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ABSTRACT 

Circular  Au  spots  wi th  radii  ranging f rom 5 to 250 i~m were  photoca thodica l ly  depos i ted  f rom an alkal ine KAu(CN)2 
so lu t ion  wi th  excess  CN-  ions on low-doped  p-GaAs d isk  e lec t rodes  wi th  d iamete rs  ranging f r o m  10 ixm to 8 mm.  I t  is 
shown  that  i l lumina ted  spots  on the  p-GaAs substra te  behave  as mic rod i sk  e lect rodes  at wh ich  the  supply  of  reactants  is 
enhanced  by spher ical  diffusion. The 'd i s so lu t ion  kinet ics  of  depos i ted  Au spots  after i l luminat ion  and the  possibi l i ty  of  
e lect roless  gold depos i t ion  on the  Au spots  are discussed.  Both  are de te rmined  by the  open-c i rcui t  potent ia l  of  the  elec- 
t rode  ,which depends  s t rongly on the  size of  the  AU spot  and the  size of  the  p-GaAs electrode.  This  u n e x p e c t e d  behav ior  is 
exp la ined  in t e rms  of  rates of  partial  reactions,  such  as anodic  Au dissolut ion and ca thodic  O2 reduct ion,  wh ich  can  occur  
on dif ferent  parts o f  the  e lec t rode  surface. I t  is conc luded  that,  in general ,  t he  rate  of  a local ized react ion at a semicon-  
duc to r  crystal  depends  not  only on the  size of  the  localized area, but  also on the  a m o u n t  of  crystal  surface area exposed  to 
the  electrolyte.  

P rev ious ly  we  have  shown that  Au pat terns  can be  de- 
pos i ted  photoca thodica l ly  on low-doped  (<2 • 1017/cm 3) 
p-GaAs e lec t rodes  in an alkal ine KAu(CN)2 solut ion wi th  
excess  CN-  ions (1, 2). Fu r the r  inves t igat ions  showed,  
however ,  that  var ious  u n e x p e c t e d  effects were  induced  by 
chang ing  e i ther  t he  size of  the  i l lumina ted  area on the  
p-GaAs e lec t rode  or the  size of  the  e lec t rode  itself. This  
paper  repor ts  the  resul ts  of  some basic expe r imen t s  which  
reveal  these  size effects. Both  the  size of  an i l lumina ted  cir- 
cular  spot  and the  size of  the  e lec t rode  were  var ied  be- 
t w e e n  wide  l imits.  

The  rates of mass- t ranspor t -cont ro l led  reduc t ion  of  
Au(CN)2- ions and 02 at i l luminated  spots on a negat ive ly  
b iased low-doped  p-GaAs e lec t rode  are considered.  I t  ap- 
peared  that  photoca thodica l ly  depos i ted  Au spots  dis- 
so lved  s lowly when,  after i l luminat ion,  the  e lec t rode  was 
left  at open  circui t  in the  dark. Obviously,  this may  repre-  
sent  a serious p rob l em in pract ical  photose lec t ive  Au plat- 
ing. The  dissolut ion behavior  of  the  Au spots  is d iscussed  
-in s o m e  detail.  In  connec t ion  wi th  our  s tudy on the  initia- 
t ion  of  se lect ive  electroless  plat ing on electrocatalyt ic  pat- 
terns  (3) we  inves t iga ted  the  possibi l i ty  of  electroless  gold 
depos i t ion  in the  dark on previous ly  photoca thodica l ly  de- 
pos i ted  Au spots. The  electroless  gold depos i t ion  react ion 
is a he t e rogeneous  autocata lyt ic  react ion in which  elec- 
t rons  are  t ransfer red  f rom the  r educ ing  agent  B H (  to 
Au(CN)2 ions  unde r  open-c i rcui t  condi t ions  (4-6). 
Okinaka  et al. have  shown that  h igh-dens i ty  e lectroless  
gold pat terns  wi th  details d o w n  to 5 t~m can be  depos i ted  
on a Si substra te  which  was previous ly  act ivated by depo- 
si t ion of  e lectrocatalyt ic  Pd  pat terns  (7). Here  we will  
s h o w  that  there  exis ts  a cri t ical  size of  isolated Au spots  
be low which  electroless  gold depos i t ion  does not  occur.  

Experimental 
Most  of  the  expe r imen ta l  details were  the same as those  

desc r ibed  in Par t  I (1). F o u r  different  aqueous  solut ions 
conta in ing  0.2M K O H  were  used  (4). The  electroless  gold 
solut ion opera ted  at 70~ conta ined  0.2M KBH4, 5 • 10-~M 
KAu(CN)2, 0.1M KCN, and 0.2M KOH. The  solut ions f rom 
which  e i ther  KBH4, or KAu(CN)2, or  KBH4 and KAu(CN)2 
were  r e m o v e d  are  deno ted  by KAu(CN)~KCN, KBH4/ 
KCN, and KCN, respect ively.  In  one  e x p e r i m e n t  Au was 
pho todepos i t ed  on a TiO2 film on glass f rom an aqueous  
solut ion which  conta ined  0.01M KAuC14 and 4 v o l u m e  per- 
cen t  (v/o) CH3OH. Unless  o therwise  stated, expe r imen t s  
were  carr ied ou t  at room t empera tu r e  and no gas was  bub- 
b led  th rough  the  solution. All potent ials  are quo ted  vs. a 
sa tura ted  ca lomel  e lec t rode  (SCE). 

A rota t ing Au disk e lec t rode  was obta ined  by m o u n t i n g  
a Au  rod (Goodfellow, 99.99% pure) wi th  a d iamete r  (~) of  
2 m m  in a tubu la r  K E L  F holder  and subsequen t  mechani -  

cal  po l i sh ing  wi th  emery  paper  and 0.05 I~m alumina.  Vari- 
ous disk e lect rodes  were  m a d e  f rom a p-GaAs (100) single- 
crystal  wafer  wi th  a doping  level  of  9 • 1016/cm 3. Stat ion- 
ary p-GaAs disk e lect rodes  wi th  a d i a m e t e r  of  2.6 or  
8.0 m m  were  fabr icated by moun t ing  a crystal  in a Teflon 
ho lde r  conta in ing  a rubbe r  O-ring against  wh ich  the  
p-GaAs crystal  was pressed  by a Teflon s c r e w  cap. This  
p reven ted  penet ra t ion  of  the  e lec t ro lyte  to the  back  side 
and edges  of  the  crystal  at an opera t ing  t empera tu re  of  
70~ A rotat ing p-GaAs disk e lec t rode  wi th  a d iamete r  of  
3.0 m m  was obta ined  by m o u n t i n g  a p-GaAs d isk  on  the  
end  of  a brass rod cen te red  in a tubu la r  polymethyl -  
methacry la te  holder.  The  e m p t y  space  be tween  the  disk 
and the  ho lder  was filled wi th  epoxy  resin (Araldite). 
p-GaAs microd isk  e lec t rodes  wi th  d iameters  of  500, 100, 
30, and 10 ~m were  fabricated by mask ing  the  crystal  sur- 
face wi th  a SigN4 or SiO2 film us ing  s tandard  photol i tho-  
graphic  techniques .  Un i fo rm Si3N4 and SiO2 films wi th  a 
th ickness  of  0.2 Fm were  obta ined  by p lasma depos i t ion  
f rom a SiH4/N2 gas mix tu re  at 300~ under  r educed  pres- 
sure  (0.3 torr) and chemica l  vapor  depos i t ion  f rom a Sill4/ 
02 gas mix tu re  at 400~ unde r  a tmospher ic  pressure,  re- 
spect ively.  A un i fo rm posi t ive  photores is t  layer was subse-  
quen t ly  appl ied  by spin-coating. After  r emova l  of  this 
layer at i l lumina ted  circular  spots  on the  surface, e tch ing  
of  Si3N4 and SiO2 was pe r fo rmed  in a buffered  25% H F  so- 
lut ion.  At  r o o m  t empera tu re  no di f ferences  were  observed  
be tween  the  measu red  currents  at mic rod i sk  e lec t rodes  
based  e i ther  on SigN4 or SiO2. However ,  a SigN4 mask  was 
prefer red  at an opera t ing  t empera tu re  of  70~ since pit  for- 
ma t ion  in the  mask ing  film did not  occur  at work ing  t imes  
less than  30 min.  

The  expe r imen ta l  setup for local i l luminat ion  of  a 
p-GaAs work ing  e lec t rode  in the  e lec t rochemica l  cell  is 
shown  in Fig. 1. A circular  aper ture  of  var iable  d iamete r  
was un i fo rmly  i l lumina ted  by an e x p a n d e d  Gauss ian  
b e a m  of  a Spec t ra  Physics  Ar § laser (k = 454.5-514.5 nm). A 
r educed  image  (10x) of  the  aper ture  was pro jec ted  onto 
the  surface of  the  p-GaAs e lec t rode  by an objec t ive  lens. 
This  resul ted  in a un i fo rm l ight  in tensi ty  d is t r ibut ion  in 
pro jec ted  circular  spots  wi th  radii  (r) be tween  5 and 
250 ~m [a Gauss ian  l ight  in tensi ty  d is t r ibut ion  wou ld  re- 
sult  if  the  size of  t he  pro jec ted  laser  spot  was l imi ted  by 
l ight  diffract ion (8)]. In  all expe r imen t s  the  l ight  in tensi ty  
was 1.5 W/cm 2. The  e lec t rode  surface was imaged  on a 
mon i to r  by us ing an Olympus  p r i sm binocular  mic roscope  
wi th  a buil t- in Phi l ips  VK4902 observa t ion  camera  and a 
semi t ranspa ren t  mirror.  Pr ior  to local  i l luminat ion  o f  a de- 
sired area on the  surface, the  e lec t rode  was proper ly  
p laced  in the  image  plane  of  the  objec t ive  lens. This  was 
done  dur ing  i l luminat ion  of  the  e lec t rode  wi th  a whi te  
l amp  under  open-ci rcui t  condit ions.  F igure  2 shows an ex- 
amp le  of  a Au  spot  wi th  a radius  of  5 ~m photoca thod-  
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Fig. 1. Top view of experimental setup for projecting a uniformly illu- 
minated circular aperture on a p-GaAs electrode in the electrochemical 
cell: 1. laser, 2. shutter, 3. diverging lens (f = - 10 ram), 4. converging 
lens (f = 200 ram), 5. filter, 6. circular aperture, 7. imaging objective 
lens (f = 25 mm), 8. semitransparent mirror, 9. electrochemical cell, 
10. SCE electrode with Luggin capillary, ! 1. p-GaAs electrode, 12. Pt 
counterelectrade, 13. filter, 14. prism binocular microscope, 15. obser- 
vation camera, 16. monitor, 17. light cable, and 18. lamp. 

ical ly depos i ted  on a p-GaAs microe lec t rode  wi th  a diame-  
ter  of  100 ~m. 

Results and Discussion 
Poten t iodynamic  behavior of  p-GaAs and A u  elec- 

trodes.--For the  sake of  compar i son  with  microd isk  elec- 
t rode  expe r imen t s  repor ted  below, Fig. 3 shows some  il- 
lus t ra t ive  current -potent ia l  curves  for p-GaAs (Fig. 3a) and 
Au (Fig. 3b) disk electrodes.  Curve  a in Fig. 3a for an illu- 
mina ted  s ta t ionary p-GaAs disk e lec t rode  in the  
KAu(CN)2/KCN solut ion shows the  fo l lowing features  
w h e n  the  potent ia l  is swept  in ca thodic  direct ion:  an 
anodic  cur ren t  resul t ing f rom GaAs dissolut ion (9), a diffu- 
s ion-control led  ca thodic  current  p la teau due  to two-elec- 
t ron 02 pho to reduc t ion  (10), a d i f fus ion-control led ca- 
thod ic  peak  due  to photoin i t ia ted  Au e lec t rodepos i t ion  (1), 
and the  start  of  H2 evolu t ion  at - 1.3V. Curve  b in Fig. 3a for 
an i l lumina ted  rotat ing (500 rpm) p-GaAs disk e lec t rode  in 
the  K C N  solut ion shows a wel l -def ined diffusion-con- 
t rol led ca thodic  current  p la teau due  to two-e lec t ron  02 
pho to reduc t ion  (10). Finally,  curve  c in Fig. 3a for a station- 
ary p-GaAs disk e lec t rode  in the  KAu(CN)#KCN solut ion 
in the  dark shows a small  ca thodic  cur ren t  due  to kinet i-  
cally de te rmined  02 reduct ion.  A similar  curve  was ob- 
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Fig. 3. Illustrative currant-potential curves of p-GaAs (a) and Au (b) 
disk electrodes, shown for further reference purposes. Scan rate 
10 mV/s. (a) Stationary p-GaAs electrode in KAu(CN)2/KCN solution 
under uniform illumination (curve a) and in the dark (curve c); rotating 
(500 rpm) p-GaAs electrode in KCN solution under uniform illumina- 
tion (curve b). (b) Stationary Au electrode in KAu(CN)2/KCN solution 
(curve a); rotating (200 rpm) Au electrode in KAu(CN)2/KCN solution 
(curve b) and in KCN solution (curve c). 

Fig. 2. Interference contrast light microscopy image of a Au spot 
(r = 5 ~m) photocathodically deposited on a p-GaAs microelectrade 
(~ = 100 ~m) from the KAu(CN)2/KCN solution at - 1 . 2 V  for 20s. 

t a ined  in the  KCN solution. The  cor respond ing  current  
densi t ies  differed f rom one  e lec t rode  to the  other,  bu t  they  
were  always smal ler  than  10 ~A/cm 2. The  open-c i rcui t  po- 
tent ia l  of  the  p-GaAs e lec t rode  [Voc(GaAs)] is de t e rmined  
by  the  rates of  anodic  GaAs dissolut ion and ca thodic  02 re- 
duc t ion  (10). In  the  dark Voc(GaAs) is -0 .67V (curve c). 

Curves  a and b in Fig. 3b show the  curves  for a s ta t ionary 
and a rota t ing (200rpm) Au disk e lec t rode  in the 
KAu(CN)2/KCN solution, respect ively.  The  cur ren t  at po- 
tent ials  anodic  wi th  respect  to ~ -0 .9V resul ts  f rom anodic  
Au dissolut ion and ca thodic  02 reduct ion,  which  take  
place  s imul taneously .  Anodic  Au dissolut ion was s tudied  
in detai l  by  Kirk  and Foulkes  (11) and occUrs accord ing  to 
the  fo l lowing sequence  

Au + CN- --~ AuCN~d~- [la] 

AuCNads- --~ AuCN,ds + e [lb] 

AuCNaas + CN-  --> Au(CN)2 [lc] 

in which  the  second step is the  ra te -de te rmin ing  step. 
Curve  a shows two dif fus ion-control led  ca thodic  peaks  
due  to reduc t ion  of  O2 and Au(CN)2-, respect ively .  Curve  b 
shows  that  these  peaks changed  into p la teaus  w h e n  the  
e lec t rode  was rotated,  indica t ing  dif fus ion-control led re- 
duc t ion  reactions.  Au(CN)2 reduc t ion  fol lows the  se- 
q u e n c e  of  react ions [1] in reverse  (12-14). Curve  c for a ro- 
ta t ing (200 rpm) Au disk e lec t rode  in the  K C N  solut ion 
shows two dif fus ion-control led ca thodic  peaks  resul t ing 
f rom two-e lec t ron  and four-elect ron 02 reduct ion,  respec-  
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t ively (15). Curves b and c show that the overpotential for 
02 reduction in the KCN solution is smaller than in the 
KAu(CN)=/KCN solution. This can probably be ascribed to 
increased surface coverage of AuCNads (reaction [1]). 

Light-generated microdisk  electrodes.--When the dark 
current at a semiconductor electrode is negligibly small 
with respect to the photocurrent, it is possible to confine 
redox reactions mainly to illuminated areas on the elec- 
trode surface (8). Figure 4 shows current transients of a 
p-GaAs microelectrode with a diameter of 500 t~m at -1.2V 
in the KAu(CN)jKCN solution for various radii (r) of an il- 
luminated circular spot. Il lumination was started at t = 0. 
The measured currents (ic) were converted to current den- 
sities (Jc) by the relation j~ = iJ~r  2. The current density 
under  illumination is orders of magnitude larger than in 
the dark (<10 ~A/cm2). At the high light intensity used in 
this experiment,  the current maximum, which is charac- 
teristic for the initial stages of diffusion-controlled Au dep- 
osition (1), is not resolved on the time scale of Fig. 4, since 
it occurred at times shorter than 50 ms. 

The measured current transients are reasonably approx- 
imated by the equation for complete mass-transport-con- 
trolled reduction reactions at a microdisk electrode with 
radius r (16) 
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Fig. 5. Logarithmic plot of the steady-state current densities (j,) vs. 
the radius (r) of a light-generated microdisk on a p-GaAs microelec- 
trade (~ = 500 I~m) at -1 .2V .  Curve o: KAu(CN)2/KCN solution, si- 
multaneous reduction of Au(CN)2- and 02 (see Fig. 4). Curve b: KCN 
solution (02-saturated), 02 photoreduction. 

where niF is the molar charge used to reduce the electroac- 
tive species i, Di is the diffusion coefficient, Ci is the con- 
centration, and t is, in the present case, the illumination 
time. The species i are Au(CN)2- and 02 which are simulta- 
neously reduced. The first term in Eq. [2] represents the 
t ime-dependent  linear diffusion flux (Cottrell equation); 
the second term represents a steady-state nonlinear 
(spherical) diffusion flux. Figure 4 shows that for smaller 
values of r spherical diffusion predominates over linear 
diffusion at relatively shorter times. A logarithmic plot of 
the measured steady-state current densities (Js) vs. r -1 
yields a straight line with a slope equal to 0.95, as is shown 
in Fig. 5 (curve a). This agrees with what is expected from 
Eq. (2). From the above it follows that, at relatively large il- 
lumination time and light intensity, the film thickness of 
small isolated photoelectrochemically deposited Au spots 
is roughly proportional to r -1 when a constant deposition 
t ime is used. It should be noted, however, that spherical 
diffusion favors the edges of the spot with respect to the 
center of the spot. For example, for a spot with r = 65 ~m 
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Fig. 4. Potentiostatic current-time transients for complete mass- 
transport-controlled reduction of Au(CN)2 and 02 at light-generated 
microdisks with various radii (r) on a p-GaAs microelectrode 
(~ = 500 i~m) in the KAu(CN)~/KCN solution. At t = 0 the potential 
was stepped from Voc = - 0 . 6 7 V  to - 1 . 2 V  and the light was switched 
on. The current is initially controlled by linear diffusion and reaches a 
steady-state value at longer illumination times due to spherical diffu- 
sion of reactants to the light-generated microdisk. 

the ratio between the steady-state current densities at the 
edge and at the center equals =-2.5 (17). This edge effect be- 
comes stronger with increasing spot sizes. 

The prolonged reduction of Au(CN)2- at the light- 
generated microdisk on the p-GaAs surface results in the 
deposition of a porous Au spot which starts to behave like 
a Au microdisk electrode. Consequently, both the reduc- 
tion of 02 and Au(CN)2- proceeding at the Au surface have 
to be considered. From Fig. 3b (curves b and c) it is ex- 
pected that at "-l.2V the reduction of Au(CN)2- and 02 at 
the Au spot is. mainly controlled by diffusion and only 
slightly by kinetics. As long as light can penetrate through 
the porous structure of the Au film (18), the potential of the 
Au spot may be more negative than -1.2V due to a 
photopotential  between Au and p-GaAs (1). Nevertheless, 
the results of Fig. 4 and 5 (curve a) indicate that a possible 
kinetic influence on the reduction reactions at the micro- 
disk is extremely small. 

For light-generated microdisks on a p-GaAs microelec- 
trode at -1.2V in the KCN solution (O2-saturated), Js was 
also found to be inversely proportional to r, as shown by 
curve b in Fig. 5. In this case only 02 was photoreduced 
under complete diffusion control. This is supported by the 
fact that 02 photoreduction at illuminated rotating p-GaAs 
disk electrodes (10) is diffusion controlled for potentials 
more negative than - 1.0V (Fig. 3a, curve b). 

Dissolution o f  A u  spots at  open c ircui t . - -The  dissolution 
rate of Au spots in the dark was monitored by measuring 
open-circuit potential (Voc) transients of the p-GaAs elec- 
trode immediately after photocathodic deposition of a sin- 
gle Au spot in the KAu(CN)2/KCN solution at -1.2V for 
20s. Curve a in Fig. 6 shows the transient for a Au spot 
(r = 250 ~m) deposited on a p-GaAs electrode with a diam- 
eter of 2.6 mm. The potential was initially near the revers- 
ible redox potential V(Au(CN)2-/Au) (=-0.89V) and 
shifted steadily within 150s to the open-circuit potential of 
the bare p-GaAs electrode (-0.67V). Visual inspection of 
the electrode at several intermediate times showed that Au 
dissolution started from the center of the spot. This corre- 
sponds with a smaller initial Au film thickness in the cen- 
ter than at the edges of the spot. The Au spot was com- 
pletely dissolved at t = 150s. Taking the initial amount  of 
c o n s u m e d  cathodic charge used to deposit the Au spot 
(=1.4 x 10 -2 C/cm2), this corresponds to an average anodic 
dissolution rate of ~0.1 mA/cm 2. This is of the same order 
of magnitude as kinetically determined anodic dissolution 
rates of bulk Au electrodes (11). The same Au spot dis- 
solved more slowly when the oxygen concentration in the 
solution was decreased, as indicated by curve b in Fig. 6. 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 131.204.73.184Downloaded on 2016-07-04 to IP 

http://ecsdl.org/site/terms_use


3644 J. Electrochem. Soc., Vol. 136, No. 12, December 1989 �9 The Electrochemical Society, Inc. 

t 
Voc ( GaAs ) 

I I 
-0.6 100 200 300 

t [s] 

Fig. 6. Open-circuit potential ( V J  transients of a p-GaAs electrode 
with diameter ~ in the dark, recorded immediately after mass-trans- 
port-controlled photocathodic deposition of a single Au spot 
(r = 250 ~m). The Au spot was deposited in the KAu(CN)2/KCN solu- 
tion at - 1.2V for 20s and started to dissolve from t = 0. Curve a: 

= 2.6 mm, curve b: ~ = 2.6 mm with N2 bubbling, and curve c: 
~ = S m m .  

On the contrary, the rate of dissolution was increased by 
02 bubbling (not shown). Curve c indicates that the Au 
spot also dissolved faster when it was deposited on a 
p-GaAs electrode with a larger diameter (8 mm). As will 
become clear below, it is important to note that the ca- 
thodic dark current densities of the above-mentioned 
p-GaAs electrodes due to 02 reduction in the KAu(CN)j 
KCN solution were the same. 

Figure 7 shows Voc transients of a p-GaAs microelec- 
trode with a diameter of 500 ~m for various radii of the de- 
posited Au spot. It is observed that at t = 0 Vor becomes 
less negative when the spot size decreases. For all spots Vo~ 
became more positive than Vor within a time shorter 
than 200s. The Au spots turned into rings at intermediate 
stages of dissolution. The Au rings were only completely 
dissolved at times longer than 10 min. Only then did Vo~ 
reach its final value -0.67V. Similar results were obtained 
for Au spots deposited on smaller p-GaAs microelec- 
trodes. In some experiments Vo~ was established at a value 
close to or more negative than -0.60V for more than 
20 min. After this time Vor changed rather abruptly to the 
final value -0.67V, indicating complete dissolution of the 
Au spot. The above results indicate that at more anodic po- 
tentials the dissolution of Au spots is retarded, as was also 
found for bulk Au electrodes (11). 

The dissolution of Au spots can be described by an elec- 
troless corrosion mechanism. The cathodic partial reaction 
is O2 reduction which occurs both at the Au spot and the 
bare p-GaAs surface in the dark (see curves c in Fig. 3). 
The total cathodic current (i,) is given by 

i~ = jc,Au(O2) * AAu + j~,~c(O2) ' A~ [3] 

where AA~ and A,~ are the surface areas of t h e A u  spot and 
the uncovered p-GaAs surface, respectively. Jc,A~(O2) and 
j~,,o(O2) are the current densities due to O2 reduction at the 
Au spot and the p-GaAs surface, respectively. Jc,hu(O2) in- 
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Fig. 7. Similar experiment as in Fig, 6. Au spots with various radii (r) 
were deposited on a p-GaAs microelectrode (6 = 500 ~m). 

creases with a decreasing size of the Au spot, due to an en- 
hanced spherical 02 diffusion flux. This was confirmed by 
measuring 02 reduction currents at Au spots on p-GaAs 
microelectrodes in the KAu(CN)2]KCN solution at a poten- 
tial corresponding exactly to V(Au(CN)2-/Au) (-0.886V). 

For potentials negative of Voc(GaAs) the anodic partial 
reaction is Au dissolution and the anodic current (ia) is 
given by 

ia = j a(Au) - AAu [4] 

where ja(Au) is the kinetically determined current density 
due to anodic Au dissolution. For simplicity we neglect the 
surface roughness of the Au spot. Anodic Au dissolution 
may be accompanied with anodic GaAs dissolution (9) 
when the potential becomes more positive than Vo~(GaAs). 

Voc is the potential at which ia equals ic. From Eq. [3] and 
[4] it follows that for Voc < Vo~(GaAs) 

Asc 
ja(Au) = jc,Au(O2) + j ~ , ~ ( O 2 ) - -  [5] 

AA, 

The right-hand side of this equation will be denoted by the 
effective cathodic current density j~(O2) at the Au spot. 
Equation [5] shows that the cathodic current originating 
from 02 dark reduction at the bare p-GaAs surface can be 
regarded as an additional contribution to the 02 reduction 
current density at the Au spot. This can be justified by rec- 
ognizing that holes injected by 02 at bare GaAs sites can be 
transferred by conduction in the valence band of p-GaAs 
to the Au spot where they are consumed in the Au dissolu- 
tion reaction. Thus, an increase in the value of jr or 
A,c has the same effect as an increase in the value of 
Jc.Au(O2)- 

We now can explain why the  dissolution of a Au spot is 
determined not only by the Au spot itself but also by the 
p-GaAs electrode. Figure 8 shows schematically the 
steady-state polarization curves for the partial reactions 
which may occur during dissolution of a Au spot on a 
p-GaAs electrode in the KAu(CN)2/KCN solution under 
open-circuit conditions. The curves are derived from Fig. 3 
and literature data (9-11). The dependence ofjr on Voc is 
depicted for various combinations of the p-GaAs electrode 
diameter (~) and the Au spot radius (r). j~(O2) increases 
when r becomes larger or r becomes smaller (Eq. [5]). The 
indicated sizes are only meant for a qualitative comparison 
with Fig. 6 and 7. Kirk and Foulkes have shown that the 
anodic current due to Au dissolution in alkaline cyanide 
solutions shows Tafe] behavior for potentials negative of 
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Fig. 8. Schematic semilogarithmic plot of steady-state polarization 
curves for the partial reactions occurring during dissolution of a Au spot 
on a p-GaAs electrode at open-circuit conditions in the KAu(CN)2/KCN 
solution. The effective cathodic current density at the Au spot [Jc(Oz)] 
increases when the diameter (6) of the p-GaAs electrode increases or 
the radius (r) of the Au spot decreases. The vertical arrows denote the 
dissolution rote of the Au spot at the initial open-circuit potential V~. 
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-0 .75V (11). The  cur ren t  decrease  at more  anodic  poten-  
tials was a t t r ibuted  to an increas ing  coverage  of  the  Au 
surface  wi th  adsorbed  cyanide  species  (reaction [1]). 

F r o m  Fig. 8 it is clear  that, d i rect ly  after pho toca thod ic  
Au depos i t ion  at -1.2V, Vo~ is es tabl i shed at a va lue  posi- 
t ive  of  V(Au(CN)2 /Au) where  Au dissolut ion starts. The  
initial Vo~ is more  anodic  for a larger  p-GaAs e lec t rode  or a 
smal le r  Au  spot. The  arrows in Fig. 8 show h o w  this affects 
the  initial d issolut ion rate of  a Au spot. A subsequen t  shift  
of  Vor or iginates  f rom a change  in the  cur ren t  dens i ty  of  
one  or  more  of  the  part ial  react ions and vice  versa. An  eval- 
ua t ion  of  the  resul t ing t ime -dependen t  behavior  of  Vo~ dur- 
ing dissolut ion of a Au  spot  is beyond  the  scope  of  this 
paper.  However ,  it is, in teres t ing  to note  that, bes ides  
smal l  Au  spots, Au  rings fo rmed  at in te rmedia te  stages of  
d issolut ion of  spots  also exper ience  a large nonl inear  O2 
diffusion flux. Thus,  the  format ion  of  Au  rings causes Vor 
to shift  in the  anodic  direction.  For  small  Au spots  and Au 
rings on a p-GaAs microelec t rode ,  Vor is shif ted to values  
cons iderably  more  posi t ive  than  Vo~(GaAs), at wh ich  fur- 
ther  Au dissolut ion proceeds  at a ve ry  low rate (11). On 
larger  p-GaAs electrodes,  the  large anodic  current  due  to 
GaAs dissolut ion prevents  Voc f rom b e c o m i n g  as posi t ive  
wi th  respec t  to Voc(GaAs). 

Possibility of selective electroless gold deposition.- 
I m m e d i a t e l y  after pho toca thod ic  deposi t ion  of  a single Au 
spot  on a p-GaAs e lec t rode  in the  K A u ( C N ) j K C N  solut ion 
at - 1.2V for 20s, the  e lec t rode  was i m m e r s e d  in the  electro-  
less gold solut ion opera ted  at 70~ I t  was found that  a Au 
spot  depos i t ed  on a p-GaAs microe lec t rode  was only inten- 
sified by electroless  gold depos i t ion  w h e n  the  radius  of  the  
spot  was 30 ~tm or larger. Smal le r  Au spots  d issolved com- 
ple te ly  in the  electroless  solution.  The  cri t ical  size of  Au 
spots  increased  drast ical ly wi th  an increas ing  size of  the  
p-GaAs electrode.  For  example ,  for a p-GaAs e lec t rode  
wi th  a d iamete r  of  8 mm,  only Au spots  wi th  radii  larger  
than  =200 ~tm were  intensified. 

For  compar i son ,  Au spots  at relat ively large mutua l  dis- 
t ances  (5 mm)  and wi th  different  radii  were  photode-  
pos i ted  f rom a KAuC14/CH3OH solut ion on a TiO2 film on a 
glass plate (19). I l lumina t ion  was carr ied out  wi th  a UV 
laser  for 20s (see Fig. 1). The  thin  (<10 nm) TiO2 film be- 
haves  as a dielectr ic  in the  dark. Again  it was observed  that  
only  Au spots  wi th  a radius  larger than  ~30 ~m were  inten- 
sified in the  e lect roless  gold solut ion at 70~ 

The  inhibi t ion  of  e lectroless  gold depos i t ion  on smal l  
s ingle Au spots  will  be  exp la ined  us ing the  concep ts  of  our  

original ly p roposed  oxygen-diffusion-s ize  effect  (3). More  
expe r imen ta l  ev idence  suppor t ing  this effect  will  first be 
given. 

Okinaka  has shown that  the  overall  e lectroless  gold dep-  
osi t ion react ion on Au elect rodes  in an  oxygen-f ree  elec- 
t roless  solut ion wi th  a Au(CN)2 concent ra t ion  larger  than  
10-3M consists  of  th ree  partial  e lec t rochemica l  reactions:  
the  ox ida t ion  of BH3OH ions fo rmed  by hydrolys is  of  
B H (  ions, the  anodic  dissolut ion of  Au, and the  reduc t ion  
of  Au(CN)~- ions (5). To expla in  our  resul ts  i t  is necessary  
to cons ider  O2 reduc t ion  as well. The  current  densi t ies  
(j) of  "the above  part ial  react ions were  m e a s u r e d  at a Au  
e lec t rode  in the  electroless  solut ion and in solut ions f rom 
which  KBH4 and/or  KAu(CN)2 were  absent  ("part ial"  elec- 
t roless  solutions) 

j~(BH3OH-): 

BH3OH- + 3 OH-  --~ BO2- + 3/2 H2 + 2H20 + 3e [6] 

j,(Au): Au + 2CN- ~ Au(CN)2- + e [7] 

jc(AU(CN)2-): Au(CN)2 + e--> Au + 2CN- [8] 

jc(O2): O2 + 2H20 + 2e ~ H202 + 2 OH-  [9] 

F igure  9a shows  current -potent ia l  curves  for a s ta t ionary 
Au e lec t rode  at 70~ in the  KCN solut ion (curve 1), the  
KBH4/KCN solut ion (curve 2), the  KAu(CN2)/KCN solut ion 
(curve 3), and the  electroless  solut ion (curve 4). A station- 
ary p-GaAs electrode,  on which  a un i fo rm Au film was de- 
posi ted,  showed  similar  curves.  The  ca thodic  cur ren t  pla- 
teau  in curve  1 is due  to d i f fus ion4imi ted  O~ reduct ion.  A 
compar i son  b e t w e e n  curve  i and Fig. 3b indica tes  tha t  the  
anodic  current  due  to Au dissolut ion is m u c h  larger  at 70~ 
than  at room tempera ture .  The  dif ferences  in the  cur ren t  
b e t w e e n  curves  1 and 2 and be tween  curves  1 and 3 are due  
to anodic  oxida t ion  of  BH3OH- and ca thodic  r educ t ion  of  
Au(CN)2-, respect ively.  I t  was verif ied that  in the  comple te  
e lect roless  solut ion the  zero-current  potent ia l  shown by 
cu rve  4 (-0.875V) was the  same  as the  open-c i rcui t  poten-  
tial (Voo) of  a Au  e lec t rode  dur ing  electroless  go ld  plating. 
At  Voc the  sum of the  anodic  part ial  cur ren t  densi t ies  
equa ls  the  sum of the  ca thodic  part ial  current  densi t ies  

ja(BH3OH-) + ja(Au) = jc(AU(CN)2-) + jc(O2) [10] 

F r o m  Fig. 9a it is seen tha t  at Vor the  anodic  current  dens i ty  
in the  KBH4]KCN solut ion (curve 2) is larger  than  the  ca- 
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Fig. 9. Current-potential curves for a Au disk electrode (4 = 2 mm) at 70~ Scan rate 10 mV/s. (a) Stationary electrode, curve 1 : KCN solution, 
curve 2: KBH4/KCN solution, curve 3: KAu(CN)2/KCN solution, and curve 4: complete electroless gold solution. (b) Electrode rotating at various 
rates (100-S000 rpm) in the KCN solution. The solid lines refer to the measured currents. The dashed and dotted lines represent the estimated par- 
tial currents due to anodic Au dissolution and cathodic 02 reduction, respectively. 
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thodic current density in the KAu(CN)2/KCN solution 
(curve 3). A similar discrepancy in oxygen-free solutions 
was also observed by Okinaka (5). He showed that in the 
electroless solution ja(BH3OH-)was decreased, whereas 
jc(Au(CN)2-) remained constant with respect to the corre- 
sponding current densities in the "partial" electroless so- 
lutions. This interference of BHzOH- oxidation with 
Au(CN)2- reduction was ascribed to the adsorption of 
Au(CN)2- [AuCNad~ species in reaction (1)] on some of the 
sites where BH3OH- would adsorb if the solution did not 
contain Au(CN)~- (5). 

We now consider an isolated Au spot in the electroless 
solution (still disregarding the substrate surface). The spot 
acts as a Au microdisk electrode whose Voc is determined 
by Eq. [10]. At the reversible redox potential V(Au(CN)2-/ 
Au), ja(Au) equals jc(/fu(CN)2-). From curves 3 and 4 in 
Fig. 9a it can be deduced that the value of V(Au(CN)2-/Au) 
at 70~ lies between -0.875 and -0.850V. When Voc is nega- 
tive of V(Au(CN)2-/Au), electroless gold deposition occurs 
at a ra~e corresponding to 

jc(Au(CN)2-) - ja(Au) = ja(BH3OH-) - jc(O2) [11] 

Electroless Au dissolution occurs when Voc is more posi- 
tive than V(Au(CN)2 /Au), i.e., when je(O2) is larger than 
ja(BH3OH-). Thus, the competit ion between anodic 
BH3OH- oxidation and cathodic 02 reduction, i.e., the rela- 
tive values of ja(BH3OH-) and Jc(Q), will determine 
whether  electroless deposition or electroless dissolution 
O c c u r s .  

The experimental  determination of possible effects of an 
enhanced mass transport of BH3OH and 02 to small Au 
spots due to spherical diffusion was simulated by meas- 
uring current-potential curves at rotating Au disk elec- 
trodes in "partial" electroless solutions at 70~ It appeared 
that in the KBH4/KCN solution ja(BH3OH-) was only 
slightly modified by rotating the electrode, as has also 
been found by Okinaka (5) and Matsuoka et al. (20). This 
implies that BH3OH- oxidation is mainly controlled by ki- 
netics. Consequently, ja(BH3OH-) is not noticeably in- 
creased when the Au spot becomes smaller. The solid lines 
in Fig. 9b show the measured current in the KCN solution 
at various rotation rates. The dashed line shows the esti- 
mated partial anodic current due to Au dissolution which 
is expected to be determined only by kinetics (11, 13). The 
dotted lines represent the partial cathodic currents due to 
diffusion-limited 02 reduction, as they are estimated from 
measurements  at room temperature (cf. curve 3 in Fig. 3b). 
The numbers in brackets refer to the radius (in ~m) of a Au 
microdisk electrode which collects the same 02 flux by 
spherical diffusion as the rotating Au disk electrode does 
by forced convection (see Appendix). 

From a comparison of Fig. 9a and b, it can be understood 
that in the electroless solution a critical size of the Au spot 
exists below which jc(O2) is larger than ja(BH3OH-). Conse- 
quently, Voc will be positive of V(Au(CN)2-/Au) and the Au 
spot dissolves. An exact prediction of the critical size of 

"isolated Au spots from Fig. 9 is hampered for two reasons. 
Firstly, in the electroless solution, Au(CN)2 reduction in- 
terferes with BH~OH- oxidation and 02 reduction, as noted 
before. Secondly, the 02 concentration in the electroless 
solution is lower than in the KCN solution, since Ha gas 
formed by hydrolysis of B H (  partially removes 02 from 
the solution. Nevertheless, the observed critical size of Au 
spots on p-GaAs microelectrodes and TiO2 films in the 
electroless gold solution can be justified qualitatively by 
this oxygen-diffusion-size effect (3). 

The observed increase of the critical size of the Au spot 
with an enlargement of the p-GaAs electrode can be as- 
cribed to a collective property of the p-GaAs/Au system, 
similar to that described in the previous section. From 
Fig. 9 it is concluded that the increase of the critical spot 
size results from an effective increase in the cathodic cur- 
rent density at the Au spot due to an additional cathodic 
current contributed by the bare p-GaAs surfaces (cf. 
Eq. [5]). Indeed, it was observed that a bare p-GaAs elec- 
trode in the electroless solution at 70~ showed a cathodic 
current density of about 10 ~A/cm 2 at potentials around 
-0.875V. Thus, 02 reduction and BH3OH oxidation, oc- 

curring simultaneously at the bare p-GaAs surface, result 
in a net cathodic current, which further reinforces the oxy- 
gen-diffusion-size effect at the Au spot. 

Finally, it is expected that photoselectively deposited 
Au nuclei on a p-GaAs substrate can be intensified by sub- 
sequent  electroless gold deposition if the density of the 
patterns is relatively large (7). In this case, the supply of 
dissolved O2 in the electroless solution is distributed over a 
larger gold surface area and consequently, the oxygen-dif- 
fusion-size effect may not be noticed anymore. 

Conclusions 
Cathodically biased low-doped p-GaAs disk electrodes 

in an alkaline KAu(CN)2 solution with excess CN- ions 
were locally illuminated at a high light intensity by pro- 
jecting a uniformly illuminated circular aperture onto the 
electrode surface. The radii of the Au spots formed in this 
way ranged from 5 to 250 ~m. The rates of  photocathodic 
reduction of Au(CN)2- and 02 were completely controlled 
by mass transport to the light-generated microdisk on the 
p-GaAs electrode. When the projected spot became 
smaller, the t ime-dependent linear diffusion flux was more 
rapidly predominated by a steady-state spherical diffusion 
flux, which is inversely proportional to the radius of the 
spot. Consequently, the film thickness of photocatho- 
dically deposited Au spots increases when the spot size de- 
creases. 

The t ime-dependent change in the open-circuit potential 
of p-GaAs electrodes with diameters ranging from 10 ~m 
to 8 mm was measured in the dark immediately after 
photocathodic deposition of a single Au spot of variable 
size. The Au spots dissolved slowly according to an elec- 
troless corrosion mechanism. At the open-circuit poten- 
tial, the anodic current due to Au dissolution is equal to 
the cathodic current due to 02 reduction at the Au spot and 
the uncovered p-GaAs surface. The 02 reduction current 
density at the p-GaAs surface is kinetically controlled, 
while at the Au spot it increases with decreasing spot size 
due to an enhanced spherical 02 diffusion flux. Conse- 
quently, both the size of the Au spot and of the p-GaAs 
electrode affect the open-circuit potential and thereby the 
dissolution rate of the Au spot. 

Finally, the possibility of  electroless gold deposition at 
70~ on a previously photocathodically deposited Au spot 
in the KAu(CN)~/KCN solution was investigated. Au spots 
larger than a critical size were intensified by electroless 
gold deposition, whereas smaller Au spots dissolved com- 
pletely. The critical size increased drastically when the 
p-GaAs electrode was enlarged. Measurements of the cur- 
rent densities of the anodic and cathodic partial reactions 
occurring during electroless gold deposition supported an 
explanation of these observations in terms of  the originally 
proposed oxygen-diffusion-size effect. Electroless intensi- 
fication of the Au spot occurs only when the anodic cur- 
rent density, due to kinetically controlled BH3OH- oxida- 
tion, is larger than the cathodic current density, due to 
diffusion-controlled 02 reduction. This effect is reinforced 
by an additional cathodic current contributed by the un- 
covered p-GaAs surface. 

From this study it can be concluded that, in general, the 
kinetics of a localized (partial) reaction occurring at a semi- 
conductor crystal may be controlled, not only by the local- 
ized area itself, but also by the size of the crystal and its 
electrochemical activity. In the latter situation, the local- 
ized reaction is driven by a counter reaction that proceeds 
on the entire crystal surface exposed to the electrolyte. 
This reaction involves majority charge carriers which can 
move from any part of the crystal surface to the localized 
area, or vice versa, due to their large diffusion lengths. 
Using this concept, one can explain, for example, the large 
rates of localized photoetching of n-GaAs crystals in KOH 
solutions (22) by accounting for the occurrence of 02 re- 
duction at the dark areas of the crystal (10). 
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APPENDIX 
The steady-state current densities due to complete mass- 

transport-controlled 02 reduction at a stationary Au micro- 
disk electrode (Eq. [2]) and at a rotating Au disk electrode 
are given respectively by 

4no2FCo2Do2 
j~(O2) - [A-l] 

Irr 

and 

jc(O2) = 0.62no2FCo2Do2~3v -1/6col/2 [A-2] 

where v is the kinematic viscosity of the solution and co is 
the rotation rate. From these equations it follows that the 
microdisk electrode collects the same O2 flux as the rotat- 
ing disk electrode when 

r = 2.05Do21/3v1/6co -1/2 [A-3] 

Using the values Do2 = 4.5 • 10 -s cm2/s and v = 4.4 • 10 -3 
cm2/s, as given for a 1M KOH solution at 70~ (21), we 
obtain 

r = 296of 1/2 [A-4] 

in which r and co are expressed in ~m and rad/s, respec- 
tively. 
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Computation of EH-pH Diagrams for M-S-H20 Systems: 
A New Approach 
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ABSTRACT 

A new approach is suggested to establish EH-pH diagrams for M-H20 and M-S-H20 systems. Each species is assumed 
to be the primary product of a reaction between metal, sulfur, or both with water. This primary product is assigned an ac- 
tivity term representing its stability. At any EH-pH level, the species of maximum stability is identified and diagrams are 
developed by scanning all points (E, pH) at specified resolution. Results of this work are compared with the literature. In 
some cases, published diagrams are not in agreement either between themselves or with the present study. 

Since the introduction of EH-pH diagrams by Pourbaix 
(1), all methods of drawing these diagrams follow, basi- 
cally, the same approach to resolve the competing equilib- 
ria. All methods consider the general reaction in which 
species A is converted to B (2), the reaction is 

~A + wH20 --> bB + hH § + ne- [I] 

where a, w, b, h, and n are stoichiometric parameters. The 
reduction electrochemical potential is 

Erev = ~ \ nF ] 

2.303RT (aB) b 
+ log [1] 

nF (aA) a' (aH20) w 

where: AF ~ is the standard free energy change of reaction 
[I], F is Faraday's constant, R is the gas constant, and T is 
the absolute temperature. 

* Electrochemical Society Active Member. 

Reaction [I] associated with EH-pH relation [1] for all pos- 
sible reaction species is the basis of the main data for all 
calculation methods. The differences between methods lie 
in the approach that defines the domains of species stabil- 
ity bordered by these lines. 

Linkson et al. (3, 4) classified the methods of calculating 
EH-pH diagrams into three basic approaches.: (i) point-by- 
point, (ii) line elimination, and (iii) convex polygon. 

Verhulst and Duby (5) developed a computer  method 
using a point-by-point approach for both M-H20 and 
M-S-H20 systems. For all reactions of the form [I], AG is de- 
fined such that when its value is negative, the reaction pro- 
ceeds spontaneously to form species A 

s = nF (E - Erev) [2] 

w h e r e  Erev is given by Eq. [1] and E is a given potential. At 
every point (E, pH), all values of AG are calculated and spe- 
cies are excluded according to their/XG value until a spe- 
cies is assigned as the most stable. The same process is re- 
peated for all points. 

Brook (6, 7) considered a priori distribution of species 
according to valency and charge. Any two reactions are as- 
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