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ABSTRACT 

Basic electrochemical processes at GaAs, GaAsP, and GaA1As electrodes were studied in H~O~ aqueous solutions at 
several pH values. An analytical automatic system, which directly plots gallium concentration vs. potential,  allows the col- 
lection of information on corrosion processes. The approach of making continuous analysis of gallium ions, while dissolv- 
ing the semiconductor  at a preselected potential,  was used in conjunction with impedance  and ell ipsometric measurements  
in order to s tudy interfacial phenomena.  On the basis of these results, a mechanism for chemical  corrosion (etching) which 
involves electrons captured from semiconductor  surface states by H202 was proposed. Anodic polarization can also induce 
corrosion by hole generation in the valence band or by avalanche breakdown. As expected,  pH plays a fundamental  role in 
the corrosion process through the solubil i ty shift of the oxide layer. Fur ther  consideration is given to the effect of illumina- 
tion, with special emphasis  on p-type semiconductors,  for which it can lead to an inhibit ion effect on corrosion via a current  
doubling mechanism. Finally, applicat ion of selective etching is described for GaAs, GaA1As, and GaAsP hetero structures. 

Selec t ive  etching has  been the subjec t  of a number  
of invest igat ions  of in teres t  in connection wi th  I I I -V  
semiconductor  devices, he te ro junc t ion  laser  technol-  
ogy, and more genera l  mu l t i l aye r  device technology 
(1, 2). Fo r  prac t ica l  purposes,  the dissolution is gen-  
e ra l ly  car r ied  out  by  using redox  etchants,  wi thout  a 
thorough knowledge  of the mechanisms leading to the 
select ive corrosion phenomenon  (3-6).  The resul t  is 
a semiempi r i ca l  approach  which  is t ime consuming 
when a new specific p rob lem is encountered.  

So la r  ene rgy  conversion has s t imula ted  fundamen-  
ta l  research  in the  field of semiconductor  e lec t ro-  
chemis t ry  (7-9),  and processes associated with  semi-  
conductor  interfaces  a re  now be t t e r  understood.  How-  
ever,  this knowledge  is s t i l l  ve ry  difficult to exploi t  
d i r ec t ly  for the  invest igat ion of redox  systems tha t  
might  be sui table  for  select ive etching. F r o m  a p r a c -  
t ical  point  of  view, i t  means  tha t  the corrosion behavior  
of a pa r t i cu l a r  semiconductor  has st i l l  to b e  explored  
in deta i l  exper imenta l ly .  To solve such problems,  the 
choice of the per fec t  tool is not  obvious. Since corro-  
s ion involves e lec t ron  exchange  th rough  a so l id- l iquid  
interface,  it  follows that  e lec t rochemical  tools  seem 
to be the most appropr ia te .  In  the first instance, cur-  
r en t -vo l t age  curves  are  gene ra l ly  obtained.  However ,  
i t  has been observed in oxidizing media,  and this point  
wi l l  be discussed at  length  l a t e r  in this paper ,  that  
the anodic corrosion cur ren t  of a n - t y p e  semiconductor  
in the d a r k  is somet imes  exac t ly  compensated  for  by  
e lect rons  cap tu red  b y  the e tchant  over  a la rge  po ten -  
t ia l  range (2, 10-13). No informat ion  can be obta ined 
about  the corrosion ra te  for such s i tuat ion from clas-  
sical vo l t amperomet ry .  This necessi tates  an a l t e rna t ive  
way  of gaining fu r the r  insight  into the e lect rochemical  
behavior  of semiconductors .  

The ro ta t ing  r ing -d i sk  e lect rode (RRDE),  which has 
been l a rge ly  used for semiconductor  corrosion studies 
(see, for  example .  Ref. 14-17)I does not  per fec t ly  
suit  our gas evolving e tchant  (H202). Direct  se-  
quent ia l  chemical  analysis  of corrosion products  may  
give va luable  informat ion,  especia l ly  since the gal l ium 
ion concentra t ion vs. t ime can be conver ted  into cur-  
ren t  vol tage  curves.  Such a method  would  be tedious 
and t ime consuming unless a fast  au tomat ic  system for 
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Ga analys is  were  avai lable .  Consequently,  we have  
deve loped  a method  of invest igat ion based on the use 
of an automat ic  eolor imetr ic  system. Ga l l ium analysis  
is pe r fo rmed  at  the  out le t  of a t h ree -e l ec t rode  mic ro-  
e lec t rochemical  cell. 

As shown later ,  this  method,  which can be adap ted  
to redox  couples o ther  than  the H202 used here,  can 
lead to be t t e r  knowledge  of the  dissolut ion process and 
thus can make  the choice of select ive etching cr i te r ia  
easier.  In  the future,  this  technique might  be con- 
s idered as a complemen ta ry  tool for  e lect rochemical  
s tudies involving,  i.e., RRDE. In this  s tudy,  impedance -  
e lec t rode  measurements  and e l l ipsomet ry  were  also 
used in o rder  to complete  the  informat ion  gained f rom 
the ga l l ium concentra t ion curves.  

Experimental 
Materia~s.--Unless otherwise  specified, the I I I - V  

samples  used in this s tudy  were  (100) s ingle crystals .  
n -Type  gal l ium arsenide was S i -doped  bu lk  ma te r i a l  
wi th  donor dens i ty  ND ~ 10 is cm-~,  n - t y p e  Ga0.;Alo.3As 
(Si  d o p e d .  ND ~-, 2 �9 1017 c m - ~ ) ,  and GaAs0.6P0.4 (Te 
doped. ND ,'~ 4 �9 1016 cm -~) were  vapor  phase ep i tax ia l  
layers  grown on (100) GaAs subst ra te ,  wi th  a typ ica l  
thickness of 20 ~m. Exper imen t s  on GaAs were  pe r -  
fo rmed  a f t e r  e tching in H~SO4/H~O/H~O~ (3:1:1)  in 
o rde r  to remove the superficial  damaged  layer .  The  
ohmic contacts were  made  uSing a l loyed  tin on the 
back  of the  GaAs subs t ra te  under  N2 or  H2/N2 con- 
t ro l led  a tmosphere .  

Apparatus . - -The  microe lec t rochemica l  cell  wi th  
c on t i nuous  e lec t ro ly te  flow (4 m l  m n  -1)  is shown 
Fig. 1. Its genera l  design was d r a w n  f rom Ref. ( 1 8 )  
wi th  some modifications. The e lec t rode  (0.2 cm 2) can 
be  i l luminated ,  v ia  an opt ical  fiber, wi th  a 100W ha lo-  
gen lamp. In  o rder  to p reven t  the rmal  effects due to  
IR radia t ion,  a filter (wave leng th  bandpass :  400-650 
nm)  and an absorpt ion  cel l  filled wi th  wa te r  (2 cm 
thickness)  were  used. 

Exper iments  were  pe r fo rmed  using a convent ional  
potent ios ta t ic  sys tem (Tacussel  Solea S.A.) .  Suc-  
cessive prese lec ted  potent ia ls  were  appl ied  to the  
semiconductor  e lec t rode  for  10 rain whi le  the e lec t ro-  
ly te  flow leav ing  the cell  was ana lyzed  For  each v o l t -  
age ,  the  s tat ic  cu r ren t  was measu red  in  o rde r  to 
get  the corresponding cu r ren t -vo l t age  curves which, 
for  s implici ty,  have been  d r a w n  as cont inuous l ines in  
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Fig. 1. Plan of the microelectrochemical cell 
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the var ious  figures. Be tween  two consecutive steps, 
e tching of the semiconductor  surface  was car r ied  out  
wi th  the help  of the e tchant  solut ion descr ibed in the 
previous  sect ion and a bypass  system. Al l  potent ia ls  
are  expressed  wi th  respect  to the sa tu ra t ed  calomel  
e lect rode (SCE).  

Electrolyte.--The choice of the e lect rolytes  and 
redox  sys tem was d ic ta ted  by  exper ience,  since ci tr ic 
acid and H~O2 a re  f requent ly  used for  GaAs etching 
as complexing  e lec t ro ly te  and oxidizing agent,  respec-  
t ively.  Moreover ,  this mixed  solut ion has good selec-  
t iv i ty  p roper t ies  for  G a A s P / G a A s  heteros t ructures ,  
since on ly  the l a t t e r  product  dissolves. Given  the poor  
buffer capabi l i ty  of ci t r ic  acid, we also used a phos-  
phate  buffer  in med ium pH range. Exper iments  in 
h ighly  acidic and a lka l ine  media  were  also car r ied  
out  by  adding H~PO4 or  NaOH to the solutions.  In  
eve ry  case, and unless  otherwise  specified, a 0.1M con- 
cent ra t ion  for  e lec t ro ly te  and 1% (33.3 ml of 30% 
H~O~ per  l i te r )  for H2Oz was chosen for  expe r imen ta l  
convenience.  Sod ium hydrox ide  was used for pH ad -  
jus tments .  

Gallium analysis.--At the out le t  of the microe lec-  
t rochemical  cell, Ga was analyzed  th rough  a ca lor i -  
met r ic  au tomat ic  sys tem (Auto Ana lyse r  II, Techni-  
con).  The measu remen t  involved the fol lowing stages: 
(i) decomposi t ion of excess H~O2 b y  h y d r o x y l a m i n e  
t r ea tment ;  (ii) format ion  of a colored Ga- rhodamine  
complex;  (iii) ex t rac t ion  of this complex  by  CC14; 
( iv) opUcal absorpt ion  measurements  of the  organic  
phase wi th  a spec t rophotometer  (work ing  wave length  
550 nm) .  

A ca l ibra t ion  curve  was d r a w n  wi th  s t anda rd  solu-  
tions of ga l l ium (the stock solut ion was p repa red  
f rom high pu r i t y  Ga meta l  dissolved in HC1) in the 
concentra t ion range of in te res t  (0-50 ~g m l - 1 ) .  Undeg 
our  expe r imen ta l  conditions, As and A1 ions do not  
in te r fe re  in  the Ga determinat ion .  Rela t ive  s t andard  
devia t ion  of the ca l ib ra t ion  curve was 2%. For  e xpe r i -  
ments  involving GaA1As mater ia l ,  a correct ion factor  was used in o rde r  to take  i n to  account  the  presence of 
30% of a luminum.  Conversion of ga l l ium concent ra -  
tions into cur ren t  was made  b y  assuming a s ix-hole  
corrosion process  (19). In  o rde r  to d is t inguish c lea r ly  
the  cu r ren t -vo l t age  curves  and the ga l l ium concen-  
t r a t ion-vo l t age  curves  in the  t ex t  and  figure captions, 
we use I = J (V)  for  the fo rmer  and I Ga = I ( V )  for 
the  la t ter .  

Impedance and ellipsometric measurements.--Ellip. 
sometr ic  measurements  were  ca r r i ed  out  wi th  an 
au tomat ic  spec t roe l l ipsometer  (20). In  addit ion,  ca-  
paci tance  measurements  were  pe r fo rmed  wi th  a po -  
tent iosta t ic  system, using an ATNE lock- in  ampli f ier  
and a H e w l e t t - P a c k a r d  Model  3325-A funct ion gen-  
erator ,  which  were  control led  by  an Apple  II  micro-  
computer .  The GaAs electrode 's  a rea  was 0.71 cm ~. 
Unless o therwise  specified measurement s  were  m~de 

Table I. Flatband potentials of n-type GaAs, GaAso.6PoA, and 
Gao.TAIo.:~ts 

p H  n - G a A s  n - G a A s o . ~ P o . i  n - G a o . ; A l o . ~ s  

0 - -  1 .02~ - -  1 .28"  - -  1.12 ~ 
( H ~ O , ,  0 . 5 M )  - -  1 . 0 8  b - -  1 . 4 2 e  - -  1 . 7 0 ~  

14 - -  1 .86"  - -  2 . 0 "  - 2 . 0  a 
( N a O H ,  I M )  - -  1 . 8 8  b - 2 . 2 0 r  - - 2 . @  

�9 Our results. bExtrapolated values from (21). 
c GaAsl-,P,: x = 0.39, extrapolated values from (22). 
d Ga~-=Al~As: x ffi 0.27, extrapolated values from (22). 

a t  a f r equency  of 1 kHz. F l a t b a n d  potent ia ls  of  the 
f r e s h l y  etched (cal led "clean" surface in the text ,  this 
t e rm being fu r the r  just if ied at  the end of the nex t  
section) n - t ype  semiconductors ,  obta ined  by  ex t r apo -  
la t ion of Mot t -Scho t tky  plots ca lcula ted f rom a series 
equiva lent  circuit,  at  two pH's,  are shown in Table  I. 
The measured  capaci tances  showed only  a weak  f re -  
quency dependence.  The resul ts  were  per fec t ly  r ep ro -  
ducible  even af te r  numerous  vol tage scans. These re-  
sul ts  are  in good agreement  wi th  those of o ther  au-  
thors  (21, 22), except  for  those of GaA1As (22). The 
reason for this  d iscrepancy is not  known. The pH de-  
pendence  of the f la tband is about  60 mV per  pH unit,  
except  for GaAsP  (51 mV per  pH uni t ) .  

Results and Discussion 
n- and p-Type GaAs.--In order  to have a be t te r  

under s t and ing  of the mechanism by  which a semicon-  
ductor  l ike GaAs cor rodes  in H20~ aqueous solution,  
bear ing  in mind tha t  such corrosion might  be used for  
select ive e tching of he teros t ruc tures ,  i t  is in teres t ing  
to compare  Fig. 2 and 3, which show the resul ts  ob-  
ta ined on n-  and p - t y p e  GaAs i n  an acidic 1% H202 
medium,  a t  room tempera ture .  
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Fig. 2. I ---- f(V) and IGa = I ( V )  curves (see tex t )  for n-type 
GaAs in 0.1M citrlcacid and 1% H 2 0 2 . - - e - - I c a  in the dark. 
- - O - -  IGa under illumination. ~ I = f ( V )  in the dark. 

�9 , I - -  f ( V )  under illumination. 
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Fig. 3. = I(V) and IGa = f(V~ curves for p-type GaAs in 0.1M 
citric acid and 1% H202. Symbols are the same as used in Fig. 2. 

With n - t y p e  GaAs,  in the dark,  on anodic scanning, 
we observe  tha t  corrosion begins  at  about  --1.0V, 
The Ioa = f (V)  curve thus exhibi ts  a character is t ic  
p l a t eau  before  a sharp  increase when  the potent ia l  
reaches  +0.5V. As p rev ious ly  stated, the lack of f a ra -  
daic cur ren t  in a large  range of po ten t ia l  where  cor-  
rosion occurs ( approx imate ly  --0.2 to +0.4V) should be 
noted. Under  i l luminat ion,  the corrosion is acce lera ted  
and  a m a x i m u m  appears  in the  Iaa = 5(V) curve at  
about  the same vol tage as the pho tocur ren t  peak  (see 
be low) .  This corresponds to a pass ivat ion  of the semi-  
conductor.  

Wi th  p - t y p e  GaAs in the dark,  the  resul ts  rare com- 
parable .  Over  a la rge  range of po ten t ia l  (be tween 
--1.0 and 0.0V), the corrorsJon ra te  remains  constant  
and,  as observed  wi th  n - t y p e  GaAs,  this  corrosion is 
not  accompanied  by  a fa radaic  current .  

The behaviors  of these two kinds  of mate r ia l s  differ 
s t rong ly  under  i l luminat ion.  Wi th  p - type ,  we observe 
tha t  the corrosion does not  increase  wi th  i l luminat ion,  
as i t  does for  n - t y p e  GaAs;  r a the r  it  vanishes when  a 
cathodic photocurren  t arises. 

In  o rde r  to exp la in  this  difference, we mus t  con-  
s ider  the f la tband values  of these mate r ia l s  at  this  low 
pH (--1.15V for n - t ype  and ~0.15V for p- type ,  re -  
spec t ive ly)  and  the pecu l ia r  redox  p roper t i e s  of H2Os 
(23, 24). I t  i s  wel l  known that  H20~ is a s t rong b i func-  
t ional  ox idant  whose two-s tep  reduct ion  involves an 
OI-t- rad ica l  in te rmedia te .  Two "microscopic" s t anda rd  
redox  potent ia l s  correspond to these two successive 
steps, the values  of which  have been es t imated  by  
Memming  to be wide ly  sepa ra t ed  f rom tha t  of the 
g lobal  H 2 0 2 / O H -  sys tem (-f-1.54V). According  to Fig. 
4, wi th  p - t y p e  GaAs,  hydrogen  perox ide  is capable  of 
giving rise to a cur ren t  doubl ing process (23, 24) 
where  each photon  induces a two-e lec t ron  t rans fe r  
across the  interface.  The cap ture  of a photoexc i ted  
e lect ron f r o m  the conduct ion band creates an OH" rad i -  
cal (v~hich has e m p t y  levels of low energy)  which is 
then able  to in jec t  a hole into the  valence band  of 
GaAs. The electr ic  field wi th in  the  deple ted  l aye r  be -  
ing d i rec ted  towards  the  bu lk  semiconductor ,  the  in-  
jec ted  holes are  dr iven  in this direct ion.  This p reven ts  
surface corrosion. This is the reason why  no corrosion 
is observed  under  i l lumina t ion  wi th  p - t y p e  GaAs. This 
cur ren t  doubl ing on p - t y p e  GaAs has ve ry  recen t ly  
been  observed by  Ger ischer  et al. (25). Wi th  n - t y p e  
GaAs, cur ren t  doubl ing is no longer  possible,  accord-  
ing to the d i rec t ion  of the electr ic  field, which  is now 

H202 

1 ~ OH" 

2 ) OH"  

O H T O  H - 

O(E)  ,og 
G a A s  V vs SCE ~O,E,; 

H 2 0  2 solution 

Fig. 4. Energy diagram at pH 2 of the GaAs-H202 interface (24). 
This diagram supposes an equal concentration of all the redox 
species. The stationary concentration of OH' being small (24), the 
overlap of the conduction band and of H202 is probably much 
better than represented here. 

direc ted  towards  the surface for  this range of po ten-  
tial. Electrons are  dr iven  to the bulk,  and holes to the 
surface,  where  they  cont r ibute  to semiconductor  dis-  
solut ion while  an anodic pho tocur ren t  appears  (Fig. 
2). This s i tua t ion  ( increase  of IGa) appears  as soon as 
the e lec t rode  potent ia l  becomes posi t ive of the flat-  
band potent ia l  of the mater ia l .  

The shapes of the curves of Fig. 2 and 3 are  easy 
to in te rp re t  at  high anodic and cathodic polarizat ion.  

Wi th  n - t y p e  GaAs in the da rk  (Fig. 2), the sharp  
increase of the corrosion at  s t rong anodic polar iza t ion  
fol lows exac t ly  the  increase  of the  anodic current .  I t  
has been shown that  this wave is an avalanche  b r e a k -  
down wave which depends  on doping level  and cr~rs- 
ta l lographic  defects of GaAs (26). The d iscrepancy 
observed be tween  the b r e a k d o w n  voltage shown in 
Fig. 2 and 5, a t  the  same pH, p r o b a b l y  resul ts  f rom the 

I mA/cm 2 
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-1 0 
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n Ga As (dark:) 
citric acid 0.1M 

a] 0 % H202 
b] 1.3 % ,, 
c] 2 % ,, 
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/ 
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m /  
break down / 

. 1  2 

VSCE 

Fig. 5. Voltamperometric curves for n-type GaAs in the dark in 
0.1 citric acid and several H202 concentrations. Voltage scanning 
rate: 100 mV min -1.  
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batch origin of the GaAs substrate .  Fo r  lower  poten-  
tials, in the dark,  the anodic b reakdown cur ren t  dis-  
appears  while  corrosion, as for p - t ype  samples,  de-  
creases. The difference lies in the fact that  for  more  
negat ive  potent ia ls  (less than --0.3V), a large cathodic 
wave arises and at  the same t ime corrosion stops�9 I t  
is logical  to postula te  tha t  this corrosion suppress ion 
at low potent ia l  is a consequence of the e lect rolyt ic  
reduct ion of H202 at  the interface by  electrons f rom 
the conduct ion band, which accumulate  when the  elec-  
t rode potent ia l  approaches  its f latband value. This 
reduct ion of H202 at  n - t ype  GaAs elect rode under  
cathodic polar izat ion is indica ted  by  the mass-dif fu-  
sion l imi ted  waves of Fig. 5. The same explana t ion  is 
given by  Gerischer  et al. for the observed chemical  
s t ab i l i ty  of n - type  GaAs in Br2 solut ion under  ca th-  
odic polar izat ion (12). 

Wi th  p - t y p e  GaAs in the da rk  (Fig. 3), such a r ap id  
reduct ion of H~O2 does not  occur at  the surface under  
cathodic bias, so the corrosion p la teau  remains  flat 
even at --1.0V. For  potent ia ls  more posi t ive than  
--0.2V, the large anodic wave,  which  is accompanied 
by a s trong corrosion, p robab ly  resul ts  f rom the hole 
accumula t ion  in the valence band and f rom the resu l t -  
ing break ing  of the  chemical  bonds of the semicon-  
ductor.  I l lumina t ion  has no influence here,  because of 
the migra t ion  of the holes towards  the bu lk  semicon-  
ductor.  

The final point  concerns how corrosion can occur 
in the dark,  wi thout  e lect ron t ransfer ,  in the in te r -  
med ia t e  range of potent ia ls  (--0.5 < V < § for  
n - t y p e  and V < 0V for p - t y p e ) .  

Such corrosion can only be exp la ined  by  a pu re ly  
chemical  process, i.e., by an exac t ly  compensated  ex -  
change of electr ic  charges be tween the semiconduc-  
tor, which is oxidized, and the oxidant ,  which is re -  
duced. This process can be represen ted  by  the fo l low- 
ing schemat ic  reac t ion  

GaAs ~- 3H202 + 6H + --> Ga + + + -t- As + + + ~ 6H20 

[1] 
The na ture  of the resul t ing  species depends  on the 

pH and complexing  power  of the electrolyte�9 This is 
ev iden t ly  the process by  which chemical  e tching of 
the semiconductor  proceeds at the rest  potent ial .  

The p rob lem is thus to expla in  how such a reduct ion 
of H~O2, at  in te rmedia te  potent ial ,  can be in i t ia ted  by  
high energy  electrons (Fig. 4), since f rom the classical 
theory  of e lec t ron t ransfe r  (7, 9, 10), these electrons 
can only  be cap tured  f rom the conduction band,  whose 
e lect ron concentrat ion,  for  these two mate r i a l s  in the 
dark,  is poor. In  the  absence of p inning of the Fe rmi  
level,  the e lect ron concentra t ion increases as the po-  
ten t ia l  of the semiconductor  becomes more  cathodic, 
but  this increase is therefore  not  consistent wi th  the 
observed  vol tage independence  of chemical  corrosion 
(see Fig. 3). Ano the r  exp lana t ion  mus t  be found. 

I t  is wel l  known that  a high concentra t ion of surface 
and interface  s ta tes  is a lways  presen t  at  the surface of 
GaAs, especial ly  near  the middle  of the bandgap  (27, 
28) and if the  surface is oxygen  covered (29, 30) as 
a f te r  e tching by  acidic H202 mix ture  (31). According 
to exper imen t s  conducted in vacuo, these electronic 
s tates  of ten resul t  f rom dangl ing bonds or a different  
band s t ructure  of surface atoms which have a high re-  
ac t iv i ty  for  the solvent  (32). This is cer ta in ly  the  case 
for our h ighly  react ive  acid etched surfaces�9 If  an 
e lect ron f rom such a surface s ta te  (examples  of which 
are d rawn  Fig. 4) is t r ans fe r red  to an adsorbed  H~O~ 
molecule,  i t  wil l  lead to a shor t  l ived OH" radical ,  
which is consequent ly  a t tached to a surface a tom wi th  
a weakened  bond to the surface. This OH' radica l  is 
thus in a favorable  s i tuat ion to capture ,  direct ly,  a 
second e lec t ron f rom t h e  same atom, wi thout  the  con- 
s t ra in t  of equa l i ty  be tween  donor  and acceptor  e lec-  
t ronic s tates  levels  requi red  by  the fa rada ic  t ransfe r  

through the Helmhol tz  layer .  This leads to a st i l l  less 
s t rong ly  a t tached a tom and to the progress ive  cor-  
rosion of the electrode.  

This mechanism may  exp la in  why  the chemical  
corrosion is potent ia l  independen t  and why  it  occurs 
in pa r t i cu la r  at the rest  potent ial ,  i.e., unde r  the e tch-  
ing conditions, (--0.075V for p - t y p e  and --0.245V for 
n - t ype  in our  case).  

Under  i l luminat ion,  for  p - t y p e  mater ia l ,  e lectrons 
are avai lable  in the conduction band,  which, by  means  
of a cur ren t  doubl ing  mechanism, p reven t  the corro-  
sion f rom continuing (Fig. 3). The cur ren t  doubl ing  
phenomenon is thus more rap id  than  the chemical  
corrosion process. This is in ag reemen t  wi th  the large 
photocathodic  wave  seen in Fig. 3. On the contrary ,  
as prev ious ly  stated,  wi th  n - type  semiconductors,  
photoholes  which appear  in the va l ence -band  contr ib-  
ute to corrosion by  chemical  bond break ing  (Fig. 2). 

This analysis  shows that,  in addi t ion  to anodic elec-  
t rochemical  corrosion resul t ing  from hole accumula-  
t ion in the valence band (p - type )  or  b reakdown  
(n - type )  and the photoelec t rochemical  corrosion by  
photoholes (n - type ) ,  s imple chemical  corrosion is an-  
o ther  ve ry  impor t an t  means  of corrosion which p r o b -  
ab ly  does not only  occur by  hole in ject ion into the  
valence band. Wi thout  any  doubt,  surface s ta tes  p l ay  a 
ve ry  impor tan t  role in the e tching mechanism, and 
this fact  is emphas ized  by  the pol ishing or de fec t - r e -  
veal ing ab i l i ty  of this k ind  of etch. 

Other semiconductors and pH e~ec t . - -F igu re s  6 and 
7 show that  in the same acidic corrosive medium,  the 
behavior  of GaAsP  and GaA1As can be expla ined  
using s imi lar  arguments�9 The values  of the f latband 
potent ia ls  of these mater ia ls ,  which are  s l ight ly  more  
negat ive  than  GaAs (Table I ) ,  suppor t  this argument .  
We observe that  GaAsP  (Fig. 6) exhibi ts  a much 
lower  chemical  corrosion ra te  than  the two o ther  
n - t y p e  mate r ia l s  (compare  Fig. 2, 6, and 7). 

An  e tchant  is genera l ly  composed of an ox idan t  
(here H202) and an acidic or  basic solubi l iz ing agent  
of the amphoter ic  oxide which grows at  the surface  
of the semiconductor  (33). F igure  8 shows tha t  the 
etching rate  (i.e., the chemical  corrosion at  the rest  
potent ia l )  of GaAs in H20~/I-~PO4 mix tures  at  var ious  
pH's  in the da rk  suppor t  t h i s  definition. The so lubi l i ty  
of GaAs increases s t rongly  in the regions of low and 
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Fig. 6. I = f (V )  and /Ca = f (V)  curves for n-type GaAsP in 
H~PO4 0.1M and 1% H202. Symbols are the same as used in Fig. 2. 
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Fig. 8. Etching rate vs. pH curves in the dark of n-type GaAs in 
1:2 H202 30% and HsP04 2.4M mixture. 

high pH when the solubility of the oxides of the 
different elements of which the semiconductor is com- 
posed are known to be iarge (34). Thus, etching o f  
III-V semiconductors is only' efficient at low and high 
pH and is slow at intermediate values when the low 
solubility of the oxide protects the material. The two 
other materials show curves similar to the curve of 
Fig. 8, except for the lower solubility of GaAsP, which 
has been already noted�9 In acidic or alkaline media, 
this poor etching rate of GaAsP offers selective prop- 
erties for the removal of GaAs with respect to GaAsP 
layers in the GaAs/GaAsP heterostructure. 

31 

The effect of pH on the etching rate is clearly illus- 
trated by the form of the curves of Fig�9 9 obtained 
at pH 7. The chemical corrosion plateaus practically 
disappear, while the passivation peaks become very 
pronounced. Passivation, for these three materials, is 
very effective for voltages exceeding somewhat the 
passivation peaks. 

On the other hand, at pH 13, Fig. 10-12 show that 
chemical dissolution is effective again and that the 
passivation becomes less pronounced. 

In the absence of passivation, the corrosion rate is 
practically proportional to H~O2 concentration, as 
shown Fig. 10 and 12, in the cathodic range of po- 
tential (compare the values for iaa respectively with 
1 and 0.5% of H202). When passivation occurs (as, for 
example, for GaA1As and GaAs under illumination at 
0.0V), oxide layer formation governs the dissolution 
process and proportionality with H202 concentration 
no longer holds. 

All these observations are consistent with a corrosion 
mechanism which involves competition between the 
rates of oxide formation and dissolution. The second 
phenomenon prevails at low and high pH. However, it 
can also be noted that illumination sometimes rein- 
forces passivation (see Fig. 2, 7, 10, and 12, for in- 
stance). 

Passivation and oxide layer growth.--Spectroellipso- 
metric and impedance measurements were carried out 
in order to reveal the effect of oxide growths on the 
dissolution phenomenon in H202. n-Type GaAs was 
used exclusively for this study. 

First, capacitance measurements and Mott-Schottky 
plots were obtained in citric and phosphoric 0.1M 
media at pH 2 and 7 without H202 and for "clean" 
surface n-GaAs. The data were taken at 1 and 10 kHz. 
From the Mott-Schottky plots of Fig. 13 we obtained 
donors densities (ND) of about 7.1 • 1017 for 10 kHz 
and 1 kHz, which shows, as previously stated, a very 
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Fig. 9. IGa = f(V) for n-type GoAs, GoAIAs, and GoAsP in 
H3PO4 0.1M and H:O2 1% atpH 7. 
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weak frequency dependence and a good agreement 
with the predicted values. No account was taken of 
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Fig. 10. I = f(VJ and Ioa = fr for n-type GoAs in H,~PO4 
0.1M and 1% H202 at pH 13. Symbols ore the same as used in 
Fig. 2 except for 0.5% H~,O2 solution. 
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Fig. 12. I = f (V)  and /'oa - -  f (V)  for n-type GaAIAs, in the 
same conditions as Fig. 10. 

surface roughness for the calculation of the doping 
level. The corresponding flatband potentials were fre- 
quency independent and compared favorably, allowing 
for the observed pH dependence with the values of 
Table I. Experimental  values of these fiatband poten- 
tials are identical for both solutions (citric and phos- 
phoric), indicating that for a given sample in indifferent 
electrolyte this quantity is determined by the pH solely. 
Hence for practical convenience, fu r ther  experiments 
were made in a phosphoric medium. The linearities 
over a large range of potentials of the Mott-Schottky 
plots (about 1.5V), as well as the perfect reproduci-  
bility of these plots even after numerous scans up 
to the highest voltage attained in capacitance measure- 
ments (deep depletion situation), show that the GaAs 
surface can be considered, from a practical point of 
view to be oxide free, even if such freshly etched sur-  
faces cannot be considered as completely exempt of 
oxygen (31). It was impossible to detect the presence 
of oxide by ellipsometry on surfaces so prepared. This 
justifies our term "clean." 

A second series of capacitance measurements were 
performed in a I-I~PO4 0.1M -b H202 1% pH 7 medium. 
These results, which are not shown here, should be 
discussed in conjunction with the IGa -- ~(V) curve 
for the n-GaAs of Fig. 9. Several points should be 
emphasized: (i) the range of potential where Mott- 
Schottky behavior was observed was very reduced 
compared to that in the previous media. (ii) The 
shape of the Mott-Schottky plots seemed to be very 
time dependent. 

These two points clearly support the assumption 
that in such a medium and for the considered range of 
potential, changes in the GaAs surface occur in agree- 
ment with the observed corrosion and passivation of 
this material  under these conditions. 
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In  an  attempt to exp la in  such a n  evolut ion,  fu r the r  
exper imen t s  were  made  on the basis of the  1Go ~- 
] (V)  curve of Fig. 9. 

Fi rs t ,  a "clean" n - t y p e  GaAs elect rode was held  at  
--1.4V, i.e., on the cathodic side of the pass ivat ion peak,  
for  more  than  2h, the d i f ferent ia l  capaci tance being 
per iod ica l ly  and au tomat ica l ly  measured  af te r  a fast  
mic rocompute r  moni tored  shift  of the potent ia l  (less 
than  l s )  to 0.0V. The  measu red  capaci tance at  0.0V 
remained  pe r fec t ly  constant  and equal  to that  of the 
"clean" surface  a t  the same vol tage  (2 �9 10 -7 F �9 cm -2 
[see Fig. 13]) in a l l  cases. The "new" smooth and 
pol ished sur face  appea red  to be oxide free by  el l ipso-  
me t r i c  measurements ,  as the "clean" surfaces  were.  

Second, a "clean" e lec t rode  was held  at --0.75V, 
i.e., on the o the r  side of the  pass iva t ion  peak. Capaci-  
tance  measurement s  were  pe r fo rmed  for  more  than  
10h in the  same w a y  as before.  A fast increase  fol lowed 
by  a slow continuous decrease  of the capaci tance was 
observed.  El l ipsometr ic  measurements  proved  the 
growth  of an oxide layer  which appea red  to be l inked  
wi th  the  change of the  e lec t rode  capacitance.  

Third,  Mot t -Scho t tky  plots were  obta ined  for  such 
a de l i be r a t e ly  oxidized sample  in the different  media :  
H3PO4 0.1M, pH 7 and H3PO4 0.1M -t- 1% H202, pH 7. 
The resul ts  showed a good l inea r i ty  for both  solut ions 
over  a la rge  range  of potent ials .  This shows tha t  the  
oxide evolu t ion  ra te  could be neglec ted  dur ing  these 
exper iments .  F igure  13 shows that  plots obta ined  in 
bo th  media  were  identical ,  but  were  shif ted towards  
posi t ive potent ia ls  compared  wi th  the  plots obta ined 
for  the  "clean" sample  in the  first solution. I t  is wor th  
not ic ing tha t  such a phenomenon  in a nonaqueous  
medium,  p r o b a b l y  due to a large  potent ia l  drop across 
the  oxide  layer ,  has  a l r eady  been repor ted  by  1Vioris- 
son et  al. (27), as has been the lower  slope for the  
oxidized s a m p l e  compared  wi th  the  "clean" one. We 
have  no explana t ion  for  this  phenomenon  (note the 
two scales used in Fig. 13). 

Al l  these  exper imen t s  c lear ly  confirm tha t  in H20~ 
medium:  (i) the  decrease  of the n -GaAs  dissolut ion 
rate ,  above --1.1V (Fig. 9) is due to a pass ivat ion of 
the  semiconductor  caused b y  the growth  of an oxide  
layer .  (ii) the GaAs surface on the  cathodic side of 
these pass ivat ion  peaks  can be  considered oxide free. 

Application: selective etching.--From a knowledge  
of the  IGa ---~ f (V)  curves it is possible to explore  a 
n e w  way  of select ive e tching of the three  I I I -V  semi-  
conductors  considered here.  Refer r ing  to the  previous  

sections concerning the behavior  of these mate r ia l s  at 
pH 7 (when the pass iva t ion  is ve ry  efficient) be tween  
--1.5 and --1.1V, GaA1As is p ro tec ted  against  corro-  
sion by  passivat ion,  whi le  GaAs dissolves. The same 
is observed for GaAsP  be tween  --1.3 and  --1.1V. If  
the  vol tage of an he te ros t ruc tu re  involving GaAs and 
GaAIAs,  or  GaAsP,  is fixed wi th in  these ranges,  dis-  
solut ion of GaAs alone wil l  occur. This select ive p ro-  
cess of dissolut ion involves bo th  the  choice of an  ap-  
pl ied vol tage and the pass ivat ion phenomenon in 
oxidizing media.  Usual ly  these methods  a re  used in-  
dependen t ly  of each other, the  l a t t e r  being carr ied  
out  at rest  potent ia l  etching.  

P r e l im ina ry  exper iments  have been  pe r fo rmed  on a 
GaAs/GaA1As he te ros t ruc ture  at --1.2V in a H3PO4 
0.1M -{- 1% H202 aqueous solut ion at  pH 7. Dissolution 
began  f rom the  GaAs surface. The approx ima te  ob-  
served  se lec t iv i ty  rat io (etching ra te  of GaAs upon 
etching ra te  of  GaA1As) was about  10, fu r ther  ex-  
perirnents  are needed  for a b e t t e r  de te rmina t ion  of 
this ratio. 

I t  is wor th  not ing tha t  a f t e rwards  GaA1As interface  
exhibi ts  a smooth, mi r ro r l ike  surface. This is p robab ly  
due to the fact that  at  this potent ia l  (--1.2V) the 
r ema in ing  oxide l aye r  is thin and  helps  the  pol ishing 
process by  a diffusion mechanism. The qual i ty  of the 
surface  af ter  such se lec t ive  a t t ack  appears  to be one 
of the  most  impor tan t  advantages  of the method.  

The same technique was appl ied  to G a A s / G a A s P  
he te res t ruc ture .  In  this  case, the  na tu re  of the  surface 
is sa t i s fac tory  enough for prac t ica l  appl icat ions  but  
the  smoothness is not as marked  as for GaA1As. 
Therefore,  fol~ t h ~  last  type  of he te ros t ruc ture  there  is 
no grea t  advan tage  in using the technique with  ap-  
p l ied  voltage,  since, as a l r eady  stated,  se lec t iv i ty  is 
obta ined  d i rec t ly  in acid or  a lka l ine  media  at  the res t  
potent ial .  

The exper iments  descr ibed above show that  a p r e -  
cise knowledge  of e lect rochemical  behavior  permi ts  a 
r ap id  de te rmina t ion  of possible select ive etching p ro -  
cedures. 

Conclusions 
Using impedance  and e l l ipsometr ic  measurements ,  

we have shown that  a method based on direct  analysis  
of corrosion products  of the semiconductor  under  c o r -  
ros ion  condit ions leads to a be t t e r  unders tand ing  of 
the corrosion mechanisms involved for the I I I -V  
compounds concerned in this study.  The etching be -  
hav ior  of  H20~ appears  to be cont ro l led  by  an oxide 
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l ayer  format ion  vchich depends to a great  ex tent  on 
the pH. From this resul t  new expe r imen ta l  condit ions 
may  be es tabl ished in order  to solve prac t ica l  p roblems  
concerning select ive etching. 
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Catalytic Activity of Iron, Nickel, and Nickel-Phosphorus in 
Electroless Nickel Plating 

J. Flis 1 and D. J. Duquette 

Department of Materials Engineering, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

The catalytic activity for electrooxidation of hypophosphi te  and electroless nickel plating on iron, nickel, and 
electrolessly plated nickel (with 2.2-2.9 weight percent  (w/o) p) was investigated in an ammoniacal  solution o fpH 8.8 at 50~ 
by potential  measurements  and linear sweep vol tammetry  from -0.3V to 0.92Vvs. SCE. Cathodic polarization of any of the 
substrates (in 0.1M H2SO4) before testing or permeat ion of hydrogen th rough i ron  foils during testing reduced the incuba- 
tion t ime for electroless plating, increased anodic dissolution of the substrates in the passive region, and increased the hypo- 
phosphi te  electrooxidation on nickel and nickel-phosphorus at potentials of thermodynamic  stabili ty for nickel oxides or 
hydroxides.  The nickel-phosphorus substrate exhibi ted significantly higher activity than pure nickel, in a similar manner  
to the effect of cathodic polarization. The effect of cathodic polarization and hydrogen is associated with the electrochemical 
reduct ion of surface oxides, whereas the higher activity of nickel-phosphorus deposits (as compared to that of pure nickel) is 
explained by the lower protectivity of surface oxides on these deposits. 

Electroless nickel  p la t ing  f rom hypophosphi te  solu-  
tions proceeds spontaneously  on many  meta l  surfaces 
(1-5),  a l though the specifics of this process may  be 
of ,a different  nature .  Some noble  meta ls  (pal ladium,  

1 O n  leave  f r o m  Ins t i t u t e  of  P h y s i c a l  C h e m i s t r y ,  01-224 
Warszawa, Po land .  

Key words: electroless, nickel plating, iron, nickel, nickel-phos- 
phorus. 

rhodium, nickel,  cobalt,  gold) possess an intr insic  
cata lyt ic  ab i l i ty  to induce e lec t rooxidat ion  of hypo-  
phosphite,  and electroless n ickel  plat ing;  whereas  
some act ive metals  become cata ly t ic  due to the deposi -  
t ion of n ickel  f rom a solut ion by  a d isp lacement  r e -  
action. The l a t t e r  phenomenon  has been shown for 
iron, a luminum,  arrd be ry l l i um (2), ga l l ium and 
tha l l ium (6), magnesium,  zinc, and manganese .  The 
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