
Analysis of Nonuniformities in the Plasma Etching of Silicon 
with CF4/02 

Alan S. Kao and Harvey G. Stenger, Jr. 

Department of Chemical Engineering, Lehigh University, Bethlehem, Pennsylvania 18015 

A B S T R A C T  

E x p e r i m e n t a l  and  m o d e l i n g  work  has  b e e n  p e r f o r m e d  to e x a m i n e  t h e  effects  of  r eac to r  p ressure ,  e t c h a n t  gas flow 
rate,  a n d  wafer  loca t ion  on  t h e  u n i f o r m i t y  of  p l a s m a  e t ch ing  s i l icon u s i n g  CF4/O2 in a para l le l -p la te- radia l  flow reactor .  In- 
t r awafe r  e t ch  ra tes  were  m e a s u r e d  at  12 po in t s  across  a 3 in. wafer  at  p r e s su re s  b e t w e e n  125 a n d  200 mtorr ,  70~ an d  gas 
r e s i d e n c e  t imes  b e t w e e n  1.28 and  2.14s. D e p e n d i n g  on  t h e  ope ra t ing  cond i t ions ,  an  edge- to -cen te r  dec rea se  in e t ch  ra te  of  
5-25% was  obse rved .  A c o m b i n e d  reac to r / r eac t ion  m o d e l  is able  to p r ed i c t  th i s  degree  of  n o n u n i f o r m i t y .  U n i f o r m i t y  was  
i m p r o v e d  b y  inc rea s ing  t h e  reac tor  p r e s s u r e  and  d e c r e a s i n g  t h e  flow ra te  of  t h e  e t c h a n t  gas. E t c h  u n i f o r m i t y  was  also 
f o u n d  to b e  a func t i on  of wafer  loca t ion  w i t h i n  t he  reactor .  Da ta  are p r e s e n t e d  w h i c h  show th e  in f luences  of  p rocess  pa- 
r a m e t e r s  on  b o t h  e tch  ra te  m a g n i t u d e  a n d  un i fo rmi ty .  

I n t r a w a f e r  n o n u n i f o r m  e t ch ing  in p l a s m a  a n d  reac t ive  
ion e t c h i n g  sys t ems  is a ma jo r  p r o b l e m  in c u r r e n t  IC pro- 
cess ing  technology .  Th e  resu l t  of  i n t r awafe r  n o n u n i f o r m i -  
t ies  is a d i rec t  dec rease  in c i rcui t  yie lds  or o v e r d e s i g n  to 
c o m p e n s a t e  for e t ch  ra te  var ia t ions .  In  par t icu lar ,  t he  
p l a s m a  e t ch ing  of  sil icon, s i l icon dioxide,  a n d  a l u m i n u m  
in a para l le l  p la te  radia l  flow sys t em of ten  d isp lays  a n  
edge- to -cen te r  dec rease  in  e tch  rate,  a p h e n o m e n o n  some-  
t i m e s  re fe r red  to as the  "bu l l seye  effect"  (1, 2). Clearly, t h e  
inab i l i ty  to e t ch  c o n s i s t e n t  c i rcui ts  on  each  ch ip  of  a wafer  
will c o n t i n u e  un less  the  causes  of  t h e  bu l l seye  effect  are 
b e t t e r  u n d e r s t o o d  and  cor rec t ions  are made .  

Severa l  pape r s  have  b e e n  p u b l i s h e d  w h i c h  d i scuss  t h e  
p r o b l e m  of  e t ch  nonun i fo rmi t i e s .  S t e n g e r  et al. (1) s tud ied  
the  i n t e rwafe r  n o n u n i f o r m i t i e s  of NF3 e t ch ing  s i l icon in a 
rad ia l  flow reactor .  Th e  e t ch  ra tes  for  th i s  s y s t e m  were  
f o u n d  to be  m o r e  u n i f o r m  at  lower  flow ra tes  h o l d i n g  pres-  
sure,  feed gas compos i t i on ,  a n d  t e m p e r a t u r e  cons tan t .  
S ince  t hey  eva lua ted  e tch  ra tes  by  m e a s u r i n g  the  dec rease  
in wafer  mass  af ter  e tching ,  i n t r awafe r  n o n u n i f o r m i t i e s  
cou ld  no t  be  e x a m i n e d .  Dalvie  et al. (3) h a v e  d e v e l o p e d  a 
m o d e l  of  CF4 e t ch ing  s i l icon in a radia l  flow reactor .  The i r  
m o d e l  a s s u m e s  u n i f o r m l y  d i s t r i bu t ed  s i l icon on  the  lower  
e lec t rode ,  low CF4 d i s soc ia t ion  rates,  a n d  radia l ly  c o n s t a n t  
e l ec t ron  dens i ty .  Th e  effects  of  p ressure ,  flow rate,  a n d  dis- 
cha rge  power  on  e t ch  ra te  were  s imula ted .  They  f o u n d  t ha t  
ave rage  e t ch  ra tes  i nc reased  as the  flow ra te  dec rea sed  or 
the  r eac to r  p r e s su re  increased .  The  p r i m a r y  effect  of  in- 
c reas ing  t he  d i scha rge  power  in t he i r  m o d e l  was  to in- 
c rease  t he  average  e lec t ron  densi ty ,  w h i c h  r e su l t ed  in 
h i g h e r  e t ch  rates.  The i r  mode l  also p r ed i c t ed  in t r awafe r  as 
wel l  as i n t e rwafe r  e t ch  n o n u n i f o r m i t i e s ;  however ,  no  ex- 
p e r i m e n t a l  da ta  we re  of fered  for compar i son .  Alk i re  a n d  
E c o n o m o u  (4) e x a m i n e d  t h e  n o n u n i f o r m  s t r i p p i n g  of 
p h o t o r e s i s t  w i th  02 in  a ba r re l  reactor ,  w h i c h  is a c o m m o n  
app l i ca t i on  of  ba r re l  e tchers .  The  t r a n s p o r t  of  e t ch ing  spe- 
cies to t he  wafer  in  bar re l  reac tors  rel ies  p r e d o m i n a n t l y  on  
di f fus ion,  w i th  l i t t le  convec t ive  inf luences .  This  resu l t s  in  
a dep l e t i on  of  the  e t ch ing  species  across  t he  wafer ,  t h u s  
c aus ing  n o n u n i f o r m  e tching .  Again,  on ly  m o d e l  resu l t s  
were  g iven  w i th  no  e x p e r i m e n t a l  data.  E x p e r i m e n t a l  w o r k  
ha s  b e e n  p u b l i s h e d  by  Nagy (2) an d  P e c c o u d  et al. (5). 
Nagy  p r e s e n t e d  an  e x p e r i m e n t a l  i nves t iga t ion  of reac t ive  
ion  e t ch  nonun i fo rmi t i e s .  He a t t r i b u t e d  t h e  dec rease  in 
e t ch  ra te  f rom edge  to cen te r  to an  in tens i f ied  p r o d u c t i o n  
of  t he  r e a c t a n t  species  over  the  wafer.  P e c c o u d  et al. also 
o b s e r v e d  t he  bu l l seye  effect  w h e n  e t ch i n g  a l u m i n u m  wi th  
CC14 in  a para l le l  p la te  reactor ,  w h i c h  t hey  m i n i m i z e d  ex- 
p e r i m e n t a l l y  b y  inc reas ing  t h e  R F  f requency .  

Th i s  p a p e r  p r e s e n t s  t h e  resu l t s  of  a ser ies  o f  e x p e r i m e n t s  
a i m e d  at  quan t i f y i n g  t he  d e p e n d e n c i e s  of  e t ch  u n i f o r m i t y  
on  p rocess  pa ramete r s .  Data  are p r e s e n t e d  s h o w i n g  t h e  ef- 
fects  of  r eac to r  pressure ,  e t c h a n t  gas flow rate,  a n d  wafe r  
loca t ion  on  the  in t r awafe r  e t ch  profi le un i fo rmi ty .  These  
da t a  were  t a k e n  f rom a para l le l -p la te  radial-f low p l a s m a  
e t c h i n g  reac to r  (RFPER).  A quan t i t a t i ve  m o d e l  is also de- 
ve loped  w h i c h  he lps  exp la in  severa l  t r e n d s  in  t he  data.  

Experimental 
Th e  da ta  p r e s e n t e d  were  ob ta ined  u s i n g  a P l a sma-  

T h e r m  (P.T.) PK-2440 R F P E R  s imi lar  to t ha t  u sed  in our  
p r ev ious  w o r k  (1). A s c h e m a t i c  d i ag r am of  t h e  R F P E R  is 
s h o w n  in Fig. 1. A radio  f r e q u e n c y  (RF) gene ra to r  (P.T. 
Mode l  HFS-3000D) feeds  a 13.56 MHz s ignal  to  t h e  u p p e r  
e l ec t rode  whi l e  t h e  lower  e lec t rode  is g rounded .  A m a t c h -  
ing n e t w o r k  (P.T. Mode l  AMNS-3000E) is u s e d  to m a t c h  
t he  i m p e d a n c e  of  t h e  p l a s m a  p roces s  to t h a t  of t h e  RF  gen-  
erator .  B o t h  e lec t rodes  are 55.9 cm diam,  the  exi t  por t  is 
5.8 cm diam,  a n d  an  e lec t rode  sp ac in g  of 5.7 cm was u s e d  
for  our  e x p e r i m e n t a l  work.  A h e a t  e x c h a n g e r  (P.T. Mode l  
HES-1), con t ro l l ed  by  a t e m p e r a t u r e  r egu la to r  (P.T. Mode l  
TR-1), is u sed  to con t ro l  the  lower  e l ec t rode  t empe r a tu r e .  
T h e  u p p e r  e lec t rode  is n o t  heated .  

T h e  e t c h a n t  gas  u s e d  was  a co mmer c i a l l y  ava i l ab le  mix-  
t u r e  of  4% O= in CF4 (Matheson  Gas). CF4 is an  e t c h a n t  gas 
c o m m o n l y  u sed  for e t c h i n g  s e m i c o n d u c t o r s  an d  meta l s  
(6, 7) a n d  O2 is a d d e d  to i m p r o v e  e t ch  ra te  (8). Th e  gas en- 
t e r s  the  reac tor  at  t he  ou te r  edge  of t h e  e lec t rode  t h r o u g h  a 
pe r fo ra t ed  t u b e  a n d  flows a x i s y m m e t r i c a l l y  t o w a r d  the  
exi t  po r t  in  t he  center .  Th ree  i nch  d i a m e t e r  s i l icon wafers  
were  p laced  on  t h e  lower  e lec t rode  in va r ious  configura-  
t ions .  P r io r  to e t ch in g  t h e  wafers ,  a 5000A layer  of  t h e r m a l  
s i l icon d iox ide  was g r o w n  on t h e  <100>  face. Th e  wafers  
we re  s u b s e q u e n t l y  p a t t e r n e d  u s i n g  B a k e r  PR-1 pos i t ive  
p h o t o r e s i s t  a n d  the  e x p o s e d  SiO2 was  we t  e t c h e d  w i th  H F  
to leave 20% of the  surface  area  as ba re  sil icon. The  res is t  
was  t h e n  r e m o v e d  w i th  acetone,  l eav ing  t h e  o the r  80% of  
t he  wafer  sur face  as s i l icon dioxide.  Th e  wafers  were  pat- 

r f  p o w e r  s u p p l y  

h o t  
glyc, 

to vacuum p u m p  

Fig. 1. Schematic diagram of the radial flow plasma etching reactor 
for etch rate measurements. 
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Fig. 2. Silicon dioxide mask pattern used to define regions to be 
etched. 

t e r n e d  to a l low m e a s u r e m e n t  of  e t ch  d e p t h s  c o n t i n u o u s l y  
across  t he  wafer.  F i g u r e  2 d i ag rams  the  e t c h e d  pa t te rn .  

E t ch  d e p t h s  were  m e a s u r e d  at  va r ious  s tages  of  t h e  ex- 
p e r i m e n t a l  process :  (i) be fo re  e tch ing ,  to m e a s u r e  the  ini- 
t ial  SiO2 film th i cknes s ,  (ii) i m m e d i a t e l y  af te r  e tch ing ,  to 
m e a s u r e  the  a m o u n t  of  SiO2 a n d  s i l icon t h a t  was  r emoved ,  
and  (ii i)  af ter  s t r i pp ing  off t he  ox ide  layer  w i th  HF, to  de- 
t e r m i n e  t h e  a m o u n t  of s i l icon e t c h i n g  t h a t  h a d  occurred .  
The  e t ch  d e p t h s  were  m e a s u r e d  u s i n g  a S loan  D e k t a k  sur- 
face profi le  m e a s u r i n g  sys tem.  E t c h  ra tes  were  ca lcu la ted  
as e t ch  d e p t h  of  s i l icon d iv ided  by  e t ch  t ime.  

The  flow of  t he  e t c h a n t  gas  is r egu la ted  b y  a m a s s  flow 
con t ro l l e r  un i t  (MKS I n s t r u m e n t s  Model  254), w h i c h  is ca- 
p a b l e  of  p r o v i d i n g  c o n s t a n t  flow ra tes  u p  to 100 sccm.  The  
p r e s s u r e  in  the  r eac to r  c h a m b e r  is m a i n t a i n e d  b y  a pres-  2900 
sure  m o n i t o r  (P.T. Mode l  PRM-1) and  a p rocess  va lve  con-  2800 
t ro l ler  (P.T. Mode l  PVC-3). This  p r e s su re  con t ro l  s y s t e m  
can  m a i n t a i n  p r e s su re s  f rom 50-1000 m t o r r  at  an  in le t  flow ~ 2700 
of  100 sccm.  %'2eoo 

T h e  base  o p e r a t i n g  c o n d i t i o n s  were  a r eac to r  p r e s s u r e  of  
150 mtor r ,  an  e lec t rode  t e m p e r a t u r e  of  70~ and  a n  e tch-  ~ 2~00 
an t  gas flow ra te  of  100 sccm. Hea t  t r ans f e r  ra tes  are ade-  z400 
q u a t e  in  th i s  r eac to r  conf igu ra t ion  (10) to a l low th e  as- 
s u m p t i o n  of  i s o t h e r m a l i t y  for  t h e  e lec t rode ,  t he  gas  n e u t r a l  23oo 
species ,  a n d  t h e  wafer .  E t c h  t imes  were  15 m i n  a n d  an  R F  ,.15 
p o w e r  of  750W (0.31 W/cm 2 or 0.054 W/cm 3) was  used.  To in- 
c rease  t h e  r ep roduc ib i l i t y  of  the  resul ts ,  t he  r eac to r  s y s t e m  
was  c o n d i t i o n e d  before  each  set  of  e x p e r i m e n t s  by  e t c h i n g  E 1.10 2 
a ser ies  of  b a r e  s i l icon wafers  as a b l a n k  run .  The  c h a m b e r  ~ 
was  t h o r o u g h l y  p u r g e d  severa l  t i m e s  w i th  n i t r o g e n  before  ~ ~.o5 
f eed ing  w i t h  C F J Q .  

E x p e r i m e n t a l  Results 
Radia l  e t ch  profi les were  m e a s u r e d  f rom the  po in t  

c loses t  to t h e  r eac to r  ex i t  (poin t  A) to t he  po in t  c loses t  to 
t he  r eac to r  e n t r a n c e  (poin t  B) for severa l  wafe r  conf igura-  
t ions .  T h e  da ta  are  p lo t t ed  in . two  ways:  (i) ave rage  abso-  
lu te  e t ch  ra te  at  any  pos i t ion  across  t he  wafer,  a n d  (ii) e tch  

ra tes  n o r m a l i z e d  to the  m i n i m u m  e tch  ra te  over  t he  wafer,  
to i nd i ca t e  t he  degree  of  n o n u n i f o r m i t y  across  each  wafer.  
T he  e t ch  ra tes  in  Fig. 3-6 were  m e a s u r e d  at twe lve  loca- 
t ions  across  t he  wafe r  d iameter .  S m o o t h  cu rve  e t ch  pro- 
files we re  d e t e r m i n e d  by  a s e c o n d - o r d e r  r eg res s ion  a n d  are  
p lo t t ed  on  each  f igure to he lp  v isual ize  t he  da ta  t rends .  In  
all of  t h e s e  e x p e r i m e n t s ,  t he  a m o u n t  of  SiO2 e t c h i n g  t h a t  
o c c u r r e d  was  neg l ig ib le  c o m p a r e d  to t he  a m o u n t  of  s i l icon 
r e m o v e d .  

T h e  first  ser ies  of e x p e r i m e n t s  i n v o l v e d  the  e t c h i n g  of  a 
s ingle  wafe r  at  a t ime.  The  wafer  was  p laced  in t he  c e n t e r  
rad ia l  loca t ion  (see inse r t  in  Fig. 3) a n d  e t c h e d  u s i n g  t h e  
b a s e  case  cond i t i ons  and  gas  flow ra tes  of  60, 80, a n d  100 
sccm.  T he  r e su l t i ng  e t ch  ra te  profi les  are s h o w n  in  Fig. 3. 
T he  e t ch  ra te  was  h ighes t  a t  t he  po in t  c loses t  to t he  r eac to r  
ex i t  (po in t  A) in all cases. The  da ta  p lo t t ed  on  t he  no rma l -  
ized scale  in  Fig. 3 s h o w  t h a t  e t c h i n g  b e c o m e s  m o r e  uni-  
fo rm wi th  d e c r e a s i n g  flow rate.  The  re la t ive  d i f f e rence  be-  
t w e e n  t he  h i g h e s t  a n d  lowes t  e t ch  ra te  across  each  wafer  
d r o p p e d  f rom 15 to 3% as t he  flow ra te  was  dec rea sed  f rom 
100 to 60 sccm.  T he  abso lu t e  e t ch  ra te  scale  in  Fig. 3 s h o w s  
t h a t  the  ave rage  e t ch  ra te  dec reases  f rom 2790 to 2480 
A/min  w i th  d e c r e a s i n g  flow rate.  

T h e  effects  of  va ry ing  t he  r eac to r  p r e s s u r e  f rom 125 to 
150 to 200 m t o r r  at  c o n s t a n t  flow ra te  a n d  t e m p e r a t u r e  are 
s h o w n  in Fig. 4. As  p r e s s u r e  is inc reased ,  t he  u n i f o r m i t y  o f  
t he  e t c h i n g  improves ;  the  re la t ive  d i f f e rence  b e t w e e n  each  
wafer ' s  h ighes t  a n d  lowes t  e t ch  ra te  w e n t  f rom 15 d o w n  to 
5% as t he  p r e s su re  was i nc r ea sed  f rom 125 to 200 re tor t .  
T he  ave rage  abso lu t e  e t ch  ra te  i nc reases  f rom 2450 to 
2600 A/ra in  w i th  i nc rea s ing  p r e s su re  f rom 125 to 200 mtorr .  

F i g u r e  5 shows  t he  effect  of  wafe r  loca t ion  on  t he  intra-  
wafe r  e t ch  profile. In  sepa ra te  runs ,  i n d i v i d u a l  wafe rs  were  
e t c h e d  in each  of t he  t h r ee  pos i t ions  s h o w n  as i n se r t s  on  
Fig. 5. The  r eac t ion  c o n d i t i o n s  were  t h o s e  of  the  b a s e  case  
(100 sccm,  150 mtorr ,  70~ a n d  750W). T he  e t ch  n o n u n i -  
fo rmi ty  is s imi la r  for t he  t h r ee  wafers;  all t h r ee  s h o w  a 
s t eady  inc rease  in  e t ch  ra te  in  t he  d i rec t ion  of  t h e  flow. T he  
ave rage  e t ch  ra te  of  t he  wafers  d e c r e a s e d  f rom 2690 to 2480 
to 2290 A/min  for the  outer-,  center- ,  and  inne r -p l aced  wa- 
fers, respect ive ly .  

L o a d i n g  t he  r eac to r  w i th  t h r ee  wafers  at  once  (see i n se r t  
of  Fig. 6) r e su l t ed  in a n  a l m o s t  u n i f o r m  e tch  profi le  for  t he  
wafer  c loses t  to  the  r eac to r  e n t r a n c e  (Fig. 6). The  re la t ive  
d i f f e rence  in e t ch  ra te  across  t he  wafer  was  on ly  3%. T he  
wafe r  at  t he  i n n e r  pos i t ion  d i sp l ayed  a n o n u n i f o r m  e tch  
ra te  profi le  s imi la r  to t h a t  o b t a i n e d  in the  e x p e r i m e n t  w i th  
on ly  one  wafer  at  t he  i n n e r  pos i t ion .  However ,  t he  re la t ive  
d i f f e rence  in e t ch  ra te  across  t he  i nne r -p l aced  wafe r  in- 
c r eased  to 25% f rom the  11% d i f fe rence  o b t a i n e d  w h e n  t he  
wafe r  was  e t c h e d  a lone  in t he  i n n e r  pos i t ion .  A " load ing  ef- 
fect"  (10, 1]) is o b s e r v e d  in Fig. 6 s ince  t he  ave rage  e t ch  

d i r ec t i on  o f  f l ow  

I I I 

~k  �9 f l ow  = 100  sccm 
�9 f l ow  = 80  sccm 
�9 f l ow  = 60  sccm 

�9 �9 �9 o �9 �9 

1 .00  ' - - - " - '  ' " 
- 1 , 0  - 0 . 5  0 .0  0 .5  1 .0  

No rma l i zed  Pos i t ion  

Fig. 3. Effects of flow rote on etch rate and etch uniformity. Pressure 
= 150 mtorr, temperature = 70~ RF power = 750W. Data points are 
measured values, and curves are second-order polynomials fit to the 
date. 
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Fig. 4. Effects of reactor pressure on etch rate and etch uniformity. 
Flow rate = 100 sccm, temperature = 70~ RF power = 750W. Data 
points are measured values and curves are second-order polynomials fit 
to the data. 
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Fig. 6. Effects of wafer loading on etch rate and etch uniformity. 
Pressure = 150 mtorr, flow rate = 100 sccm, temperature = 70~ RF 
power = 750W. Data points are measured values, and curves are sec- 
ond-order polynomials fit to the data. 

rate of these wafers (1900-2000 AJmin) is significantly lower 
than that of a single wafer run at the same conditions 
(2480 A/min). 

Discussion 
The observed nonuniformities in etch rate provide a 

good test for any quantitative model which attempts to ex- 
plain the concentration profiles within a plasma reactor. 
Modeling the plasma etching process is an interesting 
problem because of the complexities of the plasma sys- 
tem. An accurate model for predicting the concentration 
profile of any species within the reactor must account for 
changes in concentration due to diffusion, convection, and 
chemical reaction. 

In the past, there have been several models describing 
the plasma etching process. Models for radial flow reactors 
have been presented for CF4 by Dalvie et al. (3), SF6 by 
Kline (12), SF6/O2 by Anderson et al. (13), and NF3 by 
Stenger et aL (1). Kushner (14) developed a general model 
using a parallel plate configuration for the etching of Si 
and SiO2 in CnFm/H2 and C,Fm/Q plasmas. Lii et aL (15) 
combined an analog circuit model to predict the electron 
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Fig. 5. Effects of wafer position on etch rate and etch uniformity. 
Pressure = 150 mtorr, flow rate = 100 sccm, temperature = 70~ RF 
power = 750W. Data points are measured values, and curves are sec- 
ond-order polynomials fit to the data. 

energy and electron density with a kinetic model for SF6 
etching silicon. Edelson and Flamm (16) simulated CF4 
etching silicon using a cylindrical plug flow configuration 
and Alkire and Economou (4) presented a model for the 
nonuniform stripping of  photoresist with 02 in a barrel re- 
actor. While some of these papers have discussed the prob- 
lem of intrawafer nonuniform etching, little experimental 
data have been published and compared to the derived 
models. 

Model Development 
In contrast to the more complex models that have been 

presented by others (3, 13, 16, 17), the model presented 
here takes a simplified approach to the plasma etching sys- 
tem. Although we recognize the complexity of plasma 
etching, it is expected that much can be learned from a 
simplified model that explains a majority of the observa- 
tions. Therefore our objective is to present a model which 
helps to explain experimental data without introducing 
unnecessary complexity. 

The model will assume that plasma etching occurs via 
three lumped reaction steps: (i) dissociation of etchant gas 
molecules by electron bombardment  (or chemical reaction 
with free radicals) (18); followed by (ii) a surface reaction 
between the substrate atoms and the reactive etching spe- 
cies produced in the plasma, and (iii) chemically reactive 
species (free radicals) recombining to form nonreactive 
species through loss reactions. The surface reaction may 
be  f u r t h e r  b r o k e n  d o w n  to a d s o r p t i o n  of  t h e  e t ch in g  spe- 
cies, surface reaction, and desorption of the resulting vola- 
tile molecules into the plasma. 

Of equa l  i m p o r t a n c e  to t he se  r eac t ion  s teps  are t h e  diffu- 
s ion and convection of species within the reactor. There- 
fore, the concentration of the etching species at any loca- 
tion in the reactor is governed by: (i) generation by 
electron dissociation and chemical reaction of etchant gas 
molecules, (ii) losses due to reaction with the substrate 
mater ia l ,  (iii) losses  d u e  to free rad ica l  reac t ions ,  (iv) diffu- 
s ion  into and from other regions, and (v) convective influ- 
ences d u e  to gas flow f rom the  reac tor  e n t r a n c e  to exit .  

I t  is a s s u m e d  he re  t ha t  the  e t c h i n g  spec ies  are  p r edomi -  
n a n t l y  g e n e r a t e d  in t h e  p l a s m a  w h e n  col l is ions  b e t w e e n  
e lec t rons  and  t h e  e t c h a n t  gas molecu le s  p r o d u c e  reac t ive  
ions and free radicals. In the present system, electron col- 
lisions w i t h  CF4 molecu le s  m o s t  p r o b a b l y  p r o d u c e  CF3 
a n d  F radicals .  I t  is also k n o w n  t h a t  t he  r eac t ion  
CF4 + e- --* CF2 + 2F (18) occurs appreciably; however, our 
m e t h o d  would  de t e rmine ,  as in  our  p rev ious  work  (1), t h a t  
the  reac t ion  ra te  c o n s t a n t  found  f rom the  e x p e r i m e n t a l  
da ta  would  be  a p r o d u c t  of  t he  d i s soc ia t ion  ra te  c o n s t a n t  
a n d  t h e  s to i ch iome t r i c  coeff ic ient  of  t h e  f luor ine  p r o d u c e d  
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in the  dissociat ion rate. It  can also be expec ted  that  the  dis- 
sociat ion react ion is direct ly  related to the  concent ra t ion  
of  e lect rons  and their  energy  dis t r ibut ion (which is de- 
penden t  on the  power  suppl ied  to the  e lec t rode  and the  re- 
actor  pressure)  (19) and the  f luorinated species concentra-  
tion. A l though  P l u m b  and Ryan  (18) show that  F radicals 
can also be formed by oxygen  reactions,  we  are at m u c h  
lower  O2 concent ra t ions  than in their  work  [4% here  vs. 
25% in (18)]. We therefore  ignore  the  cont r ibut ion  of  oxy- 
gen on the  genera t ion  of F radicals. 

The  surface react ion be tween  fluorine atoms and si l icon 
has been  s tudied  in depth  by F l a m m  et al. (17, 20). In  their  
mechan i sm,  the exposed  sil icon surface is perf luor inated 
wi th  adsorbed  fluorine, fol lowed by SiF2 molecu les  
desorb ing  due  to fur ther  coll isions of  the  substrate  wi th  
f luorine atoms. The  desorbed SiF2 perf luorinates  rapidly in 
t he  p lasma to form stable SiF4. As a resul t  of the  e tching 
reaction,  there  is a decrease  in fluorine concent ra t ion  in re- 
gions close to the  sil icon surface. This creates a concentra-  
t ion gradient ,  causing fluorine a toms in none tch ing  re- 
gions of the  reactor  to diffuse toward the  wafer. 

Recombina t ion  or loss react ions (producing F2, C2F6, 
COF, F20, or reproduc ing  CF4) are numerous  (18). To de- 
ve lop  a detai led mode l  which  includes  each react ion 
wou ld  requi re  increased computa t iona l  difficulties wi th  
l i t t le d i f ference in the  final results.  For  the  present  model ,  
it is a s sumed  that  the amoun t  of  F consumed  by loss reac- 
t ions is first order  in F and first order  in gas density,  s ince 
near ly  all gas phase  species can react  wi th  fluorine radicals 
to form a nonreac t ive  species. 

Des ignat ing  k*~ to be  the  rate constant  for the  disso- 
ciat ion of  CF~, k~ to be  the  rate cons tant  for the  surface 
e tch ing  reaction,  and k~ to be the  loss react ion rate con- 
stant, the  rate of react ion in the  gas phase  (positive for ap- 
pearance  and nega t ive  for disappearance)  of  each major  
c o m p o n e n t  can be wri t ten 

P 
Fluorine:  rr  = +k*dCcF4C~ - -- k~cfas~ -- klCF-R~ [la] 

CF4: rCF4 = -- k*aCcF4%- [lb] 

1 
Silicon: rsi = + ~ keCFasi [lc] 

4 

Replac ing  k*dc~- with  kd, the  c o m p o n e n t  cont inui ty  
equa t ions  for CF4 and F are 

CF4: vr aCCF4 = Dcr4-CF4 { l r ~r k(r OCCF41Or / 

1 ~2CcF 4 ~2CcF4~ 
- + -- kdCcF4 [2a] + r2 002 az 2 J 

F: 
{10(,0c  t 

Pr ~ - r  = DF-CF4 ~ ~ ~ - r ]  r 2 00 ~ 0z 2 J 

P 
+ kdCcf4 - k l c f - ~  [2b] 

In  Eq.  [2a-b] the  gas is a ssumed to be pr imar i ly  composed  
of  CF4 species. Both  c o m p o n e n t  balances mus t  be  solved 
s imul taneous ly  since the  generat ion of  F is dependen t  on 
the  concent ra t ion  of  CF4. It  is a s sumed  here  that  the con- 
cent ra t ion  o f  e lectrons is only a func t ion  of  the  power  sup- 
pl ied to the  electrodes,  i ndependen t  of  location,  and that  
the  effects  of  pressure  and gas flow rate on e lec t ron con- 
cent ra t ion  are negligible.  

In  previous  work  for this reactor  conf igurat ion (1), the  
concent ra t ion  of  react ing species was shown to be  only 
sl ightly dependen t  on z. The  e tching rates, pressures,  and 
d imens ions  are similar  in this work;  therefore,  the  concen-  
t rat ions and thei r  der ivat ives  can be replaced  by the  aver- 
age across the  reactor  th ickness  

_ 1  fh 
C i = 2  -~ h cidz [3] 

Assuming  that  the  der ivat ives  of  concent ra t ion  with  re- 
spect  to r and 0 are i ndependen t  of  z, these  der ivat ives  can 
be r emoved  from the  integrals  in Eq. [2a-b]. Subs t i tu t ing  
the  defini t ion of  Eq. [3] and [2a-b] and in tegra t ing gives 

aC-cr4 { 1 0  / 1 a2~'cF4 
Vr = DCF4_CF4 (r 0CcF4 ~- 

ar r ~ r \  0~'--/ r 2 aO 2 

I(OCcF4t I(OCcF41 1 kdCcF4 [4a] 
2 h \  az /~-h ~ \  az /~=-hJ 

acF {1 a (rae~ 1 l ae~ 
V r -  = DF-CF4 + - - -  

ar -r ~r \ ~r / r2 002 

+ - -  - + kdUCF4 -- klC-F~ [4b] 
2h\az/~=h ~ \ a Z / z =  hJ 

It  is a s sumed  the der ivat ives  wi th  respect  to z are not  func- 
t ions o f z  excep t  at the  surface of  the  wafer.  Where there  is 
exposed  silicon, there  will  be a flux of  f luorine a toms as 
they  adsorb onto the wafer  surface and subsequen t ly  
react. This flux is represen ted  by 

DFCF4(C~CFI =S(r,O)k~-~r [5] 
\ aZ/z~_ h 

where  the  funct ion S(r, 0) is equal  to the  fract ion of  the wa- 
fer 's s i l icon exposed  to the  p lasma at the  surface of  the  
wafer  and zero eve rywhere  else. The mask  pat tern  used is 
a s sumed  to be uni form and has l ine spacings which  are 
m u c h  less than the e lect rode spacing. Therefore,  instead of  
devis ing  a complex  funct ion for descr ib ing the  posi t ion of  
the  lines being e tched  on the wafer,  we have  chosen  to use 
the  funct ion  S to indicate  where  the flow of  F a toms nor- 
mal  to the  e lec t rode  most ly  occurs. The  SiO2 mask  used  
exper imenta l ly  covered  80% of the wafer  surface. By set- 
t ing S = 0.2 over  the  entire wafer,  we imply  that  e tch ing  oc- 
curr ing  over  the  available sil icon area, which  is 20% of the  
total  wafer  area, can be  approx ima ted  by s imula t ing  etch- 
ing over  the  entire wafer  surface area at 20% of  the  actual  
e tch  rate. 

S ince  the  z dependence  of  concent ra t ions  has been  re- 
moved ,  it can be assumed that  at all va lues  o f z  o ther  than  
where  there  is e tchable  material ,  the  flux in the z direct ion 
is zero is zero 

D /OCr\ (aCcF4t 
F-CF 4 | - - ~  = DCF4_CF 4 : 0 [6] 

\aZ/z=h \ Oz /z-• 

Subs t i tu t ing  Eq. [5] and [6] as well  as the  re la t ionship  
v~ = vorJr from the  overall  cont inui ty  equa t ion  into Eq. 
[4a-b] 

r Or 
[1 a (r3CCF4 ~ 

-Dcr~-cF4 r ~ r \  ar / 

1 O2gCF4~ 
+ -  -- kaCcF4 [7a] 

r 2 002 J 

P 
+ kdCcF4 -- klC--F-R~ [7b] 

In  d imens ionless  form, these  equat ions  become  

PeCF4 0CcF4_ 1 O / OCcF4\ 1 02CCF4 
BiaCc~4 [8a] 
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~ P e c r 4  OCv _ 1 0 (~0CF t 

06 ~ 0 ~ \  0~1 

w h e r e  

1 O2CF 

6 2 002 
- - -  - SBi~CF +~/BiaCcF 4 -- Bi]CF [8b] 

~ r DCF4.CF 4 Voro 
Ci  = : -, 6 = _  , ~ - - -  P e c r 4 -  

C0 ro DF_CF 4 DCF4-CF 4 

kdro  2 k~ro ~ k l r o 2 ( P / R T )  
B i a - D  , B i ~ -  , B i l -  

CF4-CF 4 2hDF-cF4 DF-CF4 

The b o u n d a r y  condi t ions  at the  en t rance  and exi t  of  this  
sys t em are the  Danckwer t s  b o u n d a r y  condi t ions ,  wh ich  
a s s u m e  tha t  no react ion occurs  after the  reactor  exi t  and  
tha t  the  total  flux at the  en t rance  of  the  reactor  is equal  to 
the  s u m  of  the  convect ive  and  diffusive f luxes 

t (o% = : 0  

1 (OCcr4t 
Pecr4 \ - - ~ ] e - 1  = CCF4 -- YCF4,0 

[9a] 

[9b] 

, (0% 
\~ - /~=1 = CF [9C] 

~/PecF4 

The  di f fus ion of f luorine a toms  in the  p lasma  is of  pri- 
mary  interest ,  s ince  they  are the  e t ch ing  species .  The diffu- 
s ion coeff icients  can be e s t ima ted  f rom the  Chapman-  
En sk og  Eq. [21] 

2.88 x 104 
DF.CF4 -- - -  [10] 

P 

1.40 x 104 
D c r ~ _ c r ~  - - -  [ 1 1 ]  

P 

w h e r e  P is in pascals  and DAB is in cm2/s. 

Model Solutions 
Equa t ions  [8a-b] were  solved us ing the  finite e l emen t  

p rog ra m T W O D E P E P  pub l i shed  by IMSL (22). The pro- 
cess  pa r ame te r s  used  are s u m m a r i z e d  in Table I. The solu- 
t ion of  equa t ions  [8a-b] resul ts  in a map  of  CF4 and  F con- 

Table I. Summary of parameters 

Electrode radius 
Exit tube radius 
Wafer radius 
Reactor volume, half thickness 
Electrode temperature 
Reactor pressure 
Gas flow rate 

ro 27.95 cm 
ri 2.9 cm 
rw 3.81 cm 
h 2.85 cm 
T 343 K 
P 125, 150, and 200 mtorr 
F 60, 80, and 100 sccm 

0 

�9 

-1.0 -0.67 -0.33 0,0 

"K-X- 0.065 

i 
0.33 0.67 

Dimensionless Reactor Radius 

Fig. 7. Contour plot of dimensionless fluorine concentration through- 
out the reactor. Flow rate = 100 sccm, pressure = 150 mtorr, tempera- 
ture = 70~ RF power = 750W.  

cen t ra t ions  t h r o u g h o u t  the  reactor.  E tch  rates  across  each 
wafer  are calcula ted f rom the  p r o d u c t  of  the  f luorine con- 
centra t ion,  the  e tch ing  reac t ion  rate constant ,  ke, and  the  
si l icon loading densi ty ,  asi. P lo t t ing  the  mode l -gene ra ted  
m a p  of  f luorine concen t ra t ion  gives a visual i n spec t ion  of  
the  e x p e c t e d  e tch rate  profiles. F igure  7 shows  a con tour  
plot  of  the  d imens ion le s s  F concen t ra t ion  for the  case of  
one  wafer  be ing  p roces sed  at 100 sccm and  150 mtorr .  

The u n k n o w n  reac t ion  rate cons tants ,  kl, kd, and  ke, were  
var ied in each  call to T W O D E P E P  to allow min imiz ing  the  
er ror  b e t w e e n  the  obse rved  and the  ca lcula ted  e tch  rate.  
The th ree  runs  w h i c h  var ied flow rate (data of  Fig. 3) were  
u sed  to d e t e r m i n e  the  set  of  th ree  cons tants .  Obse rved  
e tch  rates  (data points)  v s .  pred ic t ed  e tch  rates  (lines) are 
s h o w n  in Fig. 8 for the  s ingle-wafer  case  at  th ree  d i f ferent  
flow rates. The ag reemen t  is good at 60 and  80 s c c m  flow 
rates,  wi th  a smal l  devia t ion obse rved  at 100 sccm near  the  
cen te r  of  the  wafer.  

The  rate  cons tan t s  used  to calculate the  mode l  curves  in 
Fig. 8 are given in Table II. The calcula ted Pec le t  and  Blot  
n u m b e r s  for these  best-fit  pa ramete r s  are l is ted in Table 
III for the  var ious  cases. These  cons tan t s  are not  to be con- 
s idered  f u n d a m e n t a l  rate parameters .  Ins tead ,  they  are fit 
pa r ame te r s  w h i c h  give a mechan i s t i c  s t ruc tu re  to the  
p l a sma  reactor  model .  However ,  it is in te res t ing  to com- 
pare  t hese  cons tan t s  to t hose  repor ted  e l sewhere  (18). In  
work  by Ryan and P l u m b  (18) at 500 mto r r  and  295 K, con- 
s tan t s  are r epor ted  b e t w e e n  10 -'2 and 10 -]6 cm3/s/molecule 
for var ious  react ions  w h i c h  c o n s u m e  fluorine ( e . g . ,  

F + CF3 --> CF4). Our value of  1.11 x 10 -16 falls wi th in  the i r  
range,  sugges t ing  it is of a reasonable  size. 

P l u m b  and Ryan  also repor t  a value for the  f i rs t-order  
d issocia t ion  cons t an t  of  CF4, kd (which is a p r o d u c t  of  the  

Table II. Best fit rate parameters 

Dissociation ka 0.13s 1 
Loss kl 6.67 x 107 cm3/s/gmol or 

1.11 x 10 -16 cm3/s/molecule 
Etching ke 305 cm/s 

Table III. Dimensionless numbers for best fit parameters 

P Flow 
(Pa) (sccm) PeCF4 Bid Bie Bi] 

16.6 100 0.422 0.121 24.2 0.176 
19.9 60 0.253 0.145 29.0 0.254 
19.9 80 0.338 0.145 29.0 0.254 
19.9 100 0.422 0.145 29.0 0.254 
26.6 100 0.422 0.193 38.7 0.451 
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~-- direction of flow B 

I ~  �9 I I  

] 00 s c ~  
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-1 .0  -0 .6  -0 .2  0.2 0.6 1.0 

Position across wefer 

Fig. 8. Model (curves) vs.  data (points) for the effect of flow rate on 
etch rate. Pressure = 150 mtorr, temperature = 70~ RF power = 
750W.  
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