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Fig. 7. SIMS profiles for CoP on NiP: a) NiP pretreatment in a NaOH 
solution in D20; b) electroless NiP plated from D20. 

At least some of the oxygen appears to be incorporated 
in the form of a hydroxide. There is also mobile hydrogen 
in the structures. The H2 gas evolved from the decom- 
position of H2PO2- during electroless deposition is proba- 
bly incorporated in the deposit as this mobile hydrogen. 

A rinse between the NaOH pretreatment and the CoP 
deposition does not reduce the amount  of interfacial oxy- 

gen and does not improve the macromagnetic properties 
of the CoP layer. The source of the interfacial O is thus 
concluded to be an oxidation of the NiP during the pre- 
treatment. It was shown that the early stages of the CoP 
deposition cannot account for the observed incorporated 
O. 
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Oxygen-Diffusion-Size Effect in Electroless Metal Deposition 
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ABSTRACT 

Experimentally there appears to be a limit to the size of isolated patterns of electrocatalytic nuclei below which elec- 
troless metal deposition does not occur. From a model of electroless deposition on small isolated circular spots we con- 
clude that this inhibition effect is caused by an enhanced supply of oxygen to small patterns due to nonlinear diffusion of 
dissolved oxygen. Since generally the kinetically determined rate of oxygen reduction is larger than that of oxidation of 
the reducing agent, the open-circuit potential of nuclei in small patterns cannot be shifted to a sufficiently negative value 
at which metal deposition is initiated. At relatively large substrates with a high density of small patterns this so-called oxy- 
gen-diffusion-size effect may not be noticed since the supply of oxygen is limited by linear diffusion to an effectively pla- 
nar substrate. 

In the past decade selective electroless metal deposition 
has attracted considerable attention for application in the 
fabrication of microelectronic devices, printed circuit 
boards and imaging systems [see for example Ref. (1-6)]. 
Electroless metal deposition can be carried out selectively 
since deposition is autocatalytic and requires an 
electrocatalytic surface to start. Since in most cases the 
substrate surface is not sufficiently electrocatalytic to initi- 

ate electroless metal deposition, it is necessary to activate 
the surface. Usually, this is accomplished by the selective 
application of electrocatalytic metal nuclei on the sub- 
strate, for example, by photoselective activation pro- 
cedures (1-2). 

Recently, we started to investigate the initial stages of 
electroless metal deposition on semiconductor substrates 
on which electrocatalytic metal nuclei were previously lo- 
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cal ly p h o t o d e p o s i t e d  b y  use  of  a focused  lase r  b e a m  (7-9, 
12). I t  was  o b s e r v e d  t h a t  t h e r e  is a cr i t ica l  size of  i so la ted  
spo t s  b e l o w  w h i c h  au toca ta ly t i c  m e t a l  d e p o s i t i o n  e i t h e r  
does  no t  o c c u r  or  b e c o m e s  i n h i b i t e d  af te r  a s h o r t  t ime.  

Th i s  p a p e r  a ims  to e luc ida te  th i s  size ef fec t  w h i c h  
imp l i e s  a l imi t  to t h e  size of  e l ec t roca ta ly t i c  p a t t e r n s  b e l o w  
w h i c h  e lec t ro less  m e t a l  d e p o s i t i o n  m a y  n o t  occur.  Af te r  
t h e  e x p e r i m e n t a l  sec t ion ,  s o m e  e x p e r i m e n t a l  o b s e r v a t i o n s  
a re  f i rs t  r e p o r t e d  to clar i fy t h i s  size effect .  T h e n  a s i m p l e  
m o d e l  o f  e lec t ro less  d e p o s i t i o n  o n  i so la ted  spo t s  is con-  
s idered .  S u b s e q u e n t l y  s o m e  e x p e r i m e n t a l  j u s t i f i ca t ion  of  
two  bas ic  a s s u m p t i o n s  in  t h e  m o d e l  is given.  Final ly ,  t h e  
size ef fec t  is d i s c u s s e d  u s i n g  m i x e d  p o t e n t i a l  theory .  

Experimental  
Solutions.--Table I g ives  t he  c o m p o s i t i o n s  of  t h e  

a q u e o u s  so lu t i ons  (A-K) w h i c h  we re  u s e d  for  (i) e lec t ro less  
d e p o s i t i o n  of  Ni  (A, B), Cu (C, D), a n d  Au  (E); (ii) P d  
p h o t o d e p o s i t i o n  on  TiO2 fi lms (F); (iii) S n - P d  a c t i v a t i o n  of  
g lass  s u b s t r a t e s  (G, H, I); a n d  (iv) e l e c t r o c h e m i c a l  mea-  
s u r e m e n t s  (J, K). S n - P d  nuc le i  we re  d e p o s i t e d  on  a sub-  
s t r a t e  su r face  b y  d i p p i n g  a c lean  s u b s t r a t e  succes s ive ly  in  
so lu t i ons  G, H, a n d  I (10). E a c h  d ip  l a s t ed  1 m i n  a n d  was  
fo l lowed  b y  a d ip  in  w a t e r  for  1 min .  All  so lu t ions  we re  pre-  
p a r e d  f r o m  t r ip ly  d is t i l led  water .  U n l e s s  o t h e r w i s e  s ta ted ,  
e x p e r i m e n t s  we re  ca r r ied  ou t  at  r o o m  t e m p e r a t u r e  a n d  no  
gas  was  b u b b l e d  t h r o u g h  t he  solut ion.  

Materials.--Thin po lyc rys t a l l ine  TiO2 (anatase)  f i lms 
w i t h  a t h i c k n e s s  of  :~50 n m  were  d e p o s i t e d  o n  a glass  p l a t e  
(50 x 50 x 1 m m  3) by  sp in -coa t ing  a n d  pyro lys i s  of  ti- 
t a n i u m  ace ty lace tona te .  T h i n  (<10 nm )  TiO2 fi lms on  t h i n  
(13 nm)  s u p p o r t e d  a m o r p h o u s  Si3N4 m e m b r a n e s  we re  
u s e d  for  t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  (TEM) mea-  
s u r e m e n t s  a n d  were  also p r o d u c e d  b y  th i s  m e t h o d  (11). 
T E M  m e a s u r e m e n t s  we re  also p e r f o r m e d  o n  t h i n  (~30 n m )  
s u p p o r t e d  a m o r p h o u s  SiOz m e m b r a n e s  w h i c h  we re  pro- 
d u c e d  b y  s imi la r  p h o t o l i t h o g r a p h i c  t e c h n i q u e s  as de-  
s c r i b e d  p r e v i o u s l y  for  Si3N4 m e m b r a n e s  (11). G lass  sub-  
s t r a t e s  w e r e  t a p e r i n g  glass  rods  a n d  g lass  f ibers  w i t h  
d i a m e t e r s  r a n g i n g  f rom 30 to 1000 ~m. p -GaAs  e l ec t rodes  
w e r e  c o n s t r u c t e d  f rom z inc -doped  (100) GaAs  s ingle-crys-  
ta l  wa fe r s  w i t h  a ca r r i e r  dens i t y  of  ~101V/cm3 w h i c h  we re  
o b t a i n e d  f rom M C P  E lec t ron i c s  (9). Va r ious  P d  mic rocy-  
l i n d e r  e l ec t rodes  w i t h  a l e n g t h  of  1 c m  a n d  d i a m e t e r s  rang-  
ing  f r o m  10 to 500 ~tm were  m a d e  f rom P d  wi res  w i t h  a pu-  
r i ty  of  99.9% o b t a i n e d  f rom Goodfe l low.  

Equipment - -Local  U V  i l l u m i n a t i o n  of  s u b s t r a t e s  in  a 
q u a r t z  cell  was  ca r r ied  ou t  b y  focus ing  a laser  b e a m  or  pro-  
j e c t i n g  a h o m o g e n e o u s l y  i l l u m i n a t e d  c i r cu la r  a p e r t u r e  o n  
t h e  s u b s t r a t e  su r face  (7, 9, 12). In  e i t h e r  case  a ' c o n t i n u o u s  
a r g o n  ion  l a se r  (Spec t r a  P h y s i c s  M o d e l  2025-05; wave-  
l e n g t h  351.1-363.8 nm )  was  used .  T E M  i nves t i ga t i ons  we re  
ca r r i ed  ou t  w i t h  a Ph i l i p s  EM400T t r a n s m i s s i o n  e l ec t ron  
m i c r o s c o p e  o p e r a t e d  at  120 kV. E l e c t r o c h e m i c a l  m e a s u r e -  

Table I. Various aqueous solutions used in the experiments (see text) 

Composition per liter 

A Electroless Ni 30g NiC12 - 6H20, 10g 
NaH2PO2. H20, 30g glycine 
(pH = 3.8, 95~ 

B Electroless Ni Shipley Niposit 468 solution 
(pH = 7, 65~ which utilizes di- 
methylamine borane as reducing 
agent 

C Electro]ess Cu 10g CuSO4 - 5H20, 50g Rochelle 
salt, 10g NaOH, 25 ml conc. HCHO 
(37%) (pH = 13.4, 25~ 

D Electroless Cu 10g CuSO4.5H20, 32.6g 
Na4EDTA - 4H20, 4.8g NaOH, 7.5 
ml conc. HCHO (pH = 13.2, 50~ 

E Electroless Au 1.44g KAu(CN)2, 6.5g KCN, 8g 
NaOH, 10.8g KBH4 (pH = 13.3, 
70~ 

F Pd photodeposition lg PdC12, 10 ml conc. HC1 (37%) 
G Sn sensitization 100 mg SnC12 - 2H20, 0.1 ml conc. 

HC1 
H Ag activation lg AgNO3 
I Pd activation lg PdC12, 3.5 ml conc. HC1 
J 02 photoreduction 6.5g KCN, 8g NaOH 
K 02 reduction 4.8g NaOH 
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m e n t s  we re  m a d e  in  a c o n v e n t i o n a l  e l e c t r o c h e m i c a l  qua r t z  
cel l  u s i n g  a la rge  P t  c o u n t e r e l e c t r o d e  a n d  a s a t u r a t e d  calo- 
m e l  e l ec t rode  (SCE) as r e f e r ence  (9). 

Results and Discussion 
Experimental  examples of  size effect.--Sn-Pd nuclei on 

glass.--The sur face  of a t h i n  t a p e r i n g  glass  rod  was  uni-  
f o r m l y  c o v e r e d  w i t h  e l ec t roca ta ly t i c  S n - P d  n u c l e i  u s i n g  
t h e  S n - P d  a c t i v a t i o n  p r o c e d u r e .  Af te r  a l h  i m m e r s i o n  of  
t h e  ac t i va t ed  rod  in  a n  e lec t ro less  Ni  s o l u t i o n  (A) a N iP  
l aye r  was  d e p o s i t e d  on ly  on  t h a t  pa r t  of  t h e  rod  w i t h  a di- 
a m e t e r  (d) la rger  t h a n  ~200 ~ m  (13) (Fig. la). A cr i t ica l  di- 
a m e t e r  of  ~200 ~ m  be low w h i c h  N iP  me ta l l i za t ion  d id  n o t  
o c c u r  was  also f o u n d  w h e n  ac t i va t ed  glass  f ibers  w i t h  vari-  
ous  d i a m e t e r s  we re  i m m e r s e d  in  so lu t ion  A. 

Cu nuclei on TiO2.--Isolated c i rcu la r  Cu spo t s  w i t h  a di- 
a m e t e r  of  ~ 13 ~ m  were  p h o t o d e p o s i t e d  f r o m  a n  e lec t ro less  
Cu  so lu t ion  (C or D) on  a TiO2 fi lm on  glass  b y  i l l u m i n a t i o n  
w i t h  a focused  lase r  b e a m  at  low l igh t  in tens i ty .  Af te r  illu- 
m i n a t i o n  t he  spo ts  s h o w e d  au toca ta ly t i c  b e h a v i o r  on ly  i f  
t h e  i l l u m i n a t i o n  t i m e  (At) was  longe r  t h a n  a cr i t ical  va lue ,  
say l s  (12). However ,  t h e  au toca ta ly t i c  g r o w t h  of  t h e s e  iso- 
l a ted  spo t s  ceased  af te r  a s h o r t  t i m e  a n d  f rom t h a t  m o m e n t  
t h e  spo ts  r e m a i n e d  s t ab le  in  t h e  solut ion.  On  t h e  o t h e r  
h a n d ,  36 Cu spo ts  (each  w i t h  At = ls)  d e p o s i t e d  close 
t o g e t h e r  d id  s h o w  p e r t i n e n t  au toca ta ly t i c  b e h a v i o r  a f te r  
p h o t o d e p o s i t i o n  (Fig. lb) .  

Pd nuclei on TiO2.--Circular P d  spo t s  at  re la t ive ly  la rge  
m u t u a l  d i s t a n c e s  a n d  w i t h  d i f f e ren t  d i a m e t e r s  (d) a n d  illu- 
m i n a t i o n  t i m e s  (At) we re  p h o t o d e p o s i t e d  on  a TiO2 film on  
a glass  p la te  in  so lu t ion  F (7) (Fig. lc). In  th i s  e x p e r i m e n t  
U V  i l l u m i n a t i o n s  at  low l igh t  i n t e n s i t y  we re  ca r r i ed  ou t  b y  
i m a g i n g  u n i f o r m l y  i l l u m i n a t e d  c i rcu la r  a p e r t u r e s  w i t h  var-  
ious  sizes on  t he  plate.  T h u s  t h e  a m o u n t  of  p h o t o d e p o s i t e d  
P d  was  h o m o g e n e o u s l y  d i s t r i b u t e d  w i t h i n  t he  spo t  a n d  
was  p r o p o r t i o n a l  to  t h e  a m o u n t  of  su r face  a rea  of  t h e  spot .  
W h e n  t h e  p la t e  was  s u b s e q u e n t l y  i m m e r s e d  in  a n  e lec t ro-  
less  so lu t i on  (Ni, Cu, or  Au),  m e t a l  d e p o s i t i o n  o c c u r r e d  
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Fig. 1. Experimental configurations of patterns of nuclei: (a) thin 
tapering glass rod; (b) circular Cu spots on a Ti02 film; (c) circular Pd 
spots on a Ti02 film; only spots denoted by @ initiated electroless 
metal deposition. 
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Fig. 2. (a) Linear 02 diffusion to a large activated area. (b} Linear 
and nonlinear 02 diffusion to a small pattern of nuclei. 

only on Pd  spots  wi th  a large d iamete r  and/or  a long i l lumi- 
na t ion  t ime. F igure  l c  gives an example  of  the  resul ts  
w h e n  solut ion C was used,  bu t  the  resul ts  in solut ions A, 
B, D, and E were  similar. 

In  the  case of  e lectroless  Ni depos i t ion  f rom solut ion B 
the  above  e x p e r i m e n t  was repea ted  bu t  n o w  disso lved  ox- 
ygen  was purged  f rom the  solut ion by N2 bubbl ing.  Com- 
pared wi th  the  e x p e r i m e n t  wi thou t  N2 bubbl ing ,  Pd  spots  
wi th  re la t ively smaller  d iameters  and/or  shor ter  i l lumina-  
t ion t imes  ini t iated electroless  Ni deposi t ion.  

Subsequen t ly ,  TEM observa t ions  of  var ious  Pd  spots  de- 
pos i ted  on TiO2/Si3N4 spec imens  were  pe r fo rmed  to inves-  
t igate  the  behavior  of  the  Pd  nucle i  in the  electroless  solu- 
t ions (B-E). It  appeared  that  the  size and morpho logy  of  Pd  
nucle i  in nonac t ive  spots  did not  change  dur ing  thei r  resi- 
dence  in an electroless  Ni (B) or  Cu solut ion (C or D) (7, 8). 
P d  nucle i  in nonac t ive  spots  for electroless  Au  depos i t ion  
comple te ly  d issolved in solut ion E. TEM invest igat ions  on 
the  init ial  s tages of  e lect roless  meta l  depos i t ion  on act ive  
P d  spots  will  shor t ly  be  publ ished.  

ModeL--The fo l lowing m o d e l  cons iders  e lectrocatalyt ic  
meta l  nucle i  wh ich  are un i fo rmly  depos i ted  in a disk wi th  
radius  r on a dielectr ic  substrate.  The  factor R is def ined as 
the  ratio of  the  electrocatalyt ic  surface area of  the  nucle i  
and  the  geomet r ic  area. At t ime  t = 0 the  nucle i  are im- 
m e r s e d  in an uns t i r red  alkal ine electroless  solution. Apar t  
f rom other  species,  the  solut ion contains  a r educ ing  agent  
(Red), c o m p l e x e d  meta l  ions [(Mn+)c] and d isso lved  
oxygen.  

At  relat ively large surfaces it suffices to cons ider  mass  
t ranspor t  and kinet ics  of  two part ial  react ions,  i.e., anodic  
ox ida t ion  of  Red  (reaction [1]) and ca thodic  r educ t ion  of  
(M~+)c (reaction [2]). However ,  w h e n  the  pat terns  of  nucle i  
are smal l  it is necessary  to cons ider  02 reduc t ion  (reaction 
[3]) as well,  s ince the  nonl inear  diffusion flux of  d isso lved  
O2 to smal l  s ingle pat terns  is m u c h  larger  than  the  l inear  02 
dif fus ion flux to large areas (Fig. 2). Thus  the  fo l lowing 
cur ren t  densi t ies  (j) of  th ree  part ial  react ions at the  disk 
are cons idered  1 

j (Red)  : Red ---> Ox + me [1] 

j (M n+) : (M~§ + ne --> M [2] 

j(O2) : O 2 + 2 H 2 0 + 4 e  ~ 4 O H -  [3] 

The  va lue  of  the  open-ci rcui t  potent ia l  of  the  nucle i  (Vow) 
de te rmines  whe the r  meta l  depos i t ion  occurs.  Genera l ly  it 
can be  s tated that,  at t = 0, the  surface  of  the  nucle i  is 
cove red  wi th  o x y g e n  species  (O, OH). Consequent ly ,  the  
va lue  o f  Vo~ will  be  in t he  range  (+0.7, +0.9V) vs. the  revers-  
ib le  h y d r o g e n  e lec t rode  (RHE), wh ich  is posi t ive  wi th  re- 
spec t  to the  revers ib le  r edox  potent ia l  of  react ion [2] 
(V((M~§ This  is indica ted  by a c o m m o n l y  observed  
induc t ion  t ime  at the  start  of  e lectroless  meta l  depos i t ion  
and m o r e  direct ly  by open-ci rcui t  potent ia l  t ransients  at 
bu lk  e lec t rodes  (14, 15). Thus  f rom t = 0 react ions  [1] and [3] 
occur  s imul taneous ly  at the  surface of  the  nuclei .  The  com- 
pet i t ion  be tween  these  two reactions,  i.e., the  re la t ive  

~The exact stoichiometry of reaction [3] is not important here; O2 
reduction is written as a four-electron reaction, but a two-electron 
reaction is also possible. 

va lues  of  j (Red) and j(O2), will  de t e rmine  whe the r  Voc is 
shif ted to a sufficiently negat ive  va lue  at wh ich  meta l  dep- 
osi t ion is init iated. Assuming  that  there  is no overpotent ia l  
or  underpo ten t i a l  for the  depos i t ion  of  the  first monolayers  
of  meta l  M on the  small  (foreign) meta l  nuclei ,  this  occurs  
only if  Voc becomes  negat ive  wi th  respect  to V((Mn+)JM). 

General ly ,  the k inet ica l ly  de te rmined  current  dens i ty  of  
react ion [1] at bu lk  e lect rocata lyt ic  meta l s  is lower  than  
tha t  of  reac t ion  [3]. The  fo rmer  is c o m m o n l y  in the  range 
1-10 m A / c m  2 meta l  area (16) whi le  t he  la t ter  can  be  h igher  
than  10 mAJcm 2 (17) (e.g., on Group  VII I  meta ls  bu t  also on 
Au at pH  > 13). Both  depend,  among  o ther  factors, on the  
t empera tu re ,  pH, specific meta l  and, more  impor tant ,  the  
potent ia l  V. Ana logous  to electrocatalysis  at bulk  metals ,  it 
is n o w  as sumed  that  j (Red) is de te rmined  by kinet ics  in 
the  who le  range  of  potent ials  at which  anodic  oxida t ion  of  
Red  at bu lk  meta ls  occurs  (16), whi le  j(O2) is de t e rmined  by 
dif fus ion at sufficiently nega t ive  potentials .  

Thus  j (Red)  is de t e rmined  by the  a m o u n t  of  electrocat-  
alyt ic surface area of  the  nuclei ,  i.e., j (Red) = k-  R, where  k 
is the  k inet ica l ly  de t e rmined  cur ren t  dens i ty  of  react ion [1] 
at the  nuclei .  Two typical  va lues  ofj(Red),  obta ined  by tak- 
ing  k = 2 m A / c m  2, R = 0.1 and R = 0.5, are indica ted  in Fig. 
3. 

The  m a x i m u m  possible  va lue  of  j(O2) (jm(O2)) is evalu- 
a ted by  cons ider ing  comple te  mass- t ranspor t -cont ro l led  
O2 reduc t ion  at a mic rod i sk  f rom t = 0 (18) 

jm(O2) = 4FC ~ ~rr / [4] 

F igure  3 shows a logar i thmic  plot  ofjm(O~) vs. t for var ious  
va lues  of  r, D = 2 • 10 -~ cm2/s and C = 2.7 • 10 -7 mol / cm 3 
(02 concent ra t ion  in air-saturated wate r  at 25~ Clearly, 
for small  va lues  of  r s teady-state  nonl inear  diffusion pre- 
domina tes  over  t i m e - d e p e n d e n t  l inear  diffusion at rela- 
t ively  shor t  t imes.  Compar ing  va lues  ofjm(O2) (Fig. 3) wi th  
d i f fus ion-contro l led  cur ren t  densi t ies  for O~ reduc t ion  at 
ro ta t ing meta l  d isk  electrodes,  i t  is conc luded  that  02 re- 
duc t ion  at the mic rod i sk  at sufficiently nega t ive  potent ials  
will  be  contro l led  by nonl inear  02 diffusion for a wide  
range  of  va lues  of  r (~1 ~m < r < ~1 mm). I f  r becomes  
larger  than  ~1 mm,  02 mass  t ranspor t  will  be  de te rmined  
by  the  diffusion layer thickness ,  whi le  kinet ic  factors are 
expec t ed  to l imi t  the  rate of  02 reduc t ion  w h e n  r becomes  
smal ler  than  ~1 ~m. In  conclusion,  j(O2) may  b e c o m e  ap- 
prec iably  larger  than  j (Red) for small  va lues  of  r. 

Exper imenta l  justi f ication of  assumptions . - -Uni form 
distr ibution of  nuclei . - -The uni form dis t r ibut ion  of  small  
e lect rocata lyt ic  meta l  nucle i  on a dielectr ic  substrate  is il- 
lus t ra ted  by character is t ic  TEM observat ions  of  meta l  nu- 
clei depos i t ed  accord ing  to two different  p rocedures  (Fig. 
4). F igure  4a shows crystal l ine Pd  meta l  nucle i  wi th  sizes 
in the  2.0-4.0 n m  range and a surface n u m b e r  dens i ty  of  
~3 • 101I/cm 2, which  were  pho todepos i t ed  on a th in  T i O j  
Si3N4 film from solut ion F at a relat ively h igh  l ight  inten- 

~'2(,~1E ~ )  rbJm]l 
.~ ~ 10 
.oo .- j {Red} 10 2 

-- R=0.1 
"I' 

10 3 

-2. 

[Og( t s "1) 
Fig. 3. Logarithmic plot of jm(02) vs. t for different values of r (Eq. 

[4]). Two characteristic values of j(Red) are also indicated. 
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Fig. 4. TEM bright-field images which show the uniform distribution of small nuclei. (a) Photodeposited Pd nuclei on o thin polycrystalline TiO2 
film which is supported by a thin amorphous Si3N4 film; (b} deposited Sn-Pd nuclei on a thin amorphous SiO2 film. 

sity (7, 8). The  dens i t i es  of  pho todepos i t ed  Pd  nucle i  in the  
e x p e r i m e n t s  m e n t i o n e d  above  were  lower  than  3 • 1011/ 
cm ~ due  to the  lower  l ight  intensi t ies  used  (7). 

F igure  4b shows Sn-Pd  nucle i  wi th  sizes in the  1.0-4.0 
n m  range  and a dens i ty  of  ~ 1012/cm 2. These  were  depos i ted  
on a th in  a m o r p h o u s  S i Q  film accord ing  to the  Sn -Pd  acti- 
va t ion  p rocedure  wh ich  was used  for c lean glass sub- 
strates. By dark-field imaging  and e lec t ron diffraction,  it 
was shown that  the  nucle i  are crystal l ine bu t  they  do no t  
have  the  s t ruc ture  of  bu lk  Sn or bu lk  Pd  metal .  Most  prob- 
ably, t hey  consis t  of  a meta l  alloy of  Sn and Pd.  

Fo r  i l lustrat ion,  f rom Fig. 4a and b the  va lues  of  the  fac- 
tor  R are roughly  es t imated  to be  0.05 and 0.1, respect ively.  

Nonlinear diffusion of oxygen.--The possibi l i ty  o f  a large 
non l inear  diffusion flux of  d isso lved  oxygen  to small  elec- 
t rode  areas is i l lustrated by  e lec t rochemica l  measure-  
men t s  of  mass- t ranspor t -cont ro l led  02 reduc t ion  at l ight- 

genera ted  microdisks  on a p-GaAs e lec t rode  (19) and at Pd  
mic rocy l inde r  electrodes.  

02 reduc t ion  was spatial ly contro l led  by imaging  a uni- 
formly  i l lumina ted  circular  aper ture  on a p-GaAs e lec t rode  
in solut ion J (02 saturated).  At  the  potent ia l  of  the  elec- 
t rode  (-1.2 VSCE) the  dark cur ren t  was negligible.  It  was 
found that  the  current  dens i ty  f rom t ime  t = 0, w h e n  illu- 
mina t ion  was started, is g iven  by Eq. [4], thus  indica t ing  
comple t e  mass- t ranspor t  control led  02 pho to reduc t ion  at 
the  l ight -genera ted  microdisk.  By  measu r ing  the  s teady- 
state cur ren t  as a func t ion  of  the  spot  radius  (r) it was con- 
f i rmed that  the  va lue  of  the  spher ical  02 dif fus ion flux is 
p ropor t iona l  to r -~ (see Fig. 5a). 

F igu re  5b shows  cur ren t -dens i ty  potent ia l  curves  of  02 
reduc t ion  at Pd  mic rocy l inde r  e lec t rodes  wi th  var ious  di- 
amete rs  in solut ion K. Clearly, the  l imi t ing current  dens i ty  
due  to cyl indr ical  02 diffusion increases  w h e n  the  diame-  
te r  of  the  Pd  wire  decreases.  F r o m  potent ios ta t ic  current-  
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Fig. 5. Electrochemical measurements of 02 reduction at microelectrodes. (a, left) Logarithmic plot of the steady-state Oz photoreduction current 

density (j,) vs. the radius of a light-generated microdisk on a p-GaAs electrode in solution J at - 1.2 VsEc- (b, right) Current-density potential curves 
for 02 reduction at Pd microcylinder electrodes with various diameters in solution K. Scan velocity: 10 mV/s. 
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t ime measurements at sufficiently negative potentials 
( V < - 0 . 3  VSCE) it appeared that the measured quasi- 
steady-state current densities are approximately equal to 
the limiting current densities shown in Fig. 5b. 

Mixed potential theory.--Induction t ime.--The size ef- 
fect will now be discussed by introducing the concept of 
the mixed potential (20) in the above model  of electroless 
deposition on an isolated circular disk. Figure 6 shows 
schematically characteristic polarization curves ofj(Red), 
j(Mn+), and j(O2) for a microdisk with various sizes 
(r < 500 ~m; Fig. 6a) and for a large disk (r > 5 mm, Fig. 
6b). The steady-state mixed potential (VM), at which j(Red) 
equals j(M n+) + j(O2), is also indicated. First we consider 
the establishment of this potential. 

As discussed previously, the initial electrocatalytic ac- 
tivity of the nuclei for reactions [1] and [3] and the supply of 
oxygen generally determine whether Voc is shifted from 
the initial value in the range [+0.7, +0.9V] vs. RHE to a 
value which is negative with respect to V((Mn+)c/M). The es- 
sential condition, necessary to make this negative poten- 
tial shift possible, is that j(Red) is larger than j(O2). The 
t ime after t = 0 which it takes to accomplish the shift is 
known as the induction t ime in electroless metallization. 

The initial supply of oxygen to the nuclei is relatively 
high for both a large (r > 5 mm) and a small (r < 500 ~m) 
spot (see Fig. 3). The supply of 02 to a large spot may de- 
crease significantly from t = 0 due to 02 reduction at the 
nuclei. On the contrary, the supply of O2 to a small spot can 
be maintained at a high level due to the large nonlinear 02 
diffusion flux (Fig. 3). Thus it can be understood that, at a 
large spot, j(O2) can eventually become smaller than 
j(Red), while this becomes increasingly unlikely when the 
spot becomes smaller. 

The negative shift of the open-circuit potential of bulk 
electrodes occurs mostly rather abruptly and is prot~ably 
associated with the removal of surface oxygen species. 
This indicates the importance of these species in determin- 
ing the initial electrocatalytic activity of the nuclei for re- 
action [1] and/or [3]. The initial j(Red), and consequently 
the length of the induction time, are possibly determined 
by the rate of dissociative chemisorption of Red at the sur- 
face of the nuclei. The exact origin of the induction t ime 
and the mutual dependence of reactions [1] and [3] are cur- 
rently being investigated. 

Oxygen-diffusion-size effect.--Figure 6b represents the tra- 
ditional approach of the mixed potential theory to electro- 
less metal deposition on a relatively large substrate in an 
unstirred solution, j(O2) represents mainly the linear 02 dif- 

fusion flux to the substrate. The maximum steady-state 
value of j(O2) is determined by the diffusion layer thick- 
ness and is only approximately 50 ~A/cm 2 for an unstirred 
solution. Since j(Red) and j(M n+) are usually much larger 
than j(O2), the latter is often neglected. 

Figure 6a shows the principal cause of the so-called oxy- 
gen-diffusion-size (ODS) effect in electroless metallization. 
If  the size of the spot is smaller than some critical value, 
j(O2) is larger than j(Red), and Vo~ cannot be shifted to a po- 
tential which is negative with respect to V((Mn+)JM). In 
this case the nuclei will either dissolve or remain stable, 
depending on the composition of the electroless solution. 

Dissolution may occur if the solution contains a strong 
complexing agent for the ions of the metal nuclei. The dis- 
solution can be described by an electroless corrosion 
mechanism at the nuclei, the cathodic process being reac- 
tion [3] and the anodic processes being oxidation (and 
complexation) of the metal and reaction' [1]. If  the metal 
nuclei cannot dissolve (see Fig. 6a) Voc will be fixed, by re- 
actions [1] and [3], at an anodic value in the range [+0.7, 
+ 0.9V] vs. RHE where the surface is passivated by species 
like MeOH (e.g., if Me = Pd) or Me20 (e.g., if Me = Cu). 
These species may already be present at t = 0 and can be 
formed by 02 reduction and a partial anodic reaction 

Me + OH- --> MeOH + e 

2Me + 2 OH- --~ Me20 + H20 + 2e 

Since the cyanide ion is a much stronger complexing 
agent for Pd ions than EDTA or tartrate, it can qualita- 
tively be understood that photodeposited Pd nuclei in 
nonactive Pd spots on a TiO2 film are dissolved in an elec- 
troless Au solution while their morphology does not 
change in an electroless Cu solution (see section on Pd nu- 
clei on TiO2). The Pd nuclei are also expected to dissolve in 
clean aqueous solutions that are free from (oxidizable) or- 
ganic impurities, since then Voo wilt be determined by O5 
reduction and Pd dissolution (21). 

The ODS effect is not only observed when the spot size 
is decreased but also when the factor R is decreased. When 
R decreases j(Red) decreases, while j(O2) is nearly constant 
since reaction [3] is assumed to be diffusion controlled. 
This qualitatively explains why in the experiment  de- 
scribed in the section on Pd nuclei on TiO2, at a constant 
size of the Pd spot, electroless metallization does not occur 
when the illumination time is shorter than a critical value. 
Obviously, the value of R is decreased when the illumina- 
tion t ime is decreased. 
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Fig. 6. Schematic polarization curves of reactions [1], [2], and [3] at a small (r < 500 I~m) disk with different radii {a, left) and at a large 

(r > S mm) disk {b, right). VM is the steady-state mixed potential at which j(Red) equals j(M "+) + j(Oz). 
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Extinction of  deposition.--The ODS effect also explains 
the inhibit ion of electroless metal deposition on small 
spots that were initially autocatalytic. Electroless deposi- 
tion is started since the original metal nuclei have a rela- 
tively large electrocatalytic activity for reaction [1]. How- 
ever, when the metal nuclei are completely covered by the 
electroless deposit, the latter cannot continue the autoca- 
talytic growth due to the relatively increased contribution 
of reaction [3]. 

For example, this phenomenon may occur in the electro- 
less Cu deposition on photodeposited Pd or Cu spots on 
TiO2 films (see section on experimental examples of size 
effect). In  the latter case it was shown by HREM and 
in situ EXAFS measurements that spots, photodeposited 
directly from an electrol6ss Cu solution (C or D)~ contain 
Cu particles if the i l lumination time is sufficiently long 
(12). The autocatalytic growth of these spots ceased after a 
short time due to the formation of copper oxide particles. 
It is well known that electroless Cu deposition is retarded 
or even completely inhibited when the concentration of O2 
in the solution is increased [e.g., Ref. (22)]. 

High density o fpat terns . - -So far, the ODS effect has been 
discussed for isolated spots. It was experimentally con- 
firmed (section on Cu nuclei on TiO2) that the ODS effect 
becomes less important when the density of small patterns 
of electrocatalytic nuclei on a substrate becomes greater. 
The reason for this is that the O~ diffusion zones associated 
with the patterns overlap more and more when the dis- 
tance between neighboring patterns become smaller. This 
implies that the current density of reaction [3] at these pat- 
terns will decrease since the supply of 02 is distributed 
over a large surface area. At high densities of patterns the 
total supply of 02 is determined by linear diffusion to an ef- 
fectively planar substrate and the ODS effect may not be 
noticed anymore. 

Practical solutions.--The following practical solutions are 
proposed to circum~cent the ODS effect when small pat- 
terns of nuclei are to be intensified by electroless metal 
deposition: 

1. Oxygen removal from the solution by purging with an 
inert gas. 

2. An increase of the temperature which increases enor- 
mously the relative rate of reaction [1] with respect to reac- 
tion [3] (16). 

3. Use of a more powerful reducing agent or a change in 
the composition of the solution so that j(Red) is increased, 
particularly at potentials in the range [+0.7, +0.9V] vs. 
RHE. 

4. The development of (acidic) electroless solutions in 
which oxygen reduction is kinetically and/or thermody- 
namically less favored at the plating potential VM (e.g., for 
VM > 0.9 VRHE; cf. physical developers). 

However, these solutions have the disadvantage that ei- 
ther the electroless solution becomes kinetically less sta- 
ble and/or that spontaneous nonselective metal deposition 
on the substrate is encouraged. 

The stabilization of  electroless solutions.--Electrotess solu- 
tions are often stabilized for longer operating times by the 
use of very small amounts of poisoning additives [23]. The 
enhanced stability can be explained by the same principle 
as described for the ODS effect. By strongly adsorbing on 
the metal surface the poisoning species cause a decrease in 
the plating rate. In general, the rate of adsorption will be 
determined by the rate of mass transport. Consequently, 
the autocatalytic deposition on large can still proceed at an 
appreciable rate, since the linear diffusion flux of the poi- 
soning species to the metal surface is relatively small. 
Moreover, the surface is continuously renewed by metal 
deposition at a rate much higher than the adsorption rate 
of tbe poison. This prevents complete poisoning of the sur- 
face. However, the spontaneous decomposition of the so- 
lution, by homogeneous nucleation and subsequent  auto- 
catalytic growth of the nuclei formed, is suppressed by a 
large spherical diffusion flux of the poisoning species to 

the small nuclei. Thus, very small concentrations of stabi- 
lizers (ppm range) are usually sufficient to inhibit  the 
growth of nuclei in the bulk of the solution effectively. 
This effect has been confirmed by Rozenblyum et al. [24]. 
They found that the poisoning concentration of a stabi- 
lizer, such as thiosulfate in an electroless nickel solution, 
was lowered when the radius of curvature of the metal sur- 
face was reduced. 

Conclusion 
It has been shown, both by theory and experiment, that 

there is a limit to the size of isolated electrocatalytic pat- 
terns below which electroless metal deposition does not 
occur. The principal cause of this inhibit ion effect is the ef- 
fectively enhanced supply of oxygen to small patterns due 
to nonlinear diffusion of dissolved oxygen. 
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