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ABSTRACT 

A two-dimensional finite element simulation of gas flow and reactive species distribution in a parallel-plate single- 
wafer isothermal reactor was conducted. The oxygen plasma etching of polymer under high pressure ( -1  torr), high fre- 
quency (13.56 MHz) conditions was chosen as a model system for analysis with emphasis on chemical etching. Etching 
rate and uniformity were examined as a function of reactor geometry and operating conditions. A max imum in etching 
rate with flow rate was observed, and this maximum shifted to higher flow rates as the power increased. The pressure de- 
pendence of  the etching rate was complex, but in genera] a broad maximum in etching rate with pressure existed, which 
shifted to higher pressures as the flow rate increased. Etching rate increased but etching uniformity degraded as the wafer 
reactivity increased. A shower radius at least equal to the wafer radius, and a plasma radius slightly greater than the wafer 
radius were found to give the best etching rate and uniformity results under the conditions examined. Two novel reactor 
designs were also studied, namely, a reactor with a graded gas velocity at the shower, and a pulsed-plasma reactor. When 
compared to the conventional reactor, the new designs can yield improved uniformity and etching rate (the etching rate of 
the pulsed-plasma reactor was prorated by the duty cycle). 

Plasma-assisted etching and deposition of thin films 
using reactive gas glow discharges is currently in wide- 
spread use in the microelectronics industry (1). However, 
despite the importance of plasma processing, reactive gas 
glow discharges are not well understood. This may be due 
to the nonequil ibrium nature of the plasma, and the com- 
plex interaction among potential field, transport phenom- 
ena, plasma chemistry, and surface reaction kinetics. 
Thus, the fact that plasma reactor design is still based 
largely on empirical approaches is not surprising. Re- 
cently, there has been an increased interest in developing 
mathematical  models of the plasma process in an effort to 
better understand the process, and to assist in the rational 
design of plasma reactors (2-10). The modeling studies 
have been complemented by a host of plasma diagnostic 
techniques (11-13). 

Important  requirements of plasma-assisted etching in- 
clude high etching rate, uniformity, anisotropy, and selec- 
tivity, and no radiation damage. However, as is often the 
case in complex engineering systems, it is very difficult to 
satisfy all of the above requirements simultaneously. For 
example, one may desire to operate at relatively high pres- 
sure in order to increase the etching rate. Nevertheless, 
under  such condition one may have to sacrifice unifor- 
mity, because of low reactant diffusivity, and/or anisot- 
ropy because of low ion bombardment  energy. Therefore, 
"opt imum" parameter settings may be identified for which 
the etching rate, for instance, is maximized while unifor- 
mity and anisotropy are within acceptable limits. 

As the wafer size continues to increase and stringent re- 
quirements are placed on reaction uniformity, the use of 
single-wafer reactors becomes increasingly compelling. In 
addition to improved uniformity, other advantages of sin- 
gle-wafer etchers, as compared to multi-wafer batch sys- 
tems, are better process control and reproducibility. Al- 
though single-wafer etching reactors are used extensively 
in the semiconductor industry, there are very few pub- 
lished works on the transport and reaction phenomena oc- 
curring in such reactors. 

A mathematical  model for a single-wafer etcher was re- 
cently developed (2). Given information on reaction kinet- 
ics, the model  predicted etching rate, uniformity, and ani- 
sotropy. Emphasis was placed on the effect of reactor 
operating conditions on etching uniformity. The oxygen 
plasma system was selected to test the model predictions. 
An experimental  technique based on optical emission acti- 
nometry and the Abel transform was developed to obtain 
the three-dimensional etchant concentration profile. Ex- 
perimental  data were in good quantitative agreement with 
the model  predictions over a wide range of operating con- 
ditions. The encouraging results of this earlier work 
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prompted the authors to carry out a more detailed investi- 
gation of the single-wafer etcher. 

In the present work, an extension of the previous mathe- 
matical model is presented. Specifically, a more practical 
reactor configuration was considered including part of the 
etching chamber downstream from the plasma region, and 
separate mass balances for the etchant species and for the 
parent gas molecules were written. The finite element 
method was used to calculate the fluid velocity distribu- 
tion and in turn the concentration distribution of active 
species. A similar model was very recently reported by Ko- 
bayashi et at. (6) for the etching of aluminum. In the pres- 
ent work, the oxygen plasma etching of polymer was used 
as a model system because pertinent reaction constants 
are known, and because the electron density and energy 
can be estimated as a function of reactor geometry and op- 
erating parameters. The effect of reactor design on the 
etching rate and uniformity was studied assuming that 
chemical etching was the dominant mechanism (negligi- 
ble ion-assisted etching). The effect of flow rate, pressure, 
power, etching rate constant, and radius of electrode, 
wafer, and shower was studied. Two novel reactor designs 
were also examined, namely, a reactor with a graded gas 
flow velocity at the showerhead, and a pulsed-plasma re- 
actor. 

Mathematical Model Formulation 
The model  was developed for the single-wafer etcher 

shown schematically in Fig. 1. The axisymmetric reactor 
has a showerhead upper electrode and a lower electrode 
where the wafer rests. Feedstock gas enters through the 
shower of the showerhead electrode and is pumped radi- 
ally towards the reactor exit. The plasma was assumed to 
be confined between the equal area electrodes, and the gas 
temperature was assumed to be spatially uniform. Fur- 
thermore, the wafer was assumed to be in good thermal 
contact with the temperature-controlled lower electrode. 

The reactor dimensions are shown in Fig. 2 where, 
owing to symmetry, only half of the reactor is shown. The 
two electrodes were assumed to have the same radius, r2. 
However, the wafer radius rl as well as the shower radius r~ 
of the showerhead electrode could be smaller than the 
electrode radius. Radii r~, r2, and r3 were varied. Other re- 
actor dimensions were kept constant at the values shown 
in Fig. 2. Basic parameter values used for calculations and 
the range of parameter values examined are shown in 
Table I. Other parameter values are shown in Table II. 

As with any plasma etching reactor, modeling of the sin- 
gle-wafer etcher requires consideration of the plasma 
physical chemistry, the ion transport in the sheath, and the 
transport and reaction phenomena of important species 
and of heat in both the plasma region and the "down- 
stream" region. The present investigation emphasizes ap- 
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Fig. 1. Schematic of the parallel-plate single-wafer etching reactor 
studied. 

p l i ca t ions  for w h i c h  ion-ass i s t ed  e t c h i n g  is of  s e c o n d a r y  
i m p o r t a n c e .  Hence ,  ion  t r a n s p o r t  in  t h e  s h e a t h  was  n o t  
cons ide red .  In  t h e  case  of  p o l y m e r  e t c h i n g  in  an  o x y g e n  
d i s c h a r g e  e x a m i n e d  here ,  a p p r o p r i a t e  c o n d i t i o n s  for  
c h e m i c a l  e t c h i n g  to d o m i n a t e  w o u l d  b e  re la t ive ly  h i g h  
p r e s s u r e  ( - 1  torr)  a n d  h i g h  e x c i t a t i o n  f r e q u e n c y  
(> 10 MHz). F u r t h e r m o r e ,  a s impl i f i ed  t r e a t m e n t  of  t he  gas  
d i s c h a r g e  was  adop ted ,  as was  d o n e  in  p r e v i o u s  w o r k  
(2, 3). Specif ical ly ,  t h e  e f fec t ive  e lec t r ic  field Eel app rox i -  
m a t i o n  was  used ,  a n d  t he  ra t io  E J p  was f o u n d  as a func-  
t ion  of  pA, w h e r e  p is t he  gas p r e s s u r e  a n d  A is t he  elec- 
t r o n  d i f fus ion  l e n g t h  g iven  b y  

- - -  + [1] 
A 2 \ r2 / 

In  add i t ion ,  a M a x w e l l i a n  e l ec t ron  e n e r g y  d i s t r i b u t i o n  
f u n c t i o n  was  a s s u m e d  w i t h  a n  e l ec t ron  t e m p e r a t u r e  w h i c h  
is a u n i q u e  f u n c t i o n  of  E j p .  T he  ave rage  e l ec t ron  d e n s i t y  
in  t h e  p l a s m a  reg ion  ne was  f o u n d  b y  

P nee2Ee~ 
- - -  [2] 

Vp 7P~P e 

w h e r e  P is t he  p o w e r  d i s s ipa t ed  in t he  p lasma ,  vp is t h e  
p l a s m a  v o l u m e  (vp = ~rHr2~), e a n d  m are t h e  e l ec t ron  
c h a r g e  a n d  mass ,  respec t ive ly ,  a n d  ve is t h e  e l ec t ron  mo-  
m e n t u m  t r a n s f e r  col l i s ion f r equency .  A n  e l ec t ron  d e n s i t y  
e q u a l  to zero was  a s s u m e d  ou t s ide  t h e  p lasma.  A n  impor -  
t a n t  a s s u m p t i o n  was  t h a t  t h e  d i s c h a r g e  is n o t  s ign i f i can t ly  
a f fec ted  b y  t he  e t c h i n g  r eac t ion  p roduc t s ,  i.e., t h e  dis- 
c h a r g e  was  t r e a t e d  as i f  it were  one  in  p u r e  oxygen .  Th i s  
a s s u m p t i o n  is b e t t e r  for low e t c h i n g  ra te  a n d  h i g h  gas flow 
rate ,  c o n d i t i o n s  w h i c h  m i n i m i z e  t he  c o n c e n t r a t i o n  of  reac-  
t ion  p roduc t s .  The  a d v a n t a g e s  of  t he  a b o v e  t r e a t m e n t  of  
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Fig. 2. Dimensions of the single-wafer etching reactor considered; rl, 
r2, and r3 were varied. 

Table I. Parameter values used for calculations 

Symbol Name Basic value Range examined 

kn Etching rate constant 50 cm/s 10-100 cm/s 
P Plasma power 100W 25-200W 
p Gas pressure I torr 0.5-2 tort  
Q Inlet gas flow rate 100 sccm 10-500 sccm 
rl Wafer radius 5 cm 1-6.5 cm 
r2 Electrode radius 6.5 cm 5-8 cm 
r3 Shower radius 6.5 cm 1-8 cm 

Table II, Other parameter values 

Symbol Name Value 

H Interelectrode spacing 2.2 cm 
f Plasma pulsing 100 Hz 

frequency 
T Gas temperature 298 K 
kl Volume recombination 4.782 1014 cmS/mol2-s 

rate constant 
k~ Volume recombination 8.343 1014 cm~/mol2-s 

rate constant 
k3 Volume recombination 5.441 1013 cm6/mol2-s 

rate constant 
~/ Wall recombination 1.6 10 -4 

coefficient 

t h e  d i s c h a r g e  are  s i m p h c i t y  of  ca l cu la t ion  a n d  a c c o u n t  of  
t he  va r i a t i on  of  e l ec t ron  e n e r g y  a n d  dens i t y  w i t h  r eac to r  
g e o m e t r y  a n d  o p e r a t i n g  cond i t ions .  T h e  d i s a d v a n t a g e s  of  
t h e  a b o v e  t r e a t m e n t  are  t h a t  t h e  m o d e l  is n o t  app l i cab l e  in  
t h e  low-pressure ,  l o w - f r e q u e n c y  r e g i m e  w h e r e  s e c o n d a r y  
e l e c t r o n  e m i s s i o n  effects  m a y  be  i m p o r t a n t ,  t h e  e l ec t ron  
e n e r g y  d i s t r i b u t i o n  f u n c t i o n  (wh ich  m a y  wel l  b e  n o n  Max-  
wel l ian)  is no t  found ,  a n d  any  effects  of  t he  e t c h i n g  reac-  
t i on  p r o d u c t s  o n  t he  p l a s m a  c h e m i s t r y  are no t  cons ide red .  
Neve r the l e s s ,  u se  of  the  s impl i f i ed  d i s c h a r g e  m o d e l  ha s  
b e e n  p r e v i o u s l y  m e t  w i th  succes s  (2, 3). 

Wi th  t he  e l ec t ron  t e m p e r a t u r e  Te k n o w n ,  t he  r a t e  con-  
s t a n t  of  r eac t ions  i n v o l v i n g  e l ec t rons  m a y  b e  ca lcula ted .  
Fo r  e x a m p l e ,  t he  ra te  c o n s t a n t  kp of  t he  e l ec t ron  i m p a c t  
d i s soc i a t i on  r eac t i on  [R1], m a y  b e  f o u n d  u s i n g  Eq. [3] 
be low,  w h e r e  %(e) is t h e  r eac t i on  cross  s ec t ion  as  a func-  
t i on  of  e l ec t ron  e n e r g y  e, a n d  k is t he  B o l t z m a n n  c o n s t a n t  

kp 
O2 + e ---> 2 0 + e  [R1] 

kp = (kT~) -3/2 ecrp (e) exp  - de [3] 

F l u i d  v e l o c i t y  d i s t r i b u t i o n . - - U n d e r  t h e  c o n d i t i o n s  ex-  
a m i n e d ,  t he  p r e s s u r e  is h i g h  e n o u g h  for t h e  c o n t i n u u m  ap- 
p r o x i m a t i o n  to be  val id,  a n d  t h e  f low is i so the rma l ,  lami-  
nar ,  a n d  a x i s y m m e t r i c .  Moreover ,  n e g l e c t i n g  a n y  c h a n g e  
in  t he  n u m b e r  of  mo le s  due  to reac t ion ,  t he  m o m e n t u m  
b a l a n c e  e q u a t i o n s  c a n  b e  d e c o u p l e d  f rom t h e  m a s s  bal-  
a n c e  equa t ions .  T h e  ve loc i ty  field was  o b t a i n e d  b y  so lv ing  
t he  s t eady- s t a t e  Nav ie r -S tokes  e q u a t i o n s  

pv - Vv = V �9 v + pg [4] 

w h e r e  t h e  t e n s o r  

T = - p I  + r t  [Vv + (Vv) T] [5] 

I b e i n g  t h e  i den t i t y  ma t r ix ,  a long  w i t h  t he  c o n t i n u i t y  
e q u a t i o n  

V �9 v = 0 [6] 

Here  v = (U, W) is t he  fluid ve loc i ty  vec tor ,  U is t he  rad ia l  
ve loci ty ,  W is t he  axia l  veloci ty ,  a n d  p a n d  ix are  t he  f luid 
d e n s i t y  a n d  viscosi ty ,  respec t ive ly .  T h e  fo l lowing  b o u n d -  
a ry  c o n d i t i o n s  were  app l i ed  on  fluid veloci ty ,  w h e r e  t he  
b o u n d a r y  c o n d i t i o n  (BC) n u m b e r  re fers  to  t he  c o r r e s p o n d -  
ing  su r face  as s h o w n  in  Fig. 3 

OW 
BC1 - - = 0  U = 0  [7] 

On 
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BC2 U = 0  W = - W ~  [8] 

BC3,4 ,6-9  U = W = 0  [9] 

OW 
BC5 - - = 0  U = 0  [10] 

On 

Here  n is the  uni t  normal  poin t ing  outwards  the  computa -  
t ional  domain,  and Ww is the  gas ve loc i ty  at ~he shower  of  
the  showerhead  e lec t rode  (reactor inlet  velocity).  Three  
cases were  examined~ (i) a un i fo rm gas ve loc i ty  at the  
shower  

Q 
Ww - [11] 

~ r 3  2 

Q be ing  the  feeds tock  gas vo lumet r i c  flow rate at p lasma 
reactor  condit ions,  (ii) a gas veloci ty  wh ich  was zero at the  
shower  center  r = 0, and which  increased  l inearly wi th  ra- 
dial posi t ion to its m a x i m u m  value  at the  shower  edge  
r =  r 3 

2 Q r  
W~ - [12] 

~Tr3 3 

and (iii) a gas inlet  ve loci ty  wh ich  was m a x i m u m  at the  
shower  center  and which  decreased  to zero at the  shower  
edge  

W~ = 2 Q  (r3 - r) [13] 
~ r 3  3 

BC1 is a s y m m e t r y  cond i t ion  a long the  reactor  center l ine,  
BC2 is the  bounda ry  condi t ion  at the  shower  (along seg- 
m e n t  AB in Fig. 2), BC5 impl ies  a fully deve loped  gas flow 
at the  reac tor  exit ,  and  BC3, BC4, BC6-BC9 are the  no-slip 
condi t ion  at solid surfaces.  

M a s s  t r a n s p o r t  a n d  r e a c t i o n . - - A  var ie ty  of  neutra l  and 
charged  species in both  the  g round  and exc i ted  states may  
be  found in the  oxygen  discharge  (14-16). Impor t an t  neu-  
tral species  are molecu la r  and a tomic  oxygen  and perhaps  
metas tab le  oxygen  and ozone. However ,  molecu la r  oxy- 
gen at the  g round  state is the  dominan t  gas-phase species.  
A tomic  oxygen  has been  found  to be the  main  e tchan t  in 
re la t ively high pressure  oxygen  p lasma e tch ing  of  
photores i s t  (17, 18). In  order  to s impli fy  the  analysis,  only 
three  neutra l  species were  considered,  namely,  molecu la r  
oxygen,  a tomic  oxygen,  and e tching react ion product .  
A tomic  oxygen  is p roduced  in the  p lasma main ly  by elec- 
t ron- impac t  dissociat ion of  molecu la r  oxygen  (19) accord-  
ing to react ion [R1]. The  cor responding  react ion rate is rp = 
2kp n e C2, where  C2 is the  concent ra t ion  of  molecu la r  oxy- 
gen. E tchan t  p roduc t ion  takes  place in the  p lasma region 
only. The  rate cons tant  kp is g iven  by Eq. [3]. A tomic  oxy- 
gen is c o n s u m e d  by v o l u m e  recombina t ion  react ions 
[R2]-[R4], by  the  e tch ing  react ion [Rh], and by wall  recom-  
b ina t ion  react ion [R6] (14) 

k l  

O + O = + N I  ---> O 3 + M  [R2] 

k2 
O + O + M - - ~  O 2 + M  [R3] 

k3 
3 0  --+ O 2 + O  JR4] 

kn  
O + S  --> P [Rh] 

kw 
2 0 + W - - >  O 3 + W  [R6] 

Here  k,, k2, ks are the  v o l u m e  recombina t ion  rate con- 
stants,  k,  is the  e tch ing  react ion rate constant ,  and kw is the  
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wall  r ecombina t ion  rate constant .  M is a th i rd  body  re- 
qu i red  to conserve  both  energy  and m o m e n t u m  dur ing  
collision, S is the  po lymer  surface where  e tch ing  occurs,  W 
represen ts  a wall, and P represents  the  e tch ing  react ion 
product .  Constants  kl, k2, and k3 were  ob ta ined  f rom the  lit- 
e ra ture  (14). Vo lume  recombina t ion  react ions  are s t rongly 
pressure  d e p e n d e n t  and are normal ly  insignif icant  at pres- 
sures less than  about  1 torr. In  this work  M was a s sumed  to 
be  02, the  dominan t  gas-phase species. The  e tch ing  reac- 
t ion rate cons tan t  was ass igned a basic va lue  of  kn = 
50 cm/s. However ,  the  effect  of  changing  the  va lue  of  kn 
was examined .  Cons tant  kw was wr i t ten  as 

1 
kw = -: 7Uo [14] 

4 

where  -/ is  the  wall  r ecombina t ion  coefficient,  and Uo is the  
the rmal  ve loc i ty  of  the  oxygen  a toms g iven  by 

k/8kT Uo = [15] 
~ M  1 

where  M1 is the  oxygen-a tom mass  and T is the  gas tem- 
perature.  The  va lue  of  the  wall  r ecombina t ion  coeff icient  
was a s sumed  to be ~ = 1.6 10 -4 (20). 

Mass balance equat ions  were  wr i t ten  for both  molecu la r  
and a tomic  oxygen,  neg lec t ing  m u l t i c o m p o n e n t  diffusion 
effects  and us ing a pseudo-b inary  diffusion coeff icient  

OCi 
- -  Jc V " V C  i = V - ( C D i V x i )  + G i [16] 
Ot 

where  C is the  total  gas concent ra t ion  (C = p/R~T), and C~, 
x~, Di, and G~, are molar  concentra t ion,  mole  fraction, diffu- 
sivity, and net  p roduc t ion  rate of  species i, respect ively .  
Subscr ip t s  i = 1 and i = 2 refer  to a tomic  and molecu la r  
oxygen,  respect ively .  The  ne t  vo lumet r i c  p roduc t ion  rate 
of  a tomic  oxygen  was wr i t ten  as 

G1 = 2kp(t) ne(t) C2 - (klC1C22 + 2k2 C12C2 + 2 k3C13) [17] 

and tha t  of  mo lecu la r  o x y g e n  was wr i t ten  as 

G2 = - kp ( t )  ne(t) C2 - klC1C22 + (k2C12C2 + k3C13) [18] 

The  first t e rm on the  r igh t -hand side (rhs) of  Eq.  [17] is 
the  p roduc t ion  of  O a toms accord ing  to react ion [R1]. The  
co r respond ing  rate  cons tan t  and the  e lec t ron  dens i ty  are a 
func t ion  of  t i m e  in the  case of  pu l sed-p lasma reactor  con- 
s idered  later. The  first, second,  and third t e rms  in paren- 
thesis  on the  rhs of  Eq. [17] cor respond  to O-atom el imina- 
t ion accord ing  to react ions [R2], [R3], and [R4], 
respect ively .  Despi te  the  fact that  the  p roduc t ion  of  etch- 
ant  is localized in space  and occurs  in the  d ischarge  region 
only, e t chan t  v o l u m e  recombina t ion  occurs  t h roughou t  
the  reactor  vo lume.  The  mass  ba lance  for the  react ion 
p roduc t  P was not  cons idered  since its mole  fract ion can 
be  found f rom t h e  other  two species mole  fract ions and the  
fact that  the  mole  fract ions mus t  sum up to unity. The  0-02 
b inary  diffusion coefficient  was es t imated  f rom experi-  
men ta l  coll is ion d iamete r  data  (21), and the  02 self-diffu- 
s ion coeff icient  was es t imated  us ing  s tandard  t echn iques  
(22). E tch ing  and wall  r ecombina t ion  react ions enter  in the  
b o u n d a r y  condi t ions  for Eq. [16] wh ich  are descr ibed  
be low 

BC1 - 0 [19] 
On 

0X~ 
B C 2  DiC - -  = W w [Cio - C i ]  [20] 

On 

BC3, 4, 6-8 

D l C  Oxl = - kwC1  [21] 
On 

0X 2 1 
D2C - -  = - kwCt [22] 

On 2 
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@Xj 
BC5 - 0 [23] 

On 

BC9 DxC Ox, = _k~C,  [24] 
On 

where  C~o is the  species concen t ra t ion  in the  feeds tock  gas 
(i = 1, 2), and n is a long the  surface normal  po in t ing  out- 
wards  the  computa t iona l  domain.  Equa t ions  [20] and [23] 
are Danckwer t s - type  bounda ry  condi t ions  (34) at the  reac- 
tor  en t rance  and exit,  respect ively .  Equa t ions  [21] and [22] 
represen t  wall  r ecombina t ion  on all surfaces o ther  than  
the  wafer  surface. L inear  wall  r ecombina t ion  kinet ics  was 
a s sumed  (20). Equa t ion  [24] represen ts  e tch ing  at the  wafer  
surface. Only chemica l  e tch ing  was considered,  and sim- 
ple l inear  k inet ics  was a s sumed  (17, 23). 

Before  p roceed ing  any further ,  the  m o d e l  a s sumpt ions  
are summar i zed  below. (i) The  d ischarge  was t rea ted  as i f  it 
were  one in pure  oxygen,  i.e., produc t  in te r fe rence  was ne- 
glected.  (ii) Only neutra l  chemis t ry  was considered,  and 
a tomic  oxygen  was t aken  to be the  only e tchan t  species of  
photoresis t .  (iii) Ion  b o m b a r d m e n t  effects  were  neglected.  
(iv) Linear  e tch ing  and wall  r ecombina t ion  react ions  were  
assumed.  (v) The  e lec t ron energy  d is t r ibut ion  func t ion  
was a s sumed  Maxwell ian.  (vi) The c o n t i n u u m  approx ima-  
t ion was made,  and the  gas was a s sumed  to be  a Newton-  
ian incompress ib le  fluid wi th  cons tan t  phys ica l  proper t ies  
(density,  viscosity). (vii) M u l t i c o m p o n e n t  t ranspor t  effects  
were  neg lec ted  and a cons tant  diffusivi ty was used.  (viii) 
The  p lasma was a s sumed  to be  conf ined be tween  the  elec- 
t rodes,  and the  gas and wafer  t empera tu re s  were  a s sumed  
spat ia l ly  uniform.  In  addit ion,  for the  case of  pulsed-  
p lasma reactor,  the  fo l lowing three  assumpt ions  were  
made.  (ix) The  flow field was a s sumed  unaf fec ted  by puls- 
ing  of  the  plasma. (x) The  effect ive  rate cons tant  for etch- 
ant  p roduc t ion  ke~ = k, n~ (see Eq. [17]) was a s sumed  to be 
comple te ly  modu la t ed  by the  appl ied  w a v e f o r m  (a square  
w a v e  modulat ion) .  (xi) Dur ing  the  power-on  fract ion of  the  
cycle, a 13.56 MHz exci ta t ion  f r equency  was applied.  

Method of Solution 
The  finite e l emen t  m e t h o d  was used  to solve the  govern-  

ing equa t ions  (24, 25). The  computa t iona l  doma in  and the  
finite e l emen t  m e s h  used  for mos t  calculat ions are shown 
in Fig. 3. Owing to symmet ry ,  only  half  of  the  reactor  was 
cons idered .  F igure  3 refers to the  base  case  co r re spond ing  
to the  pa rame te r  va lues  shown in the  th i rd  c o l u m n  of  
T a b l e I  (i.e., r==r~ = 6.5cm,  and r ~ = 5 c m ) .  The  mo- 
m e n t u m  balance  and the  mass  balance equa t ions  were  
solved separately.  Such  decoup l ing  of  the  equa t ions  is per- 
miss ib le  in i so thermal  sys tems in wh ich  there  is negl ig ib le  
change  in the  n u m b e r  of  moles  upon  reaction.  In  the  pres- 
ent  case, the  app rox ima t ion  is be t ter  at low power  and 
pressure  and high flow rate, condi t ions  wh ich  resul t  in 
small  degree  of  d issocia t ion of  the  paren t  gas. The  decou-  
p l ing of  the  equa t ions  resul ted  in substant ia l  savings in 
c o m p u t a t i o n  t ime. 

The  cont inu i ty  and m o m e n t u m  balance  Eq. [4]-[6] a long 
wi th  the  associated boundary  condi t ions  Eq. [7]-[10] were  
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Fig. 3. Finite element mesh used for most calculations. BC number 
indicates the surface on which the corresponding boundary condition 
was applied. 

so lved  first. The  pena l ty  func t ion  formula t ion  (26, 27) was 
e m p l o y e d  to e l iminate  pressure  as one  of  the  d e p e n d e n t  
variables.  The  pena l ty  pa rame te r  was se lec ted  as 108 ~ (27). 
The  convec t ive  diffusion Eq. [16] subject  to bounda ry  con- 
di t ions Eq. [19]-[24] were  solved nex t  us ing  the  k n o w n  ve- 
loci ty field. The  s t reaml ine  u p w i n d  Pe t rov-Gale rk in  finite 
e l emen t  m e t h o d  (28, 29) was used  wi th  bi l inear  basis func- 
tions. The  resul t ing set of  nonl inear  algebraic  equa t ions  
was solved us ing  the  skyl ine solver  of  gauss e l imina t ion  
(24). For  all the  resul ts  r epor ted  be low the  s teady-state  
form of  Eq. [16] was solved, excep t  for the  pu l sed-p lasma 
reactor.  

For  the  pu lsed-p lasma reactor,  it was a s sumed  that  the  
flow field is not  affected by the  pulse, and therefore  the  
s teady-sta te  fluid ve loc i ty  d is t r ibut ion  was used. The  finite 
e l emen t  discret izat ion of  the  convec t ive  di f fus ion Eq. [16] 
led to a set of  ord inary  different ial  equa t ions  of  the  form 

M(~ + N(C) = F [25] 

where  C is the  t empora l  der iva t ive  of  vec to r  C = (C1, C=), 
M is the  mass  matr ix ,  N(C) is a non l inear  vec tor -va lued  
funct ion,  and F is t he  force vector .  A predic tor /mul t i -  
cor rec tor  s c h e m e  wi th  genera l ized  t rapezoidal  m e t h o d  
was e m p l o y e d  to solve Eq. [25] (24). The  fo l lowing error  
n o r m  was used  to de tec t  the  per iodic  s teady-state  solut ion 

Eps s = t ,;: ("+)1' 
1/2 

[26] 

where  ep~ is a user-specif ied error  tolerance,  N R is the  num-  
ber  of  nodes  along the  wafer  radius  (typically 15), R~ is 
the  e tch ing  rate at node  i, R~  is the  average  e tch ing  rate, I 
is an in teger  counter ,  and Tp is the  pulse  period. The  num-  
ber  of  pulse  per iods  (and hence  the  compu ta t ion  t ime) re- 
qu i red  to ach ieve  the  per iodic  s teady-state  d e p e n d e d  
cri t ical ly on the  gas flow rate, and it was typical ly  several  
h u n d r e d  (using ep~ = 10 -6) for low flow rates (e.g., 20 sccm) 
decreas ing  at h igher  flow rates. The  t ime  in tegra t ion step 
was chosen  ten  t imes  smal ler  than  the  pulse  period. 

Results and Discussion 
The effect  of  the  paramete rs  shown in Table  I on e t ch ing  

rate and un i fo rmi ty  was studied.  Basic  pa ramete r  va lues  
are shown in the  third c o l u m n  of Table  I. The  range of  pa- 
r amete r  va lues  e x a m i n e d  is shown in the  four th  c o l u m n  of  
the  same table. Pa rame te r  va lues  shown in Table  II were  
kep t  constant .  In order  to s tudy  the  ~ffect of  a parameter ,  
the  va lue  of  that  pa ramete r  was var ied  whi le  keep ing  the  
o ther  parameters  at the i r  basic value.  In  the  fo l lowing cal- 
culat ions all parameters  were  at the i r  basic va lue  unless  
no ted  otherwise .  

F igure  4 is a ve loc i ty  vec tor  plot. The  vectors  show the  
m a g n i t u d e  and direct ion of  the  local fluid veloci ty.  The  
axial  ve loc i ty  c o m p o n e n t  has its m a x i m u m  value  at the  re- 
actor  en t rance  (r = 0.0-6.5 cm, z = 2.2 cm) and  decreases  
monoton ica l ly  to b e c o m e  zero at the  wafer  surface. The  ra- 
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Fig. 4. Fluid velocity vector plot. Parameters were at their basic 
value. 
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Fig. 5. Concentration distribution of atomic oxygen (mole fraction). 
Parameters were at their basic value. 

dial ve loc i ty  c o m p o n e n t  is zero at the  reactor  center  and 
increases  l inearly wi th  radius up to r = r3 = 6.5 cm. Be- 
yond  the  shower  edge  and up to the reactor  corner  region 
(around r = 10 cm) the  ve loc i ty  profile is near ly  parabol ic  
wi th  a zero axial  componen t :  A p p r o x i m a t e  analytic ex- 
press ions  for the  ve loc i ty  d is t r ibut ion  in the  p lasma reg ion  
were  g iven  before  (2). 

F igure  5 shows the  e tchant  (O-atom) mole  fract ion distri- 
bution.  The  mole  fract ion var ies  be tween  5.3 and 8.4% 
unde r  the  condi t ions  of  Fig. 5. Since  the  wafer  is a s ink of  
e tchan t  species,  the  e tchan t  concent ra t ion  decreases  as the  
wafer  surface  is approached.  In  addit ion,  a s ignif icant  
e t chan t  concent ra t ion  gradient  exists  a long the  wafer  ra- 
dius. This  radial  concent ra t ion  gradient  is more  pro- 
n o u n c e d  a round the per iphery  of  the  wafer  (r = 5 cm) 
w h e r e  a reac t ive  surface (wafer) and  a relat ively iner t  sur- 
face (electrode) meet .  This is due  to e tchan t  diffusing f rom 
the  p lasma v o l u m e  above  the  relat ively iner t  e lec t rode  to 
react  on the  wafer.  S ince  the  e tch ing  rate is a mono ton ic  
func t ion  of  e tchant  concentra t ion,  such gradient  wou ld  re- 
sult  in nonun i fo rm etching.  In  fact, the  s i tuat ion dep ic ted  
in Fig. 5 would  resul t  in a "bu l l seye"  film clear ing pa t te rn  
in wh ich  the  film clears at the  wafer  edges  first. B e y o n d  the  
p lasma region (the p lasma radius was 6.5 cm), there  is no 
more  e tchan t  product ion,  and the  e tchant  concent ra t ion  
decreases  monoton ica l ly  due  to v o l u m e  and wall  recombi-  
na t ion  reactions.  E tch ing  nonun i fo rmi ty  was ex tens ive ly  
s tud ied  in a prev ious  work  (2). 

F igure  6 shows the  a tomic  oxygen  concen t ra t ion  as a 
func t ion  of  radial  posi t ion along the  wafer  surface, for dif- 
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Fig. 6. Atomic oxygen concentration as a function of radial position 
along the substrate electrode for different gas flow rates. Other param- 
eters were at their basic value. 

ferent  va lues  of  the  gas flow rate. Other  parameters  were  at 
the i r  basic value. One observes  large concent ra t ion  gradi- 
ents  a round the  per iphery  of the  wafer  (r = 5 cm) and 
a round  the  p lasma edge  (r = 6.5 cm), and the  concentra-  
t ion  reaches  a m a x i m u m  be tween  these  two  locations.  The  
m a x i m u m  in concent ra t ion  can be  clearly seen in Fig. 5 as 
well. Moreover ,  s ince the  e tch ing  rate was a s sumed  pro- 
por t ional  to the  e tchant  concent ra t ion  (Eq. [29] below), the  
e tch ing  rate profiles will  be  ident ical  to the  concen t ra t ion  
profiles shown in Fig. 6. The  spatial ly averaged  e tchant  
concen t ra t ion  first increases wi th  flow rate, reaches  a max-  
imum,  and then  decreases  monoton ica l ly  wi th  flow rate. 
The  flow rate effect  is e x a m i n e d  in more  detai l  be low 
(Fig. 7) 

The  e tch ing  rate R was calculated by 

R(A/min) = C F  R(mol O/cm2-s) [27] 

where  the  convers ion  factor C F  is g iven  by 

CF = -  - -  [28] 
q Pf 

and R(mol O/cm2-s) is given by 

R = kn Cl [29] 

Here  C1 is the  local O-atom concentra t ion,  q is the  n u m b e r  
of  moles  of  a tomic  oxygen  c o n s u m e d  by one  mole  of  the  
m o n o m e r i c  uni t  of the  po lymer  (photoresist)  film, pr and 
M W f  are the  film dens i ty  and molecu la r  we igh t  of  the  
monomer ,  respect ively.  The  va lues  used  were  q = 11, 
pf = 1.28 g/cm 3, M W f  = 94. These  va lues  cor respond  to etch- 
ing of  a Novolac- type  photores is t  r ep resen ted  by the  for- 
mu la  (C6H60)~ assuming  that  ha l f  of  the  ca rbon  is con- 
ve r t ed  to CO2 and the  o ther  half  to CO (30). The  above  
pa ramete r  va lues  are arbi t rary but  reasonable ,  and are 
used  here  s imply  to give an idea of  wha t  the  e tch ing  rate in 
a s ingle-wafer  reactor  m a y  be under  the  condi t ions  exam-  
ined. The  average e tch ing  rate was calcula ted f rom the  
local e tch ing  rate by us ing  

= 2 (rl R r d r  [30] 
Ra, r l  2 J 0  

Figure  7 shows the  average e tch ing  rate as a func t ion  of  
the  flow rate for different  va lues  of  power.  At  low flow 
rates e tch ing  is l imi ted  by reactant  supply,  and at h igh  
f low rates e tch ing  is l imi ted  by convec t ive  r emova l  of the  
reactant .  Hence ,  a m a x i m u m  e tch ing  rate exists.  The  maxi -  
m u m  shifts s lowly to h igher  flow rate as the  power  in- 
creases.  One fur ther  observes  that  the  e tch ing  rate is not  as 
sensi t ive  to flow rate at ve ry  h igh  flow rates. The  e tch ing  
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Fig. 7. Average etching rate us a function of gas flow rate for differ- 
ent values of power. Other parameters were at their basic value. 
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rate was found to increase almost linearly with power at 
low power values. This was the result of electron density 
increasing linearly with power. However, the power de- 
pendence of etching rate turned into sublinear at higher 
power values, especially at high pressure. 

The effect of pressure is shown in Fig. 8. Over the pres- 
sure range examined, the etching rate is relatively insensi- 
tive to pressure at low flow rate, but increases rapidly with 
pressure at high flow rate. At very high pressure, the etch- 
ing rate is expected to fall because volume recombination 
reactions become very important, and because the elec- 
tron energy decreases with pressure resulting in lower dis- 
sociation rate. For a given flow rate, the pressure depend- 
ence of the etching rate appears to exhibit  a broad 
maximum, and this max imum shifts to higher pressure as 
the flow rate increases. Similar behavior has been found in 
a plasma-assisted downstream etching reactor (31). Fig- 
ure 8 also shows that for a given pressure, there is a flow 
rate which maximizes the etching rate. This flow rate is 
pressure dependent.  For example, at 1 torr, the max imum 
etching rate is obtained at around 100 sccm (see also 
Fig. 7). 

The local etching rate as a function of radius along the 
wafer is shown in Fig. 9, with the chemical etching rate 

constant kn as a parameter. Etching is fairly uniform when 
the reactivity of the wafer is low (small kn). Under  such 
condition, diffusion is rapid enough to replenish the reac- 
tant consumed on the wafer surface. This is not the case, 
however, when etching is rapid (large k.), resulting in non- 
uniform etching. The value of kn above which etching be- 
comes nonuniform depends on the reactivity of the elec- 
trode surrounding the wafer (2). The etching rate increases 
with kn, as seen in Fig. 10, despite the fact that the etchant 
concentration decreases with kn (not shown here). As the 
chemical etching rate constant increases, the relative gain 
in etching rate diminishes. For very large values of k~, the 
etching rate will be diffusion controlled, and hence insen- 
sitive to the value of kn. 

Figure 11 shows the etching rate along the wafer radius 
for different radii of the gas shower of the showerhead 
electrode, r3. The pressure and the total flow rate Q were 
kept constant at their basic value of 1 torr and 100 sccm, re- 
spectively, and therefore the nominal residence t ime (~ = 
pvJQ) is independent  of r3. Nevertheless, both etching rate 
and uniformity depend on ra. For small values of r3, etch- 
ing is highly nonuniform. Let  us examine the case of r3 = 
1 cm as an example, remembering that the wafer radius 
was 5 cm and that the plasma radius was 6.5 cm. Beyond 
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Fig. 9. Etching rate as a function of radial position along the wafer 
for different values of the chemical etching reaction rate constant. 
Other parameters were at their basic value. 

Rad ia l  Pos i t ion ,  cm 

Fig. 11. Etching rate as a function of radial position along the wafer 
for different values of the shower radius of the showerhead electrode. 
Other parameters were at their basic value. 
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Fig. 12. Etching rate as a function of radial position along the wafer 
for different values of the electrode (and plasma) radius. Other param: 
eters were at their basic value. 

the radius of 1 cm, the gas decelerates (velocity inversely 
proportional to radius) with a concomitant increase of the 
gas residence t ime in the plasma. This leads to increased 
dissociation as the gas flows radially outwards, and in turn 
to an etching rate increasing with radius. As the shower ra- 
dius increases, the gas residence time distribution is al- 
tered such that etching uniformity improves monoto- 
nically. Figure i l  shows that the details of the residence 
t ime distribution are important in determining the etching 
rate and uniformity in plasma reactors. Further examina- 
tion of Fig. 11 shows that the shower radius must be at 
least equal to the wafer radius to avoid excessive etching 
nonuniformity. 

The effect of electrode (and plasma) radius r2 is shown in 
Fig. 12. The wafer radius was 5 cm, and the gas was uni- 
formly distributed over the entire showerhead electrode 
surface ( i .e . ,  r2 = r3, see Fig. 2). Other parameters were at 
their basic value. As the electrode radius decreases, t h e  
power density in the plasma increases (power was kept 
constant), and this results in higher etching rate. For a 
plasma radius significantly greater than the wafer radius, 
etchant species generated beyond the wafer radius con- 
tribute to etching, yielding higher etching rate around the 
wafer periphery as compared to the wafer center (case of 
6.5 cm and 8 cm electrode radius in Fig. 12). However, for 
plasma radius equal to the wafer radius (case of 5 cm), the 
etching profile changes dramatically. In such case, the 
etching rate decreases monotonically from the wafer cen- 
ter to the wafer periphery. Production of etchant species 
now occurs only over the wafer, and etchant diffusion 
away from the plasma results in lower concentration 
around the wafer periphery. The situation would be even 
worse for plasma radii smaller than the wafer radius. Etch- 
ing can be made nearly uniform by using an electrode ra- 
dius slightly larger than the wafer radius as shown in 
Fig. 12, for the case of an electrode with 5.7 cm radius. 

Figure 13 shows the etching rate along the wafer radius 
for different wafer radii rl. Other parameters were at their 
basic value. As the wafer radius (wafer area) decreases, 
etching rate increases. This is the so-called loading effect, 
and appears when the etching reaction is an important 
etchant loss mechanism. Etching nonuniformity increases 
as well with decreasing wafer radius. Moreover, for wafer 
radii less than the plasma radius (the latter was 6.5 cm), the 
typical bullseye wafer clearing pattern would be observed. 
However, for wafer radius equal to the plasma radius, the 
reverse clearing pattern would be observed. This observa- 
tion is similar to that of Fig. 12 for the case of  equal wafer 

E 

T 
.=,., 

n- 

o 
IL l  

L. 

> 
< 

Lt3 
O 

1 6 0 0 0  

1 2 0 0 0  

8 0 0 0  

1 cm 

Y 
2 

j 
r 

E 
< 

d 

n- 

C 

0 

LU 

5 

J 

6.5 

4 0 0 0  I I I I I I 
0 1 2 3 4 5 6 7 

R a d i a l  P o s i t i o n ,  cm 

Fig. 13. Etching rate as a function of radial position along the wafer 
for different values of wafer radius. Other parameters were at their 
basic value. 

and plasma radii (5 cm in that case). The loading effect is 
further shown in Fig. 14 where the inverse of the average 
etching rate is plotted as a function of the square of the 
wafer radius (proportional to wafer area) (32). The squares 
are calculated points and the solid line is a fit to guide the 
eye. A nearly linear plot is obtained. The plot would have 
been strictly linear if  concentrations were spatially uni- 
form, if volume recombination reactions were neglected, 
and if the molecular  oxygen mole fraction remained con- 
stant as the wafer radius changed. The behavior shown in 
Fig. 13 and 14 may be expected in the absence of reaction 
product interference. For example, if a product of the etch- 
ing reaction participates in other reactions which produce 
etchant species, an inverse loading effect may be found, 
i .e . ,  t h e  etching rate may increase with increasing wafer 
area (35). 

An advantage of mathematical modeling is that reactor 
design alternatives may be evaluated rapidly, before any 
costly experimentation. Promising designs may then be 
chosen for further examination including experimental  
verification of the model. In this context, the usefulness of 
the present mathematical model will be demonstrated by 
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Fig. 14. Inverse average etching rate as a function of the square of 
wafer radius (proportional to wafer area). Other parameters were at 
their basic value. 
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6 5 0 0  

studying two novel reactor designs, namely, a reactor with 
a graded velocity profile at the shower, and a pulsed- 
plasma reactor. 

Plasma reactor wi th  a graded inlet velocity pro f i le . -  
Figure 15 shows the etching rate along the wafer radius for 
three different gas velocity profiles at the shower. Parame- 
ters were at their basic value, except  that the gas flow rate 
was ,500 sccm. Case A corresponds to the basic reactor de- 
sign of uniform shower velocity (Eq. [11]). Case B corre- 
sponds to a shower velocity which increases linearly from 
the center to the edge of the shower (Eq. [12]). One ob- 
serves an improvement  in etching uniformity by using the 
graded profile. This can be explained as follows: the typi- 
cal situation is one in which the reactant concentration in- 
creases monotonically from the center to the edge of the 
wafer. Compared to the basic case, the graded velocity pro- 
file results in increased residence time close to the reactor 
center (increasing the chance for gas dissociation), and in 
faster etchant removal from the wafer edge. The final re- 
sult is a milder etchant concentration gradient. The oppo- 
site is true for a shower velocity profile which is maximum 
at the center and decreases to zero at the shower edge 
(Eq. [13]). The latter case (curve C in Fig. 15), yields worse 
uniformity as compared to the basic case. It is conceivable 
that the etching rate can be made nearly uniform by choos- 
ing the appropriate flow rate. Alternatively, for a given 
flow rate, a velocity profile may be found (not necessarily 
linear) which would yield nearly uniform etching. Figure 
15 also reveals that the etching rate is higher with the 
graded velocity profile (case B), as compared to the con- 
ventional case of uniform velocity profile (case A). The re- 
sult in Fig. 15 further demonstrates that the details of the 
gas residence time distribution are important in determin- 
ing the etching rate and uniformity. For example, in all 
three cases of Fig. 15 the nominal gas residence time was 
the same, yet different results were obtained for each case. 

Pulsed-plasma etching reactor.--Another example  of 
novel reactor design is that of a pulsed-plasma etching re- 
actor (PPER). In the PPER to be examined, the plasma is 
modulated at a frequency much lower than the common 
radio frequencies. For instance, consider the case shown 
in Fig. 16. A square power waveform is applied with a fre- 
quency of 100 Hz and a duty cycle of 50%. During the 5 ms 
of power-on, the plasma may be operated at the usual fre- 
quency of 13.56 MHz in order to achieve higher efficiency 
of gas dissociation and to avoid intense ion bombardment  
and/or charging of insulating surfaces. Although more 
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Fig. 15. Etching rate as a function of radial position along the wafer 
for different gas velocity profiles at the shower. A, velocity profile 
given by Eq. [11]; B, velocity profile given by Eq. [12]; C, velocity pro- 
file given by Eq. [ 13]. Parameters were at their basic value except that 
gas flow rate was 500 sccm. 
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5 ms 5 ms 
Fig. 16. Power waveform considered for pulsed-plasma reactor. Dur- 

ing the S ms power-on fraction of the period the plasma was operated 
at a frequency of 13.56 MHz. 

complex situations can arise (33), it was assumed that the 
electron density and energy were modulated according to 
the applied power waveform. Therefore, the effective etch- 
ant production rate constant keff= kp r~e was assumed to 
follow exactly the applied waveform shown in Fig. 16. De- 
spite the fact that the plasma may be completely modu- 
lated by the applied power waveform, the response of the 
species concentration depends on the modulation fre- 
quency, the gas residence time, and the species reaction 
time. 

Figure 17 shows the space-time dependence of the etch- 
ing rate for the case of plasma modulat ion shown in 
Fig. 16. Other parameters were at their basic value except  
that the flow rate was 20 sccm. The plot of Fig. 17 corre- 
sponds to the periodic steady-state achieved after a num- 
ber of cycles. The etching rate increases with t ime during 
the power-on portion of the Cycle, reaches a maximum, 
and then decreases monotonically during the power-off 
portion of the cycle. The decay time depends on the time 
scale for etchant loss by gas flow and by reactions such as 
etching, and wall and volume recombination. For a period 
of modulation which is long relative to the decay time (low 
modulation frequency), the etching rate would be very 
small throughout most of the pov(er-off portion of the 
cycle. At the opposite extreme of high modulation fre- 
quency, the etching rate would be nearly t ime inde- 
pendent. 

The dependence of the space- and time-average etching 
rate on gas flow rate is shown in Fig. 18 for the basic 
plasma reactor design [continuous-wave (cw) reactor, 
curve A; see also Fig. 7 for P = 100W] and the PPER 
(curve B). As before, the plasma was modulated according 
to the waveform shown in Fig. 16. One observes a similar 
behavior with flow rate for both the cw and pulsed-plasma 
reactors, i.e., the etching rate passes through a maximum. 
For high flow rates, for which the pulse period is much 
larger than the gas residence time, the etching rate in the 
PPER is that of the cw reactor prorated by the duty cycle. 
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Fig. 17. Space-time evolution of the etching rate along the wafer ra- 
dius for a pulsed-plasma reactor. This plot corresponds to the periodic 
steady-state achieved after a number of cycles. Applied power wave- 
form as in Fig. 16. Parameters were at their basic value except that the 
gas flow rate was 20 sccm. 
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Fig. 18. Space- and time-averaged etching rate as a function of gas 
flow rate. A, continuous-wave (cw) plasma reactor; B, pulsed-plasma 
reactor. Applied power wavefarm as in Fig. 16. Other parameters were 
at their basic value. 

In the case of Fig. 18, the P P E R  rate is 50% of the cw reac- 
tor rate for high flow rates. However, for low flow rates, the 
etching rate in the P P E R  is higher than the cw reactor rate 
prorated by the du ty  cycle. For example, at 20 sccm, the 
etching rate with the cw reactor prorated by the duty cycle 
is 2850 A/min. However, the rate achieved using the PPER 
is 3700 A/min. 

Figure 19 shows that another advantage of the pulsed- 
plasma reactor is better etching uniformity as compared to 
the cw plasma reactor. The higher the reactor pressure, the 
greater the improvement  in uniformity when using the 
pulsed-plasma reactor. A disadvantage of PPER is that 
during the power-off fraction of the cycle etching is due to 
neutral species only. This may result in degradation of 
etching anisotropy. A detailed analysis of a pulsed-plasma 
reactor will be presented elsewhere (36). 

Summary and Conclusions 
A two-dimensional mathematical model for a parallel- 

plate isothermal single-wafer plasma etching reactor was 
developed. The etching chamber analyzed included both 
the plasma region and part of the downstream region. The 
oxygen plasma etching of polymer was chosen as a model  
system for analysis. The finite element method was em- 
ployed to calculate the fluid velocity profiles and the con- 
centration distribution of reactive species. Emphasis was 
placed on conditions for which chemical etching was the 
dominant  mechanism (negligible ion-assisted etching). 
Etching rate and uniformity were studied as a function of 
reactor geometry and operating conditions. The range of 
operating conditions studied was pressure 0.5-2 torr, 
power 25-200W, and flow rate 10-500 sccm. 

For given reactor pressure, a maximum etching rate 
with gas flow rate was observed. The maximum shifted to 
higher gas flow rates with increasing power. The pressure 
dependence of the etching rate was rather complex. At low 
flow rates (e.g., <20 sccm), the etching rate was relatively 
insensitive to pressure over the pressure range examined. 
At higher flow rates, the etching rate as a function of pres- 
sure seemed to exhibit  a broad maximum, with the maxi- 
mum shift ing to higher pressures as the flow rate in- 
creased. 

As the etching reaction rate constant (wafer reactivity) 
increased (kn = 10-100 cm/s), the etching rate increased but 
the etching uniformity degraded. The etching uniformity 
improved as the wafer reactivity became comparable to 
the reactivity of the surrounding electrode surface. The 
etching uniformity was also affected by the shower radius 
of the showerhead electrode and by the plasma radius. 
Uniformity was low for small shower radii and improved 
monotonically by increasing the shower radius. A shower 
radius at least equal to the wafer radius is recommended to, 
avoid excessive nonuniformity. Uniformity of etching as a 
function of the plasma radius was examined for plasma 
radii equal to or larger than the wafer radius. A plasma ra- 
dius slightly larger than the wafer radius (e.g., 15% larger) 
was found to give the best results under  the conditions ex- 
amined. 

Two novel reactor designs were studied in an effort to 
improve reactor performance. A graded velocity at the 
shower (instead of a constant velocity) resulted in im- 
provements  in both etching rate and uniformity. A pulsed- 
plasma reactor can result in improved uniformity and 
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higher etching rate (when etching rate is prorated by the Uo 
duty cycle) as compared to a continuous-wave plasma re- v 
actor. 

Neglecting the effect of the reaction products on the dis- 
charge chemistry and physics is thought to be the most Ww 
critical assumption of the present model. Hence, the xi 
model results will be more accurate under  conditions of z 
negligible product interference. An example is low power Greek 
and high flow rate for which the product concentration is 
minimized. e 

Plasma reactor systems are characterized by complex 
physics and chemistry, and current understanding of reac- ePSS 
tive gas plasmas is incomplete. Even if all reaction chan- A 
nels and the corresponding rate constants were known, 
the state-of-the-art supercomputers are not sufficiently ve 
powerful to solve the equations of a model which includes 
details of all important plasma reactor phenomena. P 
Plasma reactor engineering models based on transport Pf 
and reaction principles and tested with experimental ob- % 
servations can be valuable reactor design tools. The power 
of such models will improve tremendously when they are 
integrated with models of discharge physics and chem- 
istry. 
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LIST OF SYMBOLS 
total gas concentration, moles/cm 3 
concentration of species i, moles/cm 3 
inlet concentration of species i, moles/cm 3 
conversion factor (Eq. [28]) 
diffusion coefficient of species i, cm2/s 
effective electric field, V/cm 
force vector (Eq. [25]) 
electronic charge, 1.602 10-19C 
plasma pulsing frequency, s 1 
net production rate of species i, moles/cm3-s 
interelectrode spacing, cm 
Boltzmann constant, 1.38066 10 -23 J/K 
volume recombination rate constants, cm6/ 
m012-s 
chemical etching rate constant, cm/s 
etchant production rate constant, cm3/s 
wall recombination rate constant, cm/s 
mass matrix (Eq. [25]) 
third body (Eq. [R2] and [R3]) 
atomic oxygen mass, g 
molecular weight of photoresist, g/mole 
electronic mass, 9.1095 10 _28 g 
vector-valued function (Eq. [25]) 
number  of nodes along wafer radius (Eq. [26]) 
electronic density, cm 3 
power, W; reaction product (Eq. [Rh]) 
pressure, dynes/cm 2 
gas flow rate, cm3/s 
number  of moles of atomic oxygen reacting with 
a monomeric uni t  of the photoresist film 
(Eq. [28]) 
etching rate, moles/cm2-s or A/rain 
average etching rate, A/min 
gas constant, 62,358 torr-cm3/mote-K 
etching rate at node j, A/min 
radial coordinate, cm 
electrode radius, cm 
wafer radius, cm 
shower radius, cm 
signifies the etching surface (Eq. [R5]) 
gas temperature, K 
electron temperature, K 
pulse period, s 
time, s 
radial gas velocity, cm/s 

thermal velocity of oxygen atoms, cm/s 
fluid velocity vector 
plasma volume, em 3 
axial gas velocity, cm/s; wall (Eq. [R6]) 
gas velocity at shower, cm/s 
mole fraction of species i 
axial coordinate, cm 

wall recombination coefficient 
electron energy, eV 
error tolerance for detection of periodic steady 
state 
electron diffusion length, cm 
gas viscosity, g/cm-s 
electron momentum transfer collision fre- 
quency, s -1 
gas density, g/cm 3 
photoresist film density, g/cm 3 
electron-impact dissociation cross section, cm 2 
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Characterization of Silicon Surface Contamination and Near- 
Surface Damage Caused by C2F6/CHF3 Reactive Ion Etching 
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ABSTRACT 

Silicon surface contamination and near-surface damage of the Si(100) substrate caused by reactive ion etching (RIE) of 
SiO2 overlayer in C2FdCHF3 plasma were characterized by x-ray photoelectron spectroscopy (XPS), He-ion channeling 
technique and high-resolution transmission electron microscopy (HRTEM). XPS study indicates that a thin (<20A thick) 
C,F polymeric layer was formed on the Si surface and underneath the polymer film a thin oxide layer (-10A) was pro- 
duced due to air exposure after RIE. These films were also characterized in terms of chemical composit ion and bonding 
states. The C,F film displays six bonding states of carbon, i.e., CF3, CF2, CF, C--CFx, C--C/C--H, and C--Si.  The variations 
of etchant gas composit ion and overetching t ime represent that the content of fluorine in residue film increase with in- 
creasing CHF3 gas fraction and overetching time. The formation of residue film on S i Q  surface were also investigated. The 
residue deposited on SiO2 surface is thinner and contains less concentration of fluorine than the residue on Si surface. He 
ion scattering/channeling spectrum and cross-sectional high resolution transmission electron micrograph showed that the 
damaged layer contains displaced Si of about 1 • l0 TM atom/cm 2, and about 25/k thick amorphous layer is present on the 
crystalline silicon substrate. In the micrograph of the 2 min overetched sample, point defect clusters or small isolated 
amorphized region and distorted lattice spacing were found in the near surface region of silicon within 200A depth. 

Patterning by anisotropic dry etching technique is a nec- 
essary step for fabrication of very large scale integrated 
(VLSI) devices and reactive ion etching (RIE) has become 
the standard process to achieve anisotropic etching (1-3). 
The RIE anisotropy is mostly based on energetic ion bom- 
bardments to the surface of a film to be etched, and a direct 
exposure to reactive plasmas can lead to bombardment  
damage (4-7) and also deposition of involatile fluorocarbon 
film (8-16). The ion-induced damage and the residue depo- 
sition are more severe, as overetching t ime increases. In 
practical application, overetching is necessary to ensure a 
complete removal of the film due to nonuniformity in etch 
rate or a film thickness across a large wafer. The surface 
residue and the crystalline damage introduced by ener- 
getic ion bombardment  during overetching would affect 
device properties and performances, and a series of post- 
RIE treatments is highly desirable to proceed with further 
device fabrication (16, 17). In order to develop a suitable 
post-RIE residue cleaning and damage annealing pro- 
cesses, it is necessary to understand the physical and 
chemical nature of polymer residues and ion-induced 
damage in Si. 

In this work, Si and SiO2 specimens previously exposed 
to RIE mode C2F6/CHF~ plasmas were characterized by 
x-ray photoelectron spectroscopy (XPS), He-i0n chan- 
neling technique (RBS), and high resolution transmission 
electron microscopy (HRTEM). A mixture of C2F6 and 
CHF3 has been widely used to selectively etching the oxide 
over Si, since they provide fluorine to generate volatile 
SiF4, and carbon to remove oxygen as COx. Our objective 
of the present work is to quantitatively analyze the surface 
residue and damage introduced by C2FJCHF3 RIE pro- 
cess, using XPS, RBS, and HRTEM. The residue on the Si 
surface was also compared with that on the SiO2 surface. 

Experimental 
The (100) p-type Si substrates with 3000A thick ther- 

mally grown oxide film were used in order to simulate the 

real SiO2 etching situation and subsequent overetching on 
the Si surface. 

Reactive ion etching experiments were performed in 
QUAD 484, Drytek RIE system using a C2F6/CHF3 gas mix- 
ture. Etching conditions are RF power density of 1.216 
W/cm 2 and the self-induced bias voltage -80V, the total gas 
flow of 50 sccm, and the chamber pressure of 250 mtorr. 
The etch rate of SiO2 was about 1500 A/rain at 50% C2Fd 
50% CHF3. The end point was determined by a change in 
the dc bias voltage, as it reaches the interface. In the study 
of the residue on SiO2 surface, a SiO2 film on Si substrate 
was exposed for 2 min under the same etching condition 
as described above and then the surface of SiO2 overlayer 
partially remained after RIE process was analyzed by 
XPS. This was confirmed by the elemental Si 2p peak 
which was not detected on the remained SiO2 layer. For 
the study of Si surface residue, the Si substrates remained 
in the plasma for 2 and 5 rain after the end-point detection. 
The plasma gas composition, C2F6/CHF3, was varied with 
the mixing ratios of 30%/70%, 50%/50%, 70%/30%, at the 
conditions of total gas flow 50 sccm and 2 min overetching. 
After removal from the RIE chamber, the. etched speci- 
mens were studied without further treatment in the as- 
etched and air-exposed states. 

X-ray photoelectron spectra were obtained with Perkin- 
Elmer PHI 5400 ESCA instrument using Mg K~ (1253.6 eV) 
x-ray source. Survey spectra were recorded with 89.45 eV 
pass energy and narrow scan spectra of all regions of inter- 
est were recorded with 71.55 eV pass energy. The fine 
structures of narrow scan spectra were resolved to charac- 
teristic component  peaks by a least squares fitting tech- 
nique using gaussian and lorentzian functions. The back- 
grounds were nonlinearly subtracted by the integrated 
method (18, 19). Angle-resolved profiles were obtained by 
rotating the sample surface, i.e., varying the take-off angle. 

The RBS were performed with the NEC 35DH RBS in- 
strument. A 2.275 MeV He ion beam was aligned to the 
<100> axis of the Si sample. The data were obtained with a 




