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ABSTRACT 

The effect of fluid flow, transport, and reaction on the shape evolution of two-dimensional cavities during wet chemi- 
cal etching was studied. Finite element methods were employed to solve for the fluid velocity profiles and for the etchant 
concentration distribution in cavities of arbitrary shape. A moving boundary scheme was developed to track the shape 
evolution of the etching cavity. In the case of pure diffusion and under mass-transfer control, a mask with finite thickness 
resulted in significantly better etch factor (etch anisotropy) as compared to an infinitely thin mask, albeit the etch rate was 
essentially unaffected. With fluid flow past the cavity, the etch rate increased fourfold and the etch factor increased by 40% 
as compared to pure diffusion, under the conditions examined. In addition, the etch rate, etch factor, and cavity wall pro- 
files showed a strong dependence on etch t ime as the cavity aspect ratio (depth/width) increased with t ime during etching. 

In the modern microelectronics industry, intricate pat- 
terns are etched through resist masks into thin films of 
semiconductors,  insulators, and metals. For example, 
etching patterns of controlled shape and with smooth sur- 
faces into films of GaAs are important  in the fabrication of 
optoelectronic devices; and etching of  Cu vias is common 
in printed circuit board fabrication. Wet chemical methods 
are widely employed for etching thin and thick films 
(-1-100 ~m). Such methods are characterized by excellent 
selectivity and relatively high etch rate (1, 2). Wet chemical 
etching is highly anisotropic when dominated by crystallo- 
graphic effects; extremely high aspect ratios (40:1) in sub- 
micron structures have been obtained (3). In the absence 
of  crystallographic effects significant mask undercut  may 
result. However, by judicious selection of hydrodynamic 
conditions (4, 5) or by using photon-assisted techniques 
(6), mask undercut  may be minimized or eliminated. 

During etching some means o f  solution "agitation" is 
frequently provided, for example by directing etching 
fluid jets towards the surface of the workpiece. When etch- 
ing is controlled by surface reaction kinetics, the shape of  
the resulting cavity may be predicted by geometric consid- 
erations alone, if the surface reaction rate is known for the 
different crystallographic orientations. However, when 
etching is controlled by mass transfer to or from the etch- 
ing surface (e.g., when the surface reaction is very fast), the 
resulting cavity shape depends in a complex manner  on 
the local fluid velocity profiles and on the concentration 
distribution of the reactants and/or products. Under such 
conditions, prediction of the shape evolution and of the 
final cavity wall profile is far more difficult. Mathematical 
models based on fundamental principles of transport and 
reaction phenomena may then be useful in identifying the 
process operating conditions which result in high etch rate 
with minimum mask undercut. 

Vuik and Cuvelier (7) studied the shape evolution of two- 
dimensional etching cavities in a quiescent solution (pure 
diffusion with no fluid flow). The effect of surface reaction 
rate as compared to the diffusion rate was examined. In a 
series of papers, Kuiken (8-10) used asymptotic methods to 
derive semianalytical solutions of etching profiles in quies- 
cent solutions and under mass-transfer control (infinitely 
fast surface reaction). A characteristic bulging of the pro- 
file was observed close to the mask edge (the mask was as- 
sumed to be infinitely thin). It was further shown that a 
similar bulging occurs even when hydrodynamic flow is 
imposed past the cavity. Alkire et al. (11) and Alkire and 
Deligianni (5) studied the effectiveness of fluid flow in rins- 
ing the reaction products from cavities of invariant shape 
and of different aspect ratios. 

Although the effect of fluid flow has been recognized as 
being important, and despite the interest in studying the 
shape evolution of etching cavities under fluid flow condi- 
tions, there appears to be no published work on the shape 

evolution under the combined effects of fluid flow and 
mass transfer. 

In addition to etching through masks, shape evolution 
phenomena are encountered in a variety of situations such 
as deposition through masks (12) and pitting corrosion 
(ii). It is therefore worthwhile to develop general mathe- 
matical methods capable of tracking the shape evolution 
of cavities under diverse operating conditions. 

In the present work a mathematical model is presented 
to study the effect of fluid flow, transport, and reaction on 
the shape evolution of two-dimensional cavities during 
wet chemical etching. Finite element methods were em- 
ployed to solve for the fluid velocity profiles and for the 
concentration distribution of the etchant species in the 
cavity region. A moving boundary scheme was developed 
to track the shape evolution of the cavity during etching. 
The effects of fluid velocity, speed of surface reaction, and 
cavity aspect ratio on etch rate and etch anisotropy were 
studied. 

Model Formulation 
A schematic of the system studied is shown in Fig. 1. A 

solid film partially protected by an inert mask is placed in 
a solution which flows past the exposed film. At time zero, 
when the position of the film surface is at F6(0), the solu- 
tion entering the cavity region through the left is assumed 
to contain an etchant species, which is capable of reacting 
with the film but is inert against the etching mask. The 
etchant species are transported by convection and diffu- 
sion to the film surface where they react thereby etching 
the film. As film etching proceeds, the cavity shape evolves 
with time according to the etch rate distribution along the 
cavity walls. The deformation of the cavity affects the local 
fluid flow and etchant concentration distributions which 
in turn affect the further shape evolution of the cavity. In 
Fig. 1, the moving etching surface Fdt) is shown at some 
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t ime  t par tway dur ing  etching.  Because  the  e tch ing  solu- 
t ion is capable  of  e tch ing  in all direct ions,  a character is t ic  
m a s k  unde rcu t  develops.  The  goal of  the  e tch ing  process  is 
to min imize  or total ly e l iminate  the mask  unde rcu t  whi le  
main ta in ing  a h igh  e tch  rate. A pract ical  e tch ing  e x a m p l e  
m a y  be  that  of  e tch ing  GaAs us ing  Br2 or H202 solut ion 
(13), or  that  of  e tch ing  Cu in an HC1 solution.  

Because  of  the  microscop ic  d imens ions  of  the  cavi ty 
some  simplif icat ions can be  m a d e  regard ing  the  flow field. 
First,  the  re levant  Reynolds  n u m b e r  (see Eq.  [15] for defi- 
nit ion) is less than  unity. Therefore ,  S tokes  flow (or creep-  
ing  flow) may  be a s sumed  to prevai l  in the  cavi ty  region. 
Second,  the  ve loc i ty  profile close to the  wall  (mask) in re- 
gions far away  from the  cavi ty m o u t h  m a y  be  a s sumed  to 
be  l inear  wi th  a zero ve loc i ty  at the  wall. The  addi t ional  as- 
sumpt ions  out l ined  as fol lows s impl i fy  the  ma thema t i ca l  
analysis  of  the  p rob l em a l though the  sal ient  fea tures 'o f  the  
process  are preserved:  (i) incompress ib le  flow of  a Newto-  
nian fluid; ( i i )  i so thermal  sys tem wi th  cons tan t  phys ica l  
proper t ies ;  ( i i i )  only one  species  in the  solut ion is impor-  
tan t  in the  e t ch ing  react ion which  fol lows l inear  kinet ics;  
(iv) two-d imens iona l  cavity,  i .e . ,  the  size of  the  cavi ty  in the  
d i rec t ion  normal  to the  paper  is large compared  to the  
o the r  d imens ions  of  the  cavity;  (v) the  surface is isotropic,  
i .e . ,  t h e  e t ch ing  rate cons tan t  is i n d e p e n d e n t  of  posi t ion 
a long  the  surface.  

The  p rob lem is t hen  to find the  t ime d e p e n d e n t  shape  of 
the  bounda ry  F6(t). At  any t ime  dur ing  etching,  the  fur ther  
evo lu t ion  of  the  boundary  depends  on the  e tch  rate distri- 
bu t ion  a long the  surface F6(t). This  in turn  depends  on the  
concen t ra t ion  dis t r ibut ion in the  v ic in i ty  of  the  m o v i n g  
boundary .  The  fo l lowing equat ions  and boundary  condi-  
t ions were  used  in order  to c o m p u t e  t h e  ve loc i ty  and con- 
cent ra t ion  fields. 

The  flow field was obta ined  by solving the  S tokes  
equa t ion  

~U 
p - -  = - V p  + Vp2u in ~(t) [1] 

Ot 

along wi th  the  cont inui ty  equa t ion  

V �9 u = 0 in gt(t) [2] 

Here  ~(t) is the  t ime  d e p e n d e n t  doma in  bounded  by sur- 
face F~, i = 1,..,6 as shown in Fig. 1. Surfaces  F~, F2, and F3 
are fixed in t ime, but  surfaces F4, F~, and F6 evo lve  with  
t ime. The  re levant  boundary  condi t ions  are 

0l$ x 
- 0  u y = 0  on F1andF3 [3] 

Ox 

Uz = const  uy = 0 o n  I'2 [4] 

Ux = 0 u~ = 0 on F4(t), F~(t), and Fdt) [5] 

Bounda ry  condi t ions  Eq. [3] and [4] imply  that  a shear  flow 
prevai ls  far to the  left  and far to the  r ight  of  the  cavity. 
B o u n d a r y  condi t ion  Eq. [5] is the  no slip condi t ion  along 
solid walls. The  init ial  condi t ion  was u = Us, where  u0 is the  
ve loc i ty  field at t ime  t = 0 [i .e . ,  w h e n  F6 is at posi t ion Fd0)]. 

The  flow field found  by solving Eq. [1] and [2] wi th  the  as- 
sociated boundary  condi t ions  Eq. [3]-[5] was then  used  in 
the  convec t ive  diffusion Eq. [6] be low to find the  two- 
d imens iona l  concen t ra t ion  dis t r ibut ion of  the  e tchant  spe- 
cies in the  cavi ty region 

a c  
- -  § u �9 V c  = D V 2 c  in ~(t) [6] 
Ot 

with  boundary  condi t ions  

c = Co on-1~ [7] 

Vc- n = 0 on F2, F~, F4(t), and F5(t) [8] 

DVc. n = - k c  on F6(t) [9] 

The  init ial  condi t ion  was c( t  = 0 )=  0 eve rywhere  in 
~(t  = 0). Here  c is the  concent ra t ion  of  the  e tch ing  species,  

k is the  e tch ing  (surface) react ion rate constant ,  and n is 
the  uni t  normal  vec tor  poin t ing  outwards  the  computa -  
t ional  domain.  

Equa t ion  [8] impl ies  that  the  mask  is unreact ive ,  and Eq. 
[9] impl ies  a first-order chemica l  react ion at the  m o v i n g  
boundary .  The  m o v e m e n t  of  t h e  bounda ry  was descr ibed  
by 

vn = - ~ V c -  n [10] 

where  vn is the  ve loc i ty  of  the  m o v i n g  boundary  F6(t) in the 
d i rec t ion  of  the  ou tward  normal  and ~ is g iven by 

DM~ 
(r - [11] 

mps 

whe re  Ms is the  molecu la r  we igh t  of  the  solid, Ps is the  solid 
densi ty,  and m is a s to ichiometr ic  coeff icient  in the  e tch ing  
reac t ion  as shown in Eq.  [12] 

S + m E  --> q P  [12] 

whe re  m moles  of  e tchan t  E are c o n s u m e d  per  mole  o f  
sol id S reacting.  The  initial condi t ion  for Eq. [10] was that  
the  bounda ry  at t = 0 was Fd0) as shown in Fig. 1. 

The  govern ing  equat ions ,  boundary ,  and initial condi-  
t ions were  nond imens iona l i zed  by in t roduc ing  

X = x / L  Y = y / L  U = u / u c  [13] 

C = c/co �9 = t u c / L  P = p / (puc  2) [14] 

Re = u c L / v  Pe  = u c L / D  [15] 

r = k L / D  ~ = ucL/((rCo) V n  = vn /uc  [16] 

Here  L is the  half-width of  the  cavi ty mouth ,  and uc is the  
m a g n i t u d e  of  the  flow veloc i ty  at the  center  of  the  cavi ty 
m o u t h  (at x = y = 0). This  ve loc i ty  may  be  related to the  
shear  stress at the  wall  (mask) far f rom the  cavi ty  mouth .  
For  g iven  e tch ing  e q u i p m e n t  geomet ry  and opera t ing  con- 
dit ions,  the  wall  shear  stress m a y  in turn  be related to more  
access ible  quant i t ies  such as the  solut ion flow rate. 

The  d imens ion less  form of  Eq.  [1]-[5] is 

0U 1 
- - V P  + - - V 2 U  in ~(v) [17] 

O~ Re 

V- U = 0 in gt(~) [18] 

aUx 
- 0  U~ = 0 on F1 and F3 [19] 

0x 

Ux ~- const. U~ = 0 on F2 [20] 

U= = 0 Uy = 0 on F4(v), Fs(~), Fs(v) [21] 

U = U0 at �9 = 0 [22] 

The  d imens ion less  convect ive-di f fus ion  equa t ion  and the  
associa ted boundary  condi t ions  read 

OC 1 
- -  + U �9 VC = - -  V2C in ~(~) [23] 
Oz Pe 

C =  1 on FI [24] 

VC �9 n = 0 on F2, F3, l"4('r), and Fs(v) [25] 

VC. n = - ( P C  on F6(v) [26] 

The  initial condi t ion  was 

C = 0 a t v = 0  in ~(~) [27] 

Finally,  the d imens ion less  form of  Eq.  [10] is Eq. [28] be low 

VC - n = - [SV~ [28] 

Pa rame te r  (P (Eq. [16] and [26]), the  so cal led Thie le  mod-  
ulus, shows the  relat ive impor tance  of  diffusion as com- 
pared to reaction. When r > >  1, surface react ion is infi- 
n i te ly  fast compared  to diffusion (mass-transfer  contro l led  
case). The  oppos i te  ex t r eme  is that  of  (P < <  1 imply ing  a 
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v e r y  s lugg i sh  r eac t i on  ( reac t ion  con t ro l l ed  case). In  t he  lat-  
t e r  case  t h e  c o n c e n t r a t i o n  of  t h e  e t c h a n t  spec ies  is e s sen-  
t ia l ly  e q u a l  to  co t h r o u g h o u t  t h e  cav i ty  region.  T h e  r eac t i on  
ra t e  is t h e n  e x p e c t e d  to be  u n i f o r m  a long  t h e  e t c h i n g  sur-  
face (equal  to  kco), e x c e p t  w h e n  c rys t a l l og raph ic  e t c h i n g  
p lays  a role,  i.e., w h e n  t he  va lue  o f k  d e p e n d s  o n  t h e  or ien-  
t a t i o n  of  t he  sur face  for a c rys ta l l ine  solid.  T he  Pec l e t  n u m -  
ber ,  Pe ,  s h o w s  t he  re la t ive  i m p o r t a n c e  of  m a s s  t r a n s p o r t  
by  c o n v e c t i o n  as c o m p a r e d  to d i f fus ion.  W h e n  P e  > >  1, 
c o n v e c t i o n  is t h e  d o m i n a n t  m o d e  of  m a s s  t ransfe r .  

T h e  case  of  p u r e  d i f fus ion  (no f luid flow) was  e x a m i n e d  
as well.  In  s u c h  case  t he  g o v e r n i n g  e q u a t i o n  a n d  b o u n d a r y  
a n d  in i t ia l  c o n d i t i o n s  are, in  d i m e n s i o n l e s s  fo rm 

~C 
- V2C in  ~(T)  

0T 

w h e r e  

C = 1 on  F1, l'2, a n d  F3 

VC �9 n = 0 on  F4(T),Fs(T) 

VC �9 n = -(PC on  Fs(T) 

VC.  n = - B V ~ *  on  F6(T) 

C = I  in  f~(0) 

T = tD/L  2 Vn* = v~L/D, a n d  B = D/(crCo) 

One  no te s  t h a t  

[3 = P e B  V n * =  PeVn a n d  �9 = P e T  

I n  add i t ion ,  t a k i n g  in to  a c c o u n t  Eq. [36], one  o b s e r v e s  t h a t  
Eq.  [33] d e s c r i b i n g  t he  m o v e m e n t  of  t he  b o u n d a r y  in  t h e  
case  of  p u r e  d i f fus ion ,  is iden t i ca l  to Eq. [28] d e s c r i b i n g  t he  
m o v e m e n t  of  t he  b o u n d a r y  in  t he  case  of  f luid flow. 

P a r a m e t e r  B (and  ~) is a m e a s u r e  of  t he  s p e e d  of  t he  
b o u n d a r y  m o v e m e n t .  W h e n  B > >  1 ([3 > >  1), t he  b o u n d a r y  
m o v e s  on ly  ve ry  slowly. T h e  d i f fus ion  p roces s  (or convec-  
t i ve -d i f fus ion  for  t he  case  of  [3) is t h e n  rapid ,  a n d  t h e  con-  
c e n t r a t i o n  profi les  c an  qu i ck l y  re lax  to t h e i r  s t eady- s t a t e  
v a l u e  c o r r e s p o n d i n g  to t he  i n s t a n t a n e o u s  pos i t i on  of  t he  
m o v i n g ' b o u n d a r y .  This  is t he  so-cal led quas i - s t eady-s t a t e  
a p p r o x i m a t i o n .  As a n  example ,  w h e n  e t c h i n g  GaAs  in  a 
HC1-H202-HzO so lu t ion  in  w h i c h  t he  e t c h a n t  (H202) con-  
c e n t r a t i o n  is 1M, t he  va lue  of  B = 110. One  o b s e r v e s  t h a t  
t h e  quas i - s t eady- s t a t e  a p p r o x i m a t i o n  m a y  be  good  for 
p rac t i ca l  e t c h i n g  s y s t e m s  (10, 13). 

Method  of Solution 
The  f ini te  e l e m e n t  m e t h o d  was  c h o s e n  for t he  p r e s e n t  

p r o b l e m  s ince  t he  m e t h o d  is wel l  su i t ed  for  d o m a i n s  of  ir- 
r egu l a r  shape .  T h e  c o m p u t a t i o n a l  d o m a i n  a n d  t he  f ini te  el- 
e m e n t  gr id  u s e d  are  s h o w n  in Fig. 2. Fo r  t he  case  of  f luid 
flow, t h e  pos i t i on  of  b o u n d a r y  l', was  c h o s e n  at  X = - 5 ,  
t h a t  of  F2 was  se t  a t  Y = 5, a n d  t he  pos i t i on  of  F3 was  se t  a t  
X = 5. The  pos i t i on  of  t he  m o v i n g  b o u n d a r y  F6 in  th i s  par-  
t i cu la r  case  c o r r e s p o n d s  to t he  profi le  s h o w n  in  Fig. 5a for  
T = 34.7. B o u n d a r i e s  F4, F~, a n d  F6 evo lve  w i t h  t i m e  b u t  
b o u n d a r i e s  F~, F2, a n d  F3 are  s ta t ionary .  N u m e r i c a l  exper i -  

( -5 ,4 )  

I IIIIII]IIItltlIIIIIIIIIIIIIIL I I 
I IIJIIlllllllllltlllllllllllll I I 

IIIlflIHIIIHIIIIIIIIIlll I I 
IIIIIIHIIIIIIIIIIIHII I I 
IIHIII]llllllll l l lHIIII I I 
IIHI 
IIH 
IIIIIIIIIH[IHIIIIIIIIIIII I I 
i H I I I H I I I I H I I I I I I I I I I I I I t l  I I 
I I tllllll I l l  I I I  I I  I l l  I HI I I I I  } I I = 

(--5,0) MASK ( -1  1,0) MASK 

Fig. 2. Computational domain and finite element grid. The position 
of the moving boundary shown here corresponds to time T = 34.7 of 
Fig. 5a. 

m e n t s  s h o w e d  t h a t  by  p o s i t i o n i n g  b o u n d a r i e s  F1, 1"2, a n d  
F3 f u r t h e r  away  f rom the  cav i ty  ( c o m p a r e d  to t h e i r  posi-  
t i on  s h o w n  in  Fig. 2) d id  no t  affect  t h e  resul ts ,  for  t he  r a n g e  
of  p a r a m e t e r  va lues  used.  F u r t h e r  n u m e r i c a l  e x p e r i m e n t s  
we re  c o n d u c t e d  to s t u d y  t he  effect  of  t he  n u m b e r  of  ele- 
m e n t s  used .  The  e l e m e n t  m e s h  was  m a d e  d e n s e r  a r o u n d  
t he  m o u t h  of  t he  cav i ty  a n d  w i t h i n  t he  cavi ty  w h e r e  
s t e epe r  c o n c e n t r a t i o n  g r a d i e n t s  a re  expec t ed .  In  add i t ion ,  
e n o u g h  e l e m e n t s  we re  n e e d e d  to e n s u r e  succe s s  of  t he  
m o v i n g  b o u n d a r y  s c h e m e  to b e  d e s c r i b e d  below.  T h e  to ta l  
n u m b e r  of  e l e m e n t s  i nc r ea sed  w i t h  t i m e  owing  to e l e m e n t  
a d d i t i o n  to a c c o m m o d a t e  t he  e x p a n d i n g  b o u n d a r y  l 'dt). 
F o r  t h e  case  s h o w n  in Fig. 2, 1120 b i l i nea r  quad r i l a t e r a l  el- 
e m e n t s  (and  1204 nodes )  we re  used.  Re f in ing  t he  m e s h  
e v e n  f u r t h e r  h a d  no  s ign i f ican t  e f fec t  on  t h e  resul ts ,  for  t h e  

[29] p a r a m e t e r  r a n g e  s tud ied .  
T h e  so lu t ion  to t h e  m o v i n g  b o u n d a r y  p r o b l e m  was  ob- 

[30] t a i n e d  in a s t epwi se  m a n n e r .  C o n s i d e r  a t i m e  T n d u r i n g  
e t ch ing ,  for w h i c h  t he  pos i t ion  of  t he  m o v i n g  b o u n d a r y  

[31] Xj n, t he  ve loc i ty  field U", a n d  t h e  e t c h a n t  c o n c e n t r a t i o n  
f ield C" a re  k n o w n .  He re  t h e  s u p e r s c r i p t  n d e n o t e s  t h e  n t h  

[32] t i m e  s tep  a n d  T ~ = 0. Xj n is t he  pos i t i on  v e c t o r  of t h e  j t h  
[33] n o d e  on  t h e  m o v i n g  b o u n d a r y  Fs(Tn). T h e n  q u a n t i t i e s  Xj n§ 

U n§ a n d  C n§ were  o b t a i n e d  t h r o u g h  t he  fo l lowing  pro- 
[34] cedures .  

1. Fo r  the  t i m e  in te rva l  AT = T n§ -- Tn(n = 0, 1 , . . . ) ,  t h e  
e t c h i n g  su r face  was  r e g a r d e d  as fixed. F o r  th i s  f ixed 

[35] b o u n d a r y  domain ,  Eq.  [17], [18], a n d  [23] a long  w i t h  the  as- 
soc ia t ed  b o u n d a r y  c o n d i t i o n s  we re  so lved  by  a n  imp l i c i t  
p r ed i c to r - co r r ec to r  s c h e m e  [14] to  o b t a i n  U n§ a n d  C n§ 

2. The  n o r m a l  u n i t  vec to r  nj n at  p o i n t  Xj n was  f o u n d  b y  
[36] t h e  m e t h o d  d e s c r i b e d  in G l o w i n s k i  [p. 416 of  Ref. (17)]. 

3. T h e  va lue  of  t he  e t c h a n t  f lux a long  t he  reac t ive  su r face  
VC - n was  o b t a i n e d  as d e s c r i b e d  in  G l o w i n s k i  [p. 398 of  
Ref. (17)]. 

4. T h e  n e w  pos i t i on  of  t he  b o u n d a r y  Xj n§ was  t h e n  eval- 
u a t e d  u s i n g  Eq. [37] be low 

Xj  n+l = Xj  n + AT Vnn j  n [37]  

w h e r e  Vn was  f o u n d  f rom Eq. [28] a n d  t he  a l r eady  calcu-  
l a t ed  v a l u e  of  t he  f lux VC �9 n. A p r o c e d u r e  iden t i ca l  to t h e  
one  desc r ibed  above  ( subs teps  [1]-[4]) was  t h e n  emp loyed  to 
loca te  t h e  pos i t i on  of  t he  m o v i n g  b o u n d a r y  at  t he  n e x t  
t i m e  s tep  T ~§ The  s h a p e  e v o l u t i o n  of  t h e  e t c h i n g  cavi ty  
was  t h u s  fol lowed.  S ince  t he  c o m p u t a t i o n a l  d o m a i n  12(v) 
was  e x p a n d i n g  w i t h  t ime,  n e w  e l e m e n t s  we re  a d d e d  to t h e  
m e s h  in s ide  t h e  cav i ty  in  o rde r  to m a i n t a i n  a fine spa t ia l  
d i sc re t iza t ion .  

The  finite e l e m e n t  m e t h o d  a n d  t he  p e n a l t y  f u n c t i o n  for- 
m u l a t i o n  were  u s e d  to o b t a i n  t he  ve loc i ty  field. T h e  
S t r e a m l i n e  U p w i n d / P e t r o v  G a l e r k i n  (SU/PG)  f ini te  ele- 
m e n t  m e t h o d  was  u s e d  to  so lve  for  t h e  e t c h a n t  c o n c e n t r a -  
t i on  field. T h e  S U / P G  m e t h o d  is wel l  su i t ed  for  convec-  
t i o n - d o m i n a t e d  p r o b l e m s  (h igh  Pec l e t  n u m b e r s ) ,  s u c h  as 
t h e  p r o b l e m  at  h a n d .  In  th i s  m e t h o d ,  d i f fus ion  is a d d e d  
wh ich ,  howeve r ,  ac ts  on ly  in t h e  f low di rec t ion .  Hence ,  t h e  
r o b u s t  qua l i t i es  of  t he  c lass ical  u p w i n d  finite e l e m e n t  
m e t h o d s  (e.g., u p w i n d  G a l e r k i n  f ini te  e l e m e n t s )  are  m a i n -  
t a i n e d  b u t  the  n e w  m e t h o d  is no t  s u b j e c t  to t he  "art i f icial  
d i f fu s ion"  c r i t i c i sms  a s soc ia t ed  w i t h  t h e  c lass ical  m e t h -  
ods. More  i n f o r m a t i o n  a b o u t  t he  S U / P G  m e t h o d  m a y  b e  
f o u n d  in  Ref. (15) a n d  (16). (5,4) 

E q u a t i o n  [37] is a n  exp l ic i t  t i m e  i n t e g r a t i o n  s c h e m e  for  
t h e  m o v i n g  b o u n d a r y .  A n  impl i c i t  s c h e m e  cou ld  also b e  
u s e d  of  t he  p r ed i c to r - co r r ec to r  t y p e  [see a lso Ref.  (18)]. 
H o w e v e r ,  t h e  c o m p u t a t i o n a l  cos ts  w o u l d  b e  m u c h  h igher .  
T h e  exp l ic i t  t i m e  i n t e g r a t i o n  s c h e m e  was  t h e n  u s e d  w i t h  
t i m e  s tep  smal l  e n o u g h  to e n s u r e  c o n v e r g e n c e  a n d  s tabi l -  
ity. Typ ica l ly  100-150 t i m e  s teps  we re  u s e d  in  o rde r  to com-  
p u t e  t he  s h a p e  evo lu t i on  of  a cav i ty  ( such  as s h o w n  in  Fig. 
5a a n d  8a). The  m a g n i t u d e  o f  t he  t i m e  s t ep  was  d e t e r m i n e d  
adap t ive ly . '  S m a l l e r  t ime  s teps  we re  u s e d  in i t ia l ly  w h e n  

(5,0) t h e  e t ch  ra te  was  h igher .  Ca lcu la t ions  we re  p e r f o r m e d  on  a 
d e d i c a t e d  V A X  s ta t ion  II /RC c o m p u t e r .  A c o m p l e t e  s h a p e  
e v o l u t i o n  ca lcu la t ion  u n d e r  f luid flow c o n d i t i o n s  r e q u i r e d  
12-24h of  C P U  t i m e  d e p e n d i n g  on  t he  c o n d i t i o n s  used .  

W h e n  so lv ing  t h e  p r o b l e m  of  p u r e  di f fus ion,  t h e  p o s i t i o n  
of  b o u n d a r y  F1 was  c h o s e n  at  X = -7 .5 ,  t h a t  of  F2 was  se t  
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Fig. 3. (a, left) Comparison of the finite element solution ( - -~ - - )  with on asymptotic solution ( ) presented in Ref. (8). Quiescent solution (no 
fluid flow), and infinitely thin mask. Other conditions were, @--~ o% and B = 100. (b, right) Reactant flux (instantaneous etch rate) distribution 
along the reactive surface at different times during etching. Conditions were as in Fig. 3a. 

at Y = 6.5 and the position o f% was set at X = 7.5. A larger 
domain size was used for pure diffusion as compared to 
forced convection because in the former case the concen- 
tration boundary layer expanded with time. When con- 
sidering long etching times, an alternative is to use an 
asymptotic expression for the concentration far from the 
cavity (7). This will perhaps reduce the computational 
costs. Typically, 100 time steps were used for a complete 
shape evolution calculation (such as shown in Fig. 4). For 
pure diffusion the computation time was 3-5h of CPU on 
the VAX station II/RC computer. 

Results and Discussion 
In order to test the numerical code used to solve the 

moving boundary problem, numerical results were com- 
pared with an asymptotic solution obtained by Kuiken (8). 
The author examined the simplified case of etching 
through a slit under conditions of pure diffusion (no fluid 
flow), infinitely fast reaction (~--> ~), and infinitely thin 
mask. The comparison is shown in Fig. 3a where, owing to 
symmetry, only half of the cavity is shown. The solid lines 
without points are from Kuiken's asymptotic solution 
which is valid for long times (T >> 1) and small vertical 
displacements of the surface (IYI <<  1, where IYI is 
the absolute value of Y). The numerical results of the pre- 
sent work, shown by the solid lines with points, are in 
good agreement with the asymptotic solution. 

The etch profiles in Fig. 3a reveal a characteristic 
bulging near the mask edge. This is because of higher etch 
rate there due to reactant diffusion from the areas above 
the inert mask. The bulging becomes less pronounced as 
the cavity deepens and the reactant diffusion path in- 
creases. The etch factor (EF), defined here as the etched 
depth at the center of the cavity mouth divided by the 

mask undercut, is a measure of the etch anisotropy 
achieved. The higher the etch factor, the better the anisot- 
ropy. For perfect anisotropic etching (no mask undercut), 
the etch factor tends to infinity. The etch factor in Fig. 3a is 
less than unity at the early times (e.g., EF = 0.66 at T = 10), 
but exceeds unity at later times (see also Fig. 10). Figure 3b 
shows the reactant flux distribution (i.e., the instantaneous 
etch rate distribution) along the reactive surface for a cav- 
ity etching under the conditions of Fig. 3a. X is the x-coor- 
dinate of a point along the reactive boundary. The right- 
most point of each curve corresponds to the point where 
the boundary meets the mask (undercut region). Early dur- 
ing etching (T = 6), the flux is much higher close to the 
mask edge (mask edge corresponds to X = 1) as compared 
to the cavity center (X = 0). This results in the characteris- 
tic bulging of the wall profiles. At later times, the flux dis- 
tribution is less nonuniform. At very long times the etch 
rate will be uniform along the etching surface. The value of 
the flux decreases monotonically with time because the 
diffusion layer thickness increases with time. 

Figure 4a shows the shape evolution of a cavity under 
conditions identical to those of Fig. 3 except  that the mask 
thickness was 25% of the cavity mouth width (h /2L  = 0.25). 
As in Fig. 3, only half of the cavity is shown. Compared to 
Fig. 3a, the bulging effect is much less pronounced, even at 
the initial stages of etching. This is due to the larger diffu- 
sion length of the reactant from the area above the inert 
mask to the etching surface. Etch anisotropy (etch factor) 
is enhanced using a finite thickness mask (see also Fig. 10), 
and etch rate is only slightly affected. The corresponding 
flux distribution along the etching surface.is shown in Fig. 
4b. Compared to Fig. 3b, the maximum in the flux at early 
times is much reduced. This explains the relatively weak 
bulging of the cavity wall profiles even at the initial stages 
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Fig. 5. (a, left) Shape evolution of a cavity under fluid flow conditions. Other conditions were Pe = 100, Re = 0.1, B = 100, and �9 --~ ~.  Cavity 
wall profiles are shown for dimensionless times T = O, 1.9, 4.0, 7.3, 12.3, 18.8, 26.9, 34.7, 45.6, 56.7, 68.6, 81.5, and 95.8. Mask thickness was 
1/4 of the cavity mouthwidth. (b, right) Reactant flux (instantaneous etch rate) distribution along the reactive surface at different times during etch- 
ing. Conditions were as in Fig. 5a. 

of etching. As before, flux (instantaneous etch rate) be- 
comes less nonuniform and decreases monotonically with 
time. 

The effect of fluid flow on the shape evolution of a cavity 
is depicted in Fig. 5a. Conditions were otherwise the same 
as in Fig. 4a except that Pe = i00 and Re = 0.i. For this 
case the dimensionless wall shear stress was 
%L/(l~uc) = 6.23, where % is the wall shear stress far for the 
cavity mouth. The etch profiles are now asymmetric owing 
to fluid flow past the cavity (the fluid enters from the left). 
The time scale in Fig. 5 is expressed in terms of T (instead 
of in terms of~), so that the etch rates obtained from Fig. 4a 
and 5a can be compared directly. One observes much 
faster etching with fluid flow as compared to pure diffu- 
sion; on the average, about four times faster under the pre- 
sent conditions (see also Fig. 9). Etch anisotropy is also sig- 
nificantly enhanced. For example, for the same etched 
depth of 0.58 dimensionless units (note that the cavity 
mouth half-width has by definition a unit length), the etch 
factor is 1.58 for the case of pure diffusion (Fig. 4a) but be- 
comes 2.25 for the case of fluid flow (Fig. 5a), which 
amounts to 40% improvement (see also Fig. I0). Further- 
more, at early times (T < 20), etching is faster to the left of 
the centerline X = 0, and the left mask is undercut more 
compared to the right mask. However, the situation re- 
verses at later times and the etch rate and mask undercut 
are higher to the right of the centerline. These observa- 
tions are further supported by Fig. 5b which shows the 
flux (instantaneous etch rate) distribution along the etch- 
ing cavity walls, for several times during etching. For a 
particular time T, the end points of the corresponding 
curve show the rate of mask undercut at that time. At early 
times the etching rate distribution is very nonuniform 
with a pronounced peak to the left of the centerline. At 
later times the etching rate distribution becomes less non- 
uniform. In order to explain the observed features one 
needs to look closer at the hydrodynamic conditions pre- 
vailing in the cavity as the cavity aspect ratio changes dur- 
ing etching. 

The fluid flow distribution in the cavity depends 
strongly on the cavity aspect ratio (depth/mouthwidth) 

(5, 11, 19). For small aspect ratios (<1:3), the external flow 
invades the cavity, with weaker recirculating patterns de- 
veloping in the corner regions. However, for large aspect 
ratios, the external flow is incapable of penetrating 
the cavity, and a large recirculating eddy develops which 
fills almost the entire volume of the cavity. This is shown 
in Fig. 6 which is a velocity vector plot of the region within 
the cavity. Figure 6a corresponds to the profile of Fig. 5a at 
T = 4.0. The cavity aspect ratio is then slightly larger than 
1:4 and the penetration of the cavity by the external flow is 
evident. Figure 6b corresponds to the profile of Fig. 5a at 
T = 95.8. The cavity is now deeper than it is wide and the 
external flow is seen not to penetrate the cavity. Instead, a 
rather weak recireulating eddy occupies most of the cavity 
volume. In addition much weaker eddies develop inthe 
undercut regions, and transport in these regions can be 
thought of as occurring mainly by diffusion. Since trans- 
port in the undercut regions is less efficient than in the rest 
of the cavity, better etch anisotropy is obtained as com- 
pared to pure diffusion, as already mentioned above. How- 
ever, for deep cavities this advantage is lost because fluid 
flow is very weak deeper in the cavity. The advantage is 
regained if some means is devised to enhance fluid flow 
within the cavity, even for deep cavities. Kuiken and Tij- 
burg (4) made use of free convection phenomena to 
achieve this goal. The key is to disrupt the "boundary 
layer" at the cavity mouth which prevents efficient com- 
munication of the external flow with the flow within the 
deep cavity. 

Returning to the profiles shown in Fig. 5a, at early times 
when the cavity aspect ratio is close to 1:4, the external 
flow invades the bottom of the cavity bringing fresh re- 
agent in the cavity. The etch rate is then higher around the 
area where the fluid first encounters the bottom of the cav- 
ity (i.e., around position X = -0.2, see also Fig. 5b and 6a). 
At later times when a large eddy almost fills the cavity, 
fresh reactant first reaches the area around the right mask 
edge, resulting in higher etch rate there and faster mask 
undercut. Figure 7 shows a concentration contour plot for 
the cavity corresponding to T = 95.8 in Fig. 5a. One ob- 
serves larger concentrations around the right mask edge as 

MASK ' ' ~ ' ~ T - ~ - ~ "  " '  MASK 
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Fig. 6. (a, left) Velocity vector plot in the cavity corresponding to T = 4.0 of Fig. 5a. (b, right) Velocity vector plot in the cavity corresponding to 
T = 95.8 of Fig. 5a. 
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Fig. 7. Concentration contour plot in the cavity corresponding to 
T = 95.8 of Fig. 5a. Contour named A corresponds to dimensionless 
concentration C = 0.99. Contour B (wall of cavity) corresponds to 
C = 0. Linear interpolation applies for the in-between contours. 

c o m p a r e d  to t he  left  mask .  Moreover ,  t h e  c o n c e n t r a t i o n  
g r a d i e n t s  are  h i g h e r  in  p laces  w h e r e  t he  c o n t o u r s  are 
c loser  toge ther .  One  o b s e r v e s  la rger  c o n c e n t r a t i o n  gradi-  
en t s  in  t he  u n d e r c u t  area  of  t he  r i gh t  m a s k  as c o m p a r e d  to 
t h e  lef t  mask .  This  impl i e s  h i g h e r  ra te  of  u n d e r c u t t i n g  of  
t h e  r i gh t  m a s k  in a g r e e m e n t  w i th  t he  d i s c u s s i o n  above .  

A t  lower  P e c l e t  n u m b e r s ,  b o t h  t he  e t ch  ra te  a n d  t he  e t ch  
fac to r  we re  r educed ,  a n d  t he  e t ch  profi les  we re  less asym-  
met r i c .  S u c h  b e h a v i o r  is to b e  e x p e c t e d  s ince  l o w e r i n g  of  
P e  is t a n t a m o u n t  to  d e c r e a s i n g  t he  level  of  convec t ion .  In  
fact,  for ve ry  smal l  P e  t h e  s i tua t ion  is e ssen t i a l ly  iden t i ca l  
to  t h a t  of  p u r e  di f fus ion.  

F i g u r e  8a shows  t h e  s h a p e  evo lu t i on  of  a cavi ty  u n d e r  
c o n d i t i o n s  iden t i ca l  to  t hose  of  Fig. 5 e x c e p t  t h a t  t he  sur-  
face r eac t i on  h a d  a f inite speed  ((I) = 1 i n s t ead  o f r  --~ ~). In  
t h e  p r e s e n c e  of  su r face  r eac t ion  k ine t i c  l imi ta t ions ,  t h e  
e t ch  ra te  d i s t r i b u t i o n  a long  t he  r eac t i ng  sur face  is ex-  
p e c t e d  to b e  m o r e  u n i f o r m  as c o m p a r e d  to t he  d i f fus ion-  
con t ro l l ed  case  of  Fig. 5. H e n c e  t he  e t ch  profi les  s h o w n  in 
Fig. 8 are less a s y m m e t r i c  c o m p a r e d  to the  profi les  of  Fig. 
5. In  a d d i t i o n  t he  e t ch  ra te  is lower  a n d  t h e  e t ch  a n i s o t r o p y  
(e tch  factor)  is lesser.  I n  the  l imi t  of  su r face  r eac t i on  ki- 
ne t i c  con t ro l  ({I) -~ 0), t h e  e t c h  ra te  will  b e  u n i f o r m  a long  
t he  r eac t i ng  sur face  a n d  i n d e p e n d e n t  of  t he  cavi ty  dep th .  
In  s u c h  case,  t he  e t ch  fac tor  will  be  uni ty .  Obvious ly ,  t he  
k ine t i ca l ly  con t ro l l ed  e t c h i n g  case  is no t  f avorab le  in  
t e r m s  of  t h r o u g h p u t  a n d  an i so t ropy .  F i g u r e  8b is a concen -  
t r a t i on  c o n t o u r  p lo t  c o r r e s p o n d i n g  to t h e  profi le  at  
T = 96.3 of  Fig. 8a. In  c o n t r a s t  to t he  d i f fus ion-con t ro l l ed  
case  (Fig. 7), t h e  r e a c t a n t  c o n c e n t r a t i o n  is no t  c o n s t a n t  
a long  t h e  e t c h i n g  sur face  (in Fig. 7 t he  sur face  concen t r a -  
t i on  is zero). A n  i n s p e c t i o n  of  t he  c o n c e n t r a t i o n  d i s t r ibu-  
t i on  a long  t h e  e t c h i n g  sur face  gives  a n  idea  of  t he  e t ch  ra te  
d i s t r i bu t i on ,  s ince  the  e t ch  ra te  is p r o p o r t i o n a l  to t he  sur-  
face concen t r a t i on .  The  u n d e r c u t  of t he  r igh t  m a s k  is aga in  
h i g h e r  as c o m p a r e d  to t h a t  of  t he  left  m a s k  b u t  t h e  differ-  
e n c e  is no t  as la rge  as in  the  d i f fus ion-con t ro l l ed  case. 

Resu l t s  on  e t ch  ra te  a n d  e t ch  fac tor  are  s u m m a r i z e d  in 
Fig. 9 a n d  10, respec t ive ly .  T he  e t ch  ra te  s h o w n  in  Fig. 9 
was  ca l cu la t ed  b y  d iv id ing  t he  e t c h e d  d e p t h  at  X = 0 b y  
t h e  c o r r e s p o n d i n g  e l apsed  t ime  T. The re fo re  th i s  is a 
" t ime -ave rage"  e t ch  ra te  in  c o n t r a s t  to t he  i n s t a n t a n e o u s  
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Fig. 9. Etch rate at X = 0 as a function of the cumulative time for 
cavities etching under the conditions of Fig. 3a (curve I), Fig. 4a (curve 
II), and Fig. 5a (curve Ill). 
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e t ch  ra te  w h i c h  is p r o p o r t i o n a l  to t he  f lux (Fig. 3b, 4b, a n d  
5b). In  t he  case  of  p u r e  d i f fus ion  (curves  I a n d  II), t h e  e t ch  
ra te  is inf in i te  at  T = 0 a n d  dec reases  m o n o t o n i c a l l y  w i t h  
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Fig. 8. (a, left) Shape evolution of a cavity under fluid flow conditions and with �9 = 1. Other conditions were as in Fig. 5a. Cavity wall profiles are 
shown for dimensionless times T = 0, 7.6, 15.8, 27.4, 43.1, 60.5, 78.6, and 96.3. (b, right) Concentration contour plot in the cavity corresponding 
to T = 96.3 of Fig. 8a. Contour named A corresponds to dimensionless concentration of 0.99. Contour K corresponds to dimensionless concentration 
of 0.31. Linear interpolation applies for the in-between contours. 
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time. In the case of fluid flow (curve III), the etch rate is 
substantially higher especially at the early times. The local 
max imum in etch rate at about T = 40 is associated with 
the change in flow patterns in the cavity as the cavity 
aspect ratio increases (see discussion above). The etch rate 
in the case of fluid fl0w depends strongly on time, which in 
turn reflects a dependence of the etch rate on the cavity 
aspect ratio. This fact has important practical implica- 
tions; cavities of different aspect ratio may be etching at 
very different rates. For example, for the same mask thick- 
ness, cavities with smaller mouthwidth will be etching 
slower if diffusional limitations play a role in the etching 
process. 

The etch factor in Fig. 10 was calculated by dividing the 
etched depth at X = 0 by the mask undercut. For the case 
of fluid flow, for which the etch profiles were not symme- 
tric, an arithmetic average of the left and right mask under- 
cut was used. For pure diffusion, one observes a signifi- 
cantly higher etch factor with a mask of finite thickness 
(curve II) as compared to the infinitely thin mask (curve I), 
especially at the early times. Fluid flow enhances the etch 
factor even further, especially at the early times when the 
external flow penetrates the cavity. Under  the flow condi- 
tions examined, the etch factor varied between 2 and 3. In 
addition, the etch factor quickly decreased with time at 
early times, but became insensitive to t ime at later times. 
These results are in qualitative agreement with the experi- 
mental  observations of Allen et al, (20). Unfortunately not 
enough information is provided by Allen and co-workers 
to allow for a direct quantitative comparison with the pre- 
sent model  predictions. 

Summary and Conclusions 
A general purpose mathematical procedure was de- 

veloped to study the shape evolution of two-dimensional 
cavities during wet chemical etching under the influence 
of fluid flow. Finite element methods were employed to 
solve for the fluid velocity profiles and for the reactant con- 
centration distribution in cavities of arbitrary shape. In 
particular, the Streamline Upwind/Petrov Galerkin 
(SU/PG) finite element method was used for the convec- 
tive-diffusion equation since this method is better suited 
for convection-dominated flows (high Peclet  numbers), 
such as the case studied. A moving boundary scheme was 
developed to track the shape evolution of the cavity. The 
mathematical  procedure was applied to the problem of 
wet chemical etching of two-dimensional cavities under 
cross flow conditions. The simplified case of  etching in a 
quiescent  solution (no fluid flow) was examined as well. 

When etching in a quiescent solution under conditions 
of diffusion control, a characteristic bulging of the wall 
profiles appeared close to the mask edge, at the early 
stages of etching. This bulging was especially pronounced 
for an infinitely thin mask but the bulging was much 
weaker for a realistic mask having thickness 1/4 of the cav- 
ity mouthwidth.  In addition, the thicker mask resulted in 
significantly better etch anisotropy with only slightly dif- 
ferent etch rate. 

With fluid flow across the cavity, the time-averaged etch 
rate increased four times and the time-averaged etch factor 
increased by 40% as compared to pure diffusion, under the 
conditions studied. The etch rate and etch factor were 
found to depend strongly on the cavity aspect ratio, de- 
grading as the cavity became deeper. Furthermore, the 
etch profiles showed a strong dependence on the etching 
time. At early times, when the cavity aspect ratio was 
smaller than 1:3, etching was faster to the left of the cavity 
centerline (fluid was entering from the left). As etching 
proceeded, and the cavity depth increased with a concom- 
itant increase in the cavity aspect ratio, etching rate was 
faster to the right of the center]inc. The above phenomena 
were explained by considering the hydrodynamic flow 
patterns in the cavity as the cavity aspect ratio increased 
during etching. 

The problem studied is only a simplified case of a real 
etching system. Thus, solution chemistry, complex sur- 
face reaction kinetics, gas evolution, the presence of sur- 
face films, or of crystallographic effects were not con- 
sidered, in addition a simple shear flow was assumed past 

the cavity. However, some of the salient features of the 
process were revealed by studying the simplified case. 
Moreover, the numerical code can be expanded to study 
different flow configurations (such as impinging jet  flow), 
free convection phenomena, complicated reaction se- 
quences, and the effect of laser illumination of the etching 
surface. 

In mass-transfer controlled situations, the etch profile of 
a microscopic cavity depends in a complex manner on the 
time-varying multidimensional fluid velocity and concen- 
tration fields. Prediction of the etch rate and mask under- 
cut under a variety of etching conditions is then difficult to 
make based on intuition alone. Powerful mathematical  
techniques based on the finite element method can be 
used to quantitatively analyze the complex interaction of 
transport and reaction phenomena and their effect on the 
shape evolution of the cavity. Comparison with experi- 
mental data under well-characterized conditions would 
greatly add to the usefulness of the mathematical  model. 
The model  may then be used to identify operating condi- 
tions that result in high rate anisotropic etching. 
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LIST OF SYMBOLS 
B dimensionless parameter (Eq. [35]) 
c reactant concentration, mols/cm ~ 
C dimensionless reactant concentration (Eq. [14]) 
D reactant diffusivity, cm2/s 
h mask thickness, cm 
k surface reaction rate constant, cm/s 
L half-width of cavity mouth, cm 
Ms molecular weight of solid, g/tool 
m stoichiometric coefficient in etching reaction (Eq. 

[12]) 
n Outward unit normal vector 
p pressure, dynes/cm 2 
P dimensionless pressure (Eq. 14) 
Pe Peclet  number, dimensionless (Eq. 15) 
Re Reynolds number, dimensionless (Eq. 15) 
t time, s 
T dimensionless t ime (Eq. [35]) 
U dimensionless fluid velocity (Eq. [13]) 
uc fluid velocity at center of cavity mouth, cm/s 
vn velocity of moving boundary along the outward nor- 

mal, cm/s 
Vn dimensionless velocity of the moving boundary 

along the outward normal for the case of fluid flow 
Vn* dimensionless velocity of the moving boundary 

along the outward normal for the case of pure dif- 
fusion 

Greek 
dimensionless parameter (Eq. [16]) 

F~ boundary surface (i = 1, 2 , . . . ,  6), Fig. 1 
W fluid viscosity, poise 
u fluid' kinematic viscocity, cm2/s 
Ps solid density, g/cm s 

parameter (Eq. [11]) 
dimensionless time (Eq. [14]) 

@ Thiele modulus (Eq. [16]) 
computational domain, Fig. 1 

Subscript 
o signifies initial condition 

Superscript  
n signifies the nth t ime step 
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A Photoelectron Spectroscopy Study of CF4/H2 Reactive Ion 
Etching Residue on Tantalum Disilicide 

J. H. Thomas, II1" and L. H. Hammer 
David Sarnoff  Research Center, Princeton, New Jersey 08543 

A B S T R A C T  

X-ray  p h o t o e l e c t r o n  s p e c t r o s c o p y  ha s  b e e n  u s e d  to cha rac t e r i ze  CF4/30% H2 reac t ive  ion e t c h i n g  r e s idue  on  t h e  tan-  
t a l u m  dis i l ic ide  su r face  a f te r  r e m o v i n g  100 n m  of s i l i con  d ioxide .  Th i s  was  d o n e  to s imu la t e  t h e  s t r u c t u r e  of  mu l t i l eve l  
me ta l l i za t ion  p r e s e n t l y  b e i n g  e n c o u n t e r e d  in i n t e g r a t e d  c i rcui t  m a n u f a c t u r e .  At  a p r e s s u r e  of  80 mi l l i to r r  a n d  a p o w e r  den-  
s i ty  of  1 W/cm 2, t he  r e s idue  layer  f o r m e d  cons i s t s  chemica l ly  of a m i x e d  t a n t a l u m  a n d  s i l i con  f luor ide  a n d  oxide- l ike  film. 
Th i s  layer  is c o m p l e x  a n d  does  no t  a p p e a r  to c o n t a i n  p o l y m e r i c  f l u o r o c a r b o n  as ha s  b e e n  o b s e r v e d  on  s i l icon at  s l ight ly  
h i g h e r  h y d r o g e n  c o n c e n t r a t i o n s  in  t he  g low d ischarge .  I t s  t h i c k n e s s  is e s t i m a t e d  to b e  3 n m  b a s e d  on  e l ec t ron  e s c a p e  
dep ths .  T h e  p r e s e n c e  of  S i Q  causes  t he  sur face  r e s i due  layer  to  be  m o r e  o x y g e n  r ich  in  c o m p a r i s o n  w i t h  t he  u n c o a t e d  tan-  
t a l u m  dis i l ic ide  surface.  S p u t t e r i n g  does  occu r  at  a self-bias  of  300V a n d  resu l t s  in  p re fe ren t i a l ly  r e m o v i n g  si l icon.  Core- 
level  b i n d i n g  ene rg ies  are  r e p o r t e d  for t a n t a l u m  disi l ic ide,  t he  e t ch  res idue ,  t he  n a t i v e  ox ide  on  t he  dis i l ic ide,  a n d  some  
re l a t ed  ma te r i a l s  for r e f e r ence  pu rposes .  

- -Mul t i level  me ta l l i za t ion  u s e d  in s u b m i c r o m e t e r  in te-  
g ra ted  c i rcu i t  m a n u f a c t u r e  r equ i r e s  t h a t  o h m i c  con t ac t  be  
m a d e  to t he  first  level  me ta l l i za t ion  a f te r  r eac t ive  ion e tch-  
ing  c o n t a c t  v ias  t h r o u g h  d e p o s i t e d  i n su l a to r  layers  s u c h  as 
s i l icon d iox ide  (1). Re f rac to ry  m e t a l  s i l ic ides  are p r e s e n t l y  
b e i n g  u s e d  in  p roce s s  t e chno l og i e s  s u c h  as t he  "po lyc ide"  
p roce s s  (2-4). The  po lyc ide  p roces s  cons i s t s  of  a conduc -  
t ive  s i l ic ide  d e p o s i t e d  on  po lys i l i con  t h a t  is u s e d  in gate  
meta l l iza t ion .  For  gate  meta l l iza t ion ,  c o n d u c t i v e  s i l ic ides 
o n  po lys i l i con  i n c o r p o r a t e  the  b e s t  f ea tu res  of  a polysil i-  
con  gate  con t ac t  a long  w i t h  t he  low res i s t iv i ty  of  the  sili- 
c ide  to r e d u c e  ser ies  r e s i s t ances  e n c o u n t e r e d  in  s u b m i -  
c r o m e t e r  d i m e n s i o n  i n t e r c o n n e c t s  (2, 3). C o n s e q u e n t l y ,  
th i s  me ta l l i za t ion  can  be  u s e d  t h e  first  level  of  a mul t i l eve l  
me ta l l i zed  dev ice  s t ruc ture .  

One  poss ib i l i ty  for first level  me ta l l i za t ion  of  h i g h  sub-  
m i c r o m e t e r  re l iabi l i ty  dev ices  is t a n t a l u m  dis i l ic ide  (2-5). 
T a n t a l u m  dis i l ic ide  is read i ly  c o m p a t a b l e  w i t h  s t a n d a r d  
c i rcu i t  p r o c e s s i n g  u s i n g  c o m m o n  p l a s m a  or  r eac t ive  ion  
e t c h i n g  processes .  T a n t a l u m  si l icide b e h a v e s  as a meta l l i c  
c o n d u c t o r  w i t h  a r o o m  t e m p e r a t u r e  res i s t iv i ty  of  a r o u n d  
40 ~ - c m  af ter  a p p r o p r i a t e  t h e r m a l  a n n e a l i n g  to fo rm the  
s t o i ch iome t r i c  si! icide (5-8). 

Mul t i l eve l  me ta l l i za t ion  r equ i r e s  t h a t  con t ac t s  b e t w e e n  
me ta l l i za t ion  leve ls  b e  m a d e  t h r o u g h  s u b m i c r o m e t e r  di- 
m e n s i o n  vias  e t c h e d  in an  i n s u l a t i n g  i so la t ion  layer  s u c h  
as s i l icon dioxide .  The  e t c h i n g  process ,  typ ica l ly  reac t ive  
ion  e t c h i n g  in t he  p r e s e n c e  of  a p h o t o r e s i s t  mask ,  leaves  a 
r e s i d u e  on  t h e  me ta l  sur face  to w h i c h  t he  con t ac t  is b e i n g  
m a d e  (9-12). As in con tac t s  to s i l icon (13, 14), th i s  r e s idue  
layer  a d d s  to t h e  ser ies  e lec t r ica l  r e s i s t ance  of  t h e  con t ac t  
a n d  causes  d e g r a d a t i o n  of  t he  h i g h - f r e q u e n c y  o p e r a t i o n  of  
t h e  circuit .  I t  is, the re fore ,  i m p o r t a n t  to  cha rac te r i ze  t h e s e  
p r o c e s s i n g  r e s i d u e s  a n d  d e t e r m i n e  t h e i r  or ig in  so t h a t  pro-  
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cesses  c an  be  i n c l u d e d  or modi f i ed  to e l i m i n a t e  (or r educe )  
t he  sur face  r e s idue  layers.  

In  th i s  s tudy,  s i l icon d iox ide  coa ted  t a n t a l u m  dis i l ic ide  
was  r eac t ive  ion  e t c h e d  in a smal l  scale  p l a s m a  c h a m b e r  
a t t a c h e d  to a n  x-ray p h o t o e m i s s i o n  s p e c t r o s c o p y  (XPS)  
sys tem.  F l u o r o c a r b o n  reac t ive  ion  e t c h i n g  (in th i s  s tudy ,  
CF4/30% H2 was  used),  c o m m o n l y  e n c o u n t e r e d  in s i l icon 
dioxide etching and patterning, was used to etch silicon 
dioxide off of the tantalum disilicide surface. The surface 
residue layer was studied in situ using x-ray photo- 
emission and was compared with other thin surface layers 
on related materials. Core-level binding energies for tan- 
talum disilicide, its native oxide, the plasma induced resi- 
due layer and the effects of atmospheric exposure on the 
residue layer are reported. The effect of the presence of 
Si02 on the chemistry of the residue layer is discussed. 

Experimental 
T a n t a l u m  si l ic ide was  d e p o s i t e d  on  po lys i l i con  on  sili- 

c o n - o n - s a p p h i r e  wafers  by  c o s p u t t e r i n g  f rom a t a n t a l u m  
r ich  t a rge t  in  a Var i an  3180 s y s t e m  to a t h i c k n e s s  of  
200 nm.  The  t a n t a l u m - r i c h  depos i t  was  a n n e a l e d  at  ap-  
p rox imate ly  900~ for 30 ra in  in  a rgon  a tmosphere .  The  stoi- 
ch iome t ry  and  film th ickness  were  d e t e r m i n e d  by  Ruther -  
ford backsca t t e r ing  spec t rome t ry  in our  laboratory.  F i lms  
were  s h o w n  to be  s t o i ch iome t r i c  t a n t a l u m  dis i l ic ide  
w i t h i n  e x p e r i m e n t a l  error.  Two wafers  were  se lec ted  f rom 
t h e  b a t c h  of  p r o c e s s e d  a n d  a n n e a l e d  wafers .  S i l icon  diox-  
ide  was  t h e n  c h e m i c a l  v a p o r  d e p o s i t e d  to a t h i c k n e s s  of  
100 n m  on  t he  t a n t a l u m  dis i l ic ide  sur face  to s imu la t e  a typ-  
ical  d o u b l e  level  me ta l l i za t ion  scheme .  E t c h i n g  of  con t ac t  
v ias  was  s i m u l a t e d  by  e t ch ing  t he  s i l icon d iox ide  to t h e  
t a n t a l u m  dis i l ic ide  sur face  u s i n g  a f l u o r o c a r b o n  r eac t ive  
ion  e t c h i n g  process .  A 60% ove re t ch  was  p r o v i d e d  to as- 
sure  c o m p l e t e  ox ide  removal .  The  u n c o a t e d  t a n t a l u m  di- 




