
cm/s, and the ion-assisted etching constant k, was esti-
mated to be 1072 mol/eV. These values were estimated
from a limited number of independent experimental data
on loading [plot of inverse of etch rate vs. inverse of etch-
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able area (28)] and etch anisotropy as measured from SEM
pictures. Volume recombination rate constants (reactions
[R8]{R10] were taken as K; = 2 x 10", K, = 5 x 108, K, =
2 x 10" em®mol?®s (11, 12). Wall recombination coefficients
were given average values of w; = 10~* for the surface sur-
rounding the wafer, and w; = 2 x 107 for the upper elec-
trode surface (31).

Because of the uncertainty in values of key parameters,
the model was used only to explore qualitative trends. Fig-
ure 6b gives calculated results for the pressure depend-
ence of the relative etch rate, expressed as the etch rate
normalized with respect to the value obtained at 1 torr
pressure, 100W power, and 100 scem gas flow rate. A de-
crease in pressure is accompanied by reduced molecular
oxygen concentration and smaller gas residence times.
These two effects more than compensate for the increase
in electron temperature and density with decreasing pres-
sure. The net result is lower etchant concentration and
lower etch rates. At higher pressures volume recombina-
tion reactions become important and the etch rate in-
creases slower with pressure. Glow stratification phenom-
ena observed at higher pressures (> 2 torr) are not
accounted for in the model.

Comparison of experimental data (Fig. 6a) with theoreti-
cal calculations (Fig. 6b) indicates that the relative change
in etch rate with pressure is similar in both cases. For ex-
ample, the etch rate at 2 torr is predicted to be 1.3 times
that at 1 torr, in good agreement with experimental data.

Figure 7a gives experimental data on etch rate vs. power
at two radial positions on the wafer. As power is increased,
the electron density also increases, resulting in higher pro-
duction rate of atomic oxygen and higher ion flux to the
surface. In addition, the sheath voltage increases with a
concomitant increase in ion bombardment energy. Thus
both chemical and ion-assisted etching increase with
power, but with sacrifice of reaction uniformity across the
wafer. By comparison with calculated results of relative
etch rate shown in Fig. 7b, one observes that theory repre-
sents qualitative trends relatively well. By comparison of
Fig. 7a with 7b, one observes the linear increase in etch
rate at low power values is represented by the model, as
are relative changes in etch rate. At high power values,
however, the plasma was observed to spread outside the
etching chamber so that, as a consequence, the power den-
sity was less than that used for theoretical calculations.
Therefore, for high power, experimental data fall below
the model predictions.

Experimental data for the effect of flow on etch rate are
shown in Fig. 8a for two values of pressure; these data are
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to be compared with predictions of relative etch rate
shown in Fig. 8b. Initially etch rate decreases with flow
rate because convection serves to sweep away active spe-
cies (see also Fig. 5 showing a decrease in concentration as
Pe increases). As flow rate (Pe) increases, the average con-
centration in the reactor continues to decrease (though at a
slower rate) but the concentration profile closer to the re-
actor exit becomes highly nonuniform as seen also in Fig.
5. Note that, for the situation at hand, a Pe value of 2 corre-
sponds to flow rate of 500 sccm. Because for high flow
rates, the concentration in the central part of the reactor is
not significantly affected by flow, the etch rate remains es-
sentially constant. The model captures several salient fea-
tures of the experiment: the initial decrease in etch rate
with flow, the insensitivity of etch rate at high flow rates,
and the “turning point” at around 500 scem.

Temperature effects have not been considered in the re-
actor analysis. Temperature affects the reactant concentra-
tion, the rate of electron induced reactions in the glow (by
affecting E.¢/N at constant pressure), and the reaction rate
constants. However, experimental data showed that over
the range 25°-75°C of substrate electrode temperature, etch
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rate was little affected by temperature. Hence, in the pres-
ent case, temperature effects appear to be of secondary im-
portance in studying etch rate changes with reactor oper-
ating variables.

Summary and Conclusions

A mathematical model has been developed for a parallel
plate plasma etching reactor for the case of the oxygen dis-
charge. The model included the variation of electron den-
sity and energy with operating conditions, the potential
distribution and ion transport in the sheath, the ion-assist-
ed reaction kinetics on the surface, and the transport and
reactions of neutral and charged species.

The following approximations and assumptions were in-
troduced in order to simplify the analysis (i) the contin-
uum approximation is valid (\ << L); (ii) time-average
quantities for potential and species concentration can be
used; (iii) the glow is spatially uniform with a Maxwellian
distribution of electron energies, (iv) negative ion effects
can be neglected, (v) a one-dimensional radial dispersion
transport model is applicable, (vi) the reactor operates iso-
thermally and physical and transport coefficients are con-
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Fig. 7. (a, left) Measured photoresist etch rate as a function of power input. (b, right) Predicted average relative etch rate as a function of power
input. Etch rate was normalized with respect to that at 1 torr, 100W, and 100 sccm of oxygen flow.
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stant, (vii) the wafer is in good electrical and thermal con-
tact with the substrate electrode, (viii) plasma
contamination by reaction products is negligible, and (ix)
the most important species are O, O,, O,*, and electrons.

The model was used to predict active species concentra-
tion profiles and etch rate distribution upon variation of re-
actor operating conditions. Emphasis was placed on oper-
ating conditions typical of single-wafer etching. Important
dimensionless variables were identified and their effect on
reactor behavior was examined. The variation of etch uni-
formity with Thiele modulus (®,2) and Peclet number (Pe)
was investigated. For uniform ion flux along the etching
surface, uniform etching was predicted for ®,2 < 1 and for
Pe close to unity. Over the parameter range examined,
etch rate was predicted to increase with pressure at low
pressure (= 1 torr) and to saturate at higher pressure. Etch
rate increased almost linearly with power and decreased
with flow rate (at the high flow rate regime, @ = 100 sccm).
At very high flow rates (@Q = 500 scem) etch rate was insen-
sitive to flow. The foregoing theoretical predictions of etch
rate as a function of pressure, power, and flow rate were in
good qualitative agreement with experimental data ob-
tained by etching polymer films in an oxygen plasma in a
single-wafer etcher.

The model predictions were based on a tentative kinetic
expression for the ion-assisted etching and on estimated
values of the etching and wall recombination rate con-
stants. The uncertainty in the kinetic expression is not ex-
pected to have significant effect under conditions of rela-
tively high pressure since chemical etching dominates in
the high pressure oxygen plasma etching polymer. How-
ever, ion-assisted etching may be important in the low
pressure regime and in other systems such as Cl, plasma
etching of undoped silicon.

There is need for more precise information on the kinet-
ics of etching and of other surface reactions such as recom-
bination or polymerization. In the absence of such infor-
mation, one may use a large number of experimental data
on etch rate, anisotropy, and uniformity, and try different
kinetic models in an effort to obtain the best fit of the data
to the model predictions.

Owing to the complexity of plasma reactor systems, sim-
plifying assumptions were introduced in order to simulate
the specific experimental system under study. Two as-
sumptions which limit the parameter range over which the
model is applicable include the continuum approxima-
tion, valid only for relatively high pressure (= 0.25 torr) op-
eration, and the time-average sheath assumption, valid
only for high frequencies (= 10 MHz). In addition, the sim-
plified discharge model used is based on inexact knowl-

edge and may not be accurate when secondary electron
emission is important.

The strong interdependence of plasma and surface
chemistry, reactor design, and operating conditions,
makes the task of plasma reactor design and scale-up very
challenging. The reactor engineering approach used here
appears to offer a rational procedure for improving upon
trial-and-error methods. When used in conjunction with
well-characterized experiments, mathematical models can
be useful for improving the bridge between scientific un-
derstanding and engineering design.
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LIST OF SYMBOLS

An  degree of anisotropy
Apgr exposed photoresist area, cm?
species concentration, mol/em?
C, inlet gas concentration, mol/ecm?
Co collision number, dimensionless
D diffusion coefficient, cm?s
Da Damkohler number, dimensionless, Eq. [19]
electric field, V/iecm
electronic charge, 1.602 107*° Cb
generation rate, mol/cm?®-s
current, (cm?s)~! or mA/cm?
volume recombination rate constant, cm%mol®s
(i=1,2,3)
Boltzmann constant, 1.38066 10-2 J/K
reaction rate constant, cm®s (sub refers to appro-
priate subscript)
chemical (neutral) etching rate constant, cm/s
ion-assisted etching rate constant, mol/eV
etchant production rate constant, cm?®/s
half-interelectrode gap, cm
atomic oxygen mass, g
molecular oxygen mass, g
electronic mass, g
charged particle number density in plasma, cm ™3
neutral number density, cm ™3
power, W
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pressure, torr

Pe Peclet number, dimensionless, Eq. [19]

Q gasaﬂow rate corrected for plasma reactor conditions,
cm’/s

Q. input gas flow rate, sccm (std cm?*min)

R, total etching rate, mol/cm?s or A/min

R, chemical etching rate, mol/cm?%s

R. ion-assisted etching rate, mol/cm?-s

R, gas constant, 62,358 torr-cm%mol-K

T radial coordinate, cm

Ty wafer radius, cm

Ty reactor radius, cm

Ty gastemperature, K

T. electron temperature, K

ug  ion drift velocity, cm/s

U radial gas velocity, cin/s

v, plasma volume, cm?

1% potential, V

V,  plasma potential, V

w; substrate electrode wall recombination coefficient,
dimensionless

wy  counterelectrode wall recombination coefficient, di-
mensionless

z axial coordinate, cm

Greek

B dimensionless groupings, Eq. [20] (i = 1, 2, 3)

Y dimensionless groups, Eq. [20]( = 1, 2)

) dimensionless group, Eq. [20]

€.  ion bombardment energy, eV

L dimensionless axial coordinate

(] dimensionless concentration

A gas mean free path, cm

Ap Debyelength,cm -

A electron diffusion length, cm

3 dimensionless radial coordinate

oy total ion-molecule collision cross section, cm?

®,22 Thiele modulus, dimensionless, Eq. [19]

Subscripts

ex exit conditions

R reference value

+ positive ions

e electrons

1 atomic oxygen

2 molecular oxygen

ef effective

g gas

Superscript

EJ

dimensionless quantity
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