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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 
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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 
model  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 A1- 
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 Graft 
and Flanders (10) as "an excellent model system for study- 
ing etching of materials in reactive gases . . . .  "The re  is ex- 
tensive information on the oxygen discharge (11, 12) and 
reactor models for producing O-atoms from flowing 02 dis- 
charges have been reported (13). 
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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 ( -  i 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 j p  for the oxygen 
plasma was taken from Fig. 1.19 of Bell (12) where Eef/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 (CO2, CO, H20) concentrations are small, i.e., the ratio 
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Fig. 1. Schematic of the parallel plete plasma reactor studied 

RtApR/QoCo < <  1, and the  d ischarge  behaves  as t hough  it 
were  one  in pure  oxygen  (15). Here,  Rt is the  total  e tch  rate, 
ApR is t he  exposed  po lymer  area, and QoCo is the  feed gas 
mola r  f low rate. For  typical  pa ramete r  va lues  (Table I) the  
above  ratio has  a va lue  of  0.025. Moreover  E~f/p was as- 
s u m e d  spatial ly un i fo rm in the  bulk  plasma.  After  hav ing  
found  E j p ,  average  e lec t ron  energy  and e lec t ron  t ranspor t  
and react ion coeff icients  m a y  be  de t e rmined  for p rocesses  
wi th  k n o w n  cross section. 

Modula t ion  of  the  e lec t ron  energy  d is t r ibut ion  func t ion  
m a y  inval idate  the  effect ive  electr ic  field, E~f, approx ima-  
tion. The  degree  of  modu la t i on  depends  on the  e lec t ron  
ene rgy -exchange  f r equency  Vu = UdeE/~k, where  ude is the  
e lec t ron  drif t  ve loc i ty  and ~K is the  character is t ic  energy  of  
the  electrons.  When Vu > co, where  r is the  appl ied  radian 
f requency ,  modu la t i on  of  the  d is t r ibut ion  func t ion  is sig- 
nificant.  U n d e r  typical  condi t ions  for the  sys tem at hand  
(Table I), v~ was found  to be  48 MHz, about  3.5 t imes  
grea te r  than  the  appl ied  f r equency  of  13.56 MHz. H e n c e  
s o m e  modu la t i on  of  the  e lec t ron energy  m a y  be  expected .  
This  in t u rn  will  lead to modu la t i on  of  e tchan t  p roduc t ion  
by e lec t ron  impac t  dissociat ion.  However ,  e tchan t  losses 
(by e tch ing  react ion,  convect ion ,  etc.) occur  in a t ime  scale 
m u c h  longer  than  e tchan t  product ion.  Therefore ,  the  etch- 
ant  concen t ra t ion  should  not  be  m o d u l a t e d  in time. Fur-  
ther ,  in a s tudy by Rogof f  et  al. (16), the  ins tan taneous  
p lasma electr ic  field was calcula ted for a 13.56 MHz, rela- 
t ive ly  h igh  pressure  (~ 1 torr) C12 bu lk  plasma.  The  resul ts  
were  c o m p a r e d  wi th  the  ef fec t ive  field approximat ion .  I t  
was  found that  Eel r ep resen ted  wel l  the  power  inpu t  to the  
plasma,  a l though  there  was a 30% d isc repancy  in the  va lue  
of  E / N  r equ i r ed  to sustain the  discharge.  I t  appears  that  the  
ef fec t ive  field approach  is qu i te  reasonable  for the  h igh  fre- 
q u e n c y  discharges,  especial ly  for s implif ied d ischarge  
mode l s  such  as the  m o d e l  used  in the  p resen t  work.  The  ef- 
fec t ive  field app rox ima t ion  may  no t  be  accurate,  however ,  
for the  low f r equency  discharges  (< 10 MHz). 

The  s h e a t h  r e g i o n . ~ T h e  presen t  work  emphas izes  appli- 
cat ions at 13.56 MHz. At  such  h igh  f requency,  ions respond  
to a t ime-average  dc sheath  voltage.  The  drift  ve loc i ty  of  
the  ions was de t e rmined  by coupl ing  the  equa t ions  of  cur- 
ren t  cont inu i ty  and ion mot ion  to Poisson ' s  equa t ion  for 
the  potent ia l  d is t r ibut ion  in the  sheath.  Of  the  var ious  pos- 
s ible ionic species,  the  sheath  was a s sumed  to conta in  only 
pos i t ive  ions, namely,  O2 +. Elast ic  hard-sphere  and charge-  
e x c h a n g e  coll is ions of  ions wi th  neutrals  were  accounted  

Table I. Typical parameter values for system studied 

Symbol Name Value 

L Half interelectrode gap 1.10 cm 
P Power 100W 
p Pressure 1 torr 
Q Gas flow rate under plasma 1623 cm3/s 

reactor conditions 
Qo Inlet gas flow rate 100 sccm 
rl Wafer radius 3.80 cm 
r2 Reactor radius 7.30 cm 
�9 g Mean gas residence time 0.227s 
~o Applied frequency 13.56 MHz 

for by  a "f r ic t ional"  force oppos ing  the  ion motion.  Colli- 
s ion dynamics  cons idera t ions  revea led  that  in the  l imi t  of  
h igh  ion kinet ic  energy  compared  to the rmal  energy  (a 
condi t ion  readi ly  satisfied in the  sheath), the  fr ict ional  
force  was propor t iona l  to t he  square  of  the  ion drif t  veloc-  
ity. The  d imens ion less  quan t i ty  Co = 1/2 ~rt NkD (collision 
number )  was found  to be  impor tan t  in descr ib ing  the  ion 
mo t ion  in the  sheath.  Here  ~t is the  total  ion-molecu le  colli- 
s ion cross section, N is the  gas density,  and tk D is the  Debye  
length.  An  analyt ic  express ion  for the  ion b o m b a r d m e n t  
ene rgy  was derived,  in t e rms  of  Co and the  sheath  voltage,  
for t he  range  o f  pa ramete r  va lues  typical  of  h igh  pressure  
( -  1 torr) d iode  p lasma etching.  The  sheath  m o d e l  pro- 
v ided  the  energy  and flux of  ions b o m b a r d i n g  the  sub- 
strate as a func t ion  of  reactor  opera t ing  pressure  and 
power .  S u c h  quant i t ies  were  used  along wi th  a k ine t ic  ex- 
press ion  in the  p lasma reactor  mode l  to calculate  e tch  rate 
and anisotropy.  Details  about  the  sheath  m o d e l  have  been  
repor t ed  e l sewhere  (17). 

T r a n s p o r t  a n d  r e a c t i o n  p h e n o m e n a . - - I n  order  to sim- 
pl ify the  analysis,  only the  species wh ich  were  t hough t  to 
be  mos t  impor tan t  for the  sys tem at hand  were  cons idered .  
De t tme r  (11) and T h o m p s o n  (18) found 02 + and O- to be  
the  d o m i n a n t  posi t ive  and nega t ive  ions, respect ively .  For  
p ~> 1 torr  and E / N  ~ 50 T d  (condit ions typical  for the  sys- 
t e m  at hand), De t tme r  found the  nega t ive  ion  concentra-  
t ion in the  bulk  p lasma to be  small  compared  to the  elec- 
t ron concentra t ion.  Therefore ,  the  e lec t ron and posi t ive  
ion  dens i ty  near ly  ba lance  each  other. The  only  neutrals  
cons ide red  were  a tomic  and molecu la r  oxygen.  

The  e lec t ron  balance was cons idered  first. E lec t rons  are 
genera ted  in the  bu lk  p lasma main ly  by react ions  such as 
[See Ref. (11, 12)] 

Ioniza t ion  

O2 + e ---> 02 + + 2e [R1] 

Metas table  (two-step) ionizat ion 

O2(lhg) + e ~ 02 + +2e [R2] 

D e t a c h m e n t  f rom O-atoms 

O + O - ~  03 + e [R3] 

D e t a c h m e n t  by metas tab le  oxygen  

O2(1Ag) + O- --~ 02 + e JR4] 

and  are e l imina ted  main ly  by diffusion and  react ions such  
as 

A t t a c h m e n t  to 02 

02 + e ~  O + O- [R5] 

A t t a c h m e n t  to metas tab le  oxygen  

O2(1Ag) + e ---> O + O [R6] 

A t t a c h m e n t  and d e t a c h m e n t  react ions  near ly  ba lance  each  
o ther  (11). Hence  the  e lec t ron ba lance  will  be  domina t ed  
by ionizat ion and diffusion (diffusion-control led dis- 
charge). 

The  a s sumpt ion  of  ambipo la r  diffusion (19) yields 

DaV2n~ + Kin~ = 0 [1] 

whe re  Da is the  ambipola r  diffusion coefficient,  n~ is the  
e lec t ron  density,  and Ki is an effect ive  ionizat ion coeffi- 
c ient  a c c o u n t i n g f o r  all the  e lec t ron  p roduc ing  react ions  
wh ich  are l inear  in e lec t ron density.  Equa t ion  [1] neglects  
convec t ion  of  e lect rons  by bu lk  gas f low as c o m p a r e d  to 
ambipo la r  diffusion. This  is reasonable  s ince the  corres- 
pond ing  Pec le t  n u m b e r  was es t imated  to be  less than  0.91. 
B o u n d a r y  condi t ions  for Eq.  [1] inc lude  zero e lec t ron con- 
cent ra t ion  on the  walls  (Eq. [2]), and the  s y m m e t r y  condi-  
t ion (Eq. [3]) 

n e = 0 a t z =  - + L a n d a t r = r 2  [2] 

One _ O a t r  = 0 a n d  ~ne = 0 a t z  = 0 [3] 
Or az 
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The solution for the dominant (lowest) mode of diffusion is 
(14) 

n~(~, ~) = n~oJo (2.405~) cos ( 7  ~ ) [4] 

Under  the conditions of ambipolar diffusion n§ = nr 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 

A 2 Da \ r2 / 

where A is the electron diffusion length, and r2 is the reac- 
tor radius. 

The electron density at the reactor center (neo) 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 

Plvp - - -  
nave2Ee 2 

ml) e 

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 vpn,~/(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/vp. 

The atomic oxygen material balance is 

= + G1 [7] 
dr D1 r drr \ dr } J 

where C1 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 r2/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/(4~rLr~ 2) where Q is the gas flow rate and r 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 02 was determined by 
using the experimental  value of the collision diameter ~12 
for 0-02 equal to 3.12A. 

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

1 VoWl 
GI = 2kpC2ne - - ~  (Rn + R§ - ~ C1 

VoW2 CI - (K1C12C2 + K2CI 2 + KaC1C22) [8] 
8L 

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  

R t=Rn  + R+ [9] 

The contribution of a third component,  sputtering, was ne- 
glected. The kinetics of etching are poorly understood. 

[5] 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/XeF2 systefn (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 CF3C1/Ar plasmas. 

For the chemical etching component  linear kinetics was 
assumed to apply, Rn = knC~. Such kinetics has been ob- 

[6] served for systems such as photoresist/O-atoms (24, 25) 
and Si or SiO2/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 

Rt = knC1 § 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 

A n  = R+/(R+ + Rn) [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§ >> Rn, 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 Vo is the 
random thermal velocity of atomic oxygen, wl is the wall 
recombination coefficient of the substrate electrode, and 
w2 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 voC1) by the surface to volume ratio (1/2L) and by the 
corresponding wall recombination coefficient wi (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 

K1 
2 0  + 02 --->2 02 [RS] 

where C2 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 

08 + 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 

3 o ~ o2 + o [a9] 

K3 
O + 2 08---> O~ + 02 [R10] 

Volume recombination reactions are strongly dependent  
on pressure (rate proportional to p2) and are normally neg- 
ligible for pressures less than 1 torr. 

Combining Eq. [7], [8], and [10] one obtains 
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Qr dCi 

4~Lr2 dr 

[ld( d%] 
- -  + 2kpC2ne 

- D :  r d r \  d r / J  

1 VoW  1 
- 2---L (knC1 + k+I+e+) - ~ -  C1 

VoW2 
- - "  e l  -- (KIC12C2 + K 2 C 1 2  + K3C1C2 2) [12] 

8L 

B o u n d a r y  condi t ions  to Eq. [12] inc lude  

dC: 

dr 
- -  [~=o = 0 and C:[,=~ 2 = Cex 

with  the  exi t  concen t ra t ion  ad jus ted  so that  the  overal l  
mass  ba lance  is obeyed  

2L (2kpC2 - C1) ne2wrdr = (knC1 + k+I+e+) 2wrdr 

f~ 
2 VO Ir2 

+ ~-  (wl + w2) C:2wrdr + 2L (KIC12C2 + K2C13 
Jo  

+ K3CIC2 2) 2~rdr + QC~x [14] 

A separa te  mater ia l  balance for 02 is not  requ i red  s ince 

P 
CR = C, + C2 - 

RgTg 

where  Tg is the  gas t empera tu re  and Rg is the  universa l  gas 
constant .  

Equa t ions  [12]-[15] 
form by def in ing 

were  conver ted  to d imens ion less  

C1 r p ne 
01=CRR ~ = -  C a -  0 ~ = - - = 2 . 3 1 6 J o ( 2 . 4 0 5 0  [16] 

r2 RgT~ n~v 

~+ ~+ 
e+* - I§ - wi th  uR = ~ [17] 

eYs n+UR 

Here,  V, is the  sheath  voltage,  n+ is the  posi t ive  ion dens i ty  
in t he  bu lk  plasma,  and Ms is the  O2+-ion mass.  

U p o n  subs t i tu t ion  into Eq. [12] 

dO: d201 1 d0l 
Pe  ~ - + - - -  

d~j de 2 ~ d/j 
+ Da 0~(1 - 01) 

-- (00201 + 80o20eZ+*e+ *) -- (2t: + "/2)01 -- ~301 

- -  ([gl -- 2~3)012 -- (~2 + ~3 -- ~1)013 [18] 

whe re  the  d imens ion less  parameters  were  def ined as 

Q knr22 2kpr22 nay 
Pe  - - -  0I)o2 -- Da - - -  

4wLD1 2LD1 D1 

KiCR2T2 2 
~ -  - -  ( i =  1 , 2 , 3 )  

D: 

7 1  - - -  

VoWlr22 VoW2r22 k+nav(eVs) UR 
~ 2 -  8 -  

8 L D 1  8LD: knCR 

The  express ion  for 0~ in Eq. [16] resul ted  f rom averag ing  
Eq. [4] over  the  axial  coordinate.  The  boundary  condi t ions  
b e c a m e  

d 0 1  
k~o = o o,1~=1 : Oox 

The  d imens ion less  overal l  mass  ba lance  b e c a m e  

f~ [Da(1 - 0 : ) 0  e - ( ~ :  + ~ 2 ) 0 :  - ~301 

- 031  - 2 j 3 3 ) 0 1 2  - ([32 + [~3 - ~ 1 ) 0 : 3 ] ~ d ~  

where  

= f~l Oo2(01 + 80eI+*e+*) ~d~ + Pe  0ex [22] 

rl Cex 
~1 = - -  and 0ex - [23] 

r2 CR 

The  Pec le t  number ,  Pc,  character izes  the  relat ive impor-  
t ance  of  e t chan t  convec t ion  and diffusion. Fo r  h igh  flow 
rates and/or  low diffusivi t ies  (high Pc) convec t ion  domi-  

[13] nates  (e.g., plug flow reactor); for low Pc, b a c k m i x i n g  dom- 
inates, r educ ing  concen t ra t ion  gradients.  The  Thie le  mod-  
ulus  0o 2 descr ibes  the  effect  of  chemica l  e tch ing  as 
c o m p a r e d  to diffusion. Large  values  of  002 , such  as u n d e r  
rap id  chemica l  react ion or s low diffusion, wou ld  create  
large concen t ra t ion  gradients  across the  reactor.  On the  
o ther  hand,  small  va lues  of  0~ 2 imply  rapid  diffusion 
which,  in the  absence  of  o ther  effects, t ends  to r ender  con- 
cent ra t ion  profiles uniform.  The  D a m k 6 h l e r  number ,  Da, 
relates  v o l u m e  produc t ion  to diffusion. I f D a  is large, etch- 
ant  species  are p roduced  faster  than  they  can diffuse, and 
large concen t ra t ion  gradients  m a y  develop.  

Dimens ion less  groupings  Bi (i = 1, 2, 3) descr ibe  v o l u m e  
r ecombina t ion  vs. diffusion effects and are of  secondary  
impor t ance  at low pressures  bu t  m a y  b e c o m e  impor t an t  at 
h igher  pressure  (~> 1 torr). Group ings  ~: and V2 are s imilar  
to the  Thie le  modu lus  bu t  wi th  the  surface r ecombina t ion  
reac t ion  rate cons tan t  rep lac ing  the  chemica l  e tch ing  rate 

[15] constant .  Finally,  d imens ion less  g roup ing  8 character izes  
the  degree  of  e tch  anisotropy.  Large  values  of  3 wou ld  re- 
sult  in anisotropic  e tch ing  such as for rapi  d ion-assis ted re- 
act ions (large k+), large e lec t ron  (and thus  posi t ive  ion) 
densi t ies ,  nay, large sheath  voltages,  Vs, for s low chemica l  
e tch ing  (small  kn), and low pressure  (small  CR). H e n c e  by 
man ipu la t ing  reactor  var iables  so as to va ry  the  va lue  of  
f rom small  to large, e t ch ing  profi les can  be  var ied  b e t w e e n  
isotropic  and anisotropic  profiles (23, 27). I t  should  be  
no ted  here  that  the  character is t ic  l eng th  used  in the  rele- 
van t  d imens ion less  groupings  is the  reactor  radius  r2, a 
choice  that  is cons is tent  wi th  the  use of  a radial  d i spers ion  
model .  

The  e tch ing  react ion rate constants  and the  wall  recom-  
b ina t ion  coeff icients  were  u n k n o w n  so that  e s t imated  
quant i t ies  had  to be used. The  chemica l  e tch ing  rate con- 
stant  was es t imated  f rom expe r imen ta l  data  on the  loading 
effect  (28). The  ion-assisted e tch ing  rate cons tan t  was esti- 
ma ted  f rom SEM pho tographs  of  the  cross sect ion of  fea- 
tures  e t ched  unde r  low pressure  condi t ions  for wh ich  ion- 
assis ted e tch ing  occurs  only in the  ver t ica l  direct ion.  Fi- 
nally,  the  wall  r ecombina t ion  coeff icient  m a y  be es t imated  
f rom expe r imen ta l  data  o f  O-atom concen t ra t ion  in the  ab- 
sence  of  e tchable  material .  

Method of solution.--Solution to Eq. [18] subjec t  to 
b o u n d a r y  condi t ions  Eq. [21] and [22] gave the  concentra-  
t ion d is t r ibut ion  of  the  e tehan t  species  a long the  wafer  sur- 

[19] face. Also obta ined  were  the  e tch  rate dis tr ibut ion,  and the  
degree  of  e tch  an iso t ropy  as a func t ion  of  reac tor  opera t ing  
condi t ions .  

Two me thods  of  solut ion were  used. First ,  the  mode l  
equa t ions  were  solved by prescr ib ing  values  to the  d imen-  
s ionless  groupings,  and the  effect  of  the i r  var ia t ion  on e tch  

[20] rate, e tch  uniformity ,  and degree  of  e tch  an iso t ropy was in- 
vest igated.  In  this approach,  Eq. [18] was solved by linear- 
izing about  a trial solut ion and us ing  a finite d i f ference  
s c h e m e  (32). Af te r  a conve rgen t  solut ion was obta ined  
(within 0.01% of two success ive  concen t ra t ion  distr ibu- 
tions) the  concen t ra t ion  profile was used  to eva lua te  the  in- 
tegrals  of  the  overal l  mass  balance,  Eq. [22]. Calcula t ions  
s topped  w h e n  the  overall  mass  ba lance  was satisfied to 

[21] wi th in  0.1%. The  n u m b e r  of  radial  grid points  was typical ly  
100. The  va lues  of  I+* and e+* needed  for in tegra t ing  Eq. 
[18] were  obta ined  by solving the  shea th  m o d e l  equa t ions  
at each  po in t  o f  the  finite d i f ference grid. A Runge-Kut t a  
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method was used to integrate the initial value problem 0 . 3 0  
with respect to the sheath coordinate. Sheath calculations 
stopped when the electrode potential was reached. Details 
of the sheath calculations can be foudd elsewhere (17). 

The second method of approach consisted of using nu- 0 . 2 4  
merical values of the dimensional quantities (power, pres- (D ~ 
sure, flow rate, etc.) which corresponded to etching a novo- 
lak-type photoresist in an oxygen plasma. The purpose of 

0. 1 8 these calculations was to compare theoretical predictions 
with experimental  results obtained with the parallel plate 
reactor system described below. 

0.12 E x p e r i m e n t a l  

A schematic diagram of the experimental  system is o 
shown in Fig. 2. The 14.6 cm diam powered (13.56 MHz, u 

Plasma Therm) showerhead electrode was surrounded by 0 . 0  6 
a Macor ceramic ring that served partially to confine the 
plasma. A groove was cut into the 10.2 cm diam grounded 
aluminum substrate electrode so that a 3 in. silicon wafer 
would be flush with the electrode surface. The interelec- 0 
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 dc 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 N~ 
(200 ppm), Ar (35 ppm), hydrocarbons (20 ppm), and H20 
(10 ppm). Most of the .experimental runs utilized p-type 
(111), 3 in. diameter silicon wafers (2-4 ll-cm resistivity) 
covered with a thin film of positive photoresist (Shipley 
1400-33) having thickness in the range 1-4 t~m. 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. 

Resul ts  and  D iscuss ion  

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

Figure 3 shows the effect of Thiele modulus r 2 on the 
concentration distribution of etchant species O~ along the 
reactor radius ~ for typical parameter values. Note that 
@o2~, which describes the effects of ion-assisted etching ki- 
netics vs. diffusion, was kept constant as @o 2 varied. The 
electron density distribution was assumed uniform (Oe = 
1). Volume recombination and wall recombination along 3 ,0  
the bottom electrode were neglected [~i = 0 (i = 1, 2, 3), 
~h = 0]. For small values of #Po 2, diffusion is facile and the 
reactant concentration over the etching surface is uniform. 2, 5 
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- 
t ively inert outer parts of the reactor (6 > 0.5). Thus a "dip" 2 , 0  
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 0 ~  2. Co = Da = Pe 
= ~2 = 1, ~oZ~ = 5, ~/1 = J~i = 0 ,  Vp*  = - 5 0 ,  ~1 = 0 . 5 ,  0 e = 1. Dotted 
line shows the case ~/1 = 10, �9 = 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 @oZ = 10 
and ~z = 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- 
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Fig. 4. Dimensionless etch rate as a function of radial position. Co = 
Da = Pe = ~'2 = 1, 0 ~  2 = 10, ~ = 0.5, "YI = ~i = O, Vp* = - 50, 6 1  = 

0.5, Oe = 2 .316  Jo (2.405~). 
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cause  the  e tchab le  surface area is larger  (loading). This  ef- 
fect  m a y  be  seen in Fig. 3 by  the  lower  values  o f  e t chan t  
concen t ra t ion  for ~1 = 10 as compared  to ~1 = 0. I f  the  
Thie le  m o d u l u s  is ve ry  h igh  (e.g., ins tan taneous  e tch ing  re- 
action,  k, ~ r162 the  e tchan t  concen t ra t ion  on the  surface  
will  t end  toward  zero; the  e tch ing  react ion will  t hen  be dif- 
fus ion  l imited.  Dif fus ion l imita t ions  are l ikely to b e c o m e  
impor t an t  as wafer  (and reactor) size increases  and as etch- 
ing  gas formula t ions  are sought  wh ich  p rov ide  faster  etch- 
ing rates (higher  ks). 

The e tch  rate d is t r ibut ion  may  be  qui te  di f ferent  f rom 
the  e tchan t  concen t ra t ion  d is t r ibut ion  w h e n  the  e lec t ron  
(and there fore  posi t ive  ion) dens i ty  profile in the  reactor  is 
nonun i fo rm.  F igure  4 i l lustrates the  s i tuat ion for the  case  
r ~ = 10, ~ = 0.5; o ther  pa ramete r  va lues  are the  same  as in 
Fig. 3, e x p e c t  that  the  e lec t ron  dens i ty  profile, no longer  
un i form,  fol lows the  Besse l  func t ion  g iven  by Eq. [16]. The 
d imens ion less  ion-assis ted and chemica l  e tch ing  rates are 
def ined as.R+* = (Po 2 ~e+*I+*0e and R~* = r respec t ive ly  
(see also Eq.  [18]). I t  m a y  be seen  that,  a l though  chemica l  
e t ch ing  is h igher  at the  wafer  edges,  the  total  e tch  rate is 
h ighe r  at the  center  of  the  wafer  because  ion flux to the  
surface  is h igher  there.  Also seen in Fig. 4 is that  the  degree  
of  e tch  an i so t ropy  decreases  towards  the  wafer  edges.  In  
order  for bo th  total  e tch  rate and degree  of  an iso t ropy  to be  
un i fo rm  across the  wafer,  both  the  chemica l  and the  ion- 
ass is ted c o m p o n e n t s  of  the  e tch ing  process  m u s t  be  
uni form.  

The effect  of  f low veloc i ty  on the  concen t ra t ion  dis tr ibu-  
t ion is seen  in Fig. 5 for several  va lues  of  the  Pec le t  n u m -  
ber. Note  that  the  surface  be ing  e tched  ex tends  f rom 0 to 

= 0.5. At  low Pe,  diffusion is rapid and the  concen t ra t ion  
profiles t end  to be  uniform.  Close to the  reactor  center,  the  
local  ve loc i ty  is small  (zero at the  axis) and diffusion is 
rap id  c o m p a r e d  to convect ion ,  y ie ld ing m o r e  un i fo rm con- 
cen t ra t ion  profiles. At  low Pe  the  concen t ra t ion  dis tr ibu-  
t ion is de t e rmined  by the  reac t iv i ty  of  the  surface ra ther  
than  f low (the reac tant  res idence  t ime  is long so that  its ef- 
fec t ive  l i fe t ime is de t e rmined  by chemica l  reaction). A 
"d ip"  in the  concen t ra t ion  profile may  then  occur  above  
the  e t ch ing  surface,  as in Fig. 3. In  such  case the  e tch ing  
rate  will  be  h igher  at the  edge  of  the  wafer  (curve for Pe  = 
0.5 in Fig. 5). As  Pe  increases,  reac tan t  loss by convec t ion  
increases  y ie ld ing  lower  reactant  concentra t ion.  At  inter- 
med ia t e  Pe  the  e tch ing  rate is un i fo rm (curve for Pe  = 1 in 
Fig. 5). As Pe  increases  further ,  the  e tch ing  rate is h ighe r  at 
the  wafer  cen ter  (curve for Pe  = 2, Fig. 5). 

A l though  it is ins t ruc t ive  to e x a m i n e  the  effect  each indi- 
v idua l  d imens ion less  g roup  has  on reac tor  per formance ,  it 
is of ten  the  case  that  var ia t ion of  one  of  the  reac tor  operat-  
ing  var iables  affects a n u m b e r  of  d imens ion less  groups  si- 
mu]taneously .  Consider ,  for example ,  the  c o n s e q u e n c e  of  
chang ing  reactor  opera t ing  pressure.  An  increase  in pres- 
sure  (every th ing  else he ld  constant)  has the  fo l lowing ef- 
fect:  (i) the  ef fec t ive  electr ic-f ield-to-pressure ratio E~f/p de- 
creases,  wh ich  in tu rn  resul ts  in a decrease  of  the  e tchan t  
p roduc t ion  rate cons tan t  k,; (ii) e lec t ron  dens i ty  n~v de- 
creases  (for p ~> 0.25 torr) (12); (iii) e lec t ron  energy  (tem- 
pe ra tu re  %) decreases ;  (iv) molecu la r  n u m b e r  dens i ty  N 
increases  lead ing  to an increase  in both  C2 and Ca; (v) reac- 
tant  diffusivi ty  decreases  as does  gas f low veloci ty.  As a 
consequence ,  all d imens ion less  groups  in Eq.  [19] and [20] 
are  affected e x c e p t  for the  Pec le t  number .  It  is this com- 
p l ex  i n t e r d e p e n d e n c e  of  parameters  that  makes  the  task  of  
p red ic t ing  the  behav ior  of  p lasma reactors  invar iably  dif- 
ficult. 

F igure  6a shows expe r imen ta l  data  for e tch  rate  vs. pres- 
sure. At  the  h igher  pressures,  the  e tch  rate reached  a maxi-  
m u m  va lue  and (not shown) then  decreased  at pressures  
above  2 torr. 

Calcula t ion  of  absolu te  e tch  rates requi res  k n o w l e d g e  of  
the  e t ch ing  react ion s to ich iomet ry  in addi t ion  to the  e tch  
rate  constants .  The  react ion s to ich iomet ry  is unknown.  
The chemica l  e tch ing  cons tan t  kn was es t imated  to be  10 
cm/s, and the  ion-assis ted e tch ing  cons tan t  k§ was esti- 
m a t e d  to be 10 -25 mol/eV. These  values  were  es t imated  
f rom a l imi ted  n u m b e r  of  i n d e p e n d e n t  expe r imen ta l  data  
on loading  [plot of  inverse  of  e tch  rate  vs. inverse  o f  etch- 
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able area (28)] and e tch  an iso t ropy as measu red  f rom SEM 
pictures .  Vo lume  recombina t ion  rate  cons tants  (reactions 
[R8]-[R10] were  t aken  as KI = 2 • 10 Is, K2 = 5 • 1013, K3 = 
2 • 1014 cm6/mol2-s (11, 12). Wall r e combina t i on  coeff icients  
were  g iven  average  values  of  wl = 10 -4 for the  surface sur- 
round ing  the  wafer,  and w2 = 2 • 10 4 for the  uppe r  elec- 
t rode  surface (31). 

Because  of  the  uncer ta in ty  in va lues  of  key  parameters ,  
the  m o d e l  was used  only to exp lore  qual i ta t ive  t rends.  Fig- 
ure  6b gives  calculated resul ts  for the  pressure  depend-  
ence  of  the  relat ive e tch  rate, exp res sed  as the  e tch  rate 
normal ized  wi th  respect  to the  va lue  obta ined  at 1 torr  
pressure ,  100W power ,  and 100 sccm gas flow rate. A de- 
c rease  in p ressure  is a ccompan ied  by r educed  molecu la r  
o x y g e n  concen t ra t ion  and smal ler  gas res idence  t imes.  
These  two  effects more  than  compensa t e  for the  increase  
in e lec t ron  t empera tu re  and dens i ty  wi th  decreas ing  pres- 
sure. The  ne t  resul t  is lower  e tchan t  concen t ra t ion  and 
lower  e tch  rates. At  h igher  pressures  v o l u m e  recombina-  
t ion  react ions  b e c o m e  impor t an t  and the  e tch  rate in- 
creases  s lower  wi th  pressure.  Glow strat if ication phenom-  
ena  obse rved  at h igher  pressures  (> 2 torr) are not  
accoun ted  for in the  model .  

Compar i son  of  expe r imen ta l  data  (Fig. 6a) wi th  theoret i -  
cal ca lcula t ions  (Fig. 6b) indicates  that  the  re la t ive  change  
in e tch  rate  wi th  pressure  is s imilar  in both  cases. For  ex- 
ample ,  the  e tch  rate at 2 torr  is p red ic ted  to be 1.3 t imes  
that  at 1 torr, in good ag reemen t  wi th  expe r imen ta l  data. 

F igure  7a gives expe r imen ta l  data  on e tch  rate vs. power  
at two  radial  posi t ions on the  wafer.  As power  is increased,  
the  e lec t ron  dens i ty  also increases,  resu l t ing  in h igher  pro-  
duc t ion  rate  of  a tomic  o x y g e n  and h igher  ion flux to the  
surface.  In  addit ion,  the  sheath  vol tage increases  wi th  a 
concomi t an t  increase  in ion b o m b a r d m e n t  energy.  Thus  
bo th  chemica l  and ion-assis ted e tch ing  increase  wi th  
power ,  bu t  wi th  sacrifice of  react ion un i fo rmi ty  across the  
wafer.  By compar i son  wi th  calcula ted resul ts  of  re la t ive  
e tch  rate  shown in Fig. 7b, one  observes  that  theory  repre-  
sents  qual i ta t ive  t rends  relat ively well. By  compar i son  of  
Fig. 7a wi th  7b, one  observes  the  l inear  increase  in e tch  
rate at low power  values  is r ep resen ted  by the  model ,  as 
are relat ive changes  in e tch  rate. At  h igh  power  values,  
however ,  the  p lasma was observed  to spread outs ide  the  
e tch ing  c h a m b e r  so that, as a consequence ,  the  power  den- 
si ty was less than  that  used  for theore t ica l  calculat ions.  
Therefore ,  for h igh  power,  expe r imen ta l  data  fall be low 
the  m o d e l  predict ions .  

E x p e r i m e n t a l  data  for the  effect  of  flow on e tch  rate are 
s h o w n  in Fig. 8a for two va lues  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 sccm. 

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 j N  at constant pressure), and the reaction rate 
constants. However, experimental  data showed that over 
the range 25~176 of substrate electrode temperature, etch 

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 (k <<  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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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, 02, 02 +, 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 (apo2) and Peclet  number  (Pe) 
was investigated. For uniform ion flux along the etching 
surface, uniform etching was predicted for apo2 < 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, Q ~> 100 sccm). 
At very high flow rates (Q ~> 500 sccm) 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 C12 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 
A n  degree ofanisotropy 
ApR exposed photoresist area, cm 2 
C species concentration, moYcm 3 
Co inlet gas concentration, moYcm 3 
Co collision number, dimensionless 
D diffusion coefficient, cm2/s 
Da Damk6hler number, dimensionless, Eq. [19] 
E electric field, V/cm 
e electronic charge, 1.602 10 19 Cb 
G generation rate, mol/cm3-s 
I current, (cm2-s) - '  or mA/cm 2 
Ki volume recombination rate constant, cm6/mol2-s 

(i = 1,2,3) 
k Boltzmann constant, 1.38066 10 -23 J/K 
ksub reaction rate constant, cm3/s (sub refers to appro- 

priate subscript) 
kn chemical (neutral) etching rate constant, cm/s 
k§ ion-assisted etching rate constant, mol/eV 
kp etchant production rate constant, cm3/s 
L half-interelectrode gap, cm 
M1 atomic oxygen mass, g 
M2 molecular oxygen mass, g 
m electronic mass, g 
n charged particle number  density in plasma, cm 3 
N neutral number  density, cm 3 
P power, W 
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p pressure, torr 
Pe Peclet number,  dimensionless, Eq. [19] 
Q gas flow rate corrected for plasma reactor conditions, 

cm3/s 
Qo input gas flow rate, sccm (std cm3/min) 
Rt total etching rate, mol/cm2-s or A/min 
Rn chemical etching rate, mol/cm2-s 
R§ ion-assisted etching rate, mol/cm2-s 
Rg gas constant, 62,358 torr-cm3/mol-K 
r radial coordinate, cm 
rl wafer radius, cm 
ra reactor radius, cm 
Tg gas temperature, K 
Te electron temperature, K 
ud ion drift velocity, cm/s 
U radial gas velocity, cm/s 
vp plasma volume, cm ~ 
V potential, V 
Vp plasma potential, V 
wl substrate electrode wall recombination coefficient, 

dimensionless 
w2 counterelectrode wall recombination coefficient, di- 

mensionless 
z axial coordinate, cm 

Greek 

[~i dimensionless groupings, Eq. [20] (i = 1, 2, 3) 
~/1 dimensionless groups, Eq. [20] (i -- 1, 2) 

dimensionless group, Eq. [20] 
e+ ion bombardment  energy, eV 

dimensionless axial coordinate 
0 dimensionless concentration 

gas mean free path, cm 
tk D Debye length, cm 
A electron diffusion length, cm 

dimensionless radial coordinate 
at total ion-molecule collision cross section, cm ~ 
epo2 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 

* dimensionless quantity 
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