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A B S T R A C T  

The etching of n- and p-type GaAs in aqueous CrO:~-HF solutions, both under illumination and in the dark, has been 
studied. On the basis of two ternary composition diagrams, three regions of different etching kinetics can be delineated. 
These are also regions of different surface morphology after etching. For low [HF]/[CrO:J ratios and [HF]< 10M the etch- 
ing process is kinetically controlled. The etch rate depends on [HF] and is independent of [CrO:J. High defect sensitivity 
is obtained in this part of the ternary diagram. For high [HF]/[CrO:~] ratios and [HF]<10M the etching reaction is limited 
by mass transport of CR w in solution. Defect sensitivity is poorer in these etchants. For HF concentrations above 10M, a 
purely chemical etching reaction becomes important and GaAs is dissolved with arsine formation. For all solutions, de- 
fects in both p- and n-type crystals are found to dissolve more slowly than the surrounding material. Kinetic and mor- 
phological results are explained in detail on the basis of a model for electroless etching. 

Since  the  i n t r o d u c t i o n  of n i t r ic  ac id  as an  e t c h a n t  for  
GaAs  b y  Sche l l  (1), a large  n u m b e r  of  se lect ive ,  p re fe ren-  
tial, p rof i l ing  a n d  po l i sh ing  e t c h a n t s  ha s  b e e n  d e s c r i b e d  
(2, 3). Rev i ews  of  t h e s e  were  g iven  by  Neels  and  Voig t  (4), 
T u c k  (5), K e r n  (6), a n d  S t i r l and  a n d  S t r a u g h a n  (2). The  
la tes t  d e v e l o p m e n t s  in  t he  field of  de fec t - se lec t ive  e tch-  
ing on  GaAs  are  b a s e d  on  e n h a n c i n g  t he  c o n t r a s t  by  
i l l u m i n a t i n g  t he  s e m i c o n d u c t o r  a n d  on  s lowing  d o w n  
e t ch  ra tes  by  d i lu t ing  the  e t c h a n t s  (7-9). T he  d e v e l o p m e n t  
of n e w  e t c h i n g  sys t ems ,  howeve r ,  is st i l l  largely  a m a t t e r  
of  t r ia l  a n d  error.  This  is ma in ly  due  to t he  fact  tha t ,  at  
p r e sen t ,  very  l i t t le  is k n o w n  a b o u t  t h e  c h e m i s t r y  a n d  
phys i c s  i n v o l v e d  in t h e  e t c h i n g  p rocesses .  

In  r e c e n t  work  (10, 11) we  p r e s e n t e d  a de ta i l ed  m o d e l  
for the  m e c h a n i s m  of  GaAs  d i s so lu t i on  in  D S L  e t chan t s .  
D S L  refers  to d i lu t ed  Sir t l - l ike  e t c h a n t s  w i t h  the  use  of  
l ight.  Th i s  sys tem,  w h i c h  is b a s e d  on  CrO:, HF, a n d  H.~O, 
has  a l ready  b e e n  d e s c r i b e d  p h e n o m e n o l o g i c a l l y  in  o t h e r  
p a p e r s  (9, 12, 13). I t  was  s h o w n  tha t ,  for a large  r a n g e  of  
compos i t i ons ,  de fec t s  in n - type  GaAs  are r evea led  af ter  
r e m o v a l  of  on ly  some  t e n t h s  of  a m i c r o n  f rom t he  surface .  
These  defec ts  i n c l u d e  d is loca t ions ,  s t a ck ing  faults,  micro-  
p rec ip i t a tes ,  g r o w t h  s t r ia t ions ,  a n d  l ame l l a r  twins .  The  
sur face  b e t w e e n  t he  defec t - re la ted  e t ch  f igures  r e m a i n s  
c o m p l e t e l y  smoo th .  Defec ts  can  also be  r evea l ed  in p - type  
a n d  s e m i - i n s u l a t i n g  mater ia l ,  t h o u g h  t he  sens i t iv i ty  is 
lower  t h a n  for  n - type  GaAs.  B e c a u s e  of  the  h i g h  defec t  
sens i t iv i ty ,  t he  ease  of h a n d l i n g ,  t he  s t ab i l i ty  of t he  solu- 
t ions ,  t he  nonc r i t i c a l  c o n c e n t r a t i o n s  of  CrO:~ a n d  H F  
w i t h i n  wide  l imits ,  a n d  t he  smal l  " m e m o r y  effect"  (9, 12), 
th i s  s y s t e m  is e x t r e m e l y  use fu l  for  de l i nea t i on  of  de fec t s  
in  GaAs  a n d  o t h e r  I I I -V c o m p o u n d s  (14), espec ia l ly  in  
t h i n  ep i t ax ia l  layers  (15). In  the  p r e s e n t  paper ,  t he  mor-  
pho log ica l  a n d  k ine t i c  a spec t s  of GaAs  e t c h i n g  in t he  
D S L  s y s t e m  are p r e s e n t e d  a n d  d i s c u s s e d  m a i n l y  on  t he  
bas is  of our  mode l .  

I t  s h o u l d  be  n o t e d  t h a t  C r Q  plays  a n  i m p o r t a n t  role as 
an  ox id iz ing  a g e n t  in  III-V defec t  r evea l i ng  sys tems .  The  
wide ly  u s e d  A B  e t c h a n t  (16) a n d  r e l a t ed  so lu t ions  are also 
b a s e d  on  Crv'. The  use  of  H F  in t he se  s y s t e m s  gives v e r y  
sa t i s fac tory  resul t s ,  b u t  is no t  essent ia l .  I t  has  b e e n  s h o w n  
t h a t  HCI can  also be  used  success fu l ly ,  t h o u g h  concen t r a -  
t ions  a n d  t he  c o n c e n t r a t i o n  rat io  are  m o r e  cr i t ical  (17). 

Experimental 
GaAs  samples ,  {100} or ien ted ,  were  o b t a i n e d  f rom dif- 

f e r en t  m a n u f a c t u r e r s .  The i r  spec i f i ca t ions  were:  (i) 
n- type,  S i -doped ,  ca r r i e r  c o n c e n t r a t i o n  of 1.2-2.8 • 10 ~ 
c m  :~; (ii) p-type,  Z n - d o p e d ,  ca r r i e r  c o n c e n t r a t i o n  of 1.3 • 
10 TM cm -:~. Befo re  use,  n - type  GaAs  s a m p l e s  we re  anodic-  

ally po l i shed  in an  E D T A  e lec t ro ly te  (18) to r e m o v e  
i m p u r i t i e s  a n d  w o r k  damage ;  3-5 u m  of  ma te r i a l s  were  
d i s so lved  b y  th i s  p rocedure .  The  a n o d i c  ox ide  was left  on  
the  sur face  as a p ro t ec t i ve  layer  a n d  was  r e m o v e d  j u s t  be- 
fore D S L  e t c h i n g  by  d i p p i n g  in a d i lu ted  HC1 solut ion.  
The  p - type  crys ta ls  r ece ived  an  H~O._,/H2SOJH~O (by vol. 
5:1:1) d ip  at  60~ as p r e t r e a t m e n t ;  2-3 u m  were  d i s so lved  
by  th i s  t r e a t m e n t .  

The  s ame  e x p e r i m e n t  se tup  was u s e d  as p rev ious ly  de- 
s c r ibed  in  (9) a n d  (10). D u r i n g  e t c h i n g  no  s t i r r ing  was ap- 
plied. U n l e s s  o t h e r w i s e  s ta ted  e t ch  ra tes  refer  to the  first  
30s of e t ch ing .  E t c h  d e p t h s  were  d e t e r m i n e d  w i th  an  Al- 
pha  s tep  prof i ler  (Tencor  I n s t r u m e n t s ) .  All e x p e r i m e n t s  
were  p e r f o r m e d  at  r o o m  t e m p e r a t u r e .  Chemica l s ,  sup-  
p l ied  b y  d i f f e ren t  m a n u f a c t u r e r s ,  were  of ana ly t ica l  qual-  
ity. E t c h  ra tes  were  r e p r o d u c i b l e  to w i t h i n  5-10%. 
A n o m a l o u s  resul t s ,  o b t a i n e d  wi th  one  pa r t i cu l a r  b a t c h  of  
C r Q  (10), are o m i t t e d  f rom this  work.  U n l e s s  o the rwi se  
s ta ted  c o n c e n t r a t i o n s  are e x p r e s s e d  in mole / l i te r  (M) a n d  
d e n o t e d  b y  s q u a r e  b racke t s .  

Results 
Figure  1 s h o w s  t he  t e r n a r y  d i a g r a m s  w i t h  c o n t o u r  l ines  

of  c o n s t a n t  e t ch  ra te  for n- type  GaAs  in  t he  da rk  (Fig. la)  
and  u n d e r  i l l u m i n a t i o n  (Fig. lb).  E t c h  ra tes  for p- type  
GaAs,  b o t h  in t he  d a r k  a n d  u n d e r  i l l umina t ion ,  were  simi- 
lar  to t hose  f o u n d  for n- type  ma te r i a l s  in  the  dark.  

In  the  c o m p o s i t i o n  t r iangles  of  Fig. 1 t h r e e  m a i n  re- 
g ions  can  be  d i sce rned .  T h e s e  are first def ined  and  t h e n  
d i s c u s s e d  b e l o w  separa te ly .  Fo r  [HF]/[CrO:~] ra t ios  be low 
-10 ,  t he  c o n t o u r  l ines  of c o n s t a n t  e t ch  ra te  r u n  paral le l  to 
the  H.,O-CrO:~ axis.  This  m e a n s  t h a t  l ines  of c o n s t a n t  e t ch  
ra te  are  also l ines  of c o n s t a n t  H F  concen t r a t i on .  F r o m  
th i s  i t  fo l lows t h a t  for so lu t ions  f rom th i s  c o m p o s i t i o n  
range,  de f ined  as reg ion  A, t he  e t ch  ra te  d e p e n d s  on 
[HF]. Fo r  e t c h a n t s  w i th  [HF]/[CrO:J ra t ios  a b o v e  -20 ,  the  
c o n t o u r  l ines  r u n  para l le l  to t he  H~O-HF axis  for a large  
n u m b e r  of  so lu t ions .  In  th i s  c o n c e n t r a t i o n  range,  def ined  
as reg ion  B, e t ch  ra tes  the re fo re  d e p e n d  on  [CrQ] .  The  
t r a n s i t i o n  b e t w e e n  reg ions  A a n d  B occurs  at  [HF]/ [CrQ] 
ra t ios  of -10-20.  Fo r  t h e s e  i n t e r m e d i a t e  ra t ios  t he  s y s t e m  
m u s t  be  d e s c r i b e d  by  m i x e d  kinet ics .  The  t r ans i t i on  be- 
t w e e n  t he  two r eg ions  is s o m e w h a t  s h a r p e r  for t he  i l lumi-  
n a t e d  (Fig. lb )  t h a n  for t he  d a r k  (Fig. la)  case. Fo r  solu- 
t ions  w i t h  h i g h  H F  concen t r a t i ons ,  dev ia t ion  f rom the  
para l le l  b e h a v i o r  of t he  c o n t o u r  l ines  d e s c r i b e d  above  is 
ev ident .  As will  be  d i s cus sed  below,  t he  l inear  depen-  
d e n c e  of the  e t ch  rate  on  [CrO:~] o b s e r v e d  for so lu t ions  
f rom reg ion  B, on ly  ho lds  for  e t c h a n t s  w i t h  H F  concen t r a -  
t ions  be low 10M. Addi t iona l ly ,  for t h e s e  ve ry  concen t r a -  
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Fig. 1. Ternary composition diagrams for the HF-CrO.~-H,,O etching system for n-type GaAs. (a, above left): Contour lines of constant etch rate 
in the dark; (b, above right): Contour lines of constant etch rate under 150 mW/cm ~ He/Ne laser illumination. The numbers on the contour lines 
refer to etch rates in/~m/min. 

ted HF solutions gas bubble formation occurred during 
etching. Region C is therefore defined as corresponding 
to [HF] > 10M. 

Etching kinetics in region A . - - F o r  e tchants  f rom this 
[HF]-control led concent ra t ion  range plots of the  e tch  
dep th  vs. t ime  are l inear and pass th rough  the  origin (Fig. 
2). A typical  e tched  profile is shown in the  insert  of  Fig. 
2. E tch  rates of n- type GaAs in the  dark and under  laser il- 
lumina t ion  are plot ted  as a funct ion  of [HF] in Fig. 3. In  
the dark (curve a) the e tch rate increases  s lowly with  [HF] 
at low concentra t ions ,  but  tends  to become  l inear at 
h igher  [HF] values.  Unde r  i l luminat ion  (curve b), a l inear  
re la t ionship  be tween  the GaAs dissolut ion rate and [HF] 
is found.  Fo r  p- type samples  a plot  of  the  e tch rate vs. 
[HF] is s imilar  to that  for n- type GaAs in the dark (10). 
The e tch  rate of p- type GaAs is not  affected by i l lumina-  
tion. 

For  all solut ions f rom region A, the  e tch  rate of n- type 
GaAs increases  w h e n  l ight is used  (Fig. 3). At increas ing 
H F  concent ra t ions  the  ratio of i l lumina ted  and dark e tch 
rates decreases  markedly .  This shows that  at h igh  [HF] 
the inf luence of l ight  on the dissolut ion kinet ics  becomes  
small. 

The pho toe tch  rate was s tud ied  as a funct ion  of  laser 
l ight  in tens i ty  for some solut ions f rom region A. A typical  
plot, as obta ined in 1.55M H F  and 1.20M CrO;~, is g iven in 
Fig. 4. In  this plot  the  intensi ty  is cor rec ted  for 30% light  
reflect ion losses at the air-l iquid and l iqu id-semiconduc-  
tor  interfaces.  This  value  is based on the refract ive in- 
dexes  of air, solut ion and crystal,  and the  absorpt ion  
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Fig. 2. Etch depth (d) measured on n-type GaAs in the dark as a 
function of time for on [HF]-controlled solution containing 3.]0M HF 
and 0.96M CrO:r In the insert a typical etch profile after 30s of etch- 
ing is shown for these etchants from region A. 

coefficient of GaAs at the wavelength of the light used. 
The curve shows that, after an initial sharp increase, the 
dissolution rate tends to a limiting value at high light in- 
tensities. For all experiments used to plot Fig. ib and 3b, 
intensities in the saturation range were employed. From 
the initial (linear) slope observed in Fig. 4 the 
"efficiency" of illumination, defined as the number of 
GaAs molecules dissolved per absorbed photon, was cal- 
culated to be 0.35. 

Etching kinetics in region B .--The dissolution behavior 
of n- and p-type crystals is the same in this [CrO:;]-contro]- 
led concentration region. A linear dependence of etch 
depth on time was found, but the zero-time intercept did 
not pass through the origin (Fig. 5). The constant steady- 
state etch rate can therefore deviate strongly from the rate 
determined after 30s of etching. For this reason it is 
difficult to draw quantitative conclusions regarding re- 
gion B from the dissolution rates presented in Fig. I. The 
steady-state etch rate, determined by measuring the etch 
depth for longer times (-I0 rain), showed a linear depen- 
dence on [CrO:~]. 

Illumination produced a slight increase in the etch rate 
of n-type GaAs. Gentle stirring or vibrating of the system, 
however, removed this effect. The influence of light in 
these cases can therefore be attributed to thermal mixing 
in the solution near the reacting interface. It is not a fun- 
damental characteristic of the etching reaction itself. 

At the edge of the protective wax used for etch depth 
determination, a "negative crown" profile was observed 

"~ o 

3 

2 

I 

5 10 

Fig. 3. Etch rates (v) of n-type GaAs as a function of HF concentra- 
tion for etchants from the [HF]-controlled region of Fig. 1. Curve a is 
for the dark case, curve b for the illuminated case. 
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Fig. 4. Total etch rate (v) of n-type GaAs as a function of corrected 
loser light intensity I,.~,,.~ (see text) far a solution containing 1.55M 
HF and 1.2M CrO:~. 

for  all so lu t ions  f rom reg ion  B ( inser t  of  Fig. 5). E t c h a n t s  
f rom reg ion  A d id  no t  show th i s  effect  ( inser t  of Fig. 2). 

Etching kinetics in region C . ~ F o r  solutions with [HF]>10M 
a n d  h i g h  [HF]/[CrO:~] rat ios,  t he  e t ch  ra te  e x c e e d e d  the  
va lue  e x p e c t e d  on  t h e  bas i s  of a l inea r  [ C r Q ]  d e p e n d e n c e .  
The  d i f f e rence  s t rong ly  i n c r e a s e d  w i t h  i n c r e a s i n g  [HF], 
a n d  could  b e c o m e  severa l  m i c r o n s  pe r  m i n u t e  for concen-  
t r a t i ons  a b o v e  20M. B u b b l e  f o r m a t i o n  in t he se  so lu t ions  
caused  r o u g h  surfaces ,  w h i c h  h a m p e r e d  accura te  e t ch  
d e p t h  d e t e r m i n a t i o n ,  a n d  p r o b a b l y  also i n t r o d u c e d  s o m e  
s t i r r ing  effects.  For  th i s  r e a s o n  the  e t ch  ra te  measu re -  
m e n t s  we re  no t  ve ry  accura te  a n d  it is diff icult  to d r aw  
q u a n t i t a t i v e  c o n c l u s i o n s  for t h e s e  so lu t ions .  The  " e x t r a "  
e t ch  ra te  d i s c u s s e d  a b o v e  causes  a dev i a t i on  f rom the  par-  
allel  b e h a v i o r  of  t he  e t c h i n g  c o n t o u r  l ines  in t he  t e r n a r y  
d i ag ram in Fi_g. 1. I t  can  be  s een  in  Fig. 1 t h a t  th i s  devia-  
t ion  is n o t  solely  a func t i on  of  [HF]. In  H F  so lu t ions  wi th-  
ou t  CrO:, for example ,  no  d i s so lu t ion  t akes  place. Fo r  
lower  CrO:~ c o n c e n t r a t i o n s  t he  b e n d i n g  of the  c o n t o u r  
l ines. is  also less p r o n o u n c e d .  

To inves t i ga t e  w h e t h e r  a volat i le  a r sen ic  p r o d u c t  was  
p r e s e n t  in  t he  b u b b l e s  f o r m e d  u n d e r  t h e s e  cond i t ions ,  a 
fas t  n i t r o g e n  s t r e a m  was pas sed  over  the  d i s so lv ing  sur-  
face. This  gas was  co l lec ted  and  ana lys i s  w i t h  i n d u c e d  
coup l ed  p l a s m a  (!CP) e m i s s i o n  s p e c t r o s c o p y  s h o w e d  the  
p r e s e n c e  of  an  a r s e n i c - c o n t a i n i n g  species .  I t  s eems  ve ry  
l ikely t h a t  a r s ine  is f o r m e d  d u r i n g  t he  d i s so lu t ion  pro- 
cess. S ince  th i s  d e c o m p o s e s  readi ly  in  the  acidic  a n d  oxi- 
d iz ing e t chan t ,  a r s ine  cou ld  no t  be  d e t e c t e d  d u r i n g  e tch-  
ing in the  p r e v i o u s  w o r k  (13). The  fas t  n i t r o g e n  s t r e a m  
used  in t he  p r e s e n t  case, howeve r ,  r e m o v e d  (par t  of) t he  
a r s ine  be fo re  d e c o m p o s i t i o n  cou ld  occur .  

In  Ref. (13) i t  was  s h o w n  t h a t  the  b u b b l e  f o r m a t i o n  dur-  
ing e t ch ing  in t h e s e  so lu t ions  is r e l a t ed  to t he  a m o u n t  of 
gases  a l ready  d i s so lved  in the  so lu t ion  before  e tch ing .  
The  o b s e r v a t i o n  t h a t  th i s  b u b b l e  f o r m a t i o n  on ly  occurs  in  
so lu t ions  w i t h  [HF] l a rger  t h a n  -10M,  in  w h i c h  a vola t i le  
a r sen ic  c o m p o u n d  is f o r m e d  at the  d i s so lv ing  GaAs  sur-  
face, sugges t s  t h a t  th i s  la t te r  r eac t ion  ha s  a s t i m u l a t i n g  ef- 
fect  on  b u b b l e  f o r m a t i o n  nea r  the  r eac t i ng  interface.  A 
poss ib le  e x p l a n a t i o n  for th is  is t h a t  due  to the  s t rong ly  
e x o t h e r m i c  r eac t i on  of a r s ine  in t he  e t chan t ,  hea t  is pro- 
duced .  This  causes  local gas s u p e r s a t u r a t i o n  a n d  conse-  
q u e n t l y  b u b b l e  fo rmat ion .  

Surface morphology after etching.--n type.--As a l ready  
d e m o n s t r a t e d  in Ref. (9), e t ch  p a t t e r n s  o b t a i n e d  on  n - type  
GaAs  va ry  s t rong ly  w i th  t he  e t c h a n t  compos i t i on .  
R o u g h l y  speak ing ,  t he  m a i n  m o r p h o l o g i c a l  reg ions  t h a t  
we re  i n d i c a t e d  in Ref. (9) c o r r e s p o n d  to t he  t h r e e  r eg ions  
of e t c h i n g  k ine t i c s  in  the  t e r n a r y  d iag ram.  The  resu l t s  can  
be  summar ized  as follows. In region A, wi th  [HF]/[CrO,]<10 
a n d  [HF]<10M, all k i n d s  of defec ts  are v i s ib le  af ter  e tch-  
ing (9, 12). The  sur face  b e t w e e n  t h e s e  fea tu res  r e m a i n s  
s m o o t h  for so lu t ions  w i t h  [HF]/[CrO:~] ra t ios  lower  t h a n  
- 7  (Fig. 6a). Fo r  so lu t ions  f rom reg ion  B a n d  f rom t h a t  

0.6 
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I I I 

60 120 180 

�9 t i m e  ( s e c . )  

Fig. 5. Etch depth (d) measured on n-type GaAs in the dark as a 
function of time for a [CrO:~]-controlled solution containing 5.1M HF 
and 0.072M CrO:~. A typical etch profile is shown in the insert. 

par t  of r eg ion  A cha rac t e r i zed  by  [HF]/[CrO:~] > -7 ,  some  
m i c r o r o u g h n e s s  is genera l ly  found ,  as wel l  as defec t  
s t r u c t u r e s  (Fig. 6b). In  c o n c e n t r a t i o n  reg ion  C, cha rac te r -  
ized by  [HF] > 10M, a so-cal led m a c r o r o u g h n e s s  is also 
o b t a i n e d  in a d d i t i o n  to m i c r o r o u g h n e s s  a n d  defec t  fea- 
tu res  (9, 13). La rge  h i l locks  are c r ea t ed  on  the  sur face  
(Fig. 6c), w h i c h  are no t  r e l a t ed  to c rys t a l l og raph ic  imper -  
fec t ions  in  t he  s e m i c o n d u c t o r  crystal .  They  are due  to ad- 
h e s i o n  of  gas b u b b l e s  to the  surface,  w h i c h  causes  local  
i n h i b i t i o n  of e t ch ing .  

Defec ts  a lways  s h o w  up  as e l eva t ions  or h i l locks  on  the  
surface.  H i g h e s t  sens i t iv i ty  is o b t a i n e d  for e t c h a n t s  f rom 
reg ion  A w i t h  low [HF]/[CrO:~] ra t ios  u n d e r  i l lumina t ion ,  
w h e r e  r e m b v a l  of  on ly  a few t e n t h s  of  a m i c r o n  f rom the  
s e m i c o n d u c t o r  su r face  is suf f ic ien t  to revea l  c lear ly all 
c rys t a l l og raph ic  imper fec t ions .  Fo r  t h e s e  so lu t ions  l igh t  
has  a s t r o n g  in f luence  on  defec t  sens i t iv i ty .  In the  d a r k  
c o n s i d e r a b l y  m o r e  mater ia l  has  to be  r e m o v e d  to revea l  
the  s ame  defec ts  (9). For  so lu t ions  f rom reg ion  B defec t  
sens i t iv i ty  is p o o r e r  t h a n  for so lu t ions  f rom reg ion  A. 

p-type.--The sur face  m o r p h o l o g y  of p - type  GaAs  af ter  
e t c h i n g  is s imi la r  to t h a t  of n- type  mater ia l .  E t c h  h i l locks  
and  r idges  are fo rmed ,  o f ten  w i th  sha l low dep re s s ions  re- 
la ted  to p rec ip i t a t e s  a long  the  d i s loca t ion  l ines  (Fig. 6d). 
More  ma te r i a l  has  to be  r e m o v e d  in o rde r  to revea l  de- 
fects  (12). Fo r  n - type  GaAs  u n d e r  i l l u m i n a t i o n  r emova l  of 
on ly  0.1-0.2 ~ m  w i t h  a so lu t ion  f rom reg ion  A is suff ic ient  
to revea l  c lear ly all defects ;  for p - type  GaAs  an  o rde r  of 
m a g n i t u d e  more  mate r ia l  has  to be  r e m o v e d  in o rde r  to 
o b t a i n  the  s a m e  reso lu t ion .  I l l u m i n a t i o n  has  no  effect  on  
p - type  defec t  sens i t iv i ty .  

Discussion 
Model.--In p r e v i o u s  w o r k  (10, 11) we p r e s e n t e d  a mode l  

to d e s c r i b e  the  e t c h i n g  k ine t i c s  of  GaAs  in  CrO:~-HF solu- 
t ions .  For  H F  c o n c e n t r a t i o n s  lower  t h a n  10M, GaAs  dis- 
so lves  via an  "e l ec t ro l e s s "  m e c h a n i s m  invo lv ing  two dis- 
t i nc t  e l e c t r o c h e m i c a l  r eac t ions :  (ca thodic)  r e d u c t i o n  of 
Cr v~ a n d  (anodic)  ox ida t i ve  d i s so lu t i on  of the  s emicon-  
ductor .  U n d e r  open -c i r cu i t  (e lectroless)  cond i t ions ,  the  
par t ia l  c u r r e n t s  due  to t he se  r eac t ions  m u s t  be  equal .  The  
open -c i r cu i t  e t ch  ra te  is r e l a t ed  to t he se  par t ia l  c u r r e n t s  
via F a r a d a y ' s  law. In  th i s  sec t ion  we r e c o n s i d e r  br ie f ly  
the  e t c h i n g  m e c h a n i s m  in  o r d e r  to ana lyze  the  k ine t i c  and  
m o r p h o l o g i c a l  r e su l t s  p r e s e n t e d  above.  

Ox ida t ive  d i s so lu t ion  of GaAs  occurs  in  severa l  suc- 
cess ive  s teps ,  a n d  can  be  r e p r e s e n t e d  as fo l lows 

\Ga'As / + h ~ \Ga'As / [I] / ' \ / \ 

\Ga.As / + h ~ \Ga As / [2] 
/ \ / \ 

Downloaded 13 May 2012 to 159.226.100.225. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



802 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  April  1986 

Fig. 6. Nomarski interference contrast photographs of etch patterns in GaAs illustrating regions with different surface morphology. (a, top left): 
Region A, n-type GaAs (defects revealed, surface flat between defects); 2.4/~m was removed in 2.3M HF, 1.8M HF, and i.8M CrO~ under illu- 
mination. (b, top right): Region B and solutions from region a with [HF]/[CrO:~]>~ 7, n-type GaAs (defects revealed, microroughness); 3/~m was 
removed in 3.7M HF, 0.29M CrO3 under illumination. (c, bottom left): Region C, n-type GaAs (defects revealed, micro- and macroroughness); 2 
~m was removed in 13.9M HF, 1.1M CrO3 under illumination. (d, bottom right): Region A, p-type GaAs; 4/~m was removed in 4.6M HF, 0.72M 
CrO3 in the dark. In order to enable a direct comparison, the etch depth was kept similar for all cases. 

Ga As + 2 X -  ~ A ------* Ga "[ + [3] 
fast  

In  reac t ion  [1] a hole is t r a p p e d  in a GaAs surface  bond.  
Trapp ing  of  a s econd  hole  causes  a rup tu re  of  the  first 
Ga-As b o n d  (Eq.-[2]). At tack  by a nuc leophi l ic  reagen t  
f rom solut ion,  r e p r e s e n t e d  by X - ,  resul ts  in a rapid  disso- 
lut ion of the  GaAs pair  (Eq.-[3]). Six holes  are r equ i red  to 
dissolve one GaAs molecule  (19). 

I f  it is a s s u m e d  tha t  the  t r i ch roma te  ion (deno ted  by 
{CrvX-CrW-CrVJ}) is the  e lec t roac t ive  spec ies  (20), the  cath- 
odic react ion,  in w h i c h  holes  are in jec ted  into the  va lence  
band,  can be r e p r e s e n t e d  as fol lows 

[Crv~-CrV'-Cr v'] - -  k4 > [CrIIl-Crvr-Crm]ad~ + 6h ~ [4] 

The c h r o m i u m  c o m p l e x  is r educed  to a m i x e d  va lence  
spec ies  tha t  fo rms  an adso rbed  b locking  layer on the  sur- 
face, t hus  p r e v e n t i n g  fu r ther  hole  in jec t ion  and GaAs dis- 
solut ion,  locally. The exact  na ture  of  the  hexava len t  chro-  
m i u m  spec ies  in solut ion is not  impor tan t ;  the  mode l  can 
be readi ly  a d o p t e d  to accoun t  for o the r  act ive Cr v~ spe- 
cies. 

The essent ia l  feature  of the  m o d e l  involves  a depass iva-  
t ion of the  surface  by reduc t ion  of  the  a d s o r b e d  c o m p l e x  
wi th  ac t iva ted  surface  s ta tes  f rom the  GaAs ox ida t ion  
process ;  the  r e d u c e d  c o m p l e x  is r e m o v e d  f rom the  sur- 
face wi th  the  aid of  H F  

\ G a . A s  / + {Cr I" Cr vi Cr I.} k7 ) 
/ \ - - ~d~ m HF 

\ G a  As / + 2 Cr "I + Cr" + 3h ~ [5] 
/ \ 

In o rde r  to avoid confus ion  wi th  the  no ta t ion  of Ref. (11), 
the  rate cons t an t  of  th is  reac t ion  is d e n o t e d  by kT. The re- 
act ion in Eq. [5] is s eco n d  order  in HF  concen t ra t ion .  

The overal l  part ial  reac t ions  can be r e p r e s e n t e d  as 
fol lows 

GaAs + 6h ~ --> Ga "~ + As m [6a] 

{CrV~-Crvl-Cr w} -->Cr H + 2Cr "I + 1 0 h  [6b] 

E t c h i n g  k i n e t i c s . - - F r o m  the  d i scuss ion  of  the  mecha-  
n i sm above it is clear that  the  surface coverage  G due  to 
the  ad s o rb ed  film mus t  play a d e t e r m i n i n g  role in the  
e t ch ing  kinet ics ;  in jec t ion  of holes  f rom Cr v~ and  dissolu-  
t ion of  GaAs via nuc leophi l ic  a t tack are only poss ib le  at 
the  free surface.  F r o m  Eq. [8], [9], and  [14] of  Ref. (11), an 
e x p r e s s i o n  for the  surface  coverage  of  n - type  and p- type  
GaAs in the  dark  at open-c i rcu i t  potent ia l  can be readily 
ob ta ined  

5 �9 k4 - Co~ 
~oc = [7] 

k7 
5 �9 k4 " Cox + 2k~ �9 ~ .  CH~,'-' 

The  values  of the  various rate cons t an t s  are given in 
Table I. Cox and  CHF are the  concen t r a t i ons  of  the electro- 
active spec ies  and  HF  in moles  per  cubic  cen t imeter .  

Table I. Rote constants for reaction steps 
in the GaAs dissolution process 

k~ = 2.5 • 10 -='7 rnol-cm-s -~ 
k..,/k7 = 5.5 • 10 -'-'~ rnol~-cm -:~ 
k4 = 5.5 • l0 -4 crn-s J 
A = 2.7 • 10 ~ crn:~-rnol -~ 
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Note  that  s ince t r i chromate  is cons idered  as the hole  do- 
nor, in the p resen t  case [CrO:,] = 3 x 10 :~ Cox. Q<. is obvi- 
ously de t e rmined  by a compet i t ion  be tween  the passiva- 
t ion react ion (hole inject ion) as g iven  by the  first t e rm in 
the  denomina to r  of  Eq. [7] and depassivat ion,  which  de- 
pends  on react ions [1] and [5] as g iven in the  second de- 
nomina to r  term.  F r o m  this la t ter  t e rm it is clear that  de- 
pass ivat ion in tu rn  depends  on the  compe t i t i on  be tween  
react ions  [2] and [5] for the  GaAs act ivated states. The  
total rate  of hole inject ion at open-ci rcui t  is descr ibed  by 

j ,  = 1 0 k 4  C, ,x  (1 - Q , . )  [8] 

s ince 10 holes  are invo lved  per  e lec t roac t ive  species. In  
the s teady state this rate mus t  be, of  course,  equal  to the  
rate at which  the  holes are consumed ,  i.e., the  dissolut ion 
rate of  GaAs. Combin ing  Eq. [7] and [8] yields the  open- 
c i rcui t  e tch  rate in the dark 

20- k 4- k , -Co~-CH~ ,~ 
v,l = A [9] 

k., 
2 . k ,  .CH~. ~ + 5-k4-k77.Cc, ,  

Here,  A is a cons tan t  to express  v,~ in mic romete r s  per  
minute .  

The mode l  predic ts  that  for re la t ively low [HF]/[CrO:J 
ratios (depending  of k4, k~, and kJk7 values) the e tch rate 
depends on the square of [HF] and is independent  of [CrO:J 
(Eq. [9]). This  is found exper imenta l ly .  In  this concentra-  
t ion range the  surface coverage due to the pass ivat ing 
film should be h igh  (Eq. [7]) and the  e tching process  
should be kinet ica l ly  de te rmined  by format ion  and disso- 
lut ion of the b lock ing  layer. This conc lus ion  is s t rongly 
suppor ted  by e lec t rochemica l  observa t ions  (10). The  etch- 
ing results  f rom region A are indeed  character is t ic  of  a 
kinet ical ly  de t e rmined  process:  the e tch  rate of n- type 
GaAs can be enhanced  by i l luminat ion;  a s teady-state  
e tch  rate  is es tabl ished immed ia t e ly  and a "nega t ive  
c rown"  profile is not  observed  in Fig. 2 (see fol lowing 
paragraph).  E tehants  f rom region A are equ iva len t  to the 
widely  used  AB-based  systems.  S ince  the  small  concen-  
t ra t ion of Ag + ions in the  lat ter  e tehants  does not  influ- 
ence  the e tch ing  kinet ics  (7), it mus t  be conc luded  that  
the  same kinet ica l ly  control led  m e c h a n i s m  operates.  

For  solut ions wi th  a relat ively h igh  [HF]/[CrO:J ratio, 
here  def ined as region B, O,,c should decrease  to ve ry  low 
values  (Eq. [7]) and the  e tch rate should  depend  only on 
the  CrO:~ concen t ra t ion  (Eq. [9]). Hole  in ject ion by CrY% 
and consequen t ly  dissolut ion of GaAs, p roceed  unhind-  
ered at the  s emiconduc to r  surface. The  e tch  rate is, in 
fact, l imi ted  by mass  t ranspor t  of  Cr w in solut ion (10). 
Severa l  observa t ions  in region B suppor t  this conclu-  
sion: initially, the  e tch  rate is high, but  it decreases  to a 
cons tan t  value  at longer  e tch ing  t imes  w h e n  a s tat ionary 
diffusion bounda ry  layer is es tabl ished;  s t i rr ing was 
found to increase  e tch  rates; the  s teady-state  e tch rate 
found for longer  t imes  (wi thout  stirring) is in good agree- 
ment  wi th  the  di f fus ion- l imi ted reduc t ion  cur ren t  of Cr w 
found in e lec t rochemica l  e x p e r i m e n t s  (10); this steady- 
state e tch rate is found  to vary l inear ly  wi th  the  C r Q  con- 
centrat ion;  and, finally, the "nega t ive  c rown"  profiles, 
observed  at the  resis t  edges  (insert of  Fig. 5) also indicate  
a mass- t ranspor t  l imi ted react ion in wh ich  more  efficient  
supply  of  reactants  at the  resist  edge  local ly leads to 
larger  e tch depths  (21). 

Us ing  the  rate constants  in Table  I, con tour  lines of 
cons tan t  e tch  rate in the  dark were  calcula ted f rom Eq. 
[9]. The  resul ts  are shown in a te rnary  d iagram and com- 
pared  wi th  expe r imen ta l  data  (Fig. 7). The  a g r e e m e n t  is 
good, excep t  for solut ions f rom the HF-r ich  corner  of  the  
diagram, reg ion  C. For  calculat ion of  the  e tch ing  con tour  
lines plot ted  in Fig. 7, the  kinet ic  va lue  k4 as g iven  in 
Table  I was used  in all cases for the  150 reduc t ion  rate of  
Cr w. For  solut ions f rom region B, k4 should  be rep laced  
by a diffusion rate cons tan t  unde r  s teady-sta te  condit ions.  
The  expe r imen ta l  e tch  rates used to plot  Fig. l a  and Fig. 
7, however ,  were  ob ta ined  after  30s of  e tching.  Therefore ,  
these  are still d e t e rmined  to some  ex ten t  by kinetics.  

H20 

%, 

'Xkk 

27.8 4.3 
H F CrO 3 

Fig. 7. Ternary composition diagram with contour lines of constant 
etch rate in the dark. (---) Experimental curves; ( ) curves calcu- 
lated using Eq. [9] with rate constants from Table I. 

For solutions containing HF  concentrations above -10M 
(region C) it was found that  e tch  rates are h igher  than  ex- 
pec ted  on the basis of  a react ion l imi ted  by mass trans- 
por t  of  CrVL The difference increases  s t rongly with  in- 
creasing [HF]. Ars ine  is very  l ikely fo rmed  under  these  
condit ions.  These  observat ions  lead to the  conclus ion 
that, parallel  to e lectroless  dissolut ion of  GaAs, a second 
e tch ing  m e c h a n i s m  operates  in wh ich  GaAs is d issolved 
via pure ly  chemica l  reaction.  The equa t ion  for this reac- 
t ion can be wr i t ten  as 

GaAs + 3HF ) GaF:~ + AsH:~ [10] 

This chemica l  react ion can be compared  wi th  the e tching 
of InP  in HC1 solutions,  dur ing  which  phosph ine  is 
evo lved  (22). The total  react ion for GaAs in CrO:~-HF solu- 
t ions is, however ,  more  compl ica ted  than  that  sugges ted  
in Eq. [10]. This subject  is out  of  the  scope  of  this paper  
and will  not  be t reated fur ther  here. 

I l lumina t ion  of  the  n-type crystal  dur ing  e tch ing  has a 
p ronounced  inf luence on the  e tch ing  kinet ics  in solu- 
t ions f rom region A. F r o m  the  resul ts  g iven in Fig. 4 at 
low l ight  intensi t ies  it was shown that  one  GaAs molecu le  
is dissolved when  three photons are absorbed. Since GaAs 
dissolut ion is in six hole  process,  it fol lows that  two holes  
are t ransferred for every  pho ton  absorbed.  S imp le  models  
in wh ich  pho togene ra t ed  holes  are used  direct ly  for GaAs 
oxidat ive  dissolut ion cannot  account  for the  resul ts  (11). 
U n d e r  electroless  condi t ions  charge  neutra l i ty  mus t  be 
mainta ined.  This impl ies  that  for every  hole  leaving the  
semiconductor ,  an (conduct ion-band)  e lectron should  
also be  t ransfer red  to the  solution.  I t  was  shown  that  a re- 
duc t ion  react ion wi th  e lect rons  does not  occur  at a signi- 
ficant rate unde r  open-ci rcui t  condi t ions  (10). Therefore ,  
the  pho togene ra t ed  holes and e lec t rons  mus t  r ecombine  
and cannot  cont r ibute  direct ly  to the GaAs dissolut ion 
process.  A m e c h a n i s m  in wh ich  GaAs surface-s ta te  inter- 
media tes  par t ic ipate  in the r ecombina t ion  of  the  minor i ty  
carriers can expla in  the  results  (11). Such  a m e c h a n i s m  
leads to a ne t  increase  in the  dens i ty  of act ivated surface 
states and in the  rate of  react ion [5], and consequen t ly  to a 
lower ing  of O. Fo r  n- type GaAs unde r  electroless  condi-  
t ions the  band bend ing  is s t rong and the  surface concen-  
t ra t ion of  the  major i ty  carr iers  is very  low. For  p-type 
crystals,  however ,  the  bands  are near ly  flat and the  high 
hole  concent ra t ion  in the  l ight  absorp t ion  region causes 
rapid  r ecombina t ion  of  pho togene ra t ed  carriers. This  ex- 
plains w h y  e tch ing  of  p- type GaAs is insens i t ive  to light. 

Etching morphology . - -S ince  defect  sensi t ivi ty is h ighes t  
in k inet ica l ly  de te rmined  etchants ,  the  d iscuss ion of mor-  
phology  will  be  focused  on these  solut ions.  The  defects,  
such as dislocat ions,  precipi tates ,  grain boundar ies ,  
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which  are revea led  by the CrO:~-HF etchants  are, in most  
cases, c rys ta l lographiea l ly  d is turbed  areas of the solid. 
These  defects  are revealed as hi l locks or r idges on the 
surface. Inc lus ions  and micropree ip i ta tes  in the solid, 
which  general ly  have  a different  compos i t ion  than  the  
matrix,  may  cause shal low pits on the  surface dur ing  
e tching (9). This  is though t  to be due to rapid remova l  of  
such  defects  as a whole  and will  not  be t reated fur ther  
here.  In general  the  Gibbs free energy  in regions  wh ich  
are s t ressed or in which  the cont inui ty  of the latt ice is 
broken is more  posi t ive  than in the sur rounding  perfect  
crystal  (23). Consequent ly ,  the  change in Gibbs  free en- 
ergy upon  dissolut ion,  AG,~,, is more  nega t ive  for defects  
than for the  per fec t  surface. Working along the same 
lines, Frese  and co-workers  (24), us ing  a bond ing  mode l  of 
Sanderson,  have  shown that  regions  where  dis locat ions 
emerge  at the  surface have  a more  negat ive  "mic roscop ic  
decompos i t ion  potent ia l ."  With a s imple  mode l  it is 
shown that decreasing the coordination number of a sur- 
face atom by one bond results in a decrease of AG,~ of 
~140 k J/mole. Therefore, selective corrosive attack is ex- 
pected at defect areas when GaAs is etched in the dark. 
Consequently, enhanced dissolution of defects should 
lead to etch pit formation, if further general conditions re- 
quired for pit formation are fulfilled (25). However, in 
contrast to this, hillocks or ridges are formed on all crys- 
tallographic defects during etching of n-type and p-type 
GaAs in CrO:rHF solutions,  bo th  in the dark and under  il- 
luminat ion.  

In  the  p resen t  e tch ing  system, reduc t ion  of  bond 
s t rength  in the crysta l lographical ly  de fo rmed  regions is 
expec ted  to cause an increase in the  rate constants  k,, k~, 
and k:~ for GaAs oxida t ion  (see Eq. [1]-[3]). S ince  k7 de- 
scribes charge  t ransfer  across the semiconductor / f i lm in- 
terface,  it is reasonable  to assume that  its va lue  will  not  
change signif icant ly for defect-free or de fo rmed  material.  
For  p- and n- type electroless  e tching in the  dark, the dis- 
solution rate is given by Eq. [9]. As k:~ does not appear in 
this expression, it is not considered further. The constant 
k., involves the breaking of a Ga-As bond (Eq. [2]), and 
consequently a reduction of the coordination number. 
Therefore, crystallographic deformation is likely to have a 
stronger influence on k~ than on k~, which only describes 
trapping of the first hole. Since breaking of a surface 
bond  involves  large changes  in hGd~ (24), a considerable  
increase  in rate constants  may  be expected .  In  Fig. 8, the 
ratio of  e tch  rates of the perfec t  surface and of  a defect  re- 
gion is ca lcula ted as a funct ion  of  kJk7 us ing  Eq. [9]. k~ is, 
for convenience ,  kep t  constant.  A strong decrease  in e tch 
rate wi th  increas ing k~/k7 ratio is predicted.  The  seem- 
ingly cont rad ic tory  result ,  that  a locally weakened  bond 
s t rength  causes a decrease  in e tch rate, results  f rom an in- 
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Fig. 8. Ratio of etch rates of a defect region and the perfect surface 
(v~l(def)/v~) as a function of the k.jk7 ratio for low [HF]/[CrO:~] ratios, 
calculated using Eq. [9]. 

creased preference of the system for reaction [2] com- 
pared to reaction [5]. Since reaction [5] ensures a depassi- 
vation of the surface, the coverage by the adsorbed layer 
is higher at the defect. This results in a localized decrease 
in etch rate and hillock formation. This behavior is some- 
what analogous to that of very non-noble metals such as 
Al and Ti on which, partly as a result of their high 
corrosivity, very resistant surface films are formed which 
protect the material from further oxidation. 

Growth striations, representing regions with different 
carrier concentrations, are revealed on p-type crystals by 
the CrQ-HF etchants. For p-type samples with various 
carrier concentrations, a difference in etch rate was not 
found. This is in agreement with the model and Eq. [9]. 
However, etching of a (Zn-diffused) p/p* profile in a DSL 
etchant showed preferential dissolution of the p~ region 
(26). This effect can be explained by cathodic protection 
of the more noble lower-doped region (Fig. 9). At the re- 
spective rest (open-circuit) potentials (V~) of the p~ and p 
materials, the etch rates are, of course, equal. For the p 
material, the anodic partial current of GaAs oxidation is 
found at lower potentials, as is Vr. In the mixed p/p" sys- 
tem the rest potential assumes an intermediate value. 
Consequently, this leads to cathodic protection of the re- 
gion with the lower carrier concentration. 

For n-type crystals, the etch rate was found to be nearly 
constant for a large range of carrier concentrations be- 
tween 10"L2 x i0 '~ cm-:*. The rest potential in CrO:~-HF 
solutions was found to increase with an increase in carrier 
concentration. Consequently, for n/n junctions a similar 
cathodic protection effect is expected as for p/p" profiles 
(26). For the n-type case, however, the more highly doped 
region must dissolve more slowly in a mixed system. This 
was indeed found when etching an n-(10 '~ cm -:~) epitaxial 
layer on an n-(1O ~s cm-'-') substrate. The large sensitivity of 
the etehants for growth striations in n-type GaAs is ac- 
cordingly explained. 

The etch rate of n-type GaAs in etchants dilute in HF is 
relatively low. Both the etch rate and the defect sensitiv- 
ity can be greatly enhanced by illumination. Defects in 
the solid are likely to act as additional effective, recom- 
bination centers (27). As a consequence, the photogener- 
ated carriers, involved in the depassivation and dissolu- 
tion reactions, are efficiently removed. This may be seen 
in terms of a lower net generation rate at the defect, 
which can cause a decrease in etch rate (Fig. 4). Another 
important factor is that the rest potential of the crystal 
under illumination is significantly negative with respect 

vy 
Fig. 9. Simplified current-potential plot to demonstrate the effect 

of cathodic protection. The anodic partial current for GaAs oxidation 
is shown as a function of potential for a relatively high (p~) and low 
(p) doped sample. Vr(p), Vr(p~), and Vm refer to the rest potentials far 
the p-  and p- material and the p/p" system, respectively, ira(P) and 
im(p ~) refer to the anodic dissolution currents in the p/p~ system. 
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to Y r in the dark (10). The background "dark etch rate" is 
therefore greatly reduced and the photosensitivity, and 
thus the defect sensitivity, of the etching system is conse- 
quently enhanced. 

While the latter mechanism of defect selectivity dis- 
cussed above is based completely on locally enhanced re- 
combination, the first mechanism we presented is based 
on lattice deformation and bond strength reduction. 
Therefore, differences in the shape of defects revealed 
after etching of p- and n-type GaAs, in the dark and under 
illumination, may be expected. Such effects are discussed 
in another paper, which deals with the interpretation of 
morphological features obtained after etching (12). 

For kinetieally-determined etchants with [HF]/[CrO:J>-7 
and [HF] lower than IOM, the etched surfaces are "micro- 
rough." Generally, for dissolution processes in highly un- 
dersaturated solutions kinetic roughening of the surface 
may occur (28). In the present system, however,  the sur- 
face is protected by the passivating layer. This is believed 
to be the reason that it remains smooth during etching. 
Consequently, for decreasing values of the coverage @,,~. a 
"roughening transition" is expected. In Fig. 10 the surface 
coverage due to the film in the dark is plotted as a func- 
tion of HF-coneentration for [CrQ] = 1.2M, using rate 
constants from Table I. For relatively low HF concentra- 
tions the surface is almost completely covered (@,,r 
For relatively high concentrations @.~. decreases to low 
values. The "critical" [HF]/[CrQ] ratio of 7 corresponds to 
a value for @,,~, of -0.6 in this case. Similar results were 
obtained for other C r Q  concentrations. Therefore, it is 
concluded that the transition from smooth to rough 
etched surfaces is due to a decrease in surface coverage 
by the passivating film. 

In etehants from composition region B, the etch rate 
was found to be limited by mass transport of Cr w in solu- 
tion and the surface coverage @,,,. is low. As the k.,_/k7-ratio 
can be Considerably higher at a defect, the local surface 
coverage may be larger than zero (Eq. [7]). Thus, while the 
etch rate on the macroscopic surface is diffusion con- 
trolled, dissolution at defects may still be hindered by the 
passivating film. This may explain why defects are ob- 
served, though weakly, on surfaces etched in solutions 
from region B. 

Summary 
Dissolution of GaAs in CrO:~-HF solutions generally pro- 

ceeds via an electroless mechanism in which the semicon- 
ductor is oxidized and CrO:j is reduced. Three main re- 
gions of etchant composition can be delineated. For 
[HF]/[CrO:~] ratios below ~10 and [H]<10M (region A), the 
etching process is kinetical]y controlled. In the dark, p- 
and n-type dissolution kinetics are the same. The defect 
sensitivity for n-type GaAs is high. More material has to 
be removed to reveal the same defects on p-type crystals. 
Illumination increases both the etch rate and defect sensi- 
tivity for n-type GaAs, but does not influence p-type 

0] 1.0 ~ 

0.5 

[HF] (M) 
I I 

5 10 
Fig. 10. Surface coverage by the passivating film, @oc, as a func- 

tion of [HF] for [CrO:~] = 1,2M in the dark. 

etching behavior. For [HF]/[CrO:J ratios above -20  and 
[HF]<10M (region B) the etching reaction is controlled by 
diffusion of Cr vI in the solution. The defect sensitivity is 
low for both n-type and p-type crystals. For so]utions con- 
taining an HF-concentration above 10M (region C) a sec- 
ond, purely chemical, dissolution mechanism with arsine 
formation becomes important. 

The kinetics of the electroless system were quantita- 
tively explained, using a mode] involving the formation of 
a passivating layer which contains both Cr m and Cr w spe- 
cies. In region A the surface coverage by the film is high. 
The layer can be removed by intermediates from the 
GaAs oxidation process, with the aid of HF. The kinetics 
of film formation and removal determine the etching pro- 
cess. In region B the coverage decreases to low values. 
H61e injection by Cr v~, and consequently G 4 s  oxidation, 
occur unhindered and are only limited by mass transport 
of Crv'. 

Defects are revealed as hillocks or ridges on the surface 
of p- and n-type crystals, both in the dark and under illu- 
mination. Defect sensitivity on p-type GaAs and n-type 
GaAs in the dark can be explained by assuming a re- 
duced bond strength at the defect. This results in a local 
increase in surface coverage by the passivating film and 
consequently a reduction in etch rate. For n-type GaAs 
under illumination locally enhanced recombination at de- 
fects leads to a decrease in etch rate and improved defect 
sensitivity. Other morphological features of the system 
which were explained include surface roughening and 
growth striations. 
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ABSTRACT 

Surface stacking faults found on N-type <100> silicon wafers after a ll00~ steam oxidation have been studied 
using a combination of chemical etching, light microscopy, transmission electron microscopy, and energy dispersive 
x-ray analysis. Metal contamination (particularly Cu and Ni) present in the furnace during oxidation has been identified 
as a major source for these stacking faults. Results indicate that the reason N<100> wafers usually form stacking faults 
rather than S-pits in the presence of metal contamination is that their surfaces can more easily be contaminated with 
metals. Observations show that this enhanced sensitivity to metals (as compared to other wafer types and orientations) 
may be a result of both (i) fewer bulk defects available for intrinsic gettering, and (ii) surface orientation characteristics. 
N<100> surface stacking fault densities can be reduced by both furnace cleaning procedures and back-surface gettering 
treatments. 

Defects near the polished surface of silicon wafers are 
of concern to device manufacturers because they are of- 
ten harmful to device performance and yield. Crystallo- 
graphic defects, such as surface stacking faults, play an 
important  role in causing emitter collector shorts and pip- 
ing (1). Defects such as those responsible for S-pits are 
thought to be harmful because, for instance, a small frac- 
tion of them grow into large surface stacking faults (2). 

A variety of silicon surface defects are caused by heavy 
metal contamination during high temperature oxidations. 
For example, small copper-decorated stacking faults 
(3, 4), copper precipitate colonies (5), nickel nucleated in- 
clusions (5), and rods containing Ca, S, and Fe (6) have all 
been observed by TEM on wafer surfaces; and all are 
thought to be responsible for the S-pits which develop 
after a preferrential chemical etch. 

However, origins for the large surface stacking faults 
found on N-type <100>, and to a lesser extent on P-type 
<100> wafers, have not been fully explained. Work by 
Cheng and Hahn (7), which showed no relationship be- 
tween surface stacking fault density and interstitial oxy- 
gen content, together with work by Murray et al. (8), 
which showed that surface stacking fault densities could 
be reduced by intrinsic gettering treatments, may point to 
metal contamination as a source for these defects. 

The purpose of the study reported in this paper was: (i) 
to determine the extent to which N<100> surface 
stacking fault formation is caused by the presence of 
metal contamination in the furnace during an oxidation 
cycle, (ii) to identify any metal contaminant associated 
with a specific surface stacking fault, (iii) to establish 
procedures to reduce the incidence of N<100> surface 
stacking faults, and finally, (iv) to explore possible rea- 
sons why these large surface stacking faults are produced 
more abundantly on N-type <100> wafer surfaces than on 
P-type <111> or <100> and N<111> wafers (7). 

Experimental 
The 1300 silicon wafers used in the first part of this 

study were 3 in. diameter, medium oxygen, Czochralski 
grown with [100] growth direction, dislocation free, etch 
back, N-type (phosphorous doped), and 3-5 ft-cm resistiv- 
ity. Wafers were cut from eight crystals which had been 
notch coded for ingot identification. All comparisons in 
this study were made between wafers taken from the 
same location in the crystals in order to eliminate effects 
due to ingot position such as grown-in point defects and 
prior thermal history. 

*Electrochemical Society Active Member. 

All wafers were subjected to the following four part 
thermal cycle: (i) ramped heating from 800 ~ to 1100~ in 
N2, (ii) 2h pyrogenic steam oxidation at ll00~ (iii) 
ramped cooling to 800~ in N2, and (iv) removal from fur- 
nace and cooling to room temperature. The wafers, fol- 
lowing oxidation, were given a 1 rain Wright etch, then 
were examined at 200x magnification under an optical 
microscope. In order to insure that the measurement of 
surface stacking fault number density was representative 
of the entire wafer surface, a total of 1.9 cm ~ of surface 
area was examined during an X-Y scan on each wafer. In 
addition, transmission electron microscope (TEM) speci- 
mens were prepared from non-Wright etched portions of 
several wafers with a wide range of surface stacking fault 
densities to check for the presence of other defects which 
may not be detected by Wright etching (e.g., S-pit defects 
or submicron-sized stacking faults). However, in the 42 
N<100> TEM specimens examined, no defects other than 
the large surface stacking faults were ever found. This in- 
dicates that the Wright etch data is by itself representa- 
tive of the defect population on the wafer surface. 

In order to identify metallic impurities associated with 
individual surface stacking faults, both N-type <100> and 
P-type <111> wafers containing high surface stacking 
fault densities (>10'~/cm ~) were examined by TEM and en- 
ergy dispersive x-ray (EDX) analysis using a focused elec- 
tron probe (<20~). Specimens were thinned for TEM ex- 
amination by either jet thinning or ion milling. 

Finally, in investigating N<100> wafers' effectiveness 
for producing surface stacking faults, 300 low, medium, 
and high oxygen wafers with P- or N-type dopant and 
<111> or <100> orientations were examined after a vari- 
ety of annealing treatments (i.e., 1100~ H.z + O~, 450~ 
750~ 450~ + 775~ 775~ + 1050~ or 450~ + 775~ + 
1050~ N~) and Wright etch. Also, 76 TEM specimens from 
P < l l l > ,  P<100>, N < l l l >  and N<100> wafers, sub- 
jected to annealing treatments (ll00~ steam, 750~ N~, 
1050~ N2), were examined for bulk defect densities. 

Observations 
After the initial groups of wafers had been oxidized in 

different furnaces and analyzed for stacking fault number  
density, it became apparent that different furnaces pro- 
dueed different abundances of stacking faults (Fig. 1). 
Furthermore,  after several more groups had been Oxi- 
dized, the resulting defect counts showed that surface 
stacking fault density had increased for each successive 
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