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Current Density-Anodic Potential Curves of 
Single Crystal GaAs at Low Currents in KOH 

M. E. Straumanis,* J. P. Krumme, and W. J. James* 
Graduate Center for Materials Research, 

Departments of Metallurgical Engineering and Chemistry, at The University of Missouri-Rolla, Missouri 

ABSTRACT 

Single p-type,  GaAs crystals of high puri ty,  Zn doped, were used to deter-  
mine whether  or not the inverse octahedral  { i l l}  faces show potent ial  differ- 
ences and various rates of anodic dissolution. The Ga( l l l } ,  As ( i l l } ,  (If0}, 
and (100} faces, were polished, etched, and etch-polished with concentrated 
H2SO4 ~ H=,O.~, and immersed in IN KOH. The G a ( l l l }  faces were found 
to be the most noble with respect to rest and anodic dissolution potentials.  
The potential  difference between the inverse ( l l l }  faces was as large as 0.14v 
for the rest and 0.123v for the dissolution potentials. The 4 anodic polariza- 
tion curves gave near ly  parallel  Tafel lines, with a slope of 66.0 ~- 1 mv/ log  i, 
up to current  densities of 0.5 m a / c m  2. The rate of anodic dissolution of the 
As{ l l l }  faces was 69 X as high as the inverse Ga ( l l l } .  The activation energies 
of dissolution of all 4 faces were equal wi thin  exper imental  limits: 16.7 _ 0.7 
kcal mole - I .  It is concluded that  the slow step in the dissolution of GaAs is 
a one electron discharge with subsequent  steps leading to the formation 
of Ga (OH)3 to provide a protective coating not readily soluble in KOH. From 
this point  of view all observed phenomena can be explained in a qual i tat ive 
manner .  

Crystals without a symmet ry  center are polar; the 
polari ty shows up through differences in chemical and 
physical behavior of the inverse planes of the respec- 
tive crystals. The cubic HI-V semiconductor com- 
pounds of d iamond- type  structure belong to this class, 
of which the best known are GaAs and InSb. Their 
polari ty is displayed by the behavior  of the inverse 
octahedral planes I I I { l l l }  and V( l l l } ,  e.g., GaAs by 
Ga{ l l l }  and As{l l l} .  

Reaction of I I I -V semiconductors in various media, 
with or without  applied current  have been studied by 
Gatos et aI. (1), Pleskov (2), Gerischer (3, 4), Harvey 
(5), Brummer  (6), Ar thu r  (7), and others (8). They 
found that the various crystal planes react differently 
in aqueous media, such that  the I I I ( l l l }  and V{l l l}  
inverse planes can be dist inguished by the formation 
of specific etch pat terns (1, 3, 8). The distinction can 
also be made from etching rates (1) from the incl ina-  
t ion of etch tunnels  produced by an anodic current  on 
the GaAs octahedral planes (the tunnels  run  perpen-  
dicular ly to As{ l l l }  and at an angle of 20 ~ to G a ( l l l } )  
(8), and from LEED pat terns (9). Furthermore,  the 
two inverse planes exhibit  different activation energies 
of oxygen desorption (as Ga20):  54• from the 
G a ( l l l }  and 42• kcal /mole from the A s < l l l >  face. 
Since there is little t ransfer  of charges over the val-  
ence bridges (9, 10-13), the Ga atoms on the I I I ( l l l }  
side re ta in  their  3-valence electrons, while the As 
atoms on the inverse side retain 5. All  this suggests 
that  the two planes should also develop potential  dif-  
ferences in electrolytes. 

However, in this respect there are major  disagree- 
ments.  Gatos et al. reported that  group I I I { l l l }  planes 
exhibit  more noble electrode potentials than group 
V ( l l l }  surfaces: for instance InSb inverse octahedral 
planes show a potential  difference of 75 and more mv 
(1). Harvey (5) does not insist on a difference, but  
examinat ion  of his data (Fig. 2-3) reveals that the 
anodic potentials on G a ( l l l }  are more noble than  on 
As{111} at least up to current  densities of 50 ma .cm -2. 
Conversely, Gerischer finds no difference either in dis- 
solution rates or in the current  densi ty-potent ia l  
curves. 

Evident ly  the measurements  have not been made 
under  strictly identical  conditions. The in tent ion of the 
present  invest igat ion was, therefore, to use h igh-pur i ty  

* Electrochemical Society A c t i v e  M e m b e r .  

GaAs crystals and to t ry  to get an answer regarding 
the potentials exhibited in 1N KOH by the inverse 
I l l - f aces  of GaAs, and also by the 110 and 100 planes. 

Materials and Preparation of the Electrodes 
The single GaAs crystals were obtained from the 

Monsanto Company (St. Louis, Missouri),  grown by 
the gradient-freeze technique. They were of the p- type 
containing Zn (<0.5 ppm) as a dopant. The impur i ty  
level was less than 1 ppm. The carrier concentrat ion 
was ~1.6 x 1016 cm -~, mobil i ty  ~250 cm ~ �9 volt -1 �9 
sec-~, resistivity ~2  o h m - c m ,  and etch pit density 
~800 cm -2. The disks (14-18 mm in diameter, 2-3 mm 
thick),  were cut from the single crystal rod with 
a wire-blade  slicer using a SiC slurry. 

The orientat ion was determined from Lane back re- 
flection pat terns and the respective surface planes 
were adjusted wi th in  • ~ of the desired orientat ion 
by successive gr inding of the disks at a certain angle 
on fine SiC paper wetted with water  and rechecking 
of the new direction with the Lane technique. 

The damaged surface layer was removed from each 
crystal  wafer by chemical etching for about 5 min  
with an aqueous mixture  of 1HF (conc.) : 1H~O~ 
(30%):2H~O (by volume) .  After  this operation the 
polari ty of the {111} planes could be determined by 
comparing the etch pat terns with those published in 
the l i terature (1, 3, 8). 

Scratches, if present, were removed mechanical ly  
by polishing on cotton cloth with SiC s lurry  (600 
mesh) .  Then  a chemical polisher 3H~SO4 (conc.) : 1H202 
(30%) was used, which removed all remain ing  surface 
irregularities. The polisher has a high viscosity, pro-  
vides a slow etch rate, and is not as sensitive to con- 
centrat ion changes as is CP4 etchant  (mixture  of HF, 
HNOa, and CH3COOH). After  this t rea tment  the wa-  
fers were immediate ly  t ransferred into dilute HF to 
prevent  precipitation of a surface film, traces of 
which could be completely removed by dipping the 
samples into an aqueous solution of EDTA. Fina l ly  the 
wafers were rinsed in water  and dried with alcohol. 
The whole procedure was repeated before any  new 
series of potent ial  measurements .  The wafers then  
had a mirror l ike appearance (Fig. i ) .  To insure good 
electrical contact, one side of the wafer (less suited 
for potent ial  measurements)  was vacuum sputtered 
with Ag at room temperature,  so that  the impur i ty  

1050 
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Fig. 1. GoAs wafer in a Teflon holder (electrode) 
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Fig. 3. Anodic dissolution potentials E'H of GaAs vs. log of cur- 
rent density i of the planes G a { l l l } ,  As{111}, {110}, and { I00}.  
Hydrogen scale; 4~ 

level  of the wafer  could not be affected by the ve ry  
slowly diffusing Ag. The contact wi th  the circuit  was 
achieved by Pt  foil pressed to the wafer  in a Teflon 
electrode holder  (Fig. 1). A section th rough  the  holder  
is shown in Fig. 2. Teflon does not dissolve in the elec-  
t ro lyte  (1N KOH) and repels water.  The pressure of 
the screw cap against the wafer  was equalized by the 
use of an O-r ing  below the Pt  foil. Severa l  runs were  
made on the same sample at current  densities below 
0.5 m a . c m - ~  where  no surface dis integrat ion of the 
electrode occurred (8). The potent ial  de termining 
anodic reactions are represented by Eq. [1] and [2]. 
As the exchange current  could only be very  small, i t  
was not considered. 

Then the electrode was placed in the cell and the 
potential  measurements  were  made of the GaAs elec-  
t rode against a 1N calomel reference  in a N2 atmos-  
phere  at constant temperatures .  Tempera tures  of 4 ~ 
and 21~ were  selected for the measurements  of ac- 
t ivat ion energies. The exposed GaAs surface was be-  
tween 1.2 and 1.4 cm 2. The electrolyte  was vigorously 
agitated employing a special s t i r rer  and by bubbl ing 
N2 through the electrolyte.  The influence of s t i rr ing 
rate  on the potentials was not determined.  

The d-c power  was supplied and the potent ial  con- 
t rol led by an Anat ro l  potentiostat.  Both power  and 
potent ia l  were  recorded on a 2-channel  recorder  on 
cal ibrated strip charts. 

The chemicals used were  all  of reagent  grade, and 
the ni t rogen was prepurified. The electrolyte  (1N 
aqueous KOH, 1600 ml) was pre-e lec t ro lyzed pr ior  to 
each run  using two Pt  electrodes at 180 ma (~60 m a /  
cm 2) over  a period of 8 hr. Only traces of Pt  could 
pass into solution and these would not affect the 
anodic dissolution of GaAs. 

Ga As 

. . . . . . . . . . . . . . . . . . . . . . .  i . . . . .  TEFLON 

Fig. 2. GaAs electrode cross section: 1, Teflon screw cop; 2, 
O-ring; 3, Teflon tube (screwed in); 4, lead wire. 

Results 
Plots of anodic potent ial  vs. the log of current  den-  

sity were  l inear  for all the planes invest igated 
(Ga{l l l} ,  As{l l l} ,  {110} and {100}). Al l  had near ly  
the same slope, as shown by Fig. 3. The potent ial  mea -  
surements  for the various planes were  highly repro-  
ducible. Rest potentials  were  not as reproducible:  
--402-*-40 mv  was obtained for A s{ l l l }  and --262• 
mv  for Ga{ l l l} .  The hE'/hlog~ values for the four 
planes in the sequence listed above are: 66.7, 65.6, 67.4, 
and 64.8 m v / l o g  4. They, therefore  agree with  the va l -  
ues of previous measurements ,  which usual ly were  be- 
tween 70 to 95 my at room tempera tu re  (3). In 
acidic solutions (1N H2SO4) they  are lower, e.g., 62 
mv  (5). 

The fact that  the slope m v / l o g i  on all 4 faces is 
the same wi th in  the l imits of error,  indicates tha t  the 
ra te -de te rmin ing  step is the same for all the planes 
subjected to anodic dissolution. The average value of 
66.1 mv also suggests tha t  a one-e lec t ron  charge 
t ransfer  is involved in the ra te -de te rmin ing  step, 
s imilar ly as for Ge (14, 15). 

The act ivat ion energies (apparent)  were  calculated 
from the Arrhenius  equat ion f rom the rates of dis- 
solution (current  density) at two tempera tures  (4 ~ and 
~21~ wi th  all other  factors remaining  unchanged. 
The values are given in Table I. 

Al though the measurements  were  made with  two 
or three GaAs crystals and the planes were  etch-  
polished before each run, the act ivation energies dif-  
fer  only wi th in  the limits of er ror  and, thus, are equal  
for all crystal lographic planes. This result  again sug- 
gests that  the mechanism of dissolution (rds) must  
be the same on all the crystal  faces. 

However ,  Fig. 3 shows that  appreciable differences 
in dissolution potentials  do exist. While those ex-  
hibited by the A s{ l l l }  and {110} planes may  agree 
wi th in  the l imits of error,  the largest  differences are 
found be tween  G a{ l l l }  and A s ( l l l } ,  ranging up to 

Table I. Activation energies (apparent) of dissolution of various 
planes of GaAs in 1N KOH at temperatures of 4.0 ~ and ~21~  

in kcal mole -1  

A c t i v a t i o n  e n e r g i e s ,  M a x .  
P l a n e  k c a l  m o l e  -1 A v e r a g e  _ e r r o r  

G a  {111} 15.8, 16.8, (19.6") ,  17.3 16.6 0.8 
A s  {111} 16.6, 16.9, 17.3 16.9 0.4 

{110} 17.0, 16.05, 15.8, 16,3, 17.05 16.4 0.6 
{100} 15.6, 16.8, 17.3 16.7 0.8 

A '~e rage  16.7 ~---0.7 

* E x c l u d e d .  
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0.123v, which is in  good agreement  with 0.14v, the 
difference be tween the rest potentials. The I I I { l l l }  
plane exhibits thereby a more noble dissolution po- 
tent ia l  than the V ( l l l }  plane in agreement  with the 
s tatements  of Gatos e t a l .  (1). The potentials of the 
(100} plane lie in between those of the {111} planes. 

It  is also apparent  from Fig. 3, that  the reaction 
rates on A s ( l l l }  are highest. For  instance, at an 
anodic potential  o f - - 2 5 0  mv  (hydrogen scale) the 
rate of reaction on A s ( l l l }  is about 69 times faster 
than  on G a ( l l l } ,  since the current  densities developed 
(16) are 1.1 x 10 -1 and 1.6 x 10 -8 ma, respectively. 

Discussion 
The first impor tant  question to be answered is: why 

are there differences in  the rest and dissolution poten-  
tials on various faces of the single GaAs crystal, espe- 
cially between the inverse (111} planes? GaAs, con- 
t rary  to Ge (14, 15), has a noncentrosymmetr ic  lattice. 
On etching such a crystal  more Ga atoms will  be pres-  
ent on one (111} plane whereas on the inverse side 
more As atoms will  be present. This behavior  is a 
consequence of the differential number  of valence elec- 
t rons (3 and 5) of the Ga and As atoms involved. 
While the bulk  of the GaAs s t ructure  is, of course, 
neu t ra l  with no charge t ransfer  across the four te t ra-  
hedral  valence bridges (9-13), a difference in polarity 
should manifest  itself on the outer planes, especially 
on the inverse (111}, where p redominant ly  either Ga 
or As atoms are present. This s i tuat ion causes a con- 
siderable difference in the chemical behavior  and in 
the s t rength of bonding of the surface atoms. In  fact, 
Ar thu r  (7), has shown from O-desorption measure-  
ments  that the gas is covering both inverse {111} 
planes; however,  the binding state on the G a ( l l l }  is 
stronger than on the inverse As side. Thus, Ga atoms 
are the active adsorption centers for O and the la t ter  
can be removed from the planes only as Ga20 (7). 
There was also evidence for an additional, weaker 
b inding  state on A s ( l l l }  (7). Consequently,  the st ick- 
ing probabi l i ty  of O on clean A s ( l l l }  faces is greater  
al though the bonding is weaker  than on G a ( l l l }  faces, 
which agrees qual i ta t ively with the LEED measure-  
ments  (9). 

However, oxygen may affect the potential  of an 
anode in two or three ways. Taking, as an example, a 
metal  in which O can be dissolved (formation of a 
solid solution) the free energy of the metal  becomes 
less negative and its potent ial  more noble (17). The 
same is also achieved by  the development  of oxides 
on the surface, presumably  because of a mixed poten-  
t ial  (18) formation and /o r  because of a reduct ion of 
the  effective surface area. The more adherent  and 
less permeable the oxide layer, the more noble is the 
potential  of the metal. Passivation may  eventual ly  oc- 
cur. Removal of the oxide layer must  then result  in 
activation of the metal. This behavior  was confirmed 
by Beck and Gerischer, measur ing  rest potentials of 
semiconduct ing Ge in  0.1N NaOH in the presence of 
air or N2: in air  the potential  was considerably more 
noble (by  393 and more my)  than in N2 (14). The 
reversibi l i ty  of the change from a more noble poten-  
t ial  to a less noble and vice versa indicated that  the 
oxygen adsorbed on centrosymmetric  Ge was ra ther  
loosely bound. 

It  is not  known that  GaAs dissolves O; therefore, 
only surface oxides are of importance with respect 
to surface charges. Since GaAs is noncentrosymmetr ic ,  
the largest difference in surface a r rangement  of the 
Ga and As atoms occurs on the inverse {111} faces. 
Hence, the adsorption abi l i ty  of O or of other species 
of ions such as O H -  (in the electrolyte) by the two 
faces is not  equal. Fur thermore,  the s t rength of bond-  
ing is influenced by the atomic species. According to 
Ar thur  (7) the bonding of O is stronger on G a ( l l l } ,  
and it should exhibit  a more noble potential  than the 
inverse face in aqueous electrolytes. Such a behavior 
was actual ly observed not only in air but  also in 

a N2-atmosphere. In  our s tudy a difference of 0.14v 
for the rest potentials (3.23 kcal) between the two 
inverse faces was obtained. Therefore, different ad- 
sorption products must  have been formed on the in-  
verse faces. Figure  4 shows a l l0 -p lane ,  perpendicu-  
lar to both i l l - p l a n e s  of the GaAs lattice. On anodic 
dissolution both atomic species go into solution as t r i -  
valent  ions (3, 5) 

Ga-> Ga s+ ~- 3e and As-> As 3+ W 3e [1] 

the 3e being absorbed by the cathode of the d-c source. 
The reaction of the Ga and As ions with O H -  of the 
KOH-solut ion results in colloidal Ga (OH)~ and soluble 
As(OH)3 or HAsO2 ( +  H20),  which is quickly neu-  
tralized by the basic solution to form KAsO2. How- 
ever, since the dissolution of Ga (OH)~ 

Ga(OH)3 ~- KOH-> KGaO2 ~- 2H20 [2] 

is slower and the rate decreases with aging of the 
colloidal hydroxide, the white hydroxide will be ad- 
sorbed by the G a ( l l l }  face. The O H -  might also react 
directly with the Ga surface atoms, since the Ga bonds 
are saturated by the bulk  of the crystal and the posi- 
t ive charge of the Ga s+ is on the {111} surface. 
Ga(OH)3 adsorption is suggested by the fine, very 
thin white films observed on GaAs crystals especially 
on the {110} faces after 3 to 4 hr  of anodic dissolution 
at higher current  densities ( ~  1 m a . c m - 2 ) .  The ad- 
herence of the oxide is surely not equal on all the 
GaAs planes. It is expected that it will  be strongest 
on Ga{l l l} ,  al though the layer  may  be th inner  than  
on the (llO} face. Thus, even in a neut ra l  gas atmo- 
sphere there is a protective layer on G a ( l l l }  (less 
developed on A s ( l l l } )  causing a potential  difference 
between the two, the former being more positive. It 
is impossible at this t ime to give other than a qual i ta-  
tive characterization of the surface layers. Neverthe-  
less, the layers explain the decreased rate of anodic 
dissolution of Ga{ l l l }  (Fig. 3). 

The inverse side is attacked faster because of easy 
dissolution of As(OH)3 in KOH. However, the closely 
adjacent  layer of Ga-atoms (Fig. 4) dissolves also, as 
the Ga(OH)3 formed, evidently cannot adhere to the 
next  As row of atoms and, hence slowly dissolves in 
KOH according to Eq. [2] (formation of gallates).  The 
next  As-Ga layer  is then attacked in the same way, 
s tar t ing from the dissolving Ga atoms and cont inuing 
at higher current  densities into the depth of the crys- 
tal f requent ly  along etch tunnels  perpendicular  to the 
As{ i l l}  plane (8). Thus the Ga and As atoms have 
to go into solution in pairs in accord with the premise 
of Gerischer (3). 

�9 6a 

OAs 
0 

Ga~ll b rACE 

Fig. 4. GaAs(l10~-face being in the plane of the page. Both 
(111}-faces are normal to it. P, primary etch tunnels. The chemical 
bonds, symbolized by heavy lines, lie in the (110} plane. The ar- 
rows represent the direction of the etch tunnels lying in the same 
plane as the heavy lines (8). 
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Fig. 5. Various rates of dissolution of Ga atoms on inverse {111} 
faces. 

C U R V E S  O F  S I N G L E  C R Y S T A L  G a A s  I N  K O H  

The Ga{111}-face is pa r t i a l ly  protec ted  by the  s lowly 
dissolving Ga(OH)3  film. Where  the la t te r  d isappears  
( react ion [2]) the  adjacent  As a tom also dissolves 
readi ly.  However ,  this  a tom is in the  {110} p lane  at 
an angle  of 20 ~ to the  Ga{ l l l } .  Therefore,  at  h igher  
cur ren t  densit ies this  direct ion may  be tha t  of the 
etch tunnels  (Fig. 4) cont inuing from Ga to As into 
the  depth  of the  crystal ,  which  actual ly  was ob-  
served (8). Consequently,  different  etch pa t te rns  
should be produced on the inverse  { l l l } -p l anes ,  in 
agreement  wi th  the  photomicrographs  (8). The dis-  
solution ra tes  on other  c rys ta l lographic  p lanes  must  
lie be tween those found for G a { l l l }  and  A s { l l l }  (Fig. 
3). 

The slope of al l  the  mv / log  i l ines is the  same (Fig. 
3) and there  is no difference in the  act ivat ion energies 
(Table  I ) .  The conclusion is, therefore,  that  the  r a t e -  
de te rmin ing  step must  be the  same on al l  the  c rys ta l -  
lographic  planes.  The Ga atoms are  those which, be -  
cause of the  reasons mentioned,  wil l  r emain  on any 
of the  dissolving GaAs  planes,  a l though s ta r t ing  f rom 
the A s { l l l }  they  wil l  dissolve fas ter  than  from the 
G a { l l l }  side. Therefore,  the  dissolution of the  complex 
G a - G a ( O H ) ~  which  represents  the  Ga(OH)~  adsorbed 
by Ga atoms, should be involved in the  over -a l l  mech-  
anism. Depending  on where  the Ga atoms are  in the  
planes (on faces, corners,  or edges of the  steps de-  
veloped dur ing  dissolut ion) and how they  are  fol-  
lowed by  As atoms (Fig. 5), different  ra tes  of dissolu-  
t ion on var ious  p lanes  wil l  be developed,  a l though the 
r a t e -de t e rmin ing  react ion wil l  be  the  same. The  va lue  
of the  dissolution potent ia l  appears  then to be de-  
pendent  on the extent  of surface coverage and solu- 
b i l i ty  of the  Ga(OH)3.  
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Therefore,  it  is expected,  that  every  I I I -V  semicon-  
ductor  wil l  behave  different ly dur ing  etching and 
anodic dissolution, depending on the chemical  be-  
hav ior  of the atoms in the  respect ive  electrolytes .  
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Structural Changes During the Anodizing and Sealing of 
Anodic Aluminas: Intermediate and Far Infrared Analysis 

G. A. Dorsey, Jr. 
Department of Metallurgical Research, Kaiser Aluminum & Chemical Corporation, Spokane, Washington 

ABSTRACT 

The longer  wave length  far  in f ra red  absorpt ions of anodic coatings are  a t -  
H 

tributed to AI--O--AI or AI--O-->AI linkages. Absorption band shifts are 
found to coincide with changes in anodizing conditions, and these shifts ap- 
pear to be caused by changes in alumina cross-linking. The effects of anodiz- 
ing time and current density are examined, as are the effects of sealing: the 
latter also influencing alumina cross-linking. Apparently, during the formation 
of these films, there is a relatively short period during which an appreciable 
quantity of barrier layer converts into the form of the porous layer. Sealing 
yields a similar conversion. 

The in te rmedia te  in f ra red  region of from 4000 to 
~400 wavenumber s  has been wide ly  used for the ex-  
aminat ion  of aluminas.  For  example ,  F reder i cke r son  
(1) character ized the s t re tch and bend modes for a 

Key words :  anodic  a luminas ,  seal ing,  IR. 

number  of minera logica l  a luminas  whi le  F ich te r  (2) 
did  some ear l ie r  work  wi th  anodic aluminas.  Our  own 
work  (3), again wi th  minera logica l  aluminas,  was 
used to der ive  the fol lowing corre la t ion  char t  for the  
in f ra red  absorpt ions  of hydrous  and anhydrous  
aluminas.  
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