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ABSTRACT 

A mathematical model was developed to study shape evolution of trenches during plasma-assisted etching. A two- 
region sheath model was used to determine the effect of local potential distribution on ion deflection and on the ion flux 
and energy distribution along the walls of the trench. The potential field in the near-trench region was found by using the 
boundary integral method which, coupled with a moving boundary scheme, allowed the time evolution of etch profiles to 
be computed. The effect of important variables affecting ion deflection and sidewall etching was combined in a dimen- 
sionless group f~. For values ofO <~ 0.1 and for positive mask potentials, less than 10% of the bombarding ion flux struck 
the sidewall of a rectangular trench. Ion deflection and ion-neutral collisions resulted in sidewall "bowing" and in decreas- 
ing etch rate as a function of trench depth. Such phenomena are especially important in applications which require the 
etching of deep trenches. 

Attainment of anisotropy is an important driving force 
behind implementation of plasma-assisted etching tech- 
niques in semiconductor processing. Anisotropy is pro- 
rooted when ions gain directionality from the plasma 
sheath electric field and are accelerated toward the etch 
feature, thus enhancing the vertical etch rate by preferen- 
tial bombardment of the bottom surface. We call this "ion- 
assisted etching." On the other hand, isotropic etching, 
which leads to undercutting, is commonly associated with 
the presence of neutral etchant species which, lacking di- 
rectionality in motion, etch both the sidewalls as well as 
the bottom of the feature. We call this "chemical etching." 
The degree of etch anisotropy is thus often said to depend 
upon the relative importance of i0n-assisted etching as 
compared to chemical etching. 

However, sidewall etching can occur even in the absence 
of chemical etching because of distortion of the electric 
field in the vicinity of the feature owing to its topography 
and state of surface charge. Such distortion serves to de- 
flect on-coming ions toward the sidewalls and thus affect 
adversely the desired anisotropy. The purpose of this in- 
vestigation was to consider theoretically the phenomenon 
of ion deflection, particularly in the creation of deep 
trenches where significant shape evolution occurs during 
the course of etching. 

Deep silicon trenches are used as trench capacitors in 
high density MOS-DRAM cells and for isolation in high 
speed bipolar devices (I). High aspect ratio grooves are of 
importance in trilevel resist processing (2), in a variety of 
device applications (3), and in advanced three-dimensional 
integrated circuits. Nanometer-scale high-aspect-ratio 
trenches may be useful in the fabrication of novel elec- 
tronic and optoelectronic devices (4). The above applica- 
tions demand high etch rate while placing severe require- 
ments on the trench wall profile and on wall surface qual- 
ity. For example, bottle-shaped wall profiles in silicon 
trenches are unacceptable for subsequent dielectric refill- 
ing because such shapes are prone to void formation and 
device failure. It is therefore worthwhile to investigate 
phenomena affecting the shape of wall profiles in deep 
trenches and how this shape evolves during etching. 

Ion deflection recently has been suggested as the expla- 
nation for observations in a variety of situations. Chin 
et al. (5) observed "bottle-shaped" wall profiles in dee~p 
trenches created by reactive ion etching in polysilicon 
with use of S i Q  masks. Sidewall "bow" formation was 
more pronounced for higher aspect ratio trenches, and the 
etch rate was observed to decrease with increasing trench 
depth. The authors attributed the observed phenomena to 
ion deflection due to locally nonuniform electric fields. 
Bruce and Reinberg (6) investigated the effect of a positive 
dc bias applied to the RF-driven electrode during CIJSi 
etching. The effect of bias, which dramatically affected 
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etch rate and etch profiles, was attributed to charging of 
the insulator mask and thus to establishment of local elec- 
tric fields which deflected oncoming ions toward the ex- 
posed silicon surface. Similar effects were also observed 
by Fung et at. (7) in the Si/SF~ system. In another situation, 
G0kan et al. (8) observed curved sidewalls in photoresist 
trenches made during oxygen reactive ion beam etching; 
by increasing the ion bombardment energy, vertical side- 
walls were obtained under otherwise identical conditions. 
Sidewall "bow" formation was also observed by Pogge 
et al. (9) in etching high aspect ratio silicon grooves in a 
C1JAr plasma. Ukai and Hanazawa (10) observed a pattern- 
width dependence of the degree of lateral etching and at- 
tributed it to the sheath electric field distortion by the sur- 
face topography, resulting in deflection of incident ions. 
The potential distribution on dielectric films exposed to 
charged particle beams has been investigated both experi- 
mentally and theoretically (11-14). 

Thus it appears that the ion deflection phenomenon in- 
fluences behavior in many systems, especially when etch- 
ing deep trenches or when conditions favor dielectric 
mask charging. However, no quantitative analysis is avail- 
able to clarify general conditions under which the phe- 
nomenon is important or to define scaling parameters 
which might guide the design of etching systems. 

Theoretical simulation of shape evolution of etching fea- 
tures has been carried out for a number  of processes in- 
cluding reactive ion etching (15), ion milling, sputtering 
(16), and plasma etching (17). These studies have led to the 
"string model" algorithm, a welcome semi-empirical tool 
for evaluating shape evolution processes. However, some 
fundamental  physical phenomena are not considered ex- 
plicitly, including potential field phenomena. 

The purpose of this investigation was to develop im- 
proved methods for calculating the shape evolution of 
etching trenches based upon the fundamental  physical 
and chemical principles of the phenomena involved. 

Theoretical 
An analysis of shape evolution requires detailed evalu- 

ation of potential field phenomena, mask charging, gas- 
phase ion scattering, and surface reaction processes. The 
theoretical model described below computes the drift ve- 
locity of ions transported through the sheath, determines 
the potential field near the etch site and along the mask 
surface, determines the trajectory of ionic species in the 
trench region, and expresses the surface reaction rate as a 
function of the local ion flux, ion bombardment energy, 
and concentration of reactive neutral species. In order to 
track the shape evolution of a trench, the boundary inte- 
gral method and a moving boundary scheme were em- 
ployed in a time-sequence of numerical calculations. 

Because rigorous calculations are cumbersome and 
often not essential for clarifying the main features of be- 
havior, a number of simplifications have been introduced. 

941 



942 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  Apri l  1988 

These are justified in the text below where they are intro- 
duced. 

Dielectr ic  m a s k  c h a r g i n g . - - C h a r g i n g  of a d ie lec t r ic  
m a s k  nea r  t he  fea tu re  to be  e t c h e d  is c o n s i d e r e d  first s ince  
t he  po ten t i a l  d i s t r i b u t i o n  a long  t he  m a s k  will affect  the  
e lec t r ic  field in  t he  n e a r 4 r e n c h  region.  F igu re  1 i l lus t ra tes  
a m a s k i n g  layer  on  a g r o u n d e d  subs t ra t e .  T h e  s y s t e m  is ir- 
r ad i a t ed  by  a u n i f o r m  c u r r e n t  flux I~ w h i c h  is cons t an t ,  in- 
d e p e n d e n t  of the  po ten t i a l  of  the  surface.  (This impl i e s  
t h a t  su r face  po t en t i a l  b u i l d u p  is smal l  c o m p a r e d  to t h e  
e n e r g y  of  t he  i n c i d e n t  beam.)  In  v iew of  the  low ion ener-  
gies c o m m o n l y  e n c o u n t e r e d  (~  100 eV), s e c o n d a r y  e l ec t ron  
e m i s s i o n  is neg lec ted .  I f  t he  m a s k  po ten t i a l  is posi t ive,  any  
s econda r i e s  wil l  be  a t t r ac t ed  b a c k  to t he  mask .  C u r r e n t  
c an  flow f rom t h e  m a s k  to the  s u b s t r a t e  by  b u l k  con-  
d u c t i o n  Ib or by  sur face  c o n d u c t i o n  I~. By  a s s u m i n g  a t h i n  
m a s k  (h < <  l) so t h a t  a one  d i m e n s i o n a l  m o d e l  is appl ica-  
ble, t he  c h a r g e  b a l a n c e  e q u a t i o n  reads  

su l t ing  in zero ne t  c u r r e n t  to the  sur face  at  the  c o m p l e t i o n  
of  the  cycle. S ince  the  t ime  scale of the  typ ica l  13.56 MHz 
f r e q u e n c y  is tf = 73.7 ns < <  to, c h a r g e  l eakage  by  sur face  
c o n d u c t i o n  can  be  neg lec t ed  on  t i m e  scale t~. U n d e r  s u c h  
condi t ions ,  the  second  t e rm  on the  r igh t -hand  side of  Eq. [4] 
can  also be  neglected,  i.e., all cu r r en t  t h r o u g h  the  mask  is 
d i s p l a c e m e n t  c u r r e n t  a n d  t h e / n a s k  ac ts  as a s i m p l e  capac-  
itor. T h e  s impl i f i ed  form of  Eq. [4] wr i t t en  in d i m e n s i o n a l  
u n i t s  is 

d V  Iih 

d t  eeo 
[6] 

E q u a t i o n  [6] impl ies  t h a t  the  sur face  po ten t i a l  is spat ia l ly  
u n i f o r m  to t he  e x t e n t  t h a t  I~ is. In  o rder  to e s t i m a t e  the  
m a x i m u m  po ten t i a l  t he  m a s k  will a t t a in  in  th is  case, it 
m a y  be  a s s u m e d  tha t  I~ is a pos i t ive  ion c u r r e n t  f lowing for 
t he  who le  pe r iod  of  t he  R F  cycle. T h e n  

Oq V 02V 
- I i  - -  + % -  [1] 

i~t % h Ox 2 

The  l e f t -hand  s ide  of  Eq. [1] desc r ibes  c h a r g e  a c c u m u -  
lat ion.  T h e  s e c o n d  t e r m  on  t he  r i g h t - h a n d  s ide of  Eq. [1] is 
c o n d u c t i o n  c u r r e n t  t h r o u g h  t he  bulk .  T he  t h i r d  t e r m  de- 
sc r ibes  sur face  c o n d u c t i o n  of  cu r ren t .  T he  c h a r g e  dens i t y  
is f o u n d  f rom G a u s s '  l aw 

V 
q = eeo-- [2] 

h 

U n d e r  c o n d i t i o n s  typ ica l  of  p l a s m a  e t c h i n g  app l ica t ions ,  
b u l k  c o n d u c t i o n  can  be  neg l ec t ed  as c o m p a r e d  to sur face  
conduc t i on .  Then ,  c o m b i n i n g  Eq. [1] and  [2], and  i n t roduc -  
ing  the  d i m e n s i o n l e s s  va r i ab les  

L h  
V .... - [7] 

feeo 

Fo r  typ ica l  p a r a m e t e r  va lues  one  f inds  Vma x = 0.1V. Charg-  
ing  will  be  m o r e  i m p o r t a n t  a t  lower  f r equency .  For  exam-  
ple, t he  c o r r e s p o n d i n g  f igure a t f  = 100 kHz is Vm~ = 10V. 

However ,  t he  s i tua t ion  is d i f fe ren t  w h e n  an  e x t e r n a l  b ias  
vo l t age  is dc coup l ed  to t he  e lect rode.  For  example ,  i f  t he  
wafe r  is r e s t i ng  on  t he  g r o u n d e d  e lec t rode  and  a pos i t ive  
dc  b ias  is app l i ed  to t he  RF  e lec t rode  in  a d iode  reactor ,  a 
ne t  pos i t ive  cha rge  will  f low t o w a r d s  t he  wafer.  In  th i s  case  
ne t  c h a r g e  flow takes  place  over  t i m e s  long  c o m p a r e d  to to. 
Therefore ,  the  full Eq. [4] m u s t  be  used.  T a k i n g  a c o n s t a n t  
t ime -ave rage  va lue  of  I~ for s impl ic i ty ,  one  ob t a in s  the  so- 
l u t i on  of  Eq. [4] as (19) 

y ie lds  

V x t eeol 2 
V* = - -  X* 

Vo' = l '  ~=~o;  t o -  h~s 

[3] 
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w h e r e  Vo is a r e f e r ence  potent ia l .  The  b o u n d a r y  c o n d i t i o n s  
are  t a k e n  as 

OV*(x*, ~) ~,=o V*( +- I, ~) = O, V*(x*, O) = O, = 0  [5] 
0x* 

P a r a m e t e r  to is t he  t i m e  scale  for cha rge  " l eakage"  to t he  
s u b s t r a t e  b y  sur face  conduc t ion .  Fo r  typ ica l  p a r a m e t e r  
va lues  (CVD SIO2, % = 5 • 10 -5 m h o  (18), h = 10 -2 cm,  t = 
10 -4 cm) one  f inds  to ~ 0.1s. In  an  RF  p l a s m a  reac tor ,  Ii wil l  
be  a f u n c t i o n  of  t ime.  In  a capac i t ive ly  coup l ed  reac to r  
w i t h  no  d i rec t  c o n n e c t i o n  to g round ,  the  s h e a t h  po t en t i a l  
is s u c h  t h a t  Ii is a pos i t ive  ion c u r r e n t  ove r  m o s t  of a n  R F  
cycle. E l ec t ron  c u r r e n t  flows only  for a ve ry  smal l  f rac t ion  
of t he  cycle  so as to neu t ra l i ze  the  pos i t ive  ion cu r ren t ,  re- 

I ll 
Is Is__.. 

5 : h 
( : ; ', { 

= : ', , 
i 

x=-I x=O x= l  

S u b s t r a t e  

Fig. 1. Definition of coordinate system and flow of current during 
charging of a masking film. 

Ao { 32 = (-1) n 
Y*(x*, 7) = ~ -  1 (x*)2 - ~ ,,~0 (2n + 1) 3 

( 2 n + l ) ~ x *  ( (2n+41)2~r2z)} 
cos exp  - - [8] 

2 

where 

Ill 2 
Ao - [9] 

Yoo" s 

The  s teady-s ta te  po ten t i a l  d i s t r i b u t i o n  is f o u n d  f rom Eq. 
[8] by  l e t t ing  ~ -> ~. The  re su l t  is a quad ra t i c  d i s t r i b u t i o n  

N o  
Vss*(X*) = ~ -  [1 - (x*)q [10] 

A q u a d r a t i c  po t en t i a l  d i s t r i b u t i o n  was  e x p e r i m e n t a l l y  ob- 
t a i n e d  by  Yoeh izawa  et al. (20) on  t he  sur face  of a S i Q  film 
b o m b a r d e d  b y  pos i t ive  ions  d u r i n g  ion imp lan t a t i on .  

The two- reg ion  shea th  mode l  a n d  p o t e n t i a l  d i s t r i b u t i o n  
in  the near - t rench  r e g i o n . - - A  t w o - d i m e n s i o n a l  e t c h i n g  
t r e n c h  m o d e l  is n o w  c o n s i d e r e d  (21). Su r face  fea tu res  are 
s h o w n  in Fig. 2 to be  s epa ra t ed  f rom the  p l a s m a  by  the  
s]heath. Ions  f o r m e d  in t he  p l a s m a  drif t  to t he  p lasma-  
s h e a t h  in te r face  and  en t e r  the  s h e a t h  w h e r e  t hey  gain  
e n e r g y  f rom the  e lectr ic  field force. In  reg ions  s o m e  dis- 
t a n c e  f rom the  surface,  the  field l ines  are no t  a f fec ted  b y  
t h e  sur face  t o p o g r a p h y  a n d  are t h u s  n o r m a l  to t he  macro-  
scopic  surface,  i.e., t he  po ten t i a l  d i s t r i b u t i o n  is one  d imen-  
sional.  However ,  in t he  v ic in i ty  of  the  fea tures ,  t he  field 
l ines  are  d i s to r t ed  a n d  t he  po ten t i a l  d i s t r i b u t i o n  is two di- 
mens iona l .  The  d i s to r t ion  of  the  field l ines  gives r ise to lat- 
e ra l  field c o m p o n e n t s  t h a t  can  affect  the  t r a jec to ry  of  on- 
c o m i n g  ions.  In  pr inc ip le ,  t he  e lectr ic  field a t t a ins  a n  infi- 
n i t e ly  large  va lue  at  the  s h a r p  co rne r  of the  mask.  In  
o rde r  to d e c o u p l e  the  effect  of  col l i s ions  f rom the  two di- 
m e n s i o n a l i t y  of  t he  electr ic  field, the  s h e a t h  is d iv ided  in to  
two  s u b r e g i o n s  as s h o w n  in Fig. 2 (not  d r a w n  to scaie): (a) 
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2 - D  E Region IZ 

Col l is ion less  

iii!ii!i :i ii i.ii!i!!iiiiiii!i i!,ii!i  !iiiii  
Fig. 2. Surface features and division of sheath into two regions. (not 

drown to scale). 

Region I some distance from the surface where the poten- 
tial field is one dimensional and where ions can experience 
collisions; and (b) a collision-free Region II near the sur- 
face where the potential field is two dimensional owing to 
the surface topography. For typical trench dimensions, 
Region II is expected to be ~<10 Fin thick. Typical sheaths 
in RF discharges are a few mm thick. Hence the thickness 
of Region I is about equal to the sheath thickness. No 
rigorous procedure was applied for determining the exact 
thickness of Region II. An approximate procedure was 
used instead, in which the Region I/II interface was moved 
far enough from the features so that the potential distribu- 
tion became essentially one dimensional beyond the inter- 
face towards Region I. Such "adjustment" will not affect 
results in Region I. Nor should Region II be affected pro- 
vided that the correct boundary condition for the potential 
is used at the I/If interface. 

In Region I ions are accelerated by the one dimensional 
electric field and collide with neutral species. The ion drift 
velocity in Region I may be obtained by solving an equiva- 
lent de model of the RF sheath as described elsewhere (22), 
by considering Poisson's equation for the potential 
distribution coupled to the ion motion and current conti- 
nuity equations. Figure 3 depicts an ion at the interface be- 
tween Regions I and II, and indicates that such an ion has 
a velocity which includes a directional (drift) component 
Uo as well as a random component u r arising from colli- 
sions the ion suffered in Region I. In the present work, no 
attempt was made to compute the angular distribution of 
ions arriving at the interface of Regions I and If. Instead it 
was assumed that the random velocity component Ur has a 
value which is a small fraction of uo. 

Now consider events in Region II. The plasma is weakly 
ionized and a typical ion density in the bulk plasma is 
about 101~ ions/cm 3. Close to the solid surface the ion den- 
sity falls by about an order of magnitude. Hence there will 
be for each ion a residence volume of about 103 Fm 3, cor- 
responding to a cube of i0 Fm side. Since the thickness of 
Region II is typically less than i0 ~tm, Region II can thus 
be considered to be essentially devoid of other charged 
species except for the ion of interest. Therefore the poten- 
tial distribution in the trench region can be computed by 
using the Laplace equation. Furthermore, the ionic mean 
free path is typically larger than 50 ~m. Hence Region II is 
collision-free as well, although the possibility exists of col- 
lisiOns with species coming off the surface in a deep 
trench. 

By referring to Fig. 3 and 4, Laplaee's equation reads 

- -  + - -  = 0 [ 1 1 ]  
Ox 2 Oy 2 

---- " Computational Domain 
Fig. 3. The near-trench Region Ih computational domain and sche- 

matic of ion trajectory. 

The  b o u n d a r y  cond i t ions  are 

+ + , o n S 1 ,  a~ 
ax 

on $2 and  $3, and + = 0 on $6 [12] 

w h e r e  the  e t ch ing  film has been  a s s u m e d  to be g rounded .  
Two cases  were  cons ide red  for the  b o u n d a r y  cond i t ion  at 
the  m a s k  surface:  a cons t an t  or a quadra t ic  potent ia l  

s~-... I 
V ~  = o 

d, 

S,  / 

~# =01  

V2(I :) = 0 

= 

, W, I~ l 

l y ,,.S, d#=t (x) 

kk Moving Boundary 

J 

' V O = 0  H 

i h  

Fig. 4, The near-trench Region I1: boundary conditions 
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6 - (~4 - const .  [13a] 

o r  
~o 

(~ = (])4 = --  ~ -  [ x 2  - -  2 ( W t  + l ) x  

+ w t  2 + 2wtl] on  $4 [13b] 

w h e r e  x - wt at  t he  left  co rne r  of  the  m a s k  (where  6 - 0) 
a n d  x = wt + l a t  t he  r igh t  s y m m e t r y  p l ane  (where  d 6 / d x  = 
0). In  Eq. [13b], (~o is t he  m a s k  po ten t i a l  a t  t he  s y m m e t r y  
p lane .  A c o n s t a n t  m a s k  po t en t i a l  ( i n d e p e n d e n t  of  pos i t i on  
on  t he  mask )  w o u l d  be  app l icab le ,  for example ,  for  a m e t a l  
m a s k  or for a d ie lec t r ic  m a s k  at  h i g h  f r equenc i e s  w i th  no  
dc  b ias  appl ied .  A q u a d r a t i c  d i s t r i b u t i o n  of m a s k  po t en t i a l  
w o u l d  be  app l i cab l e  for  a d ie lec t r ic  m a s k  w h e n  ne t  c u r r e n t  
f lows to t he  mask .  

E q u a t i o n  [11] was  n o n d i m e n s i o n a l i z e d  by  de f in ing  

x y 
qb=--,6 X = - - ,  Y -  [14] 

(bl W t  W t  

whence 

~,2( D 02(~ 
- -  + = - 0  [ 1 5 ]  
O X 2 O y 2 

dO = 1 o n  S 1 ,  - -  = 0 on  $2 a n d  Sa, 
OX 

op = ~" on  $4, a n d  q5 = 0 o n  $6 [16] 
'1 

d i s t a n c e  of  t rave l  of  say 5 ~m, will  be  0.5-5 eV. For  ions  en- 
t e r ing  w i t h  a k ine t i c  e n e r g y  of  say 50 eV, a n d  for  a t r e n c h  
a spec t  rat io  of  3, ~ will  be  in  t he  r ange  of 0.1-1.0. However ,  
for sha l low t r enches ,  e.g. aspec t  rat io  of 1, fi will  be  in  the  
r a n g e  of  0.01-0.1. 

S u r f a c e  r e a c t i o n  k i n e t i c s . - - T h e  to ta l  e t ch  ra te  was  as- 
s u m e d  to be  t he  s u m  of  two con t r i bu t i ons :  a chemica l  
e t c h i n g  c o m p o n e n t  (Rn) a r i s ing  f rom the  s p o n t a n e o u s  
e t c h i n g  of  t he  fi lm by neu t ra l s ,  a n d  an  ion-ass i s ted  com-  
p o n e n t  (R+) owing  to ion b o m b a r d m e n t  effects  

Rt = Rn + R+ [20] 

The  c o n t r i b u t i o n  of a t h i r d  c o m p o n e n t ,  spu t t e r ing ,  was  ne-  
g lec ted  in c o m p a r i s o n  w i t h  the  o the r  two in th i s  analysis .  
For  deep  t r e n c h  e tch ing ,  one  n e e d s  R~ > >  Rn. Fo r  t he  
c h e m i c a l  e t c h i n g  c o m p o n e n t ,  l inear  k ine t i c s  were  as- 
s u m e d  to apply,  R,~ - knC, w h e r e  C is t he  neu t r a l  e t c h a n t  
concen t r a t i on .  The  ion-ass i s ted  c o m p o n e n t  was  a s s u m e d  
to h a v e  a fo rm w h i c h  is l inear  in  ion f lux a n d  energy,  a n d  
i n d e p e n d e n t  of n e u t r a l  c o n c e n t r a t i o n  

R+ = k+I+e+ [21] 

E q u a t i o n  [21] impl ies  t h a t  the  ion-ass i s ted  e t ch ing  is pro- 
po r t i ona l  to the  p o w e r  depos i t ed  on the  sur face  by  t he  
b o m b a r d i n g  ions.  The  to ta l  e t ch  ra te  was  t h e n  t a k e n  as 

Rt = knC + k+I.e+ [22] 

The  fo rm of  Eq. [22] is on ly  t en t a t i ve  and  has  b e e n  dis- 
c u s s e d  e l s e w h e r e  (23). I f  k n o w l e d g e  of  ra te  p rocesses  is 
ava i l ab le  for  specif ic  sys tems ,  t he  a p p r o p r i a t e  e q u a t i o n s  
cou ld  b e  u s e d  in p lace  of  Eq. [21] and /o r  [22]. 

The  case  of an  excess ive  m a s k  u n d e r c u t  ( s h o w n  in Fig. 4 
as sur face  $5) w o u l d  inva l ida t e  the  p r e s e n t  analysis .  More  
specifically,  t he  o v e r h a n g i n g  par t  of the  m a s k  w o u l d  a t t a in  
a h i g h e r  po ten t i a l  s ince  t he re  is no  c o n v e n i e n t  way  for cur- 
r e n t  to leak  to t he  subs t ra te .  However ,  e t ch i ng  of  deep  
t r e n c h e s  r equ i r e s  c o n d i t i o n s  u n d e r  w h i c h  ion-ass i s ted  
p r o c e s s e s  d o m i n a t e ,  in w h i c h  case  e t c h i n g  d i rec t ly  u n d e r  
t he  m a s k  will  be  min ima l .  

I on  t r a j e c t o r i e s . - - A f t e r  t he  po ten t i a l  d i s t r i b u t i o n  in Re- 
g ion  II  was  f o u n d  by  so lv ing  Lap lace ' s  equa t ion ,  ion 
t r a jec to r ies  in Reg ion  II were  ca lcu la ted  by  u s i n g  the  equa-  
t ions  of mot ion ,  one  for each  spa t ia l  c o o r d i n a t e  

dax eE• d2y eEy 
- [ 1 7 ]  

dt  2 M+' d t  2 M+ 

T h e  on ly  force ac t ing  on  t he  ion was a s s u m e d  to be  t he  
e lec t r ic  field force. In i t ia l  c o n d i t i o n s  i n c l u d e d  ion pos i t i on  
a n d  veloci ty .  By  def in ing  d i m e n s i o n l e s s  space  coo rd ina t e s  
X a n d  Y a long  w i th  a d i m e n s i o n l e s s  t i m e  T = tuo/dt one  has  

d2X 1 - 5  d T  r 2 - a , f ~ -  [18] 
d7  e 2 

w h e r e  t he  d i m e n s i o n l e s s  rat io  

f / =  / \(dt~ 2 ed)~ [19] 
\ w t /  1/2 M+uo 2 

appears. [l can also be written in a more general form as 

fl = (trench aspect ratio) 2 
energy imparted to the ion by the field 

kinetic energy of entering ion 

Because of their momentum, ions do not necessarily fol- 
low the bent electric field lines in the near-trench region. 
The degree of ion "deflection" will depend on fk The 
higher the value of f~, the more important ion deflection 
will be. Thus one expects more sidewall etching for 
trenches with high aspect ratio (5), and less sidewall etch- 
ing as ion kinetic energy increases (8). As an example, for 
electric fields of the order of 103-104 V/cm close to the 
trench, the energy imparted to an ion by the field over a 

The  b o u n d a r y  i n t e g r a l  m e t h o d . - - F i n i t e  e l e m e n t  a n d  
b o u n d a r y  in teg ra l  m e t h o d s  h a v e  b e e n  found  to be  par t i cu-  
lar ly a m e n a b l e  to p red i c t i on  of s h a p e  evo lu t i on  p h e n o m -  
ena  since,  in  t he se  m e t h o d s ,  p i ecewise  p o l y n o m i a l s  are 
u s e d  to c o n f o r m  to b o u n d a r i e s  of  a rb i t r a ry  s h a p e  (24). The  
b o u n d a r y  in teg ra l  m e t h o d  (BIM) has  the  add i t i ona l  advan-  
tage  of  r e d u c i n g  t he  p r o b l e m  d imens iona l i ty .  For  exam-  
ple, a two d i m e n s i o n a l  p r o b l e m  b e c o m e s  r e d u c e d  to a 
fo rm invo lv ing  quan t i t i e s  on ly  on  the  b o u n d a r y  of the  two 
d i m e n s i o n a l  doma in .  In  cont ras t ,  t h e  f ini te  e l e m e n t  
m e t h o d  (FEM) wou ld  r equ i r e  d i sc re t i za t ion  of  the  en t i r e  
doma in .  However ,  t he  B I M  has  t he  d i s a d v a n t a g e  of  re- 
s t r i c ted  appl icabi l i ty ;  in general ,  t h e  B IM c a n n o t  be  ap- 
p l ied  to p r o b l e m s  g o v e r n e d  by  n o n l i n e a r  equa t ions .  An-  
o t h e r  d i s a d v a n t a g e  of  t he  BIM as c o m p a r e d  to t he  F E M  or 
e v e n  t he  finite d i f fe rence  m e t h o d  (FDM), is t h a t  B I M  
c rea tes  a m a t r i x  w h i c h  is full  and  a s y m m e t r i c  w h e r e a s  
F E M  a n d  F D M  gene ra t e  b a n d e d  matr ices .  Neve r the l e s s ,  
boundary element methods are well suited for solving La- 
place's equation in arbitrary domains. The solution for the 
potential at any point of the domain can be obtained as an 
integral.involving the values of the potential and its deriva- 
tive on the domain boundary only. Approximations are in= 
troduced in trying to evaluate the boundary integral nu- 
merically. The boundary element method was used in this 
work to solve Laplace's equation in the deforming domain 
of an etching trench. 

M e t h o d  o f  s o l u t i o n . - - T h e  m o v i n g  b o u n d a r y  p r o b l e m  of  
t r a c k i n g  the  s h a p e  evo lu t i on  of  a m ioc roscop i c  e t c h i n g  
fea tu re  was  so lved  in a s t epwi se  m a n n e r .  The  c o m p u t a -  
t iona l  d o m a i n  is s h o w n  in Fig. 4 where ,  owing  to s y m m e -  
try, on ly  ha l f  of Reg ion  II was  cons ide red .  At  each  t i m e  
step,  Lap lace ' s  e q u a t i o n  was so lved  for g iven  b o u n d a r y  
c o n d i t i o n s  to find the  e lectr ic  field d i s t r i b u t i o n  in the  near-  
t r e n c h  region.  The  d o m a i n  b o u n d a r y  was  d i sc re t ized  by  
u s i n g  l inear  e l ement s .  The  e l e m e n t  l e n g t h  was smal l e r  
a r o u n d  the  co rne r  of t he  m a s k  w h e r e  la rger  po ten t i a l  gra- 
d i en t s  are expec ted .  In  all m o v i n g  b o u n d a r y  ca lcula t ions ,  
l e n g t h s  were  n o n d i m e n s i o n a l i z e d  w i th  r e spec t  to the  
t r e n c h  m o u t h  ha l f -wid th ,  w h i c h  was t a k e n  as h a v i n g  un i t  
l eng th .  L i n e a r  i n t e r p o l a t i n g  f u n c t i o n s  were  also used  for 
t he  p o t e n t i a l  and  its der ivat ive .  P o t e n t i a l  d i s t r i b u t i o n  cal- 
cu l a t ions  u s ing  the  BIM agreed  w i th  i n d e p e n d e n t  calcula-  
t ions  u s i n g  t he  FEM. Af te r  h a v i n g  f o u n d  t he  e lectr ic  field 
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d i s t r i bu t ion ,  t he  t r a j ec to ry  of ions  i n j ec t ed  at  the  in te r face  
b e t w e e n  Reg ions  I a n d  II was  c o m p u t e d  by  u s i n g  Eq. [17]. 
In i t ia l  va lues  for ion pos i t i on  a long  t he  in te r face  and  ion 
ve loc i ty  c o m p o n e n t s  were  specif ied,  a n d  Eq. [17] were  inte-  
g ra t ed  b y  a R u n g e - K u t t a  m e t h o d .  Tra jec to ry  ca l cu la t ions  
w e r e  p e r f o r m e d  for a n u m b e r  of ions  u n i f o r m l y  d is t r ib-  
u t e d  a long  p l ane  $I. T he  d i s t ance  b e t w e e n  ad j acen t  ions  
was  typ ica l ly  0.001 d i m e n s i o n l e s s  uni ts .  T he  above  proce-  
d u r e  was  t h o u g h t  to be  a s i m u l a t i o n  of  a u n i f o r m  ion f lux 
e n t e r i n g  t he  t r e n c h  region.  Ca lcu la t ions  of an  ion trajec-  
to ry  s t o p p e d  w h e n  t he  ion h i t  e i t he r  t he  m a s k  or the  e tch-  
ing  film. B o t h  t he  m a s k  and  the  film were  r e g a r d e d  as per-  
fec t ly  a b s o r b i n g  surfaces ,  i.e., ion ref lec t ion  was no t  
cons ide red .  The  s y m m e t r y  p lanes  were  r e g a r d e d  as per-  
fec t  ion reflectors .  T he  m a s k  was a s s u m e d  n o n e r o d i b l e  so 
t h a t  ions  h i t t i ng  t he  m a s k  d id  no t  have  to be  f u r t he r  con- 
s idered .  H a v i n g  f o u n d  the  po in t  and  e n e r g y  u p o n  i m p a c t  
on  t h e  sur face  of  each  a n d  eve ry  ion, the  n u m b e r  of ions  
(and  the i r  energies)  t h a t  s t r u c k  a g iven  e l e m e n t  a long  the  
d i sc re t i zed  m o v i n g  b o u n d a r y  was d e t e r m i n e d .  T he  ion- 
e n h a n c e d  e tch  ra te  for each  e l e m e n t  was  t h e n  f o u n d  by  

i-1 
R+j = k + -  [23] 

LjNt 

w h e r e  t he  s u m m a t i o n  t e r m  desc r ibes  t he  to ta l  e n e r g y  de- 
pos i t ed  by  ions  w h i c h  s t r u c k  e l e m e n t  j. Div i s ion  by  Nt in 
Eq. [23] en su re s  t h a t  the  ca lcu la ted  e t ch  ra te  is i n d e p e n -  
d e n t  of  the  to ta l  n u m b e r  of  ions  used.  F u r t h e r m o r e ,  divi- 
s ion  by  the  e l e m e n t  l e n g t h  Lj is r e q u i r e d  to exp r e s s  the  
e t ch  ra te  in  t e r m s  of  un i t  area. In  th is  m a n n e r  the  d i s t r ibu-  
t ion  of t he  i o n - e n h a n c e d  c o m p o n e n t  of  e t c h i n g  a long  t he  
m o v i n g  b o u n d a r y  was  found,  A n o t h e r  m e t h o d  to ca lcu la te  
t he  ion  flux d i s t r i b u t i o n  on  the  e t c h i n g  sur face  is to f ind 
t he  c u r v e  s = s(b), w h e r e  s is t he  c o o r d i n a t e  a long  t he  
b o u n d a r y ,  a n d  s(b) is the  po in t  on  the  b o u n d a r y  s t r u c k  by  
an  ion h a v i n g  " i m p a c t  p a r a m e t e r "  b. In  th i s  ease  b is t he  
d i s t a n c e  f rom the  left  s y m m e t r y  p l ane  of a n  ion in j ec t ed  at  
t he  I/II in ter face .  The  ion flux can  t h e n  be  f o u n d  as p ropor -  
t iona l  to (Os/Ob) 1. 

T h e  c h e m i c a l  e t ch  ra te  was  t a k e n  as Rnj k,~C = c o n s t a n t  
for  all e l emen t s .  The  to ta l  e t ch  ra te  for e a c h  e l e m e n t  was  
t he  s u m  of  the  two c o m p o n e n t s ,  Rj - R~ i + Rnj, E l e m e n t s  
we re  t h e n  m o v e d  to a n e w  pos i t ion  a c c o r d i n g  to local  ele- 
m e n t  e t ch  rates .  The  new  n o d a l  pos i t i ons  were  f o u n d  in 
t e r m s  of  the  old pos i t ions  and  the  local  e t ch  rates .  Move-  
m e n t  of t he  sur face  to the  n e w  pos i t ion  c o m p l e t e d  one  
t i m e  step.  A s e q u e n c e  of  s u c h  s teps  was  car r ied  ou t  in  
o rde r  to t r a c k  the  s h a p e  evo lu t i on  of  t he  e t c h i n g  t r ench .  

Con t ro l  ove r  e l e m e n t  size was exe rc i s ed  to avo id  e r rors  
a n d  ins tab i l i t i e s  of  t he  m o v i n g  b o u n d a r y  scheme .  I f  ele- 
m e n t s  we re  too smal l  t hey  wou ld  rece ive  a s ta t i s t ica l ly  in- 
a d e q u a t e  n u m b e r  of  ions  r e su l t i ng  in e r ror  in t he  com- 
p u t e d  e l e m e n t  e t ch  rate.  On the  o the r  hand ,  large  e l e m e n t s  
w o u l d  d e g r a d e  t he  accu racy  of t he  po t en t i a l  d i s t r ibu t ion .  
To avoid  s u c h  p r o b l e m s ,  the  n o d e s  of  an  e l e m e n t  w h o s e  
l e n g t h  was  smal l e r  t h a n  a p re se t  va lue  were  m e r g e d  in to  
one  node ,  or a m i d p o i n t  n o d e  was  i n se r t ed  in to  an  e l e m e n t  
w h o s e  l e n g t h  was la rger  t h a n  a p r e d e t e r m i n e d  size. The  
t i m e  s tep  size for b o u n d a r y  d i s p l a c e m e n t  was  d e t e r m i n e d  
b y  t he  e t ch  rate.  F a s t e r  e t ch  ra tes  r e q u i r e d  smal l e r  t ime  
s t eps  to avo id  e r ror  a c c u m u l a t i o n  and /o r  ins tabi l i t ies ,  
E v e n  w h e n  p r e c a u t i o n s  were  t aken ,  however ,  ins tab i l i t i e s  
w o u l d  still  occu r  for some  c o m b i n a t i o n s  of pa rame te r s .  
S u c h  ins tab i l i t i e s  were  m a n i f e s t e d  as " s p i k e s "  or "r ip-  
p les ,"  espec ia l ly  on  t he  floor of  the  t r ench .  S m o o t h i n g  was 
app l i ed  a long  t h e  b o t t o m  par t  of  the  t r e n c h  by  u s i n g  a 
c u b i c  sp l ine  w i th  va r i ab l e  deg ree  of  s m o o t h i n g  capab i l i t y  
to e n s u r e  t h a t  any  phys ica l ly  s ign i f ican t  fea tu res  of  t he  
sur face  s h a p e  we re  no t  a rb i t ra r i ly  supp re s sed .  

Ca lcu la t ions  in  w h i c h  po t en t i a l  field effects  were  disre-  
g a r d e d  requ i red ,  u n d e r  typ ica l  c o n d i t i o n s  (e.g., Fig. 6), 
a b o u t  80s of C P U  t ime  on  t he  CDC C y b e r  175 m a c h i n e .  
W h e n  p o t e n t i a l  field effects  were  inc luded ,  each  sur face  
c o n t o u r  ( such  as s h o w n  in Fig. 10) r e q u i r e d  typ ica l ly  10-35 
ra in  ( d e p e n d i n g  on  t r e n c h  dep th )  of  C P U  t i m e  on  the  s ame  
m a c h i n e .  

S Y M M E T R Y  P L A N E S  
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Fig. 5. Shape evolution of a feature under combined chemical and 
ion-assisted etching. Vertical ion bombardment (Ux = 0) and no poten- 
tial field effects (D. = 0). Degree of anisotropy is 0.75. 

Results and Discussion 
Shape evolution in the absence of potential field 

e f f e c t s . ~ h e  l im i t ing  case  of  no  po t en t i a l  field effects  on  
t he  ion m o t i o n  in Reg ion  II was  i n v e s t i g a t e d  to t e s t  t he  
p e r f o r m a n c e  of t he  c o m p u t e r  code,  espec ia l ly  the  m o v i n g  
b o u n d a r y  c o m p u t a t i o n a l  scheme .  S u c h  a s i tua t ion  m a y  be  
e n c o u n t e r e d  w h e n  e tch ing ,  for example ,  sha l low fea tu res  
at  h i g h  f r equenc i e s  w i t h o u t  any  dc b ias  appl ied .  U n d e r  
t h e s e  c o n d i t i o n s  ion def lec t ion  effects  ark e x p e c t e d  to be  
min ima l .  

Figure 5 shows the time evolution of a feature under 
combined chemical and ion-assisted etching. In this case 
the assigned degree of anisotropy was equal to 0.75, i.e., 
ion-assisted etching was three times faster than chemical 
etching. The uniform ion flux irradiating the surface was 
assumed to impinge along the vertical. Hence, ion-assisted 
etching for elements "shadowed" by the mask was set 
equal to zero. In accordance with expectations, at any time 
during etching, the extent of mask undercut is equal to 
one quarter of the etched depth. Many practical systems 
fall in  th i s  ca tegory  in w h i c h  some  m a s k  u n d e r c u t  is ine-  
v i table .  A n  i m p o r t a n t  goal  of  p l a s m a  reac to r  d e s i g n  is to 
m i n i m i z e  or e l im ina t e  s u c h  m a s k  u n d e r c u t .  

The  case  of ions  a r r iv ing  w i th  a la tera l  ve loc i ty  com- 
p o n e n t  m a y  be  e n c o u n t e r e d  in e t c h i n g  reac to r s  in  w h i c h  
t he  s h e a t h  t h i c k n e s s  is g rea te r  t h a n  t he  ion  mean- f ree -  
pa th .  Ions  will  t h e n  suf fer  col l i s ions  w i th  neu t r a l s  pa r t ly  
r a n d o m i z i n g  t he  ion mot ion .  F igu re  6 shows  the  t i m e  evo- 
l u t ion  of  the  s h a p e  of an  e t c h i n g  t r e n c h  for the  ease  of  ions  
e n t e r i n g  t h r o u g h  t he  u p p e r  p l a n e  w i t h  a l a te ra l  ve loc i ty  
c o m p o n e n t  (a long t he  x-axis)  w i t h  m a g n i t u d e  equa l  to 1/10 
t h a t  of  t he  ion ver t ica l  ve loc i ty  c o m p o n e n t .  THe s ign of  the  
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Fig. 7. Dimensionless mask potential as a function of dimensionless 
position and time. 

s t eady- s t a t e  po ten t i a l  profi le d e p e n d s  on  the  s q u a r e  of t he  
d i s t a n c e  f rom the  m a s k  edge  (Eq. [10]) and  is a t t a ined  af ter  
a few t i m e  c o n s t a n t s  to. Owing  to s y m m e t r y ,  the  cu rves  
cross  t he  axis  x = 1, at  r igh t  angles .  At  any  t ime,  the  maxi -  
m u m  po ten t i a l  occurs  at  t he  center l ine .  The  edge  po ten t i a l  
(x = 0) is a lways  zero, s ince  t he  m a s k  was  a s s u m e d  to be  
t h i n  c o m p a r e d  to i ts w i d t h  and  in good con t ac t  wi th  the  
u n d e r l y i n g  s u b s t r a t e  he ld  at  g r o u n d  potent ia l .  The  maxi -  
m u m  s teady-s t a t e  po ten t i a l  d e p e n d s  on  t he  level  of t he  in- 
c i d e n t  ion f lux and  the  sur face  c o n d u c t i v i t y  of the  m a s k  
(Eq. [9]). H igh  ion c u r r e n t s  t end  to inc rease  t he  po ten t i a l  
wh i l e  h igh  sur face  c o n d u c t i v i t y  acts  in  the  oppos i t e  di- 
rec t ion .  

F i g u r e  8 shows  the  po ten t i a l  d i s t r i b u t i o n  in a 5:1 t r e n c h  
for the  case  of  inf in i te ly  smal l  m a s k  t h i c k n e s s  and  a posi- 
t ive  m a s k  po ten t i a l  va ry ing  quadra t i ca l ly  wi th  d i s t a n c e  
f rom the  c o r n e r  (Eq. [13b]). The  m a x i m u m  m a s k  po t en t i a l  
at  t he  r igh t  s y m m e t r y  p l a n e  was  set  equa l  to 0.5 (normal -  

Fig. 6. Shape evolution of a trench under ion-assisted etching only 
and in the absence of potential field effects (~), = 0). Entering ion di- 
mensionless velocity components were U• = 0.1, Uyo = - 1 .  

x-ve loc i ty  c o m p o n e n t  was  c h o s e n  r andomly .  Only  ion- 
a s s i s t ed  e t c h i n g  was a s s u m e d  to occur.  

Cer t a in  fea tu res  of  t he  profi les in  Fig. 6 are w o r t h  not ing .  
Firs t ,  one  o b s e r v e s  a w i d e n i n g  of  the  t r e n c h  owing  to ions  
i m p i n g i n g  on  the  s idewalls .  T he  m a x i m u m  w i d e n i n g  s een  
in Fig. 6 is 30% of  t h e  t r e n c h  m o u t h  ha l f -wid th  a n d  w o u l d  
f u r t h e r  inc rease  if  e t c h i n g  was  a l lowed to c o n t i n u e  for 
l o n g e r  t imes .  Second ,  t he  e t ch  ra te  d i m i n i s h e s  as t he  
t r e n c h  deepens �9  This  is no t  s u r p r i s i n g  c o n s i d e r i n g  t he  
fact  t h a t  the  e n t e r i n g  ion flux r e m a i n s  c o n s t a n t  a n d  a 
l a rger  f rac t ion  of  t he  ions  are s t r ik ing  t he  s idewal l s  as t he  
t r e n c h  b e c o m e s  deeper .  I f  t he  ion-ve loc i ty  were  en t i re ly  
a l o n g  t h e  vert ical ,  s u c h  ions  w o u l d  h a v e  b e e n  ava i lab le  for 
e t c h i n g  t he  b o t t o m  of the  t r ench .  The  e t ch  ra te  is h i g h e r  
nea r  t he  s y m m e t r y  axis  b e c a u s e  t h a t  po r t i on  of  t he  t r e n c h  
sur face  is e x p o s e d  to a la rger  ion flux. Final ly,  no  m a s k  un-  
d e r c u t  is obse rved ,  s ince  c h e m i c a l  e t c h i n g  was no t  al- 
l owed  to exist and ions cannot strike the surface directly 
under the mask. 

Potential distribution in the near-trench region and ion 
deflection effects.--The po ten t i a l  d i s t r i b u t i o n  on  a dielec-  
t r ic  m a s k  s u b j e c t e d  to a u n i f o r m  ion  flux at  t i m e  zero is de- 
s c r i bed  by  Eq. [8], t he  so lu t ion  of w h i c h  is s h o w n  in Fig. 7. 
No te  t h a t  t he  p lo t  has  b e e n  d i sp laced  b y  one  u n i t  on  t he  
x-axis  as c o m p a r e d  to the  coo rd ina t e  s y s t e m  of  Fig. 1. The  
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Fig. 8. Potential distribution around a rectangular trench for a qua- 
dratic mask potential with ~Pm.x = 0.5. 
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ized with respect to the potential of the upper plane). The 
electric field right above the mask is such that positive 
ions experience a lateral force to the left which could 
redirect oncoming ions toward the trench opening. 
However, after entering the trench, ions are attracted to- 
ward the sidewalls by the image charge induced by the 
positive-ion/ground-wall combination. 

The trajectory Of ionic species traversing the near-trench 
Region II will depend on the potential distribution in that 
region as well as on the momentum of the incoming ions. 
Whether or not an ion will strike the sidewall of the trench 
will also depend on the trench aspect ratio and the position 
of the entering ion. Determining the ion flux distribution 
along the walls of an etching trench is of interest since it af- 
fects the ion-assisted etch rate distribution. Figure 9 shows 
a discretized ion flux distribution along the walls of the 5:1 
rectangular trench considered in Fig. 8. Ions were as- 
sumed to enter with their velocity vector along the verti- 
cal, and parameter tl was set equal to unity. Position 0 cor- 
responds to the mask/film interface and position 5 
corresponds to the trench bottom corner. The ion flux is 
low around position 0 because of the repelling action exer- 
cised on positive ions flying close to the edge of the posi- 
tively Charged mark. Such ions however are attracted by 
the sidewall deeper in the trench. The result is a local max- 
imum in the ion flux distribution along the sidewall. The 
ion flux on the floor of the trench, between positions 5 and 
6, is higher than on the sidewalls, since entering ions have 
all  t h e i r  ve loc i ty  a long  the  ver t ica l  a n d  ions  f lying at a dis- 
t a n c e  f rom the  m a s k  are  no t  def lec ted  suf f ic ien t ly  to s t r ike  
t h e  s idewall .  F i g u r e  10 shows  t he  f rac t ion  of  ions  h i t t i ng  
t h e  s idewal l  of  t he  t r e n c h  e o n s i d e r e d  in  Fig. 9, as a func-  
t ion  o f f L  Fo r  f~ ~< 0.1, less  t h a n  10% of  t he  ions  s t r ike  t he  
s idewall .  For  e v e n  smal l e r  va lues  of  f~ (<0.01), t he  ion mo-  
t ion  is no t  s ign i f ican t ly  p e r t u r b e d  by  t he  la tera l  e lec t r ic  
field. Es sen t i a l l y  all ions  will t h e n  s t r ike  the  b o t t o m  of the  
t r e n c h  as long  as t he  ions  e n t e r  a long  the  vert ical .  T he  per-  
c e n t a g e  of  ions  s t r i k ing  t he  s idewal l  i nc reases  m o n o t o -  
n ica l ly  w i t h  fL Fo r  a g iven  t r e n c h  aspec t  ratio, t he  d i s t r ibu-  
t i o n  of  ion f lux will a p p r o a c h  t he  p r i m a r y  c u r r e n t  
d i s t r i b u t i o n  (19) in  the  t r e n c h  as f~ -~ ~. This  is b e c a u s e  
ions  h a v e  zero m o m e n t u m  in t he  l imi t  [~ --~ ~, a n d  ions  will  
t h e n  fol low the  e lect r ic  field l ines.  Final ly ,  t he  f rac t ion  of  
ions  s t r i k ing  t he  s idewal l  is e x p e c t e d  to a t t a in  a va lue  of  
nea r ly  100% as t he  t r e n c h  a spec t  rat io  inc reases  indefi-  
ni te ly.  

F i g u r e  11 s h o w s  t he  s h a p e  evo lu t i on  of  a t r e n c h  u n d e r  
c o n d i t i o n s  of  ion-ass i s ted  e t c h i n g  only. T he  m a s k  po ten-  
t ial  was  a s s u m e d  to d e p e n d  quadra t i ca l ly  on  d i s t ance  f rom 
the  m a s k  edge,  a t t a i n i n g  a m a x i m u m  va lue  of 0.5 at  t he  
r igh t  s y m m e t r y  p lane .  T he  e t c h i n g  sur face  was  at  g r o u n d  
potent ia l .  P a r a m e t e r  f~ was  set  equa l  to 1. A l t h o u g h  t he  en- 
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t e r ing  ions  h a d  no  la tera l  ve loc i ty  c o m p o n e n t ,  t he  d iverg-  
ing  ac t ion  of  t he  field c a u s e d  a po r t i on  of  t he  ion flux to 
s t r ike  t he  s idewall ,  r e su l t i ng  in w i d e n i n g  of  t he  t r ench .  
The  m a x i m u m  w i d e n i n g  s een  in Fig. 11 is 40% of the  
t r e n c h  m o u t h  ha l f -width .  In  add i t ion ,  e t ch  ra te  d e c r e a s e s  
with depth for the same reason as in Fig. 6. 

Sidewall etching and diminishing etch rate as a function 
of depth have important implications in deep trench etch- 
ing applications. The phenomena are amplified as the 
trench becomes deeper and as the lateral ion velocity com- 
ponent increases. Under given etching conditions, deep 
trenches are expected to attain a limiting depth at which 
further vertical etching would proceed only very slowly. 
These are potential problems in the fabrication of ad- 
vanced nanometer scale devices (25). At long etching 
times, sidewall "bow" is significant and ions which would 
otherwise strike the corner sidewall, hit the bottom of the 
trench. Hence, the portion of the trench floor close to the 

�9 corner receives comparatively higher ion flux and a slight 
"trenching" develops as seen in Fig. 11 for T = 2.8. More- 
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over, if  ions were  al lowed to enter  the  near- t rench region 
wi th  a lateral  veloci ty  component ,  a fraction of the  ions 
would  str ike the s idewall  fur ther  up f rom the  t rench  floor. 
The  resul tant  s idewall  profile would  be a combina t ion  of  
the  profiles shown in Fig. 6 and 11. 

Summary ond Conclusions 
A mathemat ica l  mode l  was deve loped  to s tudy the effect  

of local potent ia l  d is t r ibut ion  on ion deflect ion and on the  
resul t ing shape evolu t ion  of  t renches  dur ing ion-assisted 
etching.  

A dielectr ic  mask  charging mode l  showed  that, under  
condi t ions  typical  of RF e tching discharges,  mask  charg- 
ing can be impor tan t  w h e n  a net  current  flows to the  mask,  
such as under  condi t ions  of  appl ied dc bias, or w h e n  oper- 
at ing at low plasma exci ta t ion  f requency.  For  a posi t ive  
mask  potential ,  the  resul tant  potent ia l  d is t r ibut ion  in the  
near- t rench region was such that  ions, which  would  other- 
wise strike the mask, could be redirected toward  the 
t rench  opening.  The degree  of ion deflect ion depended  on 
the  potent ia l  d is t r ibut ion  around the  t rench  and on the ion 
kinet ic  energy.  The  degree  of  t rench  s idewal l  bombard-  
m e n t  also d e p e n d e d  on the  t rench  aspec t  ratio. The  effect  
of  these  variables  was combined  in a d imens ion less  group 
ti. Ion deflect ion and sidewall  b o m b a r d m e n t  became  more  
p r e d o m i n a n t  as the  value  of ti increased.  For  posi t ive 
m a s k  potent ials  and for values  of  ti ~< 0.1, less than  10% of 
the  imping ing  ion flux s t ruck the  sidewalls  of  a rectangu-  
lar t rench.  Further ,  ion-neutral  coll isions which  randomize  
the  ion mot ion  and reduce  the ion energy rendered  ions 
more  suscept ib le  to deflection. These  p h e n o m e n a  resul ted 
in t rench  s idewall  "bowing"  as the  wall profile evo lved  
dur ing  etching,  as well  as decrease  of e tch rate wi th  t rench  
depth.  The  p h e n o m e n a  were  amplif ied as t r ench  aspect  
ratio increased.  

Owing to the complex i ty  of the system, s impl i fy ing  as- 
sumpt ions  had to be invoked  which  l imit  the  parameter  
range over  which  the mode l  is applicable.  For  example ,  ef- 
fects of surface micros t ruc tu re  on the ion trajectory,  ion 
col l is ions wi th in  the t rench  with  ou tcoming  react ion prod- 
ucts, ion reflection from the surface, t ime  var ia t ion of  the 
surface potential ,  and surface diffusion w e r e  not  ac- 
counted  for in this f irst-generation at tempt .  Further ,  cases 
of  dielectr ic  substrate  films and the cor responding  poten-  
tial d is t r ibut ion along the surface  of  the film, or the case of 
poss ible  m a s k  erosion,  were  not  examined .  I m p r o v e m e n t s  
in eff iciency of  the c o m p u t e r  code  would  al low more  de- 
tai led inves t iga t ion  of  pa ramete r  effects on e tch profiles. 

In addi t ion to ion deflection, o ther  p h e n o m e n a  may  be 
impor tan t  w h e n  e tching deep  trenches.  Such p h e n o m e n a  
inc lude  redepos i t ion  of low volat i l i ty  products ,  po lymer  
depos i t ion  along the t rench  sidewalls,  and reactant  and/or  
p roduc t  diffusional  l imitat ions in very  deep trenches.  

Expe r imen t a l  data under  well  control led condi t ions  are 
needed  to test  the mode l  predict ions  and to make  
re f inements  in under ly ing  hypotheses .  A relat ively "c lean"  
sys tem (e.g., no polymerizat ion)  arid e tch ing  condi t ions  for 
wh ich  ion-assisted processes  domina te  should  be used for 
such  expe r imen ta l  work. T h e  C1Jundoped-Si  sys tem ap- 
pears  to be a good candidate.  Measu remen t  of  mask  sur- 
face potential ,  and of  ion energy  and flux under  condi t ions  
of  appl ied  bias or wi thou t  bias, combined  with  SEM pic- 
tures  of  e tched t rench  profiles would  provide  a firm data 
base against  which  the mode l  predict ions  could  be com- 
pared.  More carefully character ized expe r imen t s  could  
also be pe r fo rmed  in an ion-beam etching apparatus.  
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L I S T  OF S Y M B O L S  
Engl i sh  Let ters  
C neutra l  e tchan t  species concentrat ion,  mol /cm 3 
dt t r ench  depth,  cm 

E 
e 
f 
h 
I 
k 
kn 
k+ 
l 
Lj 
Nt 
N, 
q 
Rt 
Rn 
R+ 
t 
T 
U• Uy 
Uo 
Ur 
u~,uy 
V 
Wt 
X,y 
X , Y  

electric field, V/cm 
electronic  charge, 1.602 10 19 C 
f requency,  1/s 
mask  thickness,  cm 
current ,  (cm2s) 1 or m A / c m  2 
Bo l t zmann  constant,  1.38066 10 -z~ J /K 
chemica l  (neutral) e tching rate constant,  cm/s 
ion-enhanced  e tching rate constant,  mol /eV 
mask  half-width,  cm 
length  of  e l emen t  j, cm 
total n u m b e r  of ions hi t t ing m o v i n g  boundary  
n u m b e r  of ions hi t t ing e l emen t  j 
charge dens i ty  on mask,  C/cm 2 
total e tching rate, ~m/min,  or mol/cm2s 
chemica l  e tch ing  rate, ~m/min,  or mol/cm2s 
ion-enhanced  e tch ing  rate, ~m/min,  or mol/cm2s 
time, s 
d imens ionless  t ime  for ion mot ion  in Region  II 
ion veloci t ies  in Region II, cm/s 
ion dr i f t  ve loci ty  upon  enter ing Region  II, cm/s 
ion r andom veloci ty  upon  enter ing Region  II, cm/s 
d imens ionless  ion veloci t ies  in Region  II 
potential ,  V 
t rench  m o u t h  width,  cm 
car tes ian coordinates ,  cm 
d imens ionless  cartesian coordinates  

Greek  Let ters  
eo permi t t iv i ty  in vacuum,  8.85418 10 14, F /cm 
�9 mask  relat ive dielectric cons tant  
e+ ion energy,  eV 

d imens ionless  t ime  (Eq. [3]) 
d~ potential, V 
q) dimensionless potential 
f~ d imens ionless  group (Eq. [19]) 

Subscr ip t s  
+ posi t ive ions 
* d imens ionless  quant i ty  
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ABSTRACT 

No-ca r r i e r - added  ngSb has  b e e n  eff ic ient ly  e l e c t r o d e p o s i t e d  on  a gold foil f rom a 0.12 mol  d m  -:~ Li2SO4 so lu t ion  o f p H  
1.5. In  and  ex situ e m i s s i o n  M a s s b a u e r  spec t r a  of the  n~Sb a r i s ing  f rom n~Sb on  the  gold  e l ec t rode  were  m e a s u r e d .  B o t h  
t he  in situ a n d  ex situ spec t r a  cons i s t  of  two peaks  a s c r i b a b l e  to i so la ted  s ingle  n % b  a t o m s  on  the  sur face  of  gold  foil a n d  
ngSb in a n t i m o n y  me ta l  aggregates ,  respec t ive ly .  T he  two fo rms  of l l ~ S b  o n  dr ied  gold are c h e m i c a l l y  s tab le  aga ins t  oxida-  
t ion  by  air, wh i l e  par t ia l  ox ida t i on  occurs  by  t r e a t m e n t  w i th  water .  

E l e c t r o d e p o s i t i o n  of  m a c r o a m o u n t s  of  a n t i m o n y  has  
b e e n  ex t ens ive ly  s t ud i ed  u s i n g  va r ious  e lec t ro ly tes  (1). 
Whi le  a few h u n d r e d  m g  of a n t i m o n y  was r epo r t ed  to be  
q u a n t i t a t i v e l y  e l e c t r o d e p o s i t e d  f rom a m i x t u r e  of HC1 a n d  
H2SO4 so lu t ions  (2), e l e c t r o d e p o s i t i o n  yield was  only  
40-80% f rom HC1 so lu t ions  c o n t a i n i n g  15-60 ixg of  an t i  
m o n y  (3). In  e l e e t r o d e p o s i t i o n  of ~22Sb f rom a 0.1 mol  d m  -3 
HC1 so lu t ion  for p r e p a r a t i o n  of a t h i n  r ad ioac t ive  source ,  
t h e  yie ld  was  as low as 25% (4). T h e s e  r epor t s  ind ica te  t h a t  
t he  e l e c t r o d e p o s i t i o n  yield is grea t ly  af fec ted  by  the  
a m o u n t  or c o n c e n t r a t i o n  of  a n t i m o n y .  In  e lec t ro lys is  of 
m i e r o a m o u n t s  of  a n t i m o n y ,  it was  p o i n t e d  ou t  t h a t  the  
e l e c t r o d e p o s i t e d  ma te r i a l  was  par t ly  r ed i s so lved  b y  w a s h  
ing  w i th  w a t e r  (3). The  r ed i s so lu t i on  of  e l e c t r odepos i t  by  
w a s h i n g  is a se r ious  p r o b l e m  in p r e p a r a t i o n  of  t h i n  radio-  
a c t i v e  sou rces  in  general .  In  r e l a t ion  to t he se  p r o b l e m s ,  it 
is no t  on ly  i n t e r e s t i n g  b u t  also i m p o r t a n t  to clarify t h e  
c h e m i c a l  s ta tes  of  a m i c r o a m o u n t  of  a n t i m o n y  elee- 
t r o d e p o s i t e d  on  me ta l  surfaces .  

M 6 s s b a u e r  s p e c t r o s c o p y  has  b e e n  success fu l ly  u sed  for 
cha r ac t e r i z a t i on  of  e l e c t r o d e p o s i t e d  layers  of  iron, cobal t ,  
a n d  t in  on  a var ie ty  of  subs t ra t e s .  As early as 1965, Bowles  
a n d  C r a n s h a w  r epo r t ed  M 6 s s b a u e r  spec t r a  of  m o n o l a y e r s  
of  t in  f o r m e d  on a p l a t i n u m  e lec t rode  (5). A n u m b e r  of  
s tud ie s  h a v e  b e e n  s ince  p e r f o r m e d  on dr ied  sur face  layers  
of iron,  cobal t ,  and  t in  w h i c h  had  b e e n  e l e c t r o d e p o s i t e d  
be fo re  t he  m e a s u r e m e n t  (ex situ s tudies)  (6-9). In  a few 
eases,  in  situ M S s s b a u e r  m e a s u r e m e n t  has  b e e n  app l i ed  to 
e l ec t rode  sur faces  in  the  p rocess  of  d e p o s i t i o n  (10-11). Re  
cent ly ,  v a n  Noor t  et al. r epo r t ed  an  in situ U"Sn c o n v e r s i o n  
e l ec t ron  M S s s b a u e r  e x p e r i m e n t ,  in  w h i c h  a sur face  layer  
w i t h  a t h i c k n e s s  of  a b o u t  1 Fxm was  m e a s u r e d  (12). 

In  th i s  paper ,  we desc r ibe  a h i g h  yie ld  e l e e t r o d e p o s i t i o n  
m e t h o d  of  no -ca r r i e r - added  ngSb on a go ld  foil and  the  
c h e m i c a l  s ta tes  of  the  e l e c t r o d e p o s i t e d  ngSb s t ud i ed  by  
in situ (5, 10) and  ex situ e m i s s i o n  MOssbauer  spec t ros -  
copy.  This  t e c h n i q u e  p rov ides  us  i n f o r m a t i o n  on  c h e m i c a l  
s ta tes  of s ingle  decay ing  a t o m s  a n d  the i r  s u r r o u n d i n g s .  
MOssbaue r  ana lys i s  is m a d e  on  the  23.9 keV ~-rays e m i t t e d  
by  ngSn nuc le i  in the  first n u c l e a r  exc i t ed  s ta te  (ngSn*, 
half-life: 17.8 ns) a r i s ing  f rom ngSb (half-life: 38.0h) b y  t he  
EC decay.  The  i n f o r m a t i o n  f u r n i s h e d  by  t he  r e s o n a n t  
w-rays f rom HSSn* can  b e  ut i l ized to d e t e r m i n e  the  c h e m i -  
cal s ta te  of  ugSb before  t he  EC decay,  s ince  t he  MOssbauer  

~/-ray is emi t t ed  i m m e d i a t e l y  (25.7 ns  on  average)  af ter  the  
decay  of  UgSb, the  recoi l  ene rgy  assoc ia ted  w i th  the  decay  
of  ngSb is m u c h  smal l e r  t h a n  the  d i s p l a c e m e n t  e n e r g y  in 
sol id (13), and  t he  af te r  effects  of  t he  decay  are  neg l ig ib le  i n 
meta l l i c  media .  The  ngSb ions  in t he  e lec t ro ly te  so lu t ion  
are i n sens i t i ve  to M 6 s s b a u e r  m e a s u r e m e n t .  

The  gold foil wi th  e l e c t rodepos i t ed  11'98b was  u s e d  for 
t he  s t u d y  of q u e n c h e d - i n  v a c a n c i e s  in gold  (14). 

Experimental 
No-ca r r i e r - added  ngSb was separated f rom ng'~'Te (half- 

life 4.68 days) p r o d u c e d  by  a-par t ic le  i r r ad ia t ion  of t in  
u s i n g  the  R I K E N  cyc lo t ron  at ou r  ins t i tu te .  The  I198b ions  
in  a 0.5 mol  d m  -a LiOH a q u e o u s  so lu t ion  were  ox id ized  to 
t he  p e n t a v a l e n t  s ta te  by  air  b u b b l i n g .  The  u"Sb(V) so lu t ion  
was  neu t r a l i z ed  w i t h  0.25 mol  din-3 H2SO4 to pH 6 and  was 
p a s s e d  t h r o u g h  a c o l u m n  filled wi th  ac t iva t ed  c a r b o n  to re- 
m o v e  t race  Sn(IV) i m p u r i t y  (15). 

The  no -ca r r i e r - added  UgSb was  e l e e t r o d e p o s i t e d  on  a 
gold  foil c a t h o d e  (10 ~ m  thick ,  18 m m  in  d iam)  f rom 30 e m  3 
of  a 0.12 mol  d m  -3 Li2SO4 so lu t ion  at  pH 1-12 u s i n g  t he  spi- 
ral  p l a t i n u m  wire  as an  a n o d e  a n d  a p p l y i n g  10V b e t w e e n  
t he  e lec t rodes .  The  d i s t a n c e  b e t w e e n  the  e l ec t rodes  was  
a b o u t  2 era. The  e lec t ro ly te  was  s t i r red  c o n t i n u o u s l y  by  ni- 
t r o g e n  gas b u b b l i n g  d u r i n g  t he  depos i t ion .  The  t e m p e r a -  
t u r e  of  the  e lec t ro ly te  so lu t ion  was 50~176 d u r i n g  t he  
depos i t ion .  

E m i s s i o n  M 6 s s b a u e r  spec t r a  of llgSn ~ 119Sb elec- 
t r o d e p o s i t e d  on  a gold  foil f rom a 0.12 mol  d m  3 Li2SO4 so- 
l u t i on  o f p H  1.5 at  328 _+ 5 K u n d e r  a po t en t i a l  of  10V were  
r e c o r d e d  by  m e a n s  of  c o n v e n t i o n a l  M 6 s s b a u e r  spec t ro-  
m e t e r s  (Aus t in  S-600 and  R a n g e r  700 Series)  u s i n g  a 
BaSnO3 (0.9 m g  U~Sn c m  -~) a b s o r b e r  k e p t  at  r o o m  tem-  
pera tu re .  The  23.9 keV  -/-rays we re  de t ec t ed  u s i n g  a 2 m m  
t h i c k  NaI  sc in t i l l a t ion  c o u n t e r  w i th  a p a l l a d i u m  cri t ical  ab- 
s o r b e r  for S n  x-rays.  In  case  of  in situ m e a s u r e m e n t ,  t he  
r e s o n a n t  -/-rays e m e r g i n g  f rom the  b a c k  of  t he  gold  foil 
e l ec t rode  were  ana lyzed  in t he  cou r se  of  t he  e lec t rodepo-  
s i t ion  u n d e r  po ten t i a l  w i th  t he  a b s o r b e r  c o n n e c t e d  to the  
t r a n s d u c e r  in  pa rabo l ic  mot ion .  The  m e a s u r e m e n t  was  
usua l ly  c o n t i n u e d  for a few days.  At  t he  e n d  of  t he  mea-  
s u r e m e n t  a b o u t  90% of  U~Sb was  f o u n d  on  t he  gold ca th-  
ode. Af te r  t he  e l ee t rodepos i t ion ,  the  a q u e o u s  e lec t ro ly te  


